
South Atlantic ∆47-based deep sea
temperatures reveal underestimation of
Early Cenozoic warming and lack of
understanding in application of

δ18O-temperature proxy

Master Thesis
GEO-4 1520

Brendan Oerlemans
7079303

Supervisors:
Prof. Dr. Lucas Lourens

Dr. Martin Ziegler
MSc Tobias Agterhuis

Faculty of Geosciences
Utrecht University
The Netherlands
May 27, 2023



Abstract

Climate evolution during the late Paleocene (60 - 56 Ma) might be the best analogue to near-future cli-
mate change. At over a 1,000 ppm atmospheric CO2 levels were similar to what we expect to reach by the
end of the century under continued emission and kept rising until the reversal of CO2 and temperature at the
enigmatic Early Eocene Climatic Optimum (EECO, 50 - 52 Ma). Applying clumped isotope thermometry
(∆47) to deep sea sediments in the South Atlantic this study finds robust deep sea temperatures that are 4 to
8 °C higher than previously estimated. These findings put our understanding of the commonly used δ18O-
paleothermometer to test. Furthermore, reconstructed δ18OSW values cast doubt on the assumption that the
Cenozoic earth was free of ice until large scale glaciation started at 34 Ma. Elevated South Atlantic deep sea
temperatures are corroborated by other deep sea clumped isotope studies that consistently report higher tem-
peratures than previous estimates throughout the entire Cenozoic and across different ocean basins. Because
deep sea temperatures are linearly related with global mean surface temperatures this increased temperature
puts new estimates of Earth System Sensitivity at the high end (6 to 8 °C temperature increase per doubling
of CO2) of previous projections.
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1 Introduction

Heatwaves, drought, wildfires, storms and floodings become more frequent and more severe. They are the
challenges mankind has to face as a consequence of a changing climate (Seneviratne et al., 2021) Both the
number of people and the severity with which they are affected by these disasters is dependent on the mag-
nitude of change. First and foremost this magnitude is eventually determined by the cumulative amount of
greenhouse gasses (GHG’s, most notably CO2) mankind chooses to emit into the atmosphere (Eyring et al.,
2021). However, the exact coupling between GHG emissions and climate response is governed by a number
of uncertainties, all of which ultimately depend on our lack of understanding of physical and geochemical
processes and long- and short-term feedback mechanisms in the climate system (Anagnostou et al., 2016;
Gulev et al., 2021; Tierney et al., 2020).

Among the issues not fully resolved are I) the relationship between global average surface temperatures and
atmospheric CO2 levels , II) the effect of this temperature change on the volume of earth’s cryogenic reservoirs
and implicitly sea-level and III) the timescales on which these changes take place. Climate models aim to
resolve these issues by simulating earths climate system, but their application is yet limited. This is because
of our lack of understanding of all mechanisms and processes at play and the lack of computational power
required to resolve these simulations on the highest spatial and temporal resolution. For these reasons, climate
models require parametrization and constraining boundary conditions that can only be acquired from real
world scenarios. As we only have one world to play around with, for these real world scenarios we look back
in time and reconstruct climatic changes during episodes of the geologic past that are analogous to future
climate change under different emission scenarios.

The Paleocene and Eocene (66 - 34 Ma) are marked by atmospheric CO2 levels over a 1,000 ppm (Rae et al.,
2021) that could well be reached by the end of the 21st century under high growth and low mitigation sce-
narios (Masson-Delmotte et al., 2021). According to proxies for deep sea temperatures (DSTs), sea surface
temperatures (SSTs) and land air temperature (LATs) Global Mean Surface Temperatures (GMSTs) in this
period were much warmer than those experienced today (Hansen et al., 2013; Inglis et al., 2020). Although
a relationship between temperature and atmospheric CO2 has been established beyond reasonable doubt,
quantification of this relationship has proven to be more difficult (Knutti et al., 2017; Stevens et al., 2016).
The latest IPCC AR6 WGI report ranges an Earth Climate Sensitivity (ECS, warming per instantaneous
doubling of atmopsheric CO2) of 2 to 5 °C very likely, but does not exclude a stronger response. Transient
Climate Response (TCR) and Earth System Sensitivity (ESS) are nowadays coined as more suitable param-
eters for climate change on a longer term as these provide for a gradual increase of atmospheric CO2 and
allow ocean buffering capabilities (101 - 102 years) and long-term feedback mechanism like ice-sheet growth,
changes in vegetation cover and deep-sea temperature variations (103 years) to kick in respectively. Because
the mechanisms that are believed to have led to early Cenozoic warm temperatures are not determined by
atmospheric CO2 forcing only, Earth System Sensitivity in this high-emission analogous climate system is
poorly constrained. Deep ocean temperatures serve as good indicator for climate variability on the longer
term (>103 years) due to their sluggish response to atmospheric forcing. Moreover, as physical property,
DSTs across multiple basins can be compared to assess potential deep water exchange, which in turn can
provide clues to deep water formation sites and the extent of oceanic overturning systems.

For decades, bottom water temperatures have been reconstructed from the ratio of oxygen isotopes (δ18O)
in seafloor dwelling carbonate shell-forming organisms: benthic foraminifera. Applying this method in deep
time, however, requires a series of assumptions that influence reliability. A novel approach, clumped isotope
thermometry (∆47), quantifies the excess abundance of the rare oxygen and rare carbon isotope in the same
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carbonate molecule with respect to a stochastic distribution of its constituents. This method requires less
assumptions and thus provides more robust temperature estimates. Recent efforts at establishing a Cenozoic
deep sea temperature record based on primarily North Atlantic benthic foraminiferal ∆47-values provide dis-
concertingly higher and more variable temperatures than previously observed (Meckler et al., 2022).

By establishing a Paleogene South Atlantic ∆47-record and comparing this with the North Atlantic temper-
atures, this study aims to verify the global applicability of these data and discern a global temperature signal
from potential inter-basin deep sea temperature variations. Along providing insight into the mechanisms
leading to the hot late Paleocene and early Eocene climates, these comparative records may severely affect
our understanding of the roles of CO2 and the connectivity between the different Atlantic basins in the early
Cenozoic climate.
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2 Background

The sections in this chapter serve to provide a reference framework for understanding the methodology out-
lined and results discussed in this study. Though each of these subjects is worthy of a library at its own
but outside the scope of this study, the information provided here was intentionally kept at bare minimum.
Sources cited in text provide further reading.

2.1 Cenozoic climate

After a dominantly constant warm Paleozoic (541 - 252 Ma) and Mesozoic (252 - 66 Ma) the Cenozoic (66 -
0 Ma) is marked by long-term secular cooling, interrupted by a shorter episode of global warming during the
late Paleocene-early Eocene (58 – 48 Ma) (Rohling, 2017) leading to the Early Eocene Climatic Optimum
(EECO; 52 – 50 Ma). Temperatures peaked during the EECO and additional short-lived hyperthermal
events occurred superimposed on the warming trend. The most pronounced of these is the Paleocene Eocene
Thermal Maximum (ETM1, commonly PETM, 56.0 Ma), which marked the start of the Eocene. The PETM
is followed by hyperthermals ETM2 at 54.0 Ma and ETM3 at 52.9 Ma (Westerhold et al., 2020). Overprinted
on the entire Cenozoic record is the climatic response to variations in astronomical forcing that operates on
timescales of 104 to 106 years (see figure 2.1).

Figure 2.1: Temperature reconstruction for the entire Cenozoic (66 - 0 Ma), based on δ18OB-values. Bottom panel
shows CO2-values reconstructed over the same interval. Adapted from Westerhold et al. (2020).

Knowledge on climate evolution for this period rests on temperature reconstructions for different parts of
the climate system, each based on their individual proxies. For example, SSTs can be reconstructed using
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the bio-organic proxies Uk’
37 and TEX86, indexes of the ratios of different species of unsaturated alkenones

from haptophyte algae and the different species of membrane lipids from marine thaumarchaeota respectively
(Brassell et al., 1986; Schouten et al., 2002). LATs are determined from the ratios of cyclisation and methy-
lation in branched tetraethers of soil bacteria (Weijers et al., 2007) and finally DSTs are commonly inferred
from oxygen isotope values or the ratio of magnesium to calcium in benthic foraminifera (Barker et al., 2005;
Epstein et al., 1951; McCrea, 1950). Although each of these proxies has its own uncertainties and limita-
tions (e.g. Evans and Müller (2012) and de Bar et al. (2019)), they are generally in broad agreement when
applied to early Cenozoic sedimentary archives and find that temperatures in all parts of the climate system
are estimated to be in the range of 10 to 20 °C warmer than today (Caballero & Huber, 2013; Cramer et al.,
2011; Cramwinckel et al., 2018; Peterse et al., 2012; Westerhold et al., 2020).

The causes of both the long-term cooling over the Cenozoic as well as the shorter-lived reversal leading to
the EECO are not firmly established. For both developments, hypotheses lean on changes in continental
configuration that influence either global heat redistribution by ocean currents, changes in latitudinal land
and sea distribution affecting planetary albedo or fluctuating atmospheric CO2 levels related to changes in
weathering rates induced by changes in global orography and sea-floor spreading rates. These are further
explained in sections 2.1.1 and 2.1.2.

As a result of different mechanisms proposed, Earth System Sensitivity, the long-term response to a doubling
of CO2 expressed as a change in GMST, remains poorly determined. To discern climate changes caused
by changes in continental configuration from those caused purely by atmospheric carbondioxides increases,
further quantitative constraints on both mechanisms are required.

2.1.1 Carbon-dioxide

Changes in atmospheric carbon dioxide levels are the main driver of changes in climate. The mechanism
responsible for increasing temperatures with increasing CO2 levels is now commonly referred to as the green-
house effect. The processes responsibly were already described over a hundred years ago by Arrhenius (1896).
This coupling is also observed in the long term Cenozoic cooling that runs in concert with a decrease in
atmospheric carbondioxide concentrations (figure 2.1). Yet what drives the changes in atmospheric CO2 in
a natural system in the first place is harder to understand. Atmospheric CO2 plays a role both in the short
organic and long inorganic carbon cycles and alterations in operations of either of these cycles affects the
other. The short organic carbon cycle describes the draw-down of atmospheric carbon into organic matter by
biological productivity on land and in the oceans and its release back into the atmosphere after decay.

The inorganic carbon cycle concerns the long-term burial of carbon into sediments compacting to sedimentary
rock or fossil reservoirs. This carbon only returns to the atmosphere during volcanic out-gassing, sea-floor
spreading or by combustion of the fossil organic material (coal, oil and gas). The latter currently returns
carbon to the atmosphere at over 100 times the rate of volcanic out-gassing (Gerlach, 2011). Weathering
of exposed silicate rock takes up CO2 from the atmosphere, which gets transported as bicarbonate (HCO3

-)
to the ocean by surface run-off and rivers where it continues in either of the explained carbon cycles. The
weathering thermostat is the negative feedback mechanism that regulates how much weathering takes place.
A warmer and wetter climate causes more weathering of silicate rock, thus more CO2 uptake, in turn cooling
down the climate and reducing further weathering. The baseline value of that thermostat is determined by the
surface area of erodible minerals which in turn is determined by earth’s orography. The collision of tectonic
plates responsible for the uplift of the Himalayas, Rocky Mountains and Andes mountain chains is believed
to have lowered the setting of that thermostat during the Cenozoic and thus leading to lower CO2 levels
reconstructed (France-Lanord & Derry, 1997; Raymo et al., 1988; Wallmann, 2001).

2.1.2 Tectonics and Ocean currents

Global geodynamics is responsible for setting the weathering thermostat, but also set the dimensions of and
the connections between the ocean basins in which ocean currents find their way. This influences climate
because the ocean currents redistribute heat over the globe, and also transport nutrients and minerals both
laterally and vertically, affecting the global carbon cycles. Tectonic reconstructions over the late Cretaceous
and Cenozoic indicate that several major reconfigurations have taken place that have potentially considerably
altered Cenozoic climate evolution.
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The spreading of the African and South-American continent started at approximately 120 Ma, but the con-
necting of the North and South Atlantic basins through deep sea opening at the equatorial region which
would allow for heat transport across the hemispheres is only believed to have started at the latest Creta-
ceous or early Cenozoic and is still discussed (Batenburg et al. (2018), Pérez-Díaz and Eagles (2017), and
Uenzelmann-Neben et al. (2017)). The opening of the Drake Passage between South-America and Antarc-
tica, the separation of Australia from Antarctica and the formation of the Tasman Strait during the Oligocene
allowed for the onset of the Antarctic Circumpolar Current (ACC) that is believed to have led to large scale
Antarctica glaciation (DeConto & Pollard, 2003; Kennett, 1977; Pérez-Díaz & Eagles, 2017) and simul-
taneously halting a southern hemisphere deep water formation site (Zhang et al., 2020). A closure of the
Mediterranean - Indian Ocean in the then Tethys ocean is approximated to have taken place at the late
Oligocene to early Miocene and restricted circumglobal equatorial currents, leading to more latitudinal heat
transport and diminishing of a possible evaporation-driven low-latitude deep water formation site (Agterhuis
et al., 2022; Hotinski & Toggweiler, 2003; Torfstein & Steinberg, 2020).

Furthermore, latitudinal reconfiguration of land and sea surfaces has the potential to considerably alter earth’s
planetary albedo by allowing for increased accumulation of highly-reflective snow on high-latitude landmasses
(Rohling, 2017).

2.2 Oceans of the past

Deep sea sediments are an invaluable resource for information on past climates. Slow settling (sedimentation
rates in the order of a centimetre per 1000 years) of clastic and biogenic sediments over geologic time-scales
have turned the seabed into a layered archive of oceanic conditions of the past. As the oceans are intrinsi-
cally connected with earth’s global climate these past ocean conditions in turn provide information on past
climates.

First, the ocean plays an important role in both the inorganic and organic carbon cycles. At the sea-surface-
atmosphere interface carbon dioxide is exchanged until equilibrium conditions are reached. Since 1850, this
process is estimated to have taken up approximately 25% of all anthropogenic emissions (Friedlingstein et
al., 2019; Watson et al., 2020). Without this sink, atmospheric CO2 levels would by now have risen from
a pre-industrial 280 ppm to approximately 470 ppm instead of the present-day 420 ppm. Conversely, if
atmospheric CO2 levels drop, the ocean will start its outgassing and slow down atmospheric CO2 decrease.
Furthermore, the ocean is a facilitator for organic productivity: Water column productivity (mostly in the
surface layer) takes up inorganic carbon in dissolved form and exports parts of this as sinking particles (faecal
pellets, organic detritus) to the deep water where again a part of it exits the organic carbon cycle and enters
the inorganic carbon cycle as sediment and later sedimentary rock.

Secondly, the ocean both takes up and redistributes heat. Water has a much higher heat capacity than air.
The total heat-uptake of the upper 2000 meters of the ocean since 1955 resulted in an average warming of
these waters by 0.09 °C. Although a seemingly small number, if it were not for this uptake, atmospheric
temperatures - the usual benchmark when we talk about climate change - would have risen by 36 °C (Levitus
et al., 2012). Temperatures in the tropics are higher than those in polar regions due to higher incoming solar
radiation at the equator compared to the higher latitudes. The difference between these two, the temperature
gradient, is determined by latitudinal heat transport by ocean currents and atmospheric circulation. This
poleward heat transport greatly affects land- and sea-ice and snow cover at high latitudes that in turn alter
earth’s radiation budget via its reflective properties, an effect amplified by the albedo-feedback mechanism.
Considering this intertwined nature of climate and oceans one must conclude that we cannot understand
past climate without understanding past oceans.

Throughout earths 4.5 billion year existence the oceans have known three distinct phases, known as the
Strangelove Oceans (Precambrian, before 542 Ma), Neritan Oceans (Paleozoic, 542 - 253 Ma) and Cretan
Oceans (Mesozoic and Cenozoic, 253 Ma onwards) (Rohling, 2017). As a result of great changes in ocean
biota each of these phases is marked by distinct interactions between the ocean-atmosphere carbon reservoir
and the longer term biosphere mediated sedimentary carbon reservoir. The implication here is that to learn
about the modern Cretan ocean-climate system we can look no further back then 253 million years ago.
In this 253 million year interval the earth has gone from a constantly warm Mesozoic to long term secular
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cooling starting at the beginning of the Cenozoic (see section 2.1).

The deep ocean is a the largest and most stable heat reservoir in our climate system. Studies on long term
climate evolution therefore aim to reconstruct deep sea temperatures of the past. Deep sea temperatures are
determined at the areas where the deep water was formed. In the modern ocean these formation sites are the
polar waters of the North Atlantic (forming North Atlantic Deep Water, NADW) or the water surrounding
Antarctica (forming Antarctic Bottom Water, AABW). Deep sea temperatures are believed to correlate with
global average surface temperatures. For this assumption, two effects that influence polar surface water tem-
peratures are estimated to offset each other. Polar amplification would register an amplified change in deep
water temperature changes, but this is compensated for by the moderating effect of ocean surface tempera-
tures on land surface temperatures (Hansen et al., 2013). Recently this assumption has found quantitative
support from a multi-model comparison study (Goudsmit-Harzevoort et al., 2023).

Deep ocean temperature reconstructions have primarily been obtained through analysis of microfossils and
their chemistry found buried in the seafloor: foraminifera.

2.3 Foraminifera as paleoclimate tracer

Foraminifera are mineralized test (shell) forming unicellular aquatic eukaryotic organisms. Their tests can be
made from a multitude of materials, but the calcareous (CaCO3) foraminiferal tests are the most abundant,
best preserved and of most interest as they provide a fossil record for the Cambrian (538.8 Ma) to present
(Binczewska et al., 2014). Foraminifera are either of the planktonic type (living in the surface or mixed layer
of the oceans) or benthic type (living at or in the sea floor). Over their lifetime, as they grow their calcareous
tests, they incorporate the isotopic signature of used source material in their tests. This includes the isotopic
composition of the water (H2O) in which they grow and the dissolved carbonate (CO3

2-) used for their
tests. Because the ratio of oxygen isotopes in water is determined by processes related to the global cryo- and
hydrosphere and the ratio of carbon isotopes in dissolved carbonate by that related to the global carbon cycle,
the foraminifera indirectly register climate information. Once the organism dies, no further incorporation
of any material or isotopes takes place and the calcareous test remains as the only preserved part. To a large
extent, ocean floors are made up of layer upon layer of these calcareous microfossils , each layer deposited
during a a specific period of the geologic past at rates in the order of a centimetre per 1000 years (Broecker,
1982). Thus, if retrieved from below the sea floor, dated correctly and analysed for isotopic composition,
these foraminfera are able to provide information on paleoclimates.

Additionally, in the middle of the 20th century it was observed by McCrea (1950) that the abundance of the
rare heavier oxygen isotope in foraminifera tests relative to the abundance of this isotope in the waters in which
it formed is determined by ambient temperature. Consequently, one can use these fossil benthic foraminifera
as a paleothermometer and infer past bottom water temperatures by measuring their isotopic composition.
Because absolute quantities of rare isotopes are not easily measured these are commonly expressed in reference
to a standard. This resulted in the δ18O definition, as first practised by Epstein et al. (1951):

δ18O =


(

18
Osample

16Osample

)
(

18
Ostandard

16Ostandard

)− 1

× 1000‰ (2.1)

Likewise, the carbon isotope composition is defined as:

δ13C =


(

13
Csample

12Csample

)
(

13
Cstandard

12Cstandard

)− 1

× 1000‰ (2.2)
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Various standards are used in different laboratories, but these are all calibrated to international reference stan-
dards to allow for interlaboratory comparison of data. Nowadays, δ18O is usually reported toVienna Standard
Mean OceanWater, noted as δ18OVSMOW and δ13C toVienna PeeDee Belemnite, noted as δ13CVPDB.

A δ18O-temperature calibration was established (Epstein et al., 1951) and has gone through numerous revi-
sions and updates over the decades, but the primary relationship never changed significantly (Epstein et al.,
1953; Marchitto et al., 2014; Shackleton, 1974). Ever since, compiled benthic δ18OB- and δ13CB-records
(the so-called stacks) have formed the backbone of Cenozoic paleoclimate studies (Lisiecki & Raymo, 2005;
Westerhold et al., 2020; J. Zachos et al., 2001).

From just the information provided here an issue with using δ18OB as a paleoproxy readily arises. To establish
either of the two unknowns: I) the seawater oxygen isotopic signal (δ18OSW ) or II) the temperature from
measured δ18OB-values, it is required that the other is already known. Even though δ18OSW -values are
poorly constrained for the geologic past (Ravelo & Hillaire-Marcel, 2007), by making some assumptions
δ18OB-based temperature records have been constructed (e.g. Hansen et al. (2013) and Westerhold et al.
(2020)). Other complicating factor are that foraminiferal fractionation rates are sensitive to seawater pH and
can vary between species (Katz et al., 2003; Uchikawa & Zeebe, 2010).

2.4 Clumped Isotope Thermometry

Clumped isotope thermometry is the study of the abundance of multiply substituted isotopologues relative
to what one would expect assuming a stochastic distribution of the rare isotopes. Multiply substituted iso-
topologues are molecules where two or more conventional isotopes have been replaced by their rarer isotopic
counterparts: the so-called clumping of rare isotopes. Clumping can occur in all molecules that are composed
of at least two atoms of which at least two stable isotopes exist. Given the scope of this study, the explanation
here is limited to the application on carbonates.

Isotopologue Mass Stochastic Abundance

 49 44.5  × 10-9

 48     16.8  × 10-9

 47     1.60  × 10-9

 47     44.4  × 10-6

 46     8.4  × 10-6

 48     3.96  × 10-6

 47     1.50  × 10-6

 46     0.14  × 10-6

 45     1.11  × 10-2

 45     7.48  × 10-4

 46     0.4  × 10-2

  

��
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��
��
��
���

�
��
���

��
��

�∆
���

‰
� 

Figure 2.2: The deviation from the stochastic distribution of the different CO2 isotopologues is temperature depen-
dent. At 0 °C approximately 1.1 ‰ more clumping occurs for 13C18O16O (displayed in red) compared to a stochastic
distribution of oxygen and carbon-isotopes. With increasing temperatures less clumping occurs and the distribution ap-
proaches the stochastic, i.e. 0 ‰ clumping. The single substituted isotopologues (displayd in lighter gray) do not exhibit
any clumping as that is impossible by definition. Modified from Huntington and Petersen (2023) following theory and
calculations from (Wang et al., 2004), stochastic abundances for isotopologues from Eiler (2007).

The thermometric possibilities arise from the temperature dependency of the clumping of 13C and 18O (see
figure 2.2) and its promises for paleoclimate applications on the fact that clumping is not influenced by
any other factor (Eiler, 2007). In applying clumped isotope thermometry to foraminifera carbonates, the
13C18O16O abundance in the CO2 from processed carbonates is measured and put in ratio to the stochastic
abundance calculated from the same samples bulk isotopic composition (the chance of that isotopologue
occurring given a random distribution of all isotopes). This is expressed as the ∆47 value (the 47-subscript
indicating the total mass of the clumped isotopologue) and calculated as follows:
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∆47 =

(
R47

R47∗ − 1

)
× 1000‰ (2.3)

In which R47 is the abundance ratio of mass 47 relative to mass 44 (i.e. conventional CO2) as measured
and R47∗ the calculated stochastic abundance ratio of mass 47 relative to mass 44. The latter is calculated
as:

R47∗ = 2×

(
13
C

12C

)
×

(
18
O

16O

)
+ 2×

(
17
O

16O

)
×

(
18
O

16O

)
+

(
13
C

12C

)
×

(
17
O

16O

)2

(2.4)

Where 18O/16O and 13C/12C are derived from measured δ18OVSMOW and δ13CVPDB respectively, which in
turn ultimately result from the abundance ratio of mass 46 (primarily 12C18O16O) over 44 and mass 45
(primarily 13C16O2) over 44, but which need to corrected for 17O interference (Brand et al., 2010). Finally,
17O/16O is calculated from 18O/16O, assuming that the samples lies on a specific mass dependent fractionation
line (Eiler, 2007).

Note that theR46 andR45 terms as previously included in the∆47 definition (Eiler, 2007) have been omitted
following the InterCarb community consensus (Bernasconi et al., 2021) after having been deemed statistically
insignificant (Daëron et al., 2016).

As there is a preference for clumping of heavier isotopes under lower temperatures (figure 2.2), the ∆47

can be translated into ambient temperatures using an empirically established calibration (Meinicke et al.,
2021). Furthermore, with an independent proxy for temperature, these data can be used to deconvolute the
temperature signal from the combined δ18OB value, isolating the δ18OSW value (see equation 3.6 in section
3.3.3).
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3 Method

3.1 Site and Samples

The Walvis Ridge is an approximately 3000 km long aseismic hotspot seamount chain stretching from the
African continental shelf to theTristan da Cunha hotspot at the Mid-Alantic Ridge. The ocean ridge separates
the Eastern South Atlantic to the Angola Basin in the North and the Cape Basin in the South. The Rio
Grande Rise is its less pronounced counterpart mirrored in the Mid-Atlantic ridge, located in the Western
South Atlantic with the Brazil basin to the North and the Argentine Basin to the South (Pérez-Díaz & Eagles,
2017). See figure 3.1 for bathymetric impressions of the basin and the Walvis Ridge.

First sampling of the area took place in 1980 (DSDP Leg 74) and resulted in recovery of pelagic oozes and
chalk from the Cretaceous / Paleogene (K/Pg), across the Paleocene / Eocene (PETM) boundary all through
to the Eocene / Oligocene transition (EOT). The site was revisited during IODP expedition leg 208 (2004)
to recover intact composite sequences of these transitions from multiple depths at six different locations.
Site 1262 (27°11.15’S, 1°34.62’E) is the expeditions deepest site at 4755 meters depth and was drilled for
the purpose of recovering sections suitable for study on water chemistry and circulation at abyssal depths
(J. Zachos et al., 2004). Over the Cenozoic, the site has consistently lied in close proximity to the Calcite
Compensation Depth (CCD, present day at 4.8 - 5.0 km) and lysocline, with local subsidence staying in pace
with long-term deepening of the CCD. Microfossils in the Late Paleocene and Early Eocene are preserved
particularly well. Three holes were drilled and the recovered intervals were spliced together into a single
stratigraphic section with a total length of 236 meters composite depth (mcd).

The most recent age model for this splice is synthesized in Westerhold et al. (2020), using astronomical tuned
stable isotope and x-ray fluorescence (XRF) data from Westerhold et al. (2008), Westerhold et al. (2018),
Littler et al. (2014) and Dinarès-Turell et al. (2014), all updated to orbital solution La2010b (Barnet et al.,
2019; Laskar et al., 2011; Westerhold et al., 2017).

Table 3.1: Details of grouped intervals used to generate four binned datapoints. Each interval spans between 110 and
150 Kyr. The samples were taken at Bremen Core Repository (BCR) on the 12th of January 2022 for the 57.9 Ma bin
and the 12th and 13th of April 2022 for the other three bins.

Age (Ma) Site Hole Core Section Interval (cm) Resolution (cm) Samples (N) Replicates (N)

56.7 1262 A 14 4 0 - 150 2 - 3 55 75
5 5 - 40

57.0 1262 B 16 4 93 - 146 3 60 91
5 3 - 124

57.9 1262 B 17 4 33 - 148 3 58 57
5 0 - 73

60.2 1262 A 17 5 20 - 125 3 33 101

From this site a number of consecutive samples were taken at four different intervals, see table 3.1. These
intervals were chosen such as to provide coeval data to the record from Meckler et al. (2022) while taking
into account the level of preservation of foraminifera as indicated by the coarse fraction for these cores and
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avoiding hyperthermal peaks following the stable-istopes analysis from Littler et al. (2014). As data from each
of these intervals will be grouped together (binned) for the purpose of this study these will be referred to as
bins from now on.
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Figure 3.1: Locations of sites 1262 and 1263 of IODP expedition leg 208 on the Walvis Ridge in the Southern Atlantic.
Vertical exaggeration of 50x on the South Atlantic basin overview map and 20x on the Walvis Ridge map. Bathymetric
data from Gebco Compilation Group (2022).

3.2 Preparation

After retrieval all samples were freeze-dried and their bulk composition was weighed for later determination
of coarse fraction. The samples were washed with lukewarm tap-water and separated into three fractions (>38
µm, >63 µm and >150 µm) by means of sieves. The fractions where transferred from the sieves into glass
bowls using demineralized water and left to dry out in an oven (40 °C) overnight. Consecutively, all fractions
were transferred to glass storage jars (20 ml) and weighed individually.

The largest fraction (>150 µm) was then dry-sieved to >212 µm and picked for the species Nuttallides truem-
peyi, as this allowed for the most direct comparison with the stable isotope record from the same site (Littler et
al., 2014) and other Eocene clumped data (Agterhuis et al., 2022; Meckler et al., 2022). Nuttallides truempeyi
form a lobulate outlined lenticular trochospiral test. The cross-section is unequally biconvex to planoconvex,
with an involute umbilical side that is more convex than the evolute spiral side. Crescentic chambers increase
slowly in size throughout four to five whorls that are all visible on the spiral side (Holbourn et al., 2013). See
figure 3.2 for their morphology.

The foraminifera were typically 300 - 600 µm in size, with some exceptions reaching up to 1.5 - 2 mm.
Generally, between 5 and 25 specimens were found in each sample with the 57.9 Ma bin on the lower end
and the 60.2 Ma on the higher end of this range (see the relationship between number of samples and number
of replicates in table 3.1). To obtain sufficient material for measurements, consecutive samples were grouped
together in slightly larger intervals if required.
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500 µm

A B C

Figure 3.2: Nuttallides truempeyi morhpology. (A) spiral view, (B) apertural view, (C) umblical view. From IODP site
1262, hole B, core 16, section 4W, interval 138 - 139 cm. Dated at 57.02 Ma (Westerhold et al., 2020). Photographed
using the Nikon Keyence VHX-5000 series digital microscope.

To open up the foraminifera chambers for cleaning, all specimens were cracked between glass plates and trans-
ferred to Eppendorf tubes (0.5 mL) using demineralized water. After pipetting off excess water the cracked
specimens were subjected to ultrasonic cleaning for 30 seconds. Afterwards, potentially present undesired
materials (organic matter and foreign calcareous ooze) were brought in suspension by means of an appro-
priately strong jet of demineralized water, which was again pipetted off. The suspending and pipetting was
done twice. The ultrasonic cleaning procedure was repeated at least two times until foraminiferal parts were
deemed free of foreign matter and displayed a glassy look under the microscope. After the cleaning procedure,
the samples were let to dry to ambient room temperature under cover.

3.3 Measurements

3.3.1 Instruments

The isotope ratio mass spectrometry (IRMS) measurements were conducted between November 2022 and
January 2023 at Utrecht University Geolab. The setup consists of aThermo Scientific Kiel IV Carbonate Device
for dissolving the carbonate samples and purification of the resulting carbon-dioxide gas. Thereafter, the gas
entered the Thermo Scientific 253 Plus 10 kV IRMS for measurement of relative intensities of masses 44 to
49. See the schematic in figure 3.3 for a more elaborate description of the steps and processes.

To avoid any temporal biases between and within runs and within the range of each interval all samples
were evenly distributed both over the total number of and within the individual runs. Each run consisted
of 36 or 46 measurements. For the runs of 36 measurements 19 slots were reserved for standards (ETH-1,
ETH-2 or ETH-3), 2 for check-standards (IAEA-C2, Merck) and 15 were samples. For the longer run of
46 measurements these numbers are 22, 2 and 22 respectively. In the runs of 46 total measurements, the
ratio of standards versus samples as recommended in Kocken et al. (2019) has been followed, whereas for the
shorter runs relatively more standards were used. Adopting further recommendations, ETH-1 and ETH-2
were measured only three times each in every run, allowing ETH-3 to be measured more often, resulting in
smaller margins of error as the∆47-values of ETH-3 best reflect those of the target samples. The benefit of the
longer run is the higher sample-to-standard efficiency, while the shorter runs fit in better with the day-to-day
schedule of operations in the laboratory. The international check-standards IAEA-C2 and Merck are used to
monitor long-term reproducibility of the instrumental setup (see also figure A.1 in the appendix).

Finally, the Long Integration Dual Inlet (LIDI) workflow as proposed by Hu et al. (2014) and materialized by
Müller et al. (2017) was embraced to minimize gas losses associated with multiple switches of the changeover
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Figure 3.3: Simplified schematic of the Clumped Isotope Mass Spectrometry set-up at Utrecht University GeoLab. (1)
Acid digestion of carbonate samples. (2) Liquid nitrogen (-196 °C) watertrap. (3) Porapak Mesh Trap for organic matter.
(4) Second liquid nitrogen trap. (5) Alternating input between sample gas and reference gas. In LIDI methodology the
entire sample is measured before the reference gas measurement takes place. (6) Ionization of gas particles in ionization
chamber. (7) The amount of deflecting by the electromagnet is determined by combined particle mass/charge (m/z). (8)
Faraday cups measure incoming charge. The positions of the cups is set such that the signal they capture is specific to a
single mass, thus a combined set of isotopologues. Schematic image modified after (Spencer & Kim, 2015).

valve and pressure adjustment at the beginning of the acquisition process.

3.3.2 Complications and corrections

Clumped isotopes

Over the past decades, a number of factors have shown to complicate clumped isotope measurements. In
essence, these either have to do with (1) the influence of impurities and contamination in the gas, (2) the re-
distribution of isotopes across the isotopologues between the moments of dissolution and final measurements
of cup intensities (acid fractionation, redistribution in capillaries and redistribution in ion-source) and (3) a
non-linearity between δ47 and ∆47 due to incorrect determination of cup pressure base lines used to correct
for background noise (Spencer & Kim, 2015).
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To prevent possible cross-sample contamination the Porapak (see figure 3.3) was heated to 150 °C for 1.5
hours between each run. Then, to monitor potential contamination in the sample CO2 gas the intensity of
mass 49 over mass 44 (R49

sample) is compared to that of the working gas (R49
WG). Because mass 49 in pure

CO2 would indicate presence of the extremely rare triply substituted 13C18O2 (44.5 ppb, see figure 2.2), a
large difference between these two values would indicate contamination by foreign compounds that could
also influence the measurements at mass 47 (e.g. the chlorocarbon derivative 12C35Cl+). In this study, only
measurements that fitted the following criterion where considered for further analysis:

(
R49

sample −R49
WG

)
× 104 < 0.1 (3.1)

Furthermore, samples with high internal standard deviations ( > 0.15 ‰) and δ18O values lower than -0.5
‰ or higher than 1.5 ‰ were omitted from the record as these are most likely to be contaminated. From a
total of 324 measurements, 5 were dismissed as outliers.

Fragmentation and re-combination of isotopes among the isotopologues which pushes the analytice gas to-
wards a more stochastic distribution, and thus warmer temperatures, can take place at the ion source (Hunt-
ington et al., 2009). This can partially be remedied by decreasing the pressure and residence time of the
analyte gas in the ion-source, but that comes at the cost of lower internal precision due to lower beam inten-
sities (Cui & Wang, 2014). Alternatively and more preferable higher internal precision can be maintained
by placing the measured samples in a reference frame with standards from the same analytical sessions, see
section on Empirical Transfer Functions (ETFs).

Finally, the issue with δ47 - ∆47 non-linearity is a result of using pressure baselines (PBLs) established with-
out analyte gas entering the ion-source. The background noise therefore did not include the beam-intensity
dependent production of secondary electrons causing a negative offset in some Faraday cups (He et al., 2012).
In the Utrecht University GeoLab this is solved by establishing intensity-dependent PBLs for m/z 44 intensi-
ties 5, 10, 15, 20 and 25 V and accelerating voltages of 9.38 - 9.54 kV using the working gas on a daily basis
in the so-called background scans and using these for corrections (Meckler et al., 2014).

The measured ∆47-values of all samples and (check)standards in a run are first corrected for an offset based
on run-mean difference between the measured ETH-3 ∆47-values and the accepted ∆47-values. To place the
offset-corrected measured raw ∆47 values into an internationally recognized standard reference frame used
across laboratories, ETFs are established. This is a relationship based on a linear regression between measured
(raw) and internationally accepted (true) values of all measurements on ETH standards within an analytical
session (see table A.1 in the appendix for data on standards). Such an analytical session is loosely defined as the
period in which changes in external factors (source instability, changes in working gas, laboratory conditions
and sample preparation) do not yet result in a drift in measurement reproducibility (Kocken et al., 2019;
Meckler et al., 2014). Throughout this study, the ETFs were constructed based on the ETH-standards within
a running window of 250 measurements before and 250 after each measurement. In practice, that implied
an approximate 35 ETH-1 and ETH-2 measurements and 180 ETH-3 measurements used for establishing
a linear regression. Using the slope and intercept of the regression lines the ETF is now constructed to place
the ∆47-values into the Intercarb Carbon Dioxide Equilibrium Scale (Bernasconi et al., 2021):

∆47(I−CDES90°C) = slope×∆47−RAW + intercept (3.2)

A temperature-dependent acid fractionation factor to correct for fractionation between the abundance of
13C18O16O in liberated CO2 (∆47) and the abundance of 13C18O16O2

2- (∆63) in carbonates as previously
applied (Ghosh et al., 2006) is now redundant as this would equally affect samples and standards and is
therefore incorporated in the ETF (Bernasconi et al., 2021). Now, with all corrections applied the ∆47-
values are fit to be used in temperature reconstructions.

Stable isotopes

Stable oxygen and carbon isotope abundances (δ18O and δ13C) of samples derive from intensities on cups
m/z 46 and 45 respectively. Because the natural abundances are much higher these require a much less
rigorous correction scheme. Since acid fractionation on δ18O-values is not corrected for by transforming to
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an accepted reference frame, a manual correction is applied using a temperature-dependent acid fractionation
factor (AFF) as described by Kim et al. (2007):

αCO2(ACID)−Calcite = e(3.59×T−1−1.79×10−3) (3.3)

With an acid digestion temperature of 70 °C (343.15 K) this leads to an AFF of 1.00871 which is thenceforth
applied to establish δ18OB-values:

δ18OB =
δ18OCO2 + 1000

1.00871
× 1000 (3.4)

Finally, both the δ18O and δ13C values are offset-corrected based on a running window (15 measurement
before, 15 after) mean offset between ETH-3 measured and accepted δ18O and δ13C-values.

3.3.3 Temperature and δ18OSW calculations

From the corrected ∆47-values mean ∆47-values and standard deviations for each bin were calculated using
empirically established calibrations. Latest available calibrations include one using biogenic, abiogenic and
synthetic carbonates from Anderson et al. (2021) and one using foraminifera data from Peral et al. (2018)).
The calibration from Meinicke et al. (2020) includes a reprocessing of these data and is favoured due to the
best fit of linear regression on the temperature interval concerned (Kocken, 2022). Bin mean-temperatures
and maximum and minimum temperatures associated with 68% (1σ) and 95% (2σ) for each bin were recon-
structed following the foraminifera based calibration established in Meinicke et al. (2020) and recalculated
for the I-CDES scale (Meinicke et al., 2021):

∆47 = 0.0397×
106

T 2
+ 0.1518 (3.5)

Here, temperature (T) is expressed in Kelvin (K). Note that the uncertainties on slope and intercept as orig-
inally established have been omitted, following the notion that these uncertainties when propagated for the
analytical errors only have a minor effect to confidence intervals (<0.1 °C) on reconstructed temperatures
(Agterhuis, personal communication, 2022).

An evaluation of the sensitivity of reconstructed temperatures as a function of the number of replicates per
bin is included in figures A.3 and A.2 of the appendix.

Using mean δ18OB-values and ∆47-based temperature of each bin, the seawater isotopic signal can be
inferred by solving the [δ18OSW - δ18OB] to temperature calibration from Marchitto et al. (2014) for
δ18OSW :

δ18OSW = (0.245)× T − (0.0011)× T 2 − (3.31) + δ18OB (3.6)

Again, note the omission of uncertainties in the calibration. Since above calibration was derived from
Cibicidoides the δ18OB-values were first corrected for vital effects in Nuttallides according to Katz et al.
(2003):

δ18OCibicidoides =
δ18ONuttallides + 0.1

0.89
(3.7)
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4 Results

In the top panel of 4.1 the mean ∆47 values for four Late Paleocene time intervals (56.7, 57.0, 57.9 and
60.2 Ma) are plotted on the I-CDES90 scale to allow for inter-laboratory analysis. The number of replicates
per data-point are displayed as labels above the data points. The solid and dashed lines display the 68% and
95% confidence intervals respectively. Numerical results are included in table A.2 of the appendix. Values
are plotted on a time series using the Westerhold et al. (2020) age model for site 1262, with sample depths
(mcd) converted to age by linear interpolation between the age models tie points. Mean ages for each bin
are calculated as weighted average of individual replicates. All measurements have been conducted on well
preserved Nutallides truempyi (see figure 3.2) with approximately 15 specimens per aliquot and each aliquot
allowing for two to six measurements, depending on total aliquot size.

The second and third panel show δ13C- and δ18OB-values respectively for individual replicates used for each
bin. δ18OB-values are corrected to Cibicidoides following Katz et al. (2003). The gray lines (background) are
records established from the same species and the same core and serve as long-term reference and verification
here (Littler et al., 2014).

Deep sea temperatures reconstructed from ∆47-values using equation 3.5 are displayed in the fourth panel
(confidence intervals as before) along the temperatures reconstructed from δ18OB-values using equation 3.6
rewritten for temperature and assuming a constant δ18OSW -value of approximately -1 ‰, following the
canonical view of an ice-free earth prior to the onset of Antarctic glaciation (Hansen et al., 2013; J. Zachos et
al., 2001). The gray line reflects a global temperature signal using CENOGRID δ18OB-values (Westerhold et
al., 2020) with the same Marchitto-calibration (equation 3.6). Here,∆47-derived bottom water temperatures
are 4 °C (57.0 Ma), 5 °C (56.7 Ma), 7 °C (60.2) Ma and 8 °C (57.8 Ma) warmer than those reconstructed
using the δ18OB-paleothermometer.

The bottom panel finally shows reconstructed δ18OSW -values in each binned time interval using the ∆47-
derived temperatures and the independently measured δ18OB-values in the same samples to solve equation
3.6 for δ18OSW . The horizontal lines display reference δ18OSW -values for an ice-free earth, the Modern,
and Pleistocene glacial maxima under the assumption that the isotopic composition of seawater is determined
solely by ice-volume.

17



74

91

55 100

55 56 57 58 59 60 61

Oligocene Eocene Paleocene Late Cretaceous
Aquitanian Chattian Rupelian Priabonian Bartonian Lutetian Ypresian Thanetian Selandian Danian Maastrichtian Campanian Santonian Coniacian Turonian

C6AA C6B C6C C7 C7A C8 C9 C10 C11 C12 C13 C15 C16 C17 C18 C19 C20 C21 C22 C23 C24 C25 C26 C27 C28 C29 C30 C31 C32 C33

0.61

0.62

0.63

0.64

0.65

0.66

Age (Ma)

∆ 4
7 

(I
−

C
D

E
S

90
 ‰

)

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

2.0

2.5

Pg

δ
13C

N
uttallides  (‰

 V
P

D
B

)

2.0

1.5

1.0

0.5

0.0

−0.5

−1.0

Pg

δ18
O

C
ib

ic
id

oi
de

s 
(‰

 V
P

D
B

)

4

6

8

10

12

14

16

18

20

Pg

D
S

T
 (°C

)

PETM

δ18Oice−free

δ18Omodern

δ18Oglacial

1.5

1.0

0.5

0.0

−0.5

−1.0

−1.5

C6AA C6B C6C C7 C7A C8 C9 C10 C11 C12 C13 C15 C16 C17 C18 C19 C20 C21 C22 C23 C24 C25 C26 C27 C28 C29 C30 C31 C32 C33

Aquitanian Chattian Rupelian Priabonian Bartonian Lutetian Ypresian Thanetian Selandian Danian Maastrichtian Campanian Santonian Coniacian Turonian

Oligocene Eocene Paleocene Late Cretaceous
55 56 57 58 59 60 61

Age (Ma)

δ18
O

S
W

 (
‰

 V
S

M
O

W
)

Figure 4.1: A)∆47 values for the four time intervals (bins) in the Late Paleocene. Solid errorbars show the 68% confidence
interval, dashed lines 95% confidence. Horizontal shading indicates time interval for which samples have been binned
and labels on top show number of replicate measurements used. B) and C) δ13OC and δ18OB values for individual
measured samples of each bin, δ18OB-values corrected to Cibicidoidess following Katz et al. (2003). Grey line displays
a continuous late Paleocene records from the same site (Littler et al., 2014). D) Reconstructed temperatures from ∆47-
values and δ18OB-values. E) Reconstructed δ18OSW using ∆47 derived bottom water temperatures.
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5 Discussion

5.1 Late Paleocene and Early Eocene Deep Sea Temperatures

In recent decades, different proxies have been proposed to assess deep sea temperatures in the geologic past.
In figure 5.1 deep sea temperatures based on site 1262 δ18OB values from Littler et al. (2014), using the
calibrations from Hansen et al. (2013) (light gray) and Marchitto et al. (2014) (dark gray) are displayed
along the ∆47-based temperatures for the same site (red circles, this study), nearby site 1263 (red circles after
PETM; Agterhuis, in preparation) and for sites 1407 and 1409 in the North Atlantic (blue circles Meckler
et al. (2022)). The green dots display benthic foraminifera Mg/Ca derived bottom water temperatures for site
1209 in the Pacific (see figure 5.2) with the green line a smoothed fit and shaded 90% confidence intervals
(Cramer et al., 2011).
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Figure 5.1: Gray lines: δ18OB-based temperatures for site 1262 (South Atlantic) with Hansen et al. (2013) (light) and
Marchitto et al. (2014) (dark) calibrations. Red open circles: ∆47-based temperatures in late Paleocene (site 1262, this
study) and early Eocene (site 1263, Agterhuis, in preparation). Blue open circles: ∆47-based temperatures for sites
1407/1409 (North Atlantic, Meckler et al. (2022)). Green line: Mg/Ca based temperatures with trend and shaded 90%
confidence intervals for site 1209 (Pacific, Cramer et al. (2011), calibrated following Lear et al. (2010)).

First of all, a marked offset between the temperatures from clumped isotopes and the stable oxygen isotope
record is visible (+ 2-4 °C (57.0 Ma), + 3-5 °C (56.7 Ma), + 5-7 °C (60.2) Ma and + 6-8 °C (57.9 Ma)).
These elevated ∆47-derived temperatures compared to previous estimates are found consistently throughout
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the Cenozoic and in multiple ocean basins (Meckler et al., 2022). Furthermore, the absolute temperature-
variability from the ∆47-record is larger (3.2 °C corresponding to 0.011 ‰) than that found from δ18OB-
values (2.1 °C corresponding to 0.474 ‰), when considering the averages of the four bins, see figure 4.1.
The large variability that is visible for the North Atlantic prior to the PETM is also observed in the Pacific
Mg/Ca record, but is less distinct in the South Atlantic reconstruction. The ∆47-derived temperatures are
corroborated by the Mg/Ca temperatures in the Late Paleocene, whereas the Mg/Ca temperatures during the
Eocene seem to align better with the conventional δ18O temperature reconstructions.

The lower temperature variability found from oxygen isotopes only, may be attributed to non-thermal δ18OB-
dampening factors like seawater pH and δ18O-values (Meckler et al., 2022; Zeebe, 2001). Under acidifying
ocean conditions, thus decreasing pH, the rate of incorporation of the heavier 18O-isotope in foraminifera
shells increases (Uchikawa & Zeebe, 2010). This effect is a direct result of carbon speciation in seawater that is
governed by pH. As the major component of total dissolved inorganic carbon changes from CO3

2- to HCO3
-

when pH lowers the isotopic composition of the oxygen-bearing substrate for calcification increases. This is
because HCO3

- is isotopically heavier than CO3
2-. If not corrected for, these elevated δ18OB-values would

be interpreted as colder bottom waters (assuming no changes in δ18OSW ). Thus, increased atmospheric CO2
levels, associated with warmer climates, are registered as lower δ18OB-values and higher temperatures, while
at the same time the induced acidification by increased pCO2-levels, is registered as a higher δ18OB-value
and presumed lower temperature; hence the dampening-effect.

The influence of seawater pH on benthic foraminifera remains however poorly studied. Uchikawa and Zeebe
(2010) report a ∆δ18OB of +0.9 ‰ (∆T of ∼ -3.5 °C for typical late Paleocene δ18OB-values) for a ∆pH
of -1 inferred from a study on the planktic non-symbiont bearing Globigerina bulloides. Another study found
an effect of + 0.65 ‰ per -1 ∆pH based on a core top Oridorsalis umbonatus study off the Namibian coast
(Rathmann & Kuhnert, 2008). Inorganic calcite precipitation experiments put the effect at + 1.42 ‰ per
∆pH of -1 (McCrea, 1950; Usdowski & Hoefs, 1993; Zeebe, 2001). Best estimate reconstructions place late
Paleocene pH at 7.8 (interpolated from Rae et al. (2021)). This is 0.4 lower than the pre-industrial oceans
with a pH of 8.2, on which the temperature calibration in equation 3.6 is based (Marchitto et al., 2014).
Hence, approximately 2 to 3 °C of the difference between the ∆47- and δ18OB-derived temperatures could
potentially be explained by this pH-effect.

Furthermore, as opposed to the CENOGRID-based temperature reconstruction, no global warming trend
is discernible from the South-Atlantic clumped isotope temperature reconstruction over the period 60 - 54
Ma. From a long-term perspective, the temperatures are variable around the 14 °C level, with only a sharp
temperature rise at ∼ 53 Ma.

5.2 South Atlantic δ18OSW values

Over the geologic past, the total amount of water on earth has remained constant, as has the total budget
of 18O and 16O stable isotopes contained within. However, the distribution of the different oxygen-related
isotopologues of water (most notably H2

16O and H2
18O) has differed between different reservoirs due to

fractionation processes. Evaporation and precipitation fractionate against the heaver and lighter isotopes
respectively, leading to isotopically lighter water stored on land after precipitation (as ice, surface or ground-
water) and heavier water remaining in the oceans, where the evaporation occurred. The magnitude of this
effect ultimately depends on the governing hydrological regime. Because the heavy oxygen isotopes largely
behave similar to dissolved salts, this is often referred to as the salinity effect, even though the relationship is
not direct and has not always held to the same extent in climates of the past (Rohling & Bigg, 1998).

Figure 5.3 shows reconstructed δ18OSW for the Early Eocene (site 1263, Agterhuis, in preparation) and
Late Paleocene (site 1262) using independent ∆47-derived bottom water temperatures to de-convolute the
seawater isotopic signal from the isotopic signal recorded in the benthic foraminifera. The filled diamonds
indicate the values found when the pH correction according to Zeebe (2001) is applied to the δ18OB-values
prior to reconstruction. This correction, the highest of the three independent calibrations (+ 1.42 ‰ per∆pH
of -1), was chosen to display the entire range over which pH possibly affects the reconstructed δ18OSW . Deep
sea pH values for the Paleogene have been estimated by linear interpolation between values obtained from
boron isotopes (δ11B) by Rae et al. (2021). Note that as no data is available for the Paleocene, pH-values for
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Figure 5.2: Modern location of sites used in comparison of records. Bathymetric data from Gebco Compilation Group
(2022).

this period are a result of interpolation of a 10 Myr interval spanning the K/P-boundary to PETM. Similarly,
using the Mg/Ca-temperature model from Cramer et al. (2011), the δ18OB-record from Littler et al. (2014)
and the same pH correction as before a continuous δ18OSW model can be generated (solid and dashed lines
in figure 5.3).

In contrast with a presumed ice-free world in the early Cenozoic (J. Zachos et al., 2001), datapoints at
60.2 and 57.9 Ma show δ18OSW -values that reflect conditions found between present-day glaciation and
that during the glacial maxima of the pleistocene. Two datapoints from the latest Paleocene (57.0 and 56.7
Ma) show δ18OSW resembling the modern ocean. The larger variability in Paleocene δ18OSW (0.79 ‰)
compared to δ18OB (0.47 ‰), averaged per bin, is chiefly explained by realizing that the larger temperature
variability found from ∆47 compared to δ18OB (see section 5.1) is translated into δ18OSW -variations using
equation 3.6. Explained alternatively, the dampening induced by lower pH hindered registration of the full
range of the seawater isotopic variation in the benthic foraminifera. δ18OSW at 60.2, 57.0 and 56.7 Ma
are in line between the two different approaches, here hinging on the good correlation between ∆47- and
Mg/Ca-derived temperatures (figure 5.1). In the North Atlantic (blue diamonds, Meckler et al. (2022)), the
estimated variability in δ18OSW is even larger, in line with greater temperature variability (see figure 5.1)
and limited variation in δ18OB (see figure 5.4). In the Eocene, the most depleted seawater is observed at 53
Ma, than increases towards glacial values at 50 Ma and decreases thereafter. This bulge is readily explained
by observing a peak in ∆47-derived temperatures at the EECO while δ18OB-derived temperatures remain
relatively constant over 50 - 52 Ma (figure 5.1).

Because of the uncertainties associated with analytical precision (Mg/Ca- and ∆47-temperatures), applied
corrections (ocean pH) and the assumptions made (linear interpolation of ocean pH values over the entire
Paleocene), these resulting values should be treated as indicative rather than definite, but do help investigat-
ing possible mechanisms at work. However, in terms of relative changes within each basin over time these
uncertainties and corrections are irrelevant as they apply a more or less constant offset. A possible partial ex-
planation for this variability is a fluctuation in atmospheric CO2 levels, thus pH and consequently δ18OSW ,
that is not caught in the early Cenozoic part of the δ11B-record (Meckler et al., 2022). As an indication, a
0.11 shift in pH corresponds to 500 ppm shift in atmospheric CO2 (Rae et al., 2021). According to the pH
correction from Zeebe (2001) this is reflected as a 0.15 ‰ change in fractionation. If corrected for inter-
polated pH values from the long-term trend, δ18OSW -values that were coeval to extremes in a hypothetical
shorter term CO2 and pH variability, would be over or under compensated and the variability maintained.
However, to explain the full variability in δ18OSW , short-term pH fluctuations would have to exceed the
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Figure 5.3: Top panel shows ∆47-derived temperatures as before. Middle panel shows reconstructed seawater pH from
boron isotopes (δ11B) by Rae et al. (2021), note that no data is available for the Paleocene. Bottom panel shows re-
constructed δ18OSW values using ∆47-derived temperatures are shown as faded open diamonds (Red: South Atlantic /
Walvis Ridge sites 1263 and 1262, Blue: North Atlantic sites 1407/1409 from Meckler et al. (2022). Confidence inter-
vals as before). Solid diamonds are values using pH correction as in Zeebe (2001). Solid red line display reconstructed
δ18OSW -values based on the South Atlantic δ18OB-record (Littler et al., 2014) using a Mg/Ca derived global deep sea
temperature signal (Cramer et al., 2011). The dashed line is corrected for pH according to Zeebe (2001)

magnitude of change observed over the entire Cenozoic, which is rather unlikely.

To explain the conundrum of absolute δ18OSW -values a number of possible hypotheses exist, which can be
grouped in three approaches. I) The average isotopic composition of the seawater is different from what is
calculated for the global oceans in a presumed ice-free world (approximately -1.2 ‰). This includes varia-
tions in ice volume, ground- and surface waters, input related to tectonic activity (e.g. hydrothermal vents,
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volcanic activity, seafloor spreading) affecting ocean δ18OSW on a global scale, as well as hydrological and
hydrographical influences that affect seawater isotopic composition on a localized level. II) There is a stronger
gradient in oxygen isotope distribution among watermasses, or III) The rate of incorporation of 18O over 16O
in benthic foraminifera is affected by other factors than just temperature. This includes the pH-effect men-
tioned in 5.1, but potentially also other not well understood species-dependent physiological factors (Katz
et al., 2003).

When looking solely at ice-volume as a possible explanation 56 to 94 meter sea-level equivalent of ice would be
required to warrant the lowest to highest Paleocene δ18OSW -values at 57.0 and 57.8 Ma respectively. When
considering the value corrected for pH following Zeebe (2001), 31 to 50 meters would suffice. Though in
stark contrast with the often assumed ice-free early Cenozoic, corroborating evidence for sea-level changes of
15 to 30 meter on 106 years time-scales is found from backstripping studies on the New Jersey plain (K. G.
Miller, Kominz, et al., 2005). This study suggests that glacio-eustatic changes only can explain these sea-
level changes in terms of magnitude and speed and thus ephemeral small ice-sheets must have existed in the
Antarctic interior. Sames et al. (2020) argues that the 18O depleted meteoric waters (precipitation) needs
not necessarily be stored as ice, but can be locked as surface- and groundwater in humid greenhouse climates
and discharged in arid times, thereby omitting the prerequisite of an ice-sustaining climate. However, this
aquifer-eustasy does most likely not exceed decimetre scale sea-level changes and is thus not considered a
likely driver of the sea-level changes required here (Davies et al., 2020).

Agterhuis et al. (2022) argue that low-latitude highly evaporative areas of salinity-dominated deep water
formation can cause relatively high deep water δ18OSW -values. This would however require much lighter
δ18OSW -values, and in this case fresher, water-masses elsewhere, which is hard to reconcile with the homo-
geneity found in δ18OB and δ13C-values found in the different ocean basins (see figure 5.4 and Cramer et al.
(2009)).

Instead of mechanisms depleting the oceans from 16O, the high δ18OSW values can also be interpreted
as an addition of 18O to the ocean reservoirs. Sea-floor spreading, hydrothermal activity, continental and
submarine weathering all have the possibility of altering δ18OSW , yet these processes operate on 107 to 108

years times-scales and hence are unable to explain the 106 year variability observed here (Coogan et al., 2019;
Jaffrés et al., 2007).

Taking these possible explanations, the most likely contender that fits the magnitude and variability of the
δ18OSW signal during the late Paleocene and early Eocene is that of small ephemeral ice-sheets on the Antarc-
tic interior, (K. Miller et al., 2011; K. G. Miller, Wright, & Browning, 2005). Combining the effect of a lower
seawater pH on the signal registration by benthic foraminifera and a sealevel decrease of up to 30 meters due
to the formation of such an Antarctic interior icesheet (DeConto & Pollard, 2003), a possible explanation
for the early Cenozoic δ18OSW -values arises.

The assumption of a constant seawater δ18O-value of -1 ‰(i.e. ice-free) clearly does not hold. To recon-
struct δ18OSW from benthic foraminifera in deep time, more constraint on individual influencing factors are
required. Using clumped isotope thermometry the factor temperature is now constrained. Further knowl-
edge on Paleocene seawater pH and its effect on fractionation of oxygen isotopes in foraminifera is impera-
tive.

5.3 Watermasses, Circulation and Overturning

In an oceanic overturning system, physical and chemical properties of deep water masses are set at the time
and place of deep water formation (Broecker, 1982). Therefore, when deep water masses at different locations
carry a similar physical and chemical profile this can be interpreted as having a common area of deep water
formation and thus being part of the same overturning circulation.

The oxygen isotope value of seawater is a characteristic commonly used in tracing and assessing the origin of
water-masses, on the notion that δ18OSW values reflect the salinity (the salinity effect explained before) as
determined in the area of deep water formation by processes of brine rejection in sea-ice formation or strong
evaporation (Frew et al., 2000). In this study, δ18OSW -values are derived from combining δ18OB-values
and ∆47-based temperatures. Because δ18OB-values evolve similarly at the North and South Atlantic sites

23



∆47 South Atlantic (this study)

∆47 North Atlantic (Meckler et al., 2022)

55 56 57 58 59 60 61

Oligocene Eocene Paleocene Late Cretaceous
Rupelian Priabonian Bartonian Lutetian Ypresian Thanetian Selandian Danian Maastrichtian Campanian Santonian Coniacian

C9 C10 C11 C12 C13 C15 C16 C17 C18 C19 C20 C21 C22 C23 C24 C25 C26 C27 C28 C29 C30 C31 C32 C33

6
8

10
12
14
16
18
20
22
24

Age (Ma)

D
S

T
 (

°C
)

South Atlantic − IODP 1262 (littler et al., 2014)

North Atlantic − IODP 1051, DSDP 384/401/550 (Cramer et al., 2009)

North Atlantic − IODP 1407/1409 (Meckler et al., 2022) −1.0

−0.5

0.0

0.5

1.0

1.5

2.0

2.5

Pg

δ
13C

C
ibicidoides  (‰

 V
P

D
B

)

1.0

0.5

0.0

−0.5

−1.0

−1.5

Pg

δ18
O

C
ib

ic
id

oi
de

s 
(‰

 V
P

D
B

)

EECO PETM

IODP 1267 (Batenburg et al., 2018)
IODP 1262 (Via et al., 2006)
IODP 1403 (Batenburg et al., 2018)
Demerara Rise (Martin et al., 2012)

−16

−14

−12

−10

−8

−6

−4

−2

C9 C10 C11 C12 C13 C15 C16 C17 C18 C19 C20 C21 C22 C23 C24 C25 C26 C27 C28 C29 C30 C31 C32 C33

Rupelian Priabonian Bartonian Lutetian Ypresian Thanetian Selandian Danian Maastrichtian Campanian Santonian Coniacian

Oligocene Eocene Paleocene Late Cretaceous
55 56 57 58 59 60 61

Age (Ma)

ε
N

d(t)

Figure 5.4: Top panel shows ∆47-derived temperatures as before with a smoothing applied not so much as to interpolate
values but to guide the eye for long term development of bottom water temperatures. Second and third panel show
δ13C- and δ18OB- values from North- and South Atlantic sites with colours as before. Continuous record for North
Atlantic are from ODP site 1051 and DSDP sites 384/401/550 (Cramer et al., 2009). Open triangles are data from
(Meckler et al., 2022). South Atlantic record from (Littler et al., 2014). Bottom panel shows Neodymium isotope record
for North Atlantic (site 1403 solid blue, Batenburg et al. (2018)), South Atlantic (site 1267 solid red, Batenburg et al.
(2018); site 1262 dashed red, Via and Thomas (2006)) and equatorial Atlantic (site 1258, Demerara Rise, orange, Martin
et al. (2012)).
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(see figure 5.4 panel C), the variation in δ18OSW is governed by ∆47 values. Therefore, temperatures from
clumped isotopes are favoured here over inferred δ18OSW -values to assess similarities between deep waters
among basins. While the ∆47-derived DSTs of the North- and South-Atlantic show more similar values at
60 and 58 Ma (< 2 °C difference) a strong diverging trend (7 °C difference at ∼ 57 Ma) is observed at the
latest Paleocene (top panel figure 5.4).

Changes in δ13C provide a constraint on carbon-transfer between ocean, atmosphere and sediments and
differences in carbon isotope values reflect nutrient contrasts and thereby tell about homogeneity between
basins. Over the Cenozoic, basin-averaged multi-site δ13C-stacks for North- and South Atlantic shows a
maximum gradient of ∼ 0.9 ‰, while values at 58 Ma are highly homogeneous (Cramer et al., 2009). The
strong divergence between DSTs in these basins at ∼ 58 Ma is not reflected in changing δ13C-values when
comparing a record from nearby site 384 in the North Atlantic and the same site (1262) in the South Atlantic
sites (second panel figure 5.4).

The ratio of Neodymium isotopes in sedimentary coatings or fish debris is the most direct proxy for water
origins that is currently available. The ratio of 143Nd to 143Nd is acquired from continental contributions
(fluvial and aeolian input). As this ratio differs from one continental crust to the other, the values found
in seawater can thus be linked to the different ocean basins that are surrounded by these continents. A
convergence of neodymium isotope records spanning the Maastrichtian and Paleocene (72 - 56 Ma) from
various Atlantic sites was interpreted by Batenburg et al. (2018) as a homogenisation of Atlantic water related
to an intensified Atlanting overturning system with Southern source waters as a result of continental rifting.
A modelling study by Zhang et al. (2020) corroborates this and points to a common area of deep water
formation source in high Southern latitudes that was driven by convection at the center of subpolar gyres that
were constrained by closed Drake and Tasmanian passage providing a Western boundary for gyre build up.
Zeebe and Zachos (2007) find additional support in [CO3

2-] gradients between the North and South Atlantic
basins that are reversed compared to present day, also suggesting a reversed deep ocean circulation.

Although the coarse resolution record provided by Batenburg et al. (2018) does allow for interpretation of
changes in ocean circulation in terms of multi-million year processes like continental drift an openings of
oceanic passages, sub-million year variations in ocean circulation from climatic forcing are not resolved in
this record. Late Paleocene sections of these records are shown in the last panel in figure 5.4 (Batenburg et al.
(2018) and references therein) and serve to illustrate this limitation. Most importantly, available data from
site 1403 is only available till 58 Ma, just when a presumed divergence (based on ∆47-temperatures in this
study) between bottom water sources at nearby sites 1407/1409 and site 1262 takes place.

Clumped isotope derived bottom water temperatures (and indirectly δ18OSW -values) do not endorse the
conclusion of a pan-Atlantic deep water homogenisation.The convergence described in Batenburg et al. (2018)
hinges mostly on North Atlantic εNd(t)-changes while values in the South Atlantic remain relatively constant.
Because the Paleocene North Atlantic was marked by high levels of tectonic activity (Hansen et al., 2009)
alternative inputs of Neodymium can not be ruled out as being responsible for this convergence. To further
constrain the evolution of North- and South Atlantic deep-water exchange higher resolution coeval records
for both sites on multiple independent proxies (i.e. εNd(t) and ∆47) are essential. Additionally, another
approach would be to apply clumped isotope thermometry to deconvolute the δ18OSW signal from the
δ18O of planktic foraminfera and compare that to the deep water δ18OSW -values for evaluating potential
sites of deep water formation. For this method however, good preservation of the foraminifera to avoid the
overprinting of a deep water temperature signal is important, which commonly is the case in areas with high
sedimentation rates (e.g. van der Ploeg et al. (2023)).

5.4 Earth System Sensitivity

Earth System Sensitivity (ESS) is the expression of long term climate evolution in response to atmospheric
forcing, i.e. CO2 increase. This is expressed as a change in Global Mean Surface Temperature (GMST) per
doubling of atmospheric CO2. Deep Sea Temperatures (DSTs) are believed to reflect GMSTs (Goudsmit-
Harzevoort et al., 2023; Hansen et al., 2013; Inglis et al., 2020), thus the elevated ∆47-derived temperatures
may have severe implications for our understanding of ESS in the early Cenozoic.

To assess whether the relationship between DSTs and GMSTs also holds in climate systems with a different
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Figure 5.5: Top panel shows atmospheric CO2 from different proxies. Orange dots are from stomatal frequencies, red
dots are derived from Land Plant δ13C-values and blue dots from boron isotopes (Hoenisch, 2022). The most recent
reconstruction based on boron isotopes in benthic foraminfera is displayed as black line, but does not contain data
between K/Pg and PETM (Rae et al., 2021). Bottom panel shows deep sea temperatures as before and is supplemented
with TEX86-based SST reconstructions for equatorial site 959 (orange, Cramwinckel et al. (2018)) and East Tasmanian
site 1172 (green, Bijl et al. (2009) and planktonic δ18O-based Walvis Ridge site 1262 (red, Birch et al. (2016)). See figure
5.2 for locations.

26



modus of operandi from what is described in Hansen et al. (2013) the sparsely available Paleocene SST
reconstructions are compared against trends in DSTs established in this study in figure 5.5. Both SSTs at
sites 959 and 1172 show higher values after the PETM than before, while ∆47-based DSTs for the South
Atlantic show a reversed trend across this boundary. This reversal could be interpreted as a reconfiguration
of Southern Hemisphere overturning in this interval. In the conceptual framework where a coeval change in
both SSTs and DSTs reflect a change in the global climate and the change in gradient between DSTs and SSTs
at a given location as an alteration in the overturning systems, the deep-sea to surface temperature gradient
being larger post-PETM would imply a change to deep-water formation at higher latitudes. Alternatively,
the larger gradient could indicate a more vigorous overturning post-PETM, which is in line with modelling
studies from Zhang et al. (2020).

An early Paleocene temperature reconstruction based on planktic foraminfera δ18O-values from site 1262
shows SST values as low as same site ∆47-based deep sea temperatures. This is hard to reconcile with the
TEX86 records, but could be explained by the overprinting of a deep sea temperature signal on the planktonic
forams as indicated by relatively poor preservation described in Birch et al. (2016).

The debate on what was the primary driver for Paleocene and Eocene climate evolution is still ongoing. For
example, Batenburg et al. (2018) strongly suggest the opening of the Atlantic gateway towards the onset of the
EECO as the main driver for Early Eocene high temperatures, while Cramwinckel et al. (2018) conclude that
DSTs and tropcial SSTs evolving in concert proves atmospheric CO2 levels to be the primary cause. Ruling
out the likelihood of a major intensification of pan-Atlantic overturning in the Late Paleocene by DSTs estab-
lished in this study and thus establishing a level background against which the CO2-driven climate operates,
ESS can be assessed by relating atmospheric forcing to GMST changes. However, as there is a big hiatus in
CO2 reconstructions for the late Paleocene (see figure 5.5), these assessments lean on long-term interpola-
tion. Paleo-CO2 data from land plant δ13C-values and stomata count is deemed unreliable (summarized in
Berends et al. (2021)), especially further back in time. Earlier δ11B-based CO2 reconstructions from Pearson
and Palmer (2000) are erratically high, therefore the assessment is made base on interpolation of the record
synthesized in Rae et al. (2021).
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Figure 5.6 shows estimates of Paleocene climate sensitivity to be approximately 8 °C degrees from South
Atlantic data and a more variable 6 - 10 °C based on the North Atlantic data (Meckler et al., 2022). Because
global mean DSTs catch the long-term (103< years) changes in climate that ESS means to reflects and the
South Atlantic was most likely better connected to a greater part of the global oceans, the more stable Southern
Atlantic based value is favourable when estimating global climate sensitivity. This South-Atlantic value is
consistent with the high end of previous estimates (Cramwinckel et al., 2018; Rohling et al., 2012). This,
in turn, implies that climate models that have hitherto been validated using lower estimates on ESS, could
structurally underestimate future global warming under elevated CO2 levels.
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Figure 5.6: Projection of paleo-temperature and paleo-CO2 reconstructions in an Earth System Sensitivity framework.
Shapes indicate ocean basins from which DSTs are reconstructed, colours follow the classification of ages in ice-, cool-,
warm- and hothouse states (dark blue to dark red respectively) as used in Westerhold et al. (2020). Paleocene data is
displayed in larger symbols with triangles for North Atlantic sites (Meckler et al., 2022) and diamonds for South Atlantic
sites (this study).
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6 Conclusion and Outlook

Conclusion - New robust Walvis Ridge deep sea temperature estimates based on clumped isotope thermometry
(∆47) in the late Paleocene complement same-site data into an ever more complete Cenozic South Atlantic
DST record. The late Paleocene to early Eocene data presented here reveals significantly higher temperatures
than from hitherto applied δ18O paleothermometry. This is in line with recent studies applying clumped
isotope thermometry in a variety of deep water basins over the entire Cenozoic that finds the same discrepancy.
The difference in temperatures is partially explained by the omission of a correction for the lower pH value
of the early Cenozic oceans to the δ18O-temperature calibration. Additionally, the δ18OB are measured
relative to an assumed global δ18OSW -value of -1 ‰, reflecting an ice-free world. The independently derived
temperature estimates in this study challenge that assumption. Deconvoluting the seawater oxygen isotope
signature from δ18OB-values using ∆47-based temperatures exposes values over the entire range from those
in an ice-free world to those during the glacial maxima of the Pleistocene. Storage of meteoric water on
land in any form, spatial heterogeneity of δ18OSW -values and foreign input of heavy oxygen are proposed as
possible mechanisms explaining this conundrum, yet none of these can explain the magnitude and variability
of the mismatch entirely. The use of δ18O-thermometry to establish DSTs in deep time is best re-assessed
before further applications and existing temperature records need re-evaluation.

A 7 °C difference between North and South Atlantic deep waters at 58 Ma puts hypotheses of an early
Paleocene opening of an Atlantic equatorial gateway to test. A required coeval similar temperature signal is
only observed at the onset of the EECO at 53 Ma. Southern hemisphere sea surface temperatures show a
reversed trend across the PETM compared to South Atlantic deep sea temperatures, which might indicate a
reconfiguration of Southern Ocean overturning circulation. Increased understanding of the characteristics of
Atlantic overturning across the Paleocene, up to the onset of the EECO, can be acquired by improving the
resolution of the ∆47 and εNd(t) records in the North and South Atlantic.

A rough assessment puts late Paleocene Earth System Sensitivity at 6 - 8 °C warming per doubling of atmop-
sheric CO2, which is at the high-end of previous estimates for the early Cenozoic. To refine this assessment
further constraints on Paleocene atmospheric CO2 levels are imperative. To observe earth’s climate response
under a regime of increasing atmospheric carbon-dioxide from present-day to near future CO2 levels the late
Paleocene may prove to be the best analog we have.

Outlook - A continuous South Atlantic (Walvis Ridge) DST record based on clumped isotope thermometry is
continuously getting closer to completion at Utrecht University and will aid the interpretation of the primar-
ily North Atlantic ∆47-DST record from Meckler et al. (2022) . Over the last 20 years, community efforts
have accelerated the applicability of clumped isotopes as a paleothermometer (e.g. Bernasconi et al. (2021)).
Although great precision and reproducibility has already been obtained in IRMS, the field of clumped isotope
thermometry at large is still in its infancy and exciting developments are ahead. Isotope Ratios Laser Spec-
trometry (IRLS) is a novel development that allows for distinction between different isotopologues of the same
mass, is less hampered by potential contamination and has the potential to achieve greater reproducibility on
smaller sample sizes (Huntington & Petersen, 2023).
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A Appendix A: Tables and Figures

Table A.1: Accepted values for standards used in applied corrections in this study. Data from Bernasconi et al. (2021)
and Müller et al. (2019).

Standards ∆47 (I-CDES 90°C) δ18O (‰ VPDB) δ13C (‰ VPDB)

ETH-3 0.6132 ± 0.0014 -1.78 ± 0.06 1.71 ± 0.02
ETH-2 0.2085 ± 0.0015 -18.69 ± 0.11 -10.17 ± 0.06
ETH-1 0.2052 ± 0.0016 -2.19 ± 0.04 2.02 ± 0.03

IAEA-C2 0.6445 ± 0.0021 -8.94 ± 0.04 -8.25 ± 0.02
Merck 0.5151 ± 0.0034 -15.62 ± 0.01 -41.91 ± 0.02

UU reference gas -2.82 -4.67

Table A.2: Numerical results for measured∆47-values (I-CDES scale), carbonate oxygen and carbon stable isotope values,
reconstructed temperatures and reconstructed sewater isotope values.

Bin ∆47 (I-CDES 90°C) Temperature (°C) δ13CCib δ18OCib δ18OSW

(± 1SE) SD (± 95% CI) (‰ VPDB) (‰ VPDB) (‰ VSMOW)

56.7 0.6309 ± 0.0047 0.0405 14.7 ± 2.8 2.25 0.29 0.34
57.0 0.6379 ± 0.0047 0.0447 12.6 ± 2.7 2.42 0.31 -0.08
57.9 0.6252 ± 0.0070 0.0519 16.4 ± 4.3 2.79 0.42 0.83
60.2 0.6322 ± 0.0045 0.0446 14.3 ± 2.6 2.06 0.75 0.73
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Figure A.1: Reproducibility of check-standards IAEA-C2 and Merck over the course of measuring period. Measuring
runs 657 to 697 took place between 27-10-2022 and 19-01-2023 at Utrecht University GeoLab. variations in ETH-1,
ETH-2 and ETH-3 are also included but provide less insight in long-term reproducibility as they are corrected by their
own long-term averages. Bottom panel shows standard deviations for the ETH-3 per run based on 13 to 16 replicate
measurements.
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Figure A.2: Evolution of mean temperature and 68% and 95% confidence intervals with the iterative addition of single
sample measurements. Top left to bottom right: 56.7, 57.0, 57.9 and 60.2 Ma bins.
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Figure A.3: A visual analysis on even sub-setting of bins. Each bin (red) was subdivided into two (blue) or three (orange)
bins. Bins were arranged on age (core-depth) of samples and subdivided such that every n-th sample was included in
sub-bin n. Thus all sub-bins span the same interval as the main bin. Top left to bottom right: 56.7, 57.0, 57.9 and 60.2
Ma bins.
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B Appendix B: R Code

The following pages contain the annotated R-script used for data-analysis and plotting the figures in this
thesis. Most code has been duplicated for each figure so that each of these pieces of script can be used on its
own without being dependent on earlier definitions.
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1   # This R script was created for clumped isotope data analysis using the output archive file (xlsx) from the Clumped Isotope IRMS 
setups at the UU GeoLab Stable Isotope Laboratory winter 2022-2023.

2   
3   # Author: Brendan Oerlemans (b.oerlemans@uu.nl)
4   
5   # Import required packages
6   
7   library(readxl)
8   library(tidyverse)
9   library(ggpubr)

10   library(patchwork)
11   library(deeptime)
12   library(ggh4x)
13   library(ggrepel)
14   
15   # Set working directory to local drive and folder
16   setwd("~/Studie/MarineSciences/Clumped_MSCresearch/R")
17   
18   # constants for D47-Temperature calculations
19   slope <- 39700 # meinicke et al. (2021)
20   int <- 0.1518 # meinicke et al. (2021)
21   C <- 273.15 # Kelvin to Celsius
22   
23   # other constants
24   d18Oicefree <- -1 # d18O seawater values in an ice free world
25   d18Omodern <- 0
26   d18Oglacial <- 1
27   pHpi <- 8.2 # ocean pH for pre-industrial
28   
29   ##    IMPORTING DATA FROM REFERENCED STUDIES
30   #     - All data is available from DOI's referenced. 
31   #     - Unless otherwise stated, import and processing happens on unaltered original datafiles as named and published by 

respective authors. 
32   
33   # CENOGRID (Westerhold et al., 2020) https://doi.org/10.1126/science.aba6853
34   westerhold <- read.table("data/Westerhold-etal_2020/datasets/TableS34.tab", sep="\t", skip=23, header=FALSE)
35   colnames(westerhold) = c("age","d13Ccount","d13C","d13Cinterp","d18Ocount","d18O","d18Ointerp","d13Cloess","d18Oloess","comment",

"d13Cloesslt","d18Oloesslt","comment2")
36   westerhold <- westerhold |>
37   mutate(
38   T_Hansen = case_when(
39   age >= 0 & age <= 3.66 ~ 1-4.4*((d18Oloess-3.25)/3),
40   age > 3.66 & age <= 34.025 ~ 5-8*((d18Oloess-1.75)/3),
41   age > 34.025 ~ (-4*d18Oloess)+12, # Hansen et al. (2013), Supplementary Material Westerhold 2020
42   TRUE ~ as.numeric(NA)),
43   T_Marchitto = case_when(
44   age >= 34.025 ~ (0.245 - sqrt(0.045461 + 0.0044*(d18Oloess-d18Oicefree)))/0.0022, # Calibration from Marchitto et al. 

(2014), eq. 9 in https://doi.org/10.1016/j.gca.2013.12.034
45   TRUE ~ as.numeric(NA)))
46   
47   # Mg/Ca deep sea temperature trend (Cramer et al., 2011) https://doi.org/10.1029/2011JC007255
48   cramer <- read.table("data/cramer_2011/jgrc12191-sup-0013-ts03.txt", sep="\t", header=TRUE)
49   
50   cramer <- cramer |>
51   drop_na(Mg.Ca) |>
52   mutate(
53   T_MgCa_lear = (Mg.Ca - 1.36)/0.106, # Using the calibration from Lear et al. (2010) https://doi.org/10.1029/2009PA001880
54   T_MgCa_lear_min = (Mg.Ca.min - 1.36)/0.106,
55   T_MgCa_lear_max = (Mg.Ca.max - 1.36)/0.106)
56   
57   # Mg/Ca deep sea temperature datapoints (Cramer et al., 2011) https://doi.org/10.1029/2011JC007255
58   cramerall <- read.table("data/cramer_2011/jgrc12191-sup-0011-ts01.txt", sep="\t", skip=1, header=FALSE)
59   colnames(cramerall) <- c("Site", "Depth", "Age", "MgCa", "MgCa_adj", "Taxa", "Paleodepth", "ref")
60   cramerall <- cramerall |>
61   mutate(
62   T_MgCa_lear = (MgCa - 1.36)/0.106,
63   T_MgCa_lear_adj = (MgCa_adj - 1.36)/0.106)
64   
65   # Boron isotope based Cenozoic pH record (Rae et al., 2021) https://doi.org/10.1016/j.gca.2013.12.034
66   rae <- read_xlsx("data/rae_2021/ea49_rae_suppl_data1.xlsx", sheet="d11B_pH")
67   rae <- rae |>
68   mutate(age = age/1000) |>
69   drop_na(xco2)
70   
71   # IODP site 1262 stable isotope data (Littler et al., 2014) https://doi.org/10.1016/j.epsl.2014.05.054
72   littler <- read.table("data/Littler_2014/datasets/208-1262_CF_benthic_stable_isotope.tab", sep="\t", header=TRUE, skip=26)
73   colnames(littler) = c("sample","depth","depthcomp","age","CF","d13C","d18O","REF")
74   
75   # Apply Westerhold et al. (2020) age model to Littler (2014) data (DOI's as before)
76   WHage1262 <- read.table("data/Westerhold-etal_2020/datasets/TableS28.tab", sep="\t", header=TRUE, skip=19)
77   WHage1263 <- read.table("data/Westerhold-etal_2020/datasets/TableS29.tab", sep="\t", header=TRUE, skip=19)
78   
79   littler <- littler |>
80   mutate (
81   WHage = (approx(WHage1262$Depth.cr..rmcd., WHage1262$Tuned.time..Ma., depthcomp)$y),
82   T_MgCa_lear = (approx(cramer$Age, cramer$T_MgCa_lear, WHage)$y),
83   age = age/1000,
84   pH = (approx(rae$age, rae$pH, age)$y),
85   d18Ocib = (`d18O` + 0.1)/0.89, # correct Nutallides to Cibicoides (Katz et al., 2013) https://doi.org/10.1029/2002PA000798
86   d18Ocib_zeebe = d18Ocib + (pH-pHpi)*(1.42), # correct d18Ocib for pH according to Zeebe et al., 2001 

https://doi.org/10.1029/2002PA000798
87   d18Ocib_rathmann = d18Ocib + (pH-pHpi)*(0.65), # correct d18Ocib for pH according to Rathmann et al., 2008 

https://doi.org/10.1016/j.marmicro.2007.08.001
88   d18Osw_MgCa = d18Ocib + 0.245*T_MgCa_lear - 0.0011*T_MgCa_lear^2 - 3.31, # calculate seawater d18O using Marchitto (2014)
89   d18Osw_MgCa_zeebe = d18Ocib_zeebe + 0.245*T_MgCa_lear - 0.0011*T_MgCa_lear^2 - 3.31, # calculate seawater d18O using Marchitto 

(2014) and Zeebe pH corrections
90   d18Osw_MgCa_rathmann = d18Ocib_rathmann + 0.245*T_MgCa_lear - 0.0011*T_MgCa_lear^2 - 3.31, # calculate seawater d18O using 

Marchitto (2014) and Rathmann pH corrections
91   T_hansen = (-4*d18Ocib)+12) #Hansen et al., 2013



92   
93   # Stable isotope data for North Atlantic sites (Cramer et al., 2009) https://doi.org/10.1029/2020JC016970 (*Data has reformatted 

prior to import*)
94   cram09NA <- read.table("data/cramer_2009/datacramer2009NA.csv", sep=",", header=TRUE)
95   
96   # Neodymium isotopes data (Batenburg et al., 2018) https://doi.org/10.1038/s41467-018-07457-7
97   batenburg1267 <- read.table("data/batenburg_2018/1267.txt", sep="", header=TRUE)
98   batenburg1403 <- read.table("data/batenburg_2018/1403.txt", sep="", header=TRUE)
99   

100   # Neodymium isotopes DR sites (Martin et al., 2012) https://doi.org/10.1016/j.epsl.2012.01.037
101   martin1258 <- read_xls("data/martin_2012/1-s2.0-S0012821X12000660-mmc1.xls", sheet="1258")
102   martin1260 <- read_xls("data/martin_2012/1-s2.0-S0012821X12000660-mmc1.xls", sheet="1260")
103   
104   martinDR <- bind_rows(martin1258, martin1260)
105   
106   martinDR <- martinDR |>
107   rename(
108   Age = Age1,
109   eNdt = `εNd(t)4`) |>
110   transform(Age = as.numeric(Age)) |>
111   drop_na(Age)
112   
113   # Neodymium isotopes IODP site 1262 (Via et al., 2006) https://doi.org/10.1130/G22545.1
114   via1262 <- read.table("data/via_2006/1262.txt", sep="", header=TRUE)
115   
116   via1262 <- via1262 |>
117   rename(
118   Age = Age.Ma.,
119   eNdt = εNd.t.)
120   
121   # Additional Cenozoic CO2 data (PaleoCO2.org / Hoenisch et al., 2022) https://zenodo.org/record/7348638
122   paleoCO2 <- read.table("data/paleoco2/age_co2_plot_data.csv", sep=",", header=TRUE)
123   
124   paleoCO2 <- paleoCO2 |>
125   mutate(
126   age = age/1000,
127   age_l = age - (age_uncertainty_younger/1000),
128   age_h = age + (age_uncertainty_older/1000),
129   co2_l = co2 - co2_uncertainty_lower,
130   co2_h = co2 + co2_uncertainty_higher) |>
131   filter(grepl('Boron|Stomata|Land Plant', proxy))
132   
133   # SST data site 959 (Cramwinckel et al., 2018) https://doi.org/10.1038/s41586-018-0272-2
134   cramwinckel18_tex <- read_xlsx("data/cramwinckel_2018/41586_2018_272_MOESM1_ESM.xlsx", sheet="Tropcomp_1", range="A2:G250")
135   
136   cramwinckel18_tex <- cramwinckel18_tex |>
137   rename(
138   age = `Age (Ma, GTS2012)`)
139   
140   # SST data site 1209 (Bijl et al., 2009) https://doi.org/10.1038/nature08399
141   bijl09_tex <- read_xls("data/bijl_2009/41586_2009_BFnature08399_MOESM285_ESM.xls", sheet="Sheet1")
142   
143   # Additional SST data https://www.paleo-temperature.org/
144   phanSST <- read_xlsx("data/PhanSST/PhanSST_v001.xlsx")
145   
146   phanSST <- phanSST |>
147   filter(between(Age, 40, 75))
148   
149   phanSST1262 <- phanSST |>
150   filter(grepl("1262", SiteName)) |>
151   filter(Age > 60) |>
152   mutate(
153   Age = round(Age, digits=1)) |>
154   group_by(Age) |>
155   summarise(
156   Age = mean(Age),
157   d18O = mean(ProxyValue)) |>
158   mutate(
159   SST = 17 - 4.52*(d18O - d18Oicefree) + 0.03*(d18O - d18Oicefree)^2)
160   
161   # Clumped isotope data (Meckler et al., 2022) https://doi.org/10.1126/science.abk0604
162   meckler_2022 <- read_xlsx("data/meckler_2022/science.abk0604_data_s1.xlsx", skip=1)
163   
164   # select relevant data, drop empty lines, add interpolated pH values from Rae et al.
165   meckler_2022 <- meckler_2022 |>
166   select( "Age (Ma, CENOGRID)", "Site", "D47 avg     I-CDES (‰)", "N", "D47 SE (‰)", "d18O Cibicidoides (‰ VPDB)", "d13C 

Cibicidoides (‰ VPDB)") |>
167   dplyr::rename(
168   binage = `Age (Ma, CENOGRID)`,
169   D47 = `D47 avg     I-CDES (‰)`,
170   SE = `D47 SE (‰)`,
171   d18Ocibavg = `d18O Cibicidoides (‰ VPDB)`,
172   d13Ccibavg = `d13C Cibicidoides (‰ VPDB)`)|>
173   drop_na(Site) |>
174   transform(binage = as.numeric(binage)) |>
175   mutate(
176   bin_id = paste("MCKLR_", formatC(binage, digits = 2, format = "f"), sep = ""),
177   extSD = SE*sqrt(N),
178   pH = (approx(rae$age, rae$pH, binage)$y),
179   location = case_when(
180   Site == 1406 | Site == 1407 | Site == 1409 | Site == 1410 ~ "North Atlantic",
181   Site == 690 ~ "Southern Ocean",
182   Site == 761 ~ "Indian Ocean",
183   TRUE ~ "South Atlantic")) |>
184   filter(bin_id != "MCKLR_54.00") |> # filter out ETM2 datapoint that consists of background values and hyperthermals combined
185   filter(bin_id != "MCKLR_51.11") # filter out duplicate datapoint with agterhuisEECO dataset
186   
187   # Clumped isotope data Walvis Ridge - Eocene (Agterhuis et al., 2022 - unpublished)
188   agterhuisEECO <- read_xlsx("data/agterhuis_eeco853.xlsx", sheet="data")



189   agterhuisEECO_data <- agterhuisEECO |>
190   mutate(
191   `Final AFF` = as.numeric(`Final AFF`),
192   d18Ocib = as.numeric(`d18Ocorr`),
193   d13Ccib = case_when(
194   Species == "Cib" ~ as.numeric(`Final d13C`),
195   Species == "Ntr" ~ as.numeric(`Final d13C`) + 0.34, # Katz et al. (2003)
196   Species == "Ou" ~ as.numeric(`Final d13C`) + 0.72),  #Katz et al. (2003)
197   pH = (approx(rae$age, rae$pH, `Age (Ma)`)$y),
198   bin_id = case_when(
199   `Age (Ma)` >= 52.60 ~ "EECO53",
200   `Age (Ma)` >= 52.00 ~ "EECO52.1",
201   `Age (Ma)` >= 51.45 ~ "EECO51.8",
202   `Age (Ma)` >= 49.50 ~ "EECO51.2",
203   `Age (Ma)` >= 48.15 ~ "EECO49.2",
204   TRUE ~ "EECO48",)) |>
205   drop_na(`Age (Ma)`) |>
206   group_by(bin_id)
207   
208   agterhuisEECO_data <- agterhuisEECO_data |>
209   summarise(
210   D47 = mean(`Final AFF`),
211   extSD = sd(`Final AFF`),
212   N = n(),
213   SE = extSD/sqrt(N),
214   pH = mean(pH),
215   d18Ocibavg = mean(d18Ocib, na.rm = TRUE),
216   d13Ccibavg = mean(d13Ccib, na.rm = TRUE),
217   binage = mean(`Age (Ma)`),
218   binagemin = min(`Age (Ma)`),
219   binagemax = max(`Age (Ma)`),
220   #binduration = binagemax - binagemin,
221   location = "South Atlantic",
222   Site = "1263")
223   
224   # Additional Clumped isotope data Walvis Ridge ETM2 (Agterhuis et al., 2022) https://doi.org/10.1038/s43247-022-00350-8
225   agterhuisETM <- read_xlsx("data/agterhuis_2022.xlsx", sheet="D47 & d18O-T sorted on d18O", skip=6)
226   
227   agterhuisETM_data <- agterhuisETM |>
228   select("Site", "Age (Ma)", "d13C all corrected to Cib (‰ VPDB)", "d18O all corrected to Cib (‰ VPDB)", "D47 (‰ I-CDES)", "Bin")

|>
229   rename(
230   d13Ccib = `d13C all corrected to Cib (‰ VPDB)`,
231   d18Ocib = `d18O all corrected to Cib (‰ VPDB)`,
232   bin_id = Bin) |>
233   mutate(
234   Site = str_remove(Site, "ODP Site "),
235   bin_id = case_when(
236   bin_id == "Hyperthermal peak" ~ "ETM2_HT",
237   bin_id == "Slope" ~ "ETM2_SL",
238   bin_id == "Background" ~ "ETM2_BG",
239   TRUE ~ NA),
240   pH = (approx(rae$age, rae$pH, `Age (Ma)`)$y)) |>
241   group_by(bin_id)
242   
243   agterhuisETM_data <- agterhuisETM_data |>
244   summarise(
245   D47 = mean(`D47 (‰ I-CDES)`),
246   extSD = sd(`D47 (‰ I-CDES)`),
247   N = n(),
248   SE = extSD/sqrt(N),
249   pH = mean(pH),
250   d18Ocibavg = mean(d18Ocib),
251   d13Ccibavg = mean(d13Ccib),
252   binage = mean(`Age (Ma)`),
253   binagemin = min(`Age (Ma)`),
254   binagemax = max(`Age (Ma)`),
255   location = "South Atlantic" ) |>
256   filter(bin_id == "ETM2_BG") # only use background value
257   
258   # read in and filter archive file from UU GeoLAB
259   archive <- read_xlsx("ARCHIVE_2022_October_CORR.xlsx", sheet="Archive", skip=2573) #CORR refers to file that was corrected for 

mislabeled samples
260   archive <- archive |>
261   select("Date", "SA/STD", "Run", "Sa m44", "Weight...24", "49 parameter", "D47 SD", "Final AFF", "Temperature", "Final d18O", 

"Final d13C") |>
262   rename(weight = Weight...24)
263   
264   
265   # treshold value for outliers
266   high49 <- 0.1
267   lowintensity <- 10000
268   d18Olo <- -0.5
269   d18Ohi <- 1.5
270   
271   # Selecte relevant samples for this study from archive and remove outliers
272   archive_filter <- archive |>
273   filter(grepl("SK|BO|TA_EECO50", `SA/STD`)) |>
274   filter(`49 parameter` < high49) |>
275   filter(`Sa m44` > lowintensity) |>
276   filter(between(`Final d18O`, d18Olo, d18Ohi)) |>
277   mutate(
278   Species = case_when(
279   grepl("Ou", `SA/STD`) ~ "Ou",
280   TRUE ~ "Ntr"))
281   
282   # Load DISDATA from Bremen Core Repository, append MCD depths to sample-list based on self-created LOOKUP code
283   DIS_depths <- read_xlsx("samples/DIS_DATA.xlsx")
284   samples <- read_xlsx("samples/Sample_list.xlsx")



285   samples <- samples |>
286   select("LOOKUP", "SA/STD", "Core") |>
287   left_join(DIS_depths, by="LOOKUP")
288   
289   # Apply WESTERHOLD 2020 age-model to sample-list based on MCD_TOP
290   samples <- samples |>
291   mutate(
292   age = case_when(
293   Core == 1262 ~ (approx(WHage1262$Depth.cr..rmcd., WHage1262$Tuned.time..Ma., MCD_TOP)$y),
294   Core == 1263 ~ (approx(WHage1263$Depth.cr..rmcd., WHage1263$Tuned.time..Ma., MCD_TOP)$y),
295   TRUE ~ as.numeric(NA)))
296   
297   # Apply LITTLER 2014 age-model (alternative) to sample-list based on MCD_TOP
298   Lage <- read.table("data/Littler_2014/datasets/208-1262_age_model.tab", sep="\t", header=TRUE, skip=17)
299   samples <- samples |>
300   mutate (Lage = (approx(Lage$Depth..m., Lage$Age.model..ka., MCD_TOP)$y)/1000)
301   
302   # Append agemodels (Westerhold, Littler) to archive (selection)
303   archive_filter <- left_join(archive_filter, samples, by = "SA/STD")
304   
305   ## Create Clumped Dataset from filtered archive ----
306   # Binning archive (selection) samples
307   bins <- c("LP_56.7", "LP_57.1", "LP_58.0", "LP_60.3", "EECO50", "ETH-4", "ETH-3", "ETH-2", "ETH-1", "Merck", "IAEA-C2")
308   
309   archive_filter <- archive_filter |>
310   mutate(
311   d18Ocib = (`Final d18O` + 0.1)/0.89, # correct Nutallides to Cibicoides # Katz et al., 2013
312   d13Ccib = case_when(
313   Species == "Cib" ~ as.numeric(`Final d13C`),
314   Species == "Ntr" ~ as.numeric(`Final d13C`) + 0.34, # Katz et al. (2003)
315   Species == "Ou" ~ as.numeric(`Final d13C`) + 0.72),  #Katz et al. (2003)
316   pH = (approx(rae$age, rae$pH, age)$y), # look up pH value (interpolate) from Rae et al., 2021
317   d18Ocib_zeebe = d18Ocib + (pH-pHpi)*(1.42), # correct d18Ocib for pH according to Zeebe et al., 2001
318   d18Ocib_rathmann = d18Ocib + (pH-pHpi)*(0.65), # correct d18Ocib for pH according to Rathmann et al., 2008
319   T_marchitto = (0.245 - sqrt(0.045461 + 0.0044*(d18Ocib-d18Oicefree)))/0.0022, # Marchitto et al. (2014), eq. 9
320   T_march_zeebe = (0.245 - sqrt(0.045461 + 0.0044*(d18Ocib_zeebe-d18Oicefree)))/0.0022,
321   T_march_rathmann = (0.245 - sqrt(0.045461 + 0.0044*(d18Ocib_rathmann-d18Oicefree)))/0.0022,
322   bin_id = str_extract(`SA/STD`, str_c(bins, collapse = "|"))) |>
323   group_by(bin_id)
324   
325   # summarize and calculate values per bin
326   Clumped_data <- archive_filter |>
327   summarise(
328   D47 = mean(`Final AFF`),
329   extSD = sd(`Final AFF`),
330   N = n(),
331   SE = extSD/sqrt(N),
332   pH = mean(pH),
333   d18Ocibavg = mean(d18Ocib),
334   d13Ccibavg = mean(d13Ccib),
335   binage = mean(age, na.rm = TRUE),
336   binagemin = min(age, na.rm = TRUE),
337   binagemax = max(age, na.rm = TRUE),
338   location = "South Atlantic",
339   Site = as.character(min(Core, na.rm = TRUE)))
340   
341   # Merging all clumped datasets in one dataframe
342   ALL_clumped <- bind_rows(Clumped_data, agterhuisEECO_data, agterhuisETM_data, meckler_2022)
343   
344   # Apply the same calculations to all D47 values from different studies:
345   ALL_clumped <- ALL_clumped |>
346   mutate(
347   binduration = binagemax - binagemin,
348   T_d18Oavg = (0.245 - sqrt(0.045461 + 0.0044*(d18Ocibavg-d18Oicefree)))/0.0022, # calculate d18Ocib based temps for each bin - 

Marchitto et al. (2014), eq. 9
349   CI95upper = D47 + qt(0.975, N-1) * SE, # 4 lines: Calculate upper and lower values for 95% and 68% CI
350   CI95lower = D47 - qt(0.975, N-1) * SE,
351   CI68upper = D47 + qt(0.840, N-1) * SE,
352   CI68lower = D47 - qt(0.840, N-1) * SE,
353   T47_meinicke = sqrt(slope/(D47-int))-C, # calculate D47 based temps using Meinicke (2021)
354   d18Osw = d18Ocibavg + 0.245*T47_meinicke - 0.0011*T47_meinicke^2 - 3.31, # calculate seawater d18O using Marchitto (2014)
355   d18Ocibavg_zeebe = d18Ocibavg + (pH-pHpi)*(1.42), # correct d18Ocib for pH according to Zeebe et al., 2001
356   d18Ocibavg_rathmann = d18Ocibavg + (pH-pHpi)*(0.65), # correct d18Ocib for pH according to Rathmann et al., 2008
357   d18Osw_zeebe = d18Ocibavg_zeebe + 0.245*T47_meinicke - 0.0011*T47_meinicke^2 - 3.31, # calculate seawater d18O using Marchitto 

(2014)
358   d18Osw_rathmann= d18Ocibavg_rathmann + 0.245*T47_meinicke - 0.0011*T47_meinicke^2 - 3.31, # calculate seawater d18O using 

Marchitto (2014)
359   T_CI95upper = sqrt(slope/(CI95lower-int))-C, # 4 lines: Calculate upper and lower temperatures associated with lower and upper 

CI's
360   T_CI95lower = sqrt(slope/(CI95upper-int))-C,
361   T_CI68upper = sqrt(slope/(CI68lower-int))-C,
362   T_CI68lower = sqrt(slope/(CI68upper-int))-C,
363   d18Osw_CI95upper = d18Ocibavg + 0.245*T_CI95lower - 0.0011*T_CI95lower^2 - 3.31, # 4 lines: CI values for d18Osw
364   d18Osw_CI95lower = d18Ocibavg + 0.245*T_CI95upper - 0.0011*T_CI95upper^2 - 3.31,
365   d18Osw_CI68upper = d18Ocibavg + 0.245*T_CI68upper - 0.0011*T_CI68upper^2 - 3.31,
366   d18Osw_CI68lower = d18Ocibavg + 0.245*T_CI68lower - 0.0011*T_CI68lower^2 - 3.31,
367   T95CIpm = ((T_CI95upper-T47_meinicke)+(T47_meinicke-T_CI95lower))/2
368   )
369   
370   # PLOTTING
371   
372   # colorblind palette used throughout plots
373   cbPalette <- c("#56B4E9", "#D55E00", "#E69F00", "#999999", "#009E73", "#0072B2", "#F0E442", "#CC79A7")
374   
375   # colour used for highlighting EECO, PETM etc.
376   episodecolor <- "#FFFFDD"
377   
378   # x-axis boundaries for all plots are set here:  
379   xlimplots_lo <- 46



380   xlimplots_hi <- 70
381   
382   # Set boundaries for hyperthermals:
383   EECO_min <- 50
384   EECO_max <- 52
385   ETM2_min <- 0
386   ETM2_max <- 0
387   PETM_min <- 55.75
388   PETM_max <- 55.95
389   KPG_min <- 65.9
390   KPG_max <- 66.1
391   
392   # Structure of all plots:
393   # - Markers: plots hyperthermals as rectangular shapes in background
394   # - Data: data to be plotted
395   # - Labels: labels to be plotted with data
396   # - Key: Annotation or legend style explanation
397   # - Visually: add geological timescales, applies themes, sets transparancy
398   
399   # Select data from all clumped data to be plotted (filter can be changed and additional filters can be applied):
400   data_sel <- ALL_clumped |>
401   filter(grepl("Atlantic", location))
402   
403   ylimplots_lo <- 2
404   ylimplots_hi <- 30
405   
406   plot_clumped_temps <- ggplot() +
407   scale_x_continuous(limits=c(xlimplots_lo-5, xlimplots_hi+5), breaks=seq(xlimplots_lo,xlimplots_hi,2)) +
408   scale_y_continuous(limits=c(ylimplots_lo, ylimplots_hi), breaks=seq(ylimplots_lo+2, ylimplots_hi-6,2), position="left") +
409   labs(x="Age (Ma)", y="DST (°C)")+
410   # Markers
411   annotate("rect", xmin = EECO_min, xmax = EECO_max, ymin = ylimplots_lo, ymax = ylimplots_hi, fill=episodecolor) +
412   annotate("text", x = (EECO_min + EECO_max)/2, y = ylimplots_lo, vjust=-1, label = "EECO") +
413   annotate("rect", xmin = ETM2_min, xmax = ETM2_max, ymin = ylimplots_lo, ymax = ylimplots_hi, fill=episodecolor) +
414   annotate("text", x = (ETM2_min +ETM2_max)/2, y = ylimplots_lo, vjust=-1, label = "ETM2") +
415   annotate("rect", xmin = PETM_min, xmax = PETM_max, ymin = ylimplots_lo, ymax = ylimplots_hi, fill=episodecolor) +
416   annotate("text", x = (PETM_min +PETM_max)/2, y = ylimplots_lo, vjust=-1, label = "PETM") +
417   # cenogrid
418   geom_line(data=westerhold, aes(x = age, y=T_Hansen), alpha=0.1, linewidth=0.3) +
419   # cramer Mg/Ca
420   geom_line(data=cramer, aes(x = Age, y = T_MgCa_lear), color="#339933", linewidth=0.5, alpha=0.5) +
421   geom_ribbon(data=cramer, aes(x = Age, ymin = T_MgCa_lear_min, ymax = T_MgCa_lear_max), fill="#339933", alpha=0.1) +
422   geom_point(data=cramerall, aes(x = Age, y=T_MgCa_lear_adj), alpha=1, size=1.5, color="#339933", shape=21, fill="#339933") +
423   # Data this study
424   geom_errorbar(data=data_sel, aes(x = binage, ymax = T_CI95upper, ymin = T_CI95lower, color=location), alpha=1, width=0, linetype=

"dashed") +
425   geom_errorbar(data=data_sel, aes(x = binage, ymax = T_CI68upper, ymin = T_CI68lower, color=location), alpha=1, width=0, size=1, 

linetype="solid") +
426   geom_errorbarh(data=data_sel, aes(xmin = binagemin, xmax = binagemax, y = T47_meinicke, color=location), alpha=.2, size=5, height

=0, linetype="solid") +
427   geom_point(data=data_sel, aes(x = binage, y = T47_meinicke, color=location), size=3, shape=21, fill="white") +
428   # labels (replicate N)
429   geom_label_repel(data=data_sel |> filter(between(binage,xlimplots_lo,xlimplots_hi)), 
430   aes(x = binage, y = T_CI95upper, label=N, color=location), 
431   nudge_y=.5, direction="y", segment.color = NA, size=2, label.padding = unit(0.1, "lines"),label.r = unit(0, 

"lines")) +
432   # key
433   annotate("text", x = 61, y = 6.4, label = expression(paste(Delta["47"], " South Atlantic (this study)")), color="#D55E03", hjust=

1, size=3) +
434   annotate("text", x = 61, y = 5.6, label = expression(paste(Delta["47"], " North Atlantic (Meckler et al., 2022)")), color=

"#56B4E3", hjust=1, size=3) +
435   annotate("text", x = 61, y = 4.8, label = "Mg/Ca Pacific (Cramer et al., 2011)", color="#339933", hjust=1, size=3) +
436   annotate("text", x = 61, y = 4, label = expression(paste(delta^{18},"O CENOGRID (Westerhold et al., 2020)")), color="#999999", 

hjust=1, size=3) +
437   # visually
438   theme_classic() +
439   guides(y ="axis_truncated") +
440   theme(legend.position = "none") +
441   scale_colour_manual(values=cbPalette, guide=FALSE) +
442   scale_fill_manual(values=cbPalette, guide=FALSE) +
443   coord_geo(dat = list("Geomagnetic Polarity Chron", "Geomagnetic Polarity Subchron", "stages", "epochs"), 
444   xlim = c(xlimplots_lo,xlimplots_hi), ylim = c(ylimplots_lo, ylimplots_hi-4),
445   pos = list("b", "b", "b", "b"), 
446   lab = list(TRUE ,FALSE, TRUE, TRUE), 
447   height=list(unit(0.8, "line"), unit(0.8, "line"), unit(1.0, "line"), unit(1.5, "line")), 
448   fill=list("white", c("black", "white"), NULL, NULL),
449   abbrv = list(FALSE, TRUE, FALSE, FALSE),
450   size = list(2, 1, 3, 5),
451   center_end_labels = TRUE,
452   skip = "C19")
453   
454   print(plot_clumped_temps)
455   
456   # FIGURE 5.4 (NA/SA watermasses, T47, d18O, d13C, Nd-isotopes)
457   
458   plot_T47_ymin <- 4
459   plot_T47_ymax <- 28
460   
461   plot_T47 <- ggplot() +
462   scale_x_continuous(limits=c(xlimplots_lo-15, xlimplots_hi+5), breaks=seq(xlimplots_lo,xlimplots_hi,1), position="top") +
463   scale_y_continuous(limits=c(plot_T47_ymin,plot_T47_ymax), breaks=seq(plot_T47_ymin+2,plot_T47_ymax-4,2)) +
464   labs(x="Age (Ma)", y="DST (°C)") +
465   # Markers
466   annotate("rect", xmin = EECO_min, xmax = EECO_max, ymin = plot_T47_ymin, ymax = plot_T47_ymax, fill=episodecolor) +
467   annotate("rect", xmin = ETM2_min, xmax = ETM2_max, ymin = plot_T47_ymin, ymax = plot_T47_ymax, fill=episodecolor) +
468   annotate("rect", xmin = PETM_min, xmax = PETM_max, ymin = plot_T47_ymin, ymax = plot_T47_ymax, fill=episodecolor) +
469   # data
470   geom_line(data=data_sel, aes(x = binage, y = T47_meinicke, color=location), stat="smooth", method="loess", alpha=0.2, size=10, 

level=0.7, span=0.4) +



471   geom_errorbar(data=data_sel, aes(x = binage, ymax = T_CI95upper, ymin = T_CI95lower, color=location), alpha=1, width=0, linetype=
"dashed") +

472   geom_errorbar(data=data_sel, aes(x = binage, ymax = T_CI68upper, ymin = T_CI68lower, color=location), alpha=1, width=0, size=1, 
linetype="solid") +

473   geom_errorbarh(data=data_sel, aes(xmin = binagemin, xmax = binagemax, y = T47_meinicke, color=location), alpha=.2, size=5, height
=0, linetype="solid") +

474   geom_point(data=data_sel, aes(x = binage, y = T47_meinicke, color=location), size=3, shape=21, fill="white") +
475   # key
476   annotate("text", x = 60.8, y = 24, label = expression(paste(Delta["47"], " South Atlantic (this study)")), color="#D55E03", hjust

=1, size=2.5) +
477   annotate("text", x = 60.8, y = 22, label = expression(paste(Delta["47"], " North Atlantic (Meckler et al., 2022)")), color=

"#56B4E3", hjust=1, size=2.5) +
478   # visually
479   theme_classic() +
480   guides(y ="axis_truncated") +
481   theme(legend.position = "none") +
482   scale_colour_manual(values=cbPalette) +
483   coord_geo(dat = list("epochs", "stages", "Geomagnetic Polarity Subchron", "Geomagnetic Polarity Chron"), 
484   xlim = c(xlimplots_lo,xlimplots_hi), ylim = c(plot_T47_ymin,plot_T47_ymax),
485   pos = list("t", "t", "t", "t"), 
486   lab = list(TRUE, TRUE, FALSE, TRUE), 
487   height=list(unit(1.5, "line"), unit(1.0, "line"), unit(0.8, "line"), unit(0.8, "line")), 
488   fill=list(NULL, NULL, c("black", "white"), "white"),
489   abbrv = list(FALSE, FALSE, TRUE, FALSE),
490   size = list(5, 3, 1, 2),
491   center_end_labels = TRUE)
492   
493   plot_d13C_NASA_ymin <- -1.5
494   plot_d13C_NASA_ymax <- 3
495   
496   plot_d13C_NASA <- ggplot() +
497   scale_x_continuous(limits=c(xlimplots_lo-2, xlimplots_hi+2), breaks=seq(xlimplots_lo,xlimplots_hi,1), position="top") +
498   scale_y_continuous(limits=c(plot_d13C_NASA_ymin,plot_d13C_NASA_ymax), breaks=seq(plot_d13C_NASA_ymin+0.5,plot_d13C_NASA_ymax-0.5,

0.5), position="right") +
499   labs(x="Age (Ma)", y=expression(paste(delta^{13},"C"["Cibicidoides"]," (\u2030 VPDB)"))) +
500   # Markers
501   annotate("rect", xmin = EECO_min, xmax = EECO_max, ymin = plot_d13C_NASA_ymin, ymax = plot_d13C_NASA_ymax, fill=episodecolor) +
502   annotate("rect", xmin = ETM2_min, xmax = ETM2_max, ymin = plot_d13C_NASA_ymin, ymax = plot_d13C_NASA_ymax, fill=episodecolor) +
503   annotate("rect", xmin = PETM_min, xmax = PETM_max, ymin = plot_d13C_NASA_ymin, ymax = plot_d13C_NASA_ymax, fill=episodecolor) +
504   # cramer 2009 + Meckler 2022 North Atlantic || Littler South Atlantic
505   geom_line(data=littler |> drop_na(d13C), aes(x=WHage, y=d13C), color="#D55E00", alpha=.2, size=.5) +
506   geom_smooth(data=littler |> drop_na(d13C), aes(x=WHage, y=d13C), color="#D55E00", method="loess", method.args = list(degree = 2)

, alpha=1, size=1, se=FALSE, span=0.05) +
507   geom_line(data=cram09NA |> drop_na(d13C_adj), aes(x=Age..GTS2004., y=d13C_adj) , color="#56B4E9", size=1, alpha=1) +
508   #geom_smooth(data=cram09NA |> drop_na(d13C_adj), aes(x=Age..GTS2004., y=d13C_adj) , color="#56B4E9", method="loess", method.args 

= list(degree = 1), alpha=1, size=1, se=FALSE, span=0.2) +
509   geom_point(data=meckler_2022, aes(x=binage, y=d13Ccibavg), shape=24, color="#56B4E9", fill="white", size=4) +
510   # key
511   annotate("text", x = 60.8, y = -0.2, label = "South Atlantic - IODP 1262 (littler et al., 2014)", color="#D55E03", hjust=1, size=

2.5) +
512   annotate("text", x = 60.8, y = -0.6, label = "North Atlantic - IODP 1051, DSDP 384/401/550 (Cramer et al., 2009)", color=

"#56B4E3", hjust=1, size=2.5) +
513   #annotate("shape", x = 60.8, y = -1, shape=24, color="#56B4E9", fill="white", size=4) +
514   #annotate("shape", x = 60.6, y = -1, shape=25, color="#56B4E9", fill="white", size=4) +
515   geom_point(aes(x=60.7, y=-1), shape=24, color="#56B4E9", fill="white", size=3) +
516   geom_point(aes(x=60.6, y=-1), shape=25, color="#56B4E9", fill="white", size=3) +
517   annotate("text", x = 60.5, y = -1, label = "North Atlantic - IODP 1407/1409 (Meckler et al., 2022)", color="#56B4E3", hjust=1, 

size=2.5) +
518   # visually
519   theme_classic() +
520   guides(y ="axis_truncated") +
521   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
522   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
523   theme(axis.line.x=element_blank(),
524   axis.text.x=element_blank(),
525   axis.ticks.x=element_blank(),
526   axis.title.x=element_blank()) +
527   theme(legend.position = "none") +
528   coord_geo(xlim = c(xlimplots_lo,xlimplots_hi), height=unit(0,"line"), alpha=0, color="white") # align
529   
530   plot_d18Ob_NASA_ymin <- 1.5
531   plot_d18Ob_NASA_ymax <- -2
532   
533   plot_d18Ob_NASA <- ggplot() +
534   scale_x_continuous(limits=c(xlimplots_lo-2, xlimplots_hi+2), breaks=seq(xlimplots_lo,xlimplots_hi,1), position="top") +
535   scale_y_reverse(limits=c(plot_d18Ob_NASA_ymin,plot_d18Ob_NASA_ymax), breaks=seq(plot_d18Ob_NASA_ymin-0.5,plot_d18Ob_NASA_ymax+0.5

,-0.5), position="left") +
536   labs(x="Age (Ma)", y=expression(paste(delta^{18},"O"["Cibicidoides"]," (\u2030 VPDB)"))) +
537   # Markers
538   annotate("rect", xmin = EECO_min, xmax = EECO_max, ymin = plot_d18Ob_NASA_ymin, ymax = plot_d18Ob_NASA_ymax, fill=episodecolor) +

539   annotate("rect", xmin = ETM2_min, xmax = ETM2_max, ymin = plot_d18Ob_NASA_ymin, ymax = plot_d18Ob_NASA_ymax, fill=episodecolor) +

540   annotate("rect", xmin = PETM_min, xmax = PETM_max, ymin = plot_d18Ob_NASA_ymin, ymax = plot_d18Ob_NASA_ymax, fill=episodecolor) +
541   # cramer 2009 + Meckler 2022 North Atlantic || Littler South Atlantic
542   geom_line(data=littler |> drop_na(d18O), aes(x=WHage, y=d18O), color="#D55E00", alpha=0.2, size=0.5) +
543   geom_smooth(data=littler |> drop_na(d18O), aes(x=WHage, y=d18O), color="#D55E00", method="loess", method.args = list(degree = 2)

, alpha=1, size=1, se=FALSE, span=0.05) +
544   geom_line(data=cram09NA |> drop_na(d18O_adj), aes(x=Age..GTS2004., y=d18O_adj) , color="#56B4E9",  alpha=1, size=1) +
545   geom_point(data=meckler_2022, aes(x=binage, y=d18Ocibavg), shape=25, color="#56B4E9", fill="white", size=4) +
546   # visually
547   theme_classic() +
548   guides(y ="axis_truncated") +
549   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
550   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
551   theme(axis.line.x=element_blank(),
552   axis.text.x=element_blank(),
553   axis.ticks.x=element_blank(),
554   axis.title.x=element_blank()) +



555   theme(legend.position = "none") +
556   coord_geo(xlim = c(xlimplots_lo,xlimplots_hi), height=unit(0,"line"), alpha=0, color="white") # align
557   
558   plot_nd_ymin <- -18
559   plot_nd_ymax <- 0
560   
561   plot_nd <- ggplot() +
562   scale_x_continuous(limits=c(xlimplots_lo-5, xlimplots_hi+5), breaks=seq(xlimplots_lo,xlimplots_hi,1)) +
563   scale_y_continuous(limits=c(plot_nd_ymin,plot_nd_ymax), breaks=seq(plot_nd_ymin+2,plot_nd_ymax-2,2), position="right") +
564   labs(x="Age (Ma)", y=expression(paste(epsilon["Nd(t)"]))) +
565   # Markers
566   annotate("rect", xmin = EECO_min, xmax = EECO_max, ymin = plot_nd_ymin, ymax = plot_nd_ymax, fill=episodecolor) +
567   annotate("text", x = (EECO_min + EECO_max)/2, y = plot_nd_ymin, vjust=-1, label = "EECO") +
568   annotate("rect", xmin = ETM2_min, xmax = ETM2_max, ymin = plot_nd_ymin, ymax = plot_nd_ymax, fill=episodecolor) +
569   annotate("text", x = (ETM2_min +ETM2_max)/2, y = plot_nd_ymin, vjust=-1, label = "ETM2") +
570   annotate("rect", xmin = PETM_min, xmax = PETM_max, ymin = plot_nd_ymin, ymax = plot_nd_ymax, fill=episodecolor) +
571   annotate("text", x = (PETM_min +PETM_max)/2, y = plot_nd_ymin, vjust=-1, label = "PETM") +
572   # Batenburg / Martin
573   geom_line(data=batenburg1267, aes(x = Age.Ma., y = ENd.t.), linewidth=1, color="#D55E00") +
574   geom_point(data=batenburg1267, aes(x = Age.Ma., y = ENd.t.), size=2, shape=15, color="#D55E00") +
575   geom_line(data=via1262, aes(x = Age, y = eNdt), linewidth=1, color="#D55E00", linetype="dashed") +
576   geom_point(data=via1262, aes(x = Age, y = eNdt), size=2, shape=15, color="#D55E00") +
577   geom_line(data=batenburg1403, aes(x = Age.Ma., y = ENd.t.), linewidth=1, color="#56B4E9") +
578   geom_point(data=batenburg1403, aes(x = Age.Ma., y = ENd.t.), size=2, shape=15, color="#56B4E9") +
579   geom_line(data=martinDR, aes(x = Age, y = eNdt), linewidth=1, color="#E69F00", linetype="dashed" ) +
580   geom_point(data=martinDR, aes(x = Age, y = eNdt), size=2, shape=15, color="#E69F00") +
581   # key
582   geom_segment(aes(x = 55.2, y = -2, xend = 55.4, yend = -2), alpha=1, size=1, color="#D55E00", linetype="solid") +
583   annotate("text", x = 55.5, y = -2, label = "IODP 1267 (Batenburg et al., 2018)", color="#D55E03", hjust=0, size=2.5) +
584   geom_segment(aes(x = 55.2, y = -2.8, xend = 55.4, yend = -2.8), alpha=1, size=1, color="#D55E00", linetype="dashed") +
585   annotate("text", x = 55.5, y = -2.8, label = "IODP 1262 (Via et al., 2006)", color="#D55E03", hjust=0, size=2.5) +
586   geom_segment(aes(x = 55.2, y = -3.6, xend = 55.4, yend = -3.6), alpha=1, size=1, color="#56B4E9", linetype="solid") +
587   annotate("text", x = 55.5, y = -3.6, label = "IODP 1403 (Batenburg et al., 2018)", color="#56B4E9", hjust=0, size=2.5) +
588   geom_segment(aes(x = 55.2, y = -4.4, xend = 55.4, yend = -4.4), alpha=1, size=1, color="#E69F00", linetype="dashed") +
589   annotate("text", x = 55.5, y = -4.4, label = "Demerara Rise (Martin et al., 2012)", color="#E69F00", hjust=0, size=2.5) +
590   # visually
591   theme_classic() +
592   guides(y ="axis_truncated") +
593   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
594   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
595   theme(legend.position = "none") +
596   scale_colour_manual(values=cbPalette) +
597   coord_geo(dat = list("Geomagnetic Polarity Chron", "Geomagnetic Polarity Subchron", "stages", "epochs"), 
598   xlim = c(xlimplots_lo,xlimplots_hi), ylim = c(plot_nd_ymin,plot_nd_ymax),
599   pos = list("b", "b", "b", "b"), 
600   lab = list(TRUE ,FALSE, TRUE, TRUE), 
601   height=list(unit(0.8, "line"), unit(0.8, "line"), unit(1.0, "line"), unit(1.5, "line")), 
602   fill=list("white", c("black", "white"), NULL, NULL),
603   abbrv = list(FALSE, TRUE, FALSE),
604   size = list(2, 1, 3, 5),
605   center_end_labels = TRUE)
606   
607   # Below code creates a layout for the stacked plot
608   discussion_layout <- c(
609   area(t = 1, l = 1, b = 6, r = 1),
610   area(t = 6, l = 1, b = 11, r = 1),
611   area(t = 11, l = 1, b = 16, r = 1),
612   area(t = 16, l = 1, b = 24, r =1))
613   
614   discussion_plots <- plot_T47 + plot_d13C_NASA + plot_d18Ob_NASA + plot_nd + plot_layout(design=discussion_layout)
615   print(discussion_plots)
616   
617   # FIGURE 4.1 (Results)
618   
619   plot_D47_ymin <- 0.59
620   plot_D47_ymax <- 0.67
621   
622   plot_D47 <- ggplot() +
623   scale_x_continuous(limits=c(xlimplots_lo, xlimplots_hi), breaks=seq(xlimplots_lo,xlimplots_hi,1), position="top") +
624   scale_y_continuous(limits=c(plot_D47_ymin,plot_D47_ymax), breaks=seq(plot_D47_ymin+0.02,plot_D47_ymax-0.01,0.01)) +
625   labs(x="Age (Ma)", y=expression(paste(Delta[47]," (I-CDES90 \u2030)"))) +
626   # Markers
627   annotate("rect", xmin = EECO_min, xmax = EECO_max, ymin = plot_D47_ymin, ymax = plot_D47_ymax, fill=episodecolor) +
628   annotate("rect", xmin = ETM2_min, xmax = ETM2_max, ymin = plot_D47_ymin, ymax = plot_D47_ymax, fill=episodecolor) +
629   annotate("rect", xmin = PETM_min, xmax = PETM_max, ymin = plot_D47_ymin, ymax = plot_D47_ymax, fill=episodecolor) +
630   # this_study
631   geom_errorbar(data=ALL_clumped |> filter(grepl("LP_", `bin_id`)), aes(x = binage, ymax = CI95upper, ymin = CI95lower), alpha=1, 

width=0, linetype="dashed", color="#D55E00") +
632   geom_errorbar(data=ALL_clumped |> filter(grepl("LP_", `bin_id`)), aes(x = binage, ymax = CI68upper, ymin = CI68lower), alpha=1, 

width=0, size=1, linetype="solid", color="#D55E00") +
633   geom_errorbarh(data=ALL_clumped |> filter(grepl("LP_", `bin_id`)), aes(xmin = binagemin, xmax = binagemax, y = D47), alpha=.2, 

size=5, height=0, linetype="solid", color="#D55E00") +
634   geom_point(data=ALL_clumped |> filter(grepl("LP_", `bin_id`)), aes(x = binage, y = D47), size=3, shape=21, fill="white", color=

"#D55E00") +
635   geom_label(data=ALL_clumped |> filter(grepl("LP_", `bin_id`)), aes(x = binage, y = CI95upper, label=N), color="#D55E00", nudge_y=

0.01, size=3, label.padding = unit(0.2, "lines"),label.r = unit(0, "lines")) +
636   # visually
637   theme_classic() +
638   guides(y ="axis_truncated") +
639   theme(legend.position = "none") +
640   scale_colour_manual(values=cbPalette) +
641   coord_geo(dat = list("epochs", "stages", "Geomagnetic Polarity Subchron", "Geomagnetic Polarity Chron"), 
642   xlim = c(xlimplots_lo,xlimplots_hi), ylim = c(plot_D47_ymin,plot_D47_ymax),
643   pos = list("t", "t", "t", "t"), 
644   lab = list(TRUE, TRUE, FALSE, TRUE), 
645   height=list(unit(1.5, "line"), unit(1.0, "line"), unit(0.8, "line"), unit(0.8, "line")), 
646   fill=list(NULL, NULL, c("black", "white"), "white"),
647   abbrv = list(FALSE, FALSE, TRUE, FALSE),
648   size = list(5, 3, 1, 2),



649   center_end_labels = TRUE)
650   
651   plot_d13C_ymin <- -1.5
652   plot_d13C_ymax <- 3
653   
654   plot_d13C <- ggplot() +
655   scale_x_continuous(limits=c(xlimplots_lo+0.1, xlimplots_hi), breaks=seq(xlimplots_lo,xlimplots_hi,1), position="top") +
656   scale_y_continuous(limits=c(plot_d13C_ymin,plot_d13C_ymax), breaks=seq(plot_d13C_ymin,plot_d13C_ymax-0.5,0.5), position="right")

+
657   labs(x="Age (Ma)", y=expression(paste(delta^{13},C[Nuttallides]," (\u2030 VPDB)"))) +
658   # Markers
659   annotate("rect", xmin = EECO_min, xmax = EECO_max, ymin = plot_d13C_ymin, ymax = plot_d13C_ymax, fill=episodecolor) +
660   annotate("rect", xmin = ETM2_min, xmax = ETM2_max, ymin = plot_d13C_ymin, ymax = plot_d13C_ymax, fill=episodecolor) +
661   annotate("rect", xmin = PETM_min, xmax = PETM_max, ymin = plot_d13C_ymin, ymax = plot_d13C_ymax, fill=episodecolor) +
662   # littler
663   geom_line(data=littler |> drop_na(d13C), aes(x=WHage, y=d13C), alpha=0.2, size=.5) +
664   geom_line(data=archive_filter |> filter(bin_id == "LP_56.7"), aes(x=age, y=`Final d13C`), color="#D55E00", size=.5) +
665   geom_line(data=archive_filter |> filter(bin_id == "LP_57.1"), aes(x=age, y=`Final d13C`), color="#D55E00", size=.5) +
666   geom_line(data=archive_filter |> filter(bin_id == "LP_58.0"), aes(x=age, y=`Final d13C`), color="#D55E00", size=.5) +
667   geom_line(data=archive_filter |> filter(bin_id == "LP_60.3"), aes(x=age, y=`Final d13C`), color="#D55E00", size=.5) +
668   # visually
669   theme_classic() +
670   guides(y ="axis_truncated") +
671   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
672   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
673   theme(axis.line.x=element_blank(),
674   axis.text.x=element_blank(),
675   axis.ticks.x=element_blank(),
676   axis.title.x=element_blank()) +
677   theme(legend.position = "none") +
678   coord_geo(xlim = c(xlimplots_lo,xlimplots_hi), height=unit(0,"line"), alpha=0, color="white") # align
679   
680   
681   plot_d18Ob_ymin <- 2
682   plot_d18Ob_ymax <- -1
683   
684   plot_d18Ob <- ggplot() +
685   scale_x_continuous(limits=c(xlimplots_lo, xlimplots_hi-0.1), breaks=seq(xlimplots_lo,xlimplots_hi,1), position="top") +
686   scale_y_reverse(limits=c(plot_d18Ob_ymin,plot_d18Ob_ymax), breaks=seq(plot_d18Ob_ymin,plot_d18Ob_ymax,-0.5), position="left") +
687   labs(x="Age (Ma)", y=expression(paste(delta^{18},O[Cibicidoides]," (\u2030 VPDB)"))) +
688   # Markers
689   annotate("rect", xmin = EECO_min, xmax = EECO_max, ymin = plot_d18Ob_ymin, ymax = plot_d18Ob_ymax, fill=episodecolor) +
690   annotate("rect", xmin = ETM2_min, xmax = ETM2_max, ymin = plot_d18Ob_ymin, ymax = plot_d18Ob_ymax, fill=episodecolor) +
691   annotate("rect", xmin = PETM_min, xmax = PETM_max, ymin = plot_d18Ob_ymin, ymax = plot_d18Ob_ymax, fill=episodecolor) +
692   # littler
693   geom_line(data=littler |> drop_na(d18Ocib), aes(x=WHage, y=d18Ocib), alpha=0.2, size=.5) +
694   geom_line(data=archive_filter |> filter(bin_id == "LP_56.7"), aes(x=age, y=d18Ocib), color="#D55E00", size=.5) +
695   geom_line(data=archive_filter |> filter(bin_id == "LP_57.1"), aes(x=age, y=d18Ocib), color="#D55E00", size=.5) +
696   geom_line(data=archive_filter |> filter(bin_id == "LP_58.0"), aes(x=age, y=d18Ocib), color="#D55E00", size=.5) +
697   geom_line(data=archive_filter |> filter(bin_id == "LP_60.3"), aes(x=age, y=d18Ocib), color="#D55E00", size=.5) +
698   # visually
699   theme_classic() +
700   guides(y ="axis_truncated") +
701   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
702   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
703   theme(axis.line.x=element_blank(),
704   axis.text.x=element_blank(),
705   axis.ticks.x=element_blank(),
706   axis.title.x=element_blank()) +
707   theme(legend.position = "none") +
708   coord_geo(xlim = c(xlimplots_lo,xlimplots_hi), height=unit(0,"line"), alpha=0, color="white") # align
709   
710   plot_temp_ymin <- 4
711   plot_temp_ymax <- 24
712   
713   plot_temp <- ggplot() +
714   scale_x_continuous(limits=c(xlimplots_lo, xlimplots_hi), breaks=seq(xlimplots_lo,xlimplots_hi,1)) +
715   scale_y_continuous(limits=c(plot_temp_ymin,plot_temp_ymax), breaks=seq(plot_temp_ymin,plot_temp_ymax-4,2), position="right") +
716   labs(x="Age (Ma)", y="DST (°C)")+
717   # Markers
718   annotate("rect", xmin = EECO_min, xmax = EECO_max, ymin = plot_temp_ymin, ymax = plot_temp_ymax, fill=episodecolor) +
719   annotate("rect", xmin = ETM2_min, xmax = ETM2_max, ymin = plot_temp_ymin, ymax = plot_temp_ymax, fill=episodecolor) +
720   annotate("rect", xmin = PETM_min, xmax = PETM_max, ymin = plot_temp_ymin, ymax = plot_temp_ymax, fill=episodecolor) +
721   # cenogrid
722   geom_line(data=westerhold, aes(x = age, y=T_Marchitto), alpha=0.2, size=.5) +
723   # this_study
724   geom_errorbar(data=ALL_clumped |> filter(grepl("LP_", `bin_id`)), aes(x = binage, ymax = T_CI95upper, ymin = T_CI95lower), alpha=

1, width=0, linetype="dashed", color="#D55E00") +
725   geom_errorbar(data=ALL_clumped |> filter(grepl("LP_", `bin_id`)), aes(x = binage, ymax = T_CI68upper, ymin = T_CI68lower), alpha=

1, width=0, size=1, linetype="solid", color="#D55E00") +
726   geom_errorbarh(data=ALL_clumped |> filter(grepl("LP_", `bin_id`)), aes(xmin = binagemin, xmax = binagemax, y = T47_meinicke), 

alpha=.2, size=5, height=0, linetype="solid", color="#D55E00") +
727   geom_point(data=ALL_clumped |> filter(grepl("LP_", `bin_id`)), aes(x = binage, y = T47_meinicke), size=3, shape=21, fill="white"

, color="#D55E00") +
728   geom_line(data=archive_filter |> filter(bin_id == "LP_56.7"), aes(x=age, y=T_marchitto), color="#D55E00", size=.5) +
729   geom_line(data=archive_filter |> filter(bin_id == "LP_57.1"), aes(x=age, y=T_marchitto), color="#D55E00", size=.5) +
730   geom_line(data=archive_filter |> filter(bin_id == "LP_58.0"), aes(x=age, y=T_marchitto), color="#D55E00", size=.5) +
731   geom_line(data=archive_filter |> filter(bin_id == "LP_60.3"), aes(x=age, y=T_marchitto), color="#D55E00", size=.5) +
732   # visually
733   theme_classic() +
734   guides(y ="axis_truncated") +
735   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
736   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
737   theme(axis.line.x=element_blank(),
738   axis.text.x=element_blank(),
739   axis.ticks.x=element_blank(),
740   axis.title.x=element_blank()) +
741   theme(legend.position = "none") +
742   coord_geo(xlim = c(xlimplots_lo,xlimplots_hi), height=unit(0,"line"), alpha=0, color="white") # align



743   
744   plot_d18Osw_ymin <- 2.5 #2
745   plot_d18Osw_ymax <- -3 #-2
746   
747   plot_d18Osw <- ggplot() +
748   scale_x_continuous(limits=c(xlimplots_lo, xlimplots_hi), breaks=seq(xlimplots_lo,xlimplots_hi,1)) +
749   scale_y_reverse(limits=c(plot_d18Osw_ymin, plot_d18Osw_ymax), breaks=seq(plot_d18Osw_ymin-0.5,plot_d18Osw_ymax+0.5,-.5), position

="left") +
750   labs(x="Age (Ma)", y=expression(paste(delta^{18},"O"["SW"]," (\u2030 VSMOW)"))) +
751   # Markers
752   annotate("rect", xmin = EECO_min, xmax = EECO_max, ymin = plot_d18Osw_ymin, ymax = plot_d18Osw_ymax, fill=episodecolor) +
753   annotate("text", x = (EECO_min + EECO_max)/2, y = plot_d18Osw_ymin, vjust=-.5, label = "EECO") +
754   annotate("rect", xmin = ETM2_min, xmax = ETM2_max, ymin = plot_d18Osw_ymin, ymax = plot_d18Osw_ymax, fill=episodecolor) +
755   annotate("text", x = (ETM2_min +ETM2_max)/2, y = plot_d18Osw_ymin, vjust=-.5, label = "ETM2") +
756   annotate("rect", xmin = PETM_min, xmax = PETM_max, ymin = plot_d18Osw_ymin, ymax = plot_d18Osw_ymax, fill=episodecolor) +
757   annotate("text", x = (PETM_min +PETM_max)/2, y = plot_d18Osw_ymin, vjust=-.5, label = "PETM") +
758   # lines and labels
759   geom_hline(yintercept = d18Oicefree, linetype="dashed", size=1, alpha=0.2) +
760   geom_text(show.legend=FALSE, aes(xlimplots_lo,d18Oicefree, hjust=-1, vjust = -.25, label = ("delta^{18}*O[ice-free]")), parse =

TRUE) +
761   geom_hline(yintercept = d18Omodern, linetype="solid", size=1, alpha=0.2) +
762   geom_text(show.legend=FALSE, aes(xlimplots_lo,d18Omodern, hjust=-1, vjust = -.25, label = ("delta^{18}*O[modern]")), parse = TRUE

) +
763   geom_hline(yintercept = d18Oglacial, linetype="dashed", size=1, alpha=0.2) +
764   geom_text(show.legend=FALSE, aes(xlimplots_lo,d18Oglacial, hjust=-1, vjust = -.25, label = ("delta^{18}*O[glacial]")), parse =

TRUE) +
765   # data
766   geom_errorbar(data=ALL_clumped |> filter(grepl("LP_", `bin_id`)), aes(x = binage, ymax = d18Osw_CI95upper, ymin =

d18Osw_CI95lower), alpha=1, width=0, linetype="dashed", color="#D55E00") +
767   geom_errorbar(data=ALL_clumped |> filter(grepl("LP_", `bin_id`)), aes(x = binage, ymax = d18Osw_CI68upper, ymin =

d18Osw_CI68lower), alpha=1, width=0, size=1, linetype="solid", color="#D55E00") +
768   geom_point(data=ALL_clumped |> filter(grepl("LP_", `bin_id`)), aes(x = binage, y = d18Osw, shape=Site), size=3, shape=23, fill=

"white",color="#D55E00") +
769   # visually
770   theme_classic() +
771   guides(y ="axis_truncated") +
772   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
773   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
774   theme(legend.position = "none") +
775   scale_colour_manual(values=cbPalette) +
776   coord_geo(dat = list("Geomagnetic Polarity Chron", "Geomagnetic Polarity Subchron", "stages", "epochs"), 
777   xlim = c(xlimplots_lo,xlimplots_hi), ylim = c(plot_d18Osw_ymin,plot_d18Osw_ymax),
778   pos = list("b", "b", "b", "b"), 
779   lab = list(TRUE ,FALSE, TRUE, TRUE), 
780   height=list(unit(0.8, "line"), unit(0.8, "line"), unit(1.0, "line"), unit(1.5, "line")), 
781   fill=list("white", c("black", "white"), NULL, NULL),
782   abbrv = list(FALSE, TRUE, FALSE),
783   size = list(2, 1, 3, 5),
784   center_end_labels = TRUE)
785   
786   results_layout <- c(
787   area(t = 1, l = 1, b = 6, r = 1),
788   area(t = 5, l = 1, b = 10, r = 1),
789   area(t = 10, l = 1, b = 15, r = 1),
790   area(t = 14, l = 1, b = 18, r = 1),
791   area(t = 18, l = 1, b = 23, r = 1))
792   
793   results_plots <- plot_D47 + plot_d13C + plot_d18Ob + plot_temp + plot_d18Osw + plot_layout(design=results_layout)
794   print(results_plots)
795   
796   
797   
798   # select only relevant runs from archive (used for other plots) ----
799   
800   archive_select <- archive |>
801   filter(
802   Run == 653|
803   Run == 657|
804   Run == 662|
805   Run == 664|
806   Run == 667|
807   Run == 669|
808   Run == 672|
809   Run == 674|
810   Run == 677|
811   Run == 679|
812   Run == 682|
813   Run == 683|
814   between(Run, 685, 697)) |>
815   #filter(`49 parameter` < high49) |>
816   #filter(`Sa m44` > lowintensity) |>
817   #filter(between(`Final d18O`, d18Olo, d18Ohi)) |>
818   mutate(
819   `SA/STDcat` = case_when(
820   `SA/STD` == "ETH-1" ~ "ETH-1",
821   `SA/STD` == "ETH-2" ~ "ETH-2",
822   `SA/STD` == "ETH-3" ~ "ETH-3",
823   `SA/STD` == "IAEA-C2" ~ "IAEA-C2",
824   `SA/STD` == "Merck" ~ "Merck",
825   `SA/STD` == "ETH-4" ~ "ETH-4",
826   TRUE ~ "Sample"))
827   #bin_id = str_extract(`SA/STD`, str_c(bins, collapse = "|")))
828   
829   # FIGURE 5.5 (CO2 and temperatures)
830   
831   plot_CO2_ymin <- -500
832   plot_CO2_ymax <- 5000
833   
834   plot_CO2<- ggplot() +



835   scale_x_continuous(limits=c(xlimplots_lo-1, xlimplots_hi+1), breaks=seq(xlimplots_lo,xlimplots_hi,1), position="top") +
836   scale_y_continuous(limits=c(plot_CO2_ymin,plot_CO2_ymax), breaks=seq(plot_CO2_ymin+500,plot_CO2_ymax-1000,500)) +
837   labs(x="Age (Ma)", y=expression(paste("Atmospheric CO"["2"]," (ppm)"))) +
838   # Markers
839   annotate("rect", xmin = EECO_min, xmax = EECO_max, ymin = plot_CO2_ymin, ymax = plot_CO2_ymax, fill=episodecolor) +
840   annotate("rect", xmin = ETM2_min, xmax = ETM2_max, ymin = plot_CO2_ymin, ymax = plot_CO2_ymax, fill=episodecolor) +
841   annotate("rect", xmin = PETM_min, xmax = PETM_max, ymin = plot_CO2_ymin, ymax = plot_CO2_ymax, fill=episodecolor) +
842   annotate("rect", xmin = KPG_min, xmax = KPG_max, ymin = plot_CO2_ymin, ymax = plot_CO2_ymax, fill=episodecolor) +
843   
844   # paleoCO2
845   geom_errorbar(data=paleoCO2, aes(x = age, ymin = co2_l, ymax = co2_h, color=proxy), alpha=.2, width=0.1, linetype="solid") +
846   geom_errorbarh(data=paleoCO2, aes(xmin = age_l, xmax = age_h, y = co2, color=proxy), alpha=.2, height=50, linetype="solid") +
847   geom_point(data=paleoCO2, aes(x = age, y = co2, color=proxy), alpha=.5, size=1) +
848   #geom_line(data=paleoCO2, aes(x = age, y = co2, color=proxy), stat="smooth", alpha=1, size=2, span=1) +
849   # Rae (2021)
850   geom_line(data=rae, aes(x = age, y = xco2), alpha=0.3, size=2) +
851   geom_errorbar(data=rae, aes(x = age, ymin = xco2_16pc, ymax = xco2_84pc), alpha=.2, width=0.1, linetype="solid") +
852   geom_point(data=rae, aes(x = age, y = xco2), alpha=0.5, size=1) +
853   # key
854   annotate("text", x = 69.5, y = 4000, label = expression(paste(delta^{11},"B", " CO"["2"], " (Rae et al., 2021)")), color="black"

, hjust=1, size=2.5) +
855   annotate("text", x = 69.5, y = 3800, label = "Stomatal frequencies (Hoenisch, 2022)", color="#E69F00", hjust=1, size=2.5) +
856   annotate("text", x = 69.5, y = 3600, label = expression(paste("Land plant", delta^{13},"C"," (Hoenisch, 2022)")), color="#D55E00"

, hjust=1, size=2.5) +
857   annotate("text", x = 69.5, y = 3400, label = expression(paste(delta^{11},"B", " CO"["2"], " (Hoenisch, 2022)")), color="#56B4E9"

, hjust=1, size=2.5) +
858   # visually
859   theme_classic() +
860   guides(y ="axis_truncated") +
861   theme(legend.position = "none") +
862   scale_colour_manual(values=cbPalette) +
863   coord_geo(dat = list("epochs", "stages", "Geomagnetic Polarity Subchron", "Geomagnetic Polarity Chron"), 
864   xlim = c(xlimplots_lo,xlimplots_hi), ylim = c(plot_CO2_ymin,plot_CO2_ymax-500),
865   pos = list("t", "t", "t", "t"), 
866   lab = list(TRUE, TRUE, FALSE, TRUE), 
867   height=list(unit(1.5, "line"), unit(1.0, "line"), unit(0.8, "line"), unit(0.8, "line")), 
868   fill=list(NULL, NULL, c("black", "white"), "white"),
869   abbrv = list(FALSE, FALSE, TRUE, FALSE),
870   size = list(4, 3, 1, 2),
871   center_end_labels = TRUE)
872   
873   plot_DSTSST_ymin <- 4
874   plot_DSTSST_ymax <- 48
875   
876   plot_DSTSST <- ggplot() +
877   scale_x_continuous(limits=c(xlimplots_lo-15, xlimplots_hi+5), breaks=seq(xlimplots_lo,xlimplots_hi,1), position="bottom") +
878   scale_y_continuous(limits=c(plot_DSTSST_ymin,plot_DSTSST_ymax), breaks=seq(plot_DSTSST_ymin+2,plot_DSTSST_ymax-2,2), position=

"right") +
879   labs(x="Age (Ma)", y="Temperature (°C)") +
880   # Markers
881   annotate("rect", xmin = EECO_min, xmax = EECO_max, ymin = plot_DSTSST_ymin, ymax = plot_DSTSST_ymax, fill=episodecolor) +
882   annotate("text", x = (EECO_min + EECO_max)/2, y = plot_DSTSST_ymin, vjust=-1, label = "EECO") +
883   annotate("rect", xmin = ETM2_min, xmax = ETM2_max, ymin = plot_DSTSST_ymin, ymax = plot_DSTSST_ymax, fill=episodecolor) +
884   annotate("text", x = (ETM2_min +ETM2_max)/2, y = plot_DSTSST_ymin, vjust=-1, label = "ETM2") +
885   annotate("rect", xmin = PETM_min, xmax = PETM_max, ymin = plot_DSTSST_ymin, ymax = plot_DSTSST_ymax, fill=episodecolor) +
886   annotate("text", x = (PETM_min +PETM_max)/2, y = plot_DSTSST_ymin, vjust=-1, label = "PETM") +
887   annotate("rect", xmin = KPG_min, xmax = KPG_max, ymin = plot_DSTSST_ymin, ymax = plot_DSTSST_ymax, fill=episodecolor) +
888   annotate("text", x = (KPG_min +KPG_max)/2, y = plot_DSTSST_ymin, vjust=-1, label = "K/Pg") +
889   # cenogrid
890   geom_line(data=westerhold, aes(x = age, y=T_Marchitto), alpha=0.2, size=0.5) +
891   # SST
892   geom_line(data=phanSST1262, aes(x = Age, y=SST), color="#D55E00", alpha=0.5, linewidth=1) +
893   geom_point(data=phanSST1262, aes(x = Age, y=SST), color="#D55E00", alpha=0.5, size=2) +
894   geom_line(data=cramwinckel18_tex |> filter(Location=="ODP Site 959"), aes(x=age , y=`SST (BAYSPAR)`), color="#E69F00", alpha=0.5

, linewidth=1) +
895   geom_point(data=cramwinckel18_tex |> filter(Location=="ODP Site 959"), aes(x=age , y=`SST (BAYSPAR)`), color="#E69F00", alpha=0.5

, size=2) +
896   geom_line(data=bijl09_tex, aes(x=`age(Ma)` , y=`T(kim)`), color="#339933", alpha=0.5, linewidth=1) +
897   geom_point(data=bijl09_tex, aes(x=`age(Ma)` , y=`T(kim)`), color="#339933", alpha=0.5, size=2) +
898   # DST
899   geom_errorbar(data=ALL_clumped |> filter(grepl("Atlantic", `location`)), aes(x = binage, ymax = T_CI95upper, ymin = T_CI95lower, 

color=location), alpha=1, width=0, linetype="dashed") +
900   geom_errorbar(data=ALL_clumped |> filter(grepl("Atlantic", `location`)), aes(x = binage, ymax = T_CI68upper, ymin = T_CI68lower, 

color=location), alpha=1, width=0, size=1, linetype="solid") +
901   geom_errorbarh(data=ALL_clumped |> filter(grepl("Atlantic", `location`)), aes(xmin = binagemin, xmax = binagemax, y =

T47_meinicke, color=location), alpha=.2, size=5, height=0, linetype="solid") +
902   geom_point(data=ALL_clumped |> filter(grepl("Atlantic", `location`)), aes(x = binage, y = T47_meinicke, color=location), size=3, 

shape=21, fill="white") +
903   # key
904   geom_segment(aes(x = 68.5, y = 44, xend = 69.5, yend = 44), color="#E69F00", alpha=0.5, linewidth=1) +
905   annotate("text", x = 68, y = 44, label = "SST TEX-86, Site 959 (Cramwinckel et al., 2018)", color="#E69F00", hjust=1, size=2.5, 

alpha=0.5) +
906   geom_segment(aes(x = 68.5, y = 43, xend = 69.5, yend = 43), color="#339933", alpha=0.5, linewidth=1) +
907   annotate("text", x = 68, y = 43, label = "SST TEX-86, Site 1172 (Bijl et al., 2009)", color="#339933", hjust=1, size=2.5, alpha=

0.5) +
908   geom_segment(aes(x = 68.5, y = 42, xend = 69.5, yend = 42), color="#D55E00", alpha=0.5, linewidth=1) +
909   annotate("text", x = 68, y = 42, label = expression(paste("SST Planktonic ", delta^{18},"O, Site 1262 (Birch et al., 2016)")), 

color="#D55E00", hjust=1, size=2.5, alpha=0.5) +
910   annotate("text", x = 68, y = 41, label = expression(paste("DST ", Delta["47"], " South Atlantic (this study)")), color="#D55E03"

, hjust=1, size=2.5) +
911   annotate("text", x = 68, y = 40, label = expression(paste("DST ", Delta["47"], " North Atlantic (Meckler et al., 2022)")), color=

"#56B4E9", hjust=1, size=2.5) +
912   geom_segment(aes(x = 68.5, y = 39, xend = 69.5, yend = 39), color="black", alpha=0.2, linewidth=0.5) +
913   annotate("text", x = 68, y = 39, label = expression(paste("DST ", delta^{18},"O, CENOGRID (Westerhold et al., 2022)")), alpha=0.2

, color="black", hjust=1, size=2.5) +
914   # visually
915   theme_classic() +
916   guides(y ="axis_truncated") +
917   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg



918   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
919   theme(legend.position = "none") +
920   scale_colour_manual(values=cbPalette) +
921   coord_geo(dat = list("Geomagnetic Polarity Chron", "Geomagnetic Polarity Subchron", "stages", "epochs"), 
922   xlim = c(xlimplots_lo,xlimplots_hi), ylim = c(plot_DSTSST_ymin,plot_DSTSST_ymax),
923   pos = list("b", "b", "b", "b"), 
924   lab = list(TRUE ,FALSE, TRUE, TRUE), 
925   height=list(unit(0.8, "line"), unit(0.8, "line"), unit(1.0, "line"), unit(1.5, "line")), 
926   fill=list("white", c("black", "white"), NULL, NULL),
927   abbrv = list(FALSE, TRUE, FALSE),
928   size = list(2, 1, 3, 4),
929   center_end_labels = TRUE)
930   
931   ESS_layout <- c(
932   area(t = 1, l = 1, b = 10, r = 1),
933   area(t = 10, l = 1, b = 26, r = 1))
934   
935   ESS_plots <- plot_CO2 + plot_DSTSST + plot_layout(design=ESS_layout)
936   print(ESS_plots)
937   
938   # δ¹ O of seawater ----
939   
940   # Y-limits for this plot are shared with those for Figure 5.4
941   
942   plot_clumped_temps_d18Osw <- ggplot() +
943   scale_x_continuous(limits=c(xlimplots_lo-15, xlimplots_hi+5), breaks=seq(xlimplots_lo,xlimplots_hi,1), position="top") +
944   scale_y_continuous(limits=c(plot_T47_ymin,plot_T47_ymax), breaks=seq(plot_T47_ymin+2,plot_T47_ymax-4,2)) +
945   labs(x="Age (Ma)", y="DST (°C)") +
946   # Markers
947   annotate("rect", xmin = EECO_min, xmax = EECO_max, ymin = plot_T47_ymin, ymax = plot_T47_ymax, fill=episodecolor) +
948   annotate("rect", xmin = ETM2_min, xmax = ETM2_max, ymin = plot_T47_ymin, ymax = plot_T47_ymax, fill=episodecolor) +
949   annotate("rect", xmin = PETM_min, xmax = PETM_max, ymin = plot_T47_ymin, ymax = plot_T47_ymax, fill=episodecolor) +
950   # data
951   geom_errorbar(data=data_sel, aes(x = binage, ymax = T_CI95upper, ymin = T_CI95lower, color=location), alpha=1, width=0, linetype=

"dashed") +
952   geom_errorbar(data=data_sel, aes(x = binage, ymax = T_CI68upper, ymin = T_CI68lower, color=location), alpha=1, width=0, size=1, 

linetype="solid") +
953   geom_errorbarh(data=data_sel, aes(xmin = binagemin, xmax = binagemax, y = T47_meinicke, color=location), alpha=.2, size=5, height

=0, linetype="solid") +
954   geom_point(data=data_sel, aes(x = binage, y = T47_meinicke, color=location), size=3, shape=21, fill="white") +
955   # key
956   annotate("text", x = 46.2, y = 24, label = expression(paste(Delta["47"], " South Atlantic (this study)")), color="#D55E03", hjust

=0, size=2.5) +
957   annotate("text", x = 46.2, y = 22, label = expression(paste(Delta["47"], " North Atlantic (Meckler et al., 2022)")), color=

"#56B4E3", hjust=0, size=2.5) +
958   # visually
959   theme_classic() +
960   guides(y ="axis_truncated") +
961   theme(legend.position = "none") +
962   scale_colour_manual(values=cbPalette) +
963   coord_geo(dat = list("epochs", "stages", "Geomagnetic Polarity Subchron", "Geomagnetic Polarity Chron"), 
964   xlim = c(xlimplots_lo,xlimplots_hi), ylim = c(plot_T47_ymin,plot_T47_ymax),
965   pos = list("t", "t", "t", "t"), 
966   lab = list(TRUE, TRUE, FALSE, TRUE), 
967   height=list(unit(1.5, "line"), unit(1.0, "line"), unit(0.8, "line"), unit(0.8, "line")), 
968   fill=list(NULL, NULL, c("black", "white"), "white"),
969   abbrv = list(FALSE, FALSE, TRUE, FALSE),
970   size = list(5, 3, 1, 2),
971   center_end_labels = TRUE,
972   skip = "C19")
973   
974   plot_pH_ymin <- 7.0
975   plot_pH_ymin_cob <- 0.2
976   plot_pH_ymax <- 8.2
977   plot_pH_ymax_cot <- 0.2
978   
979   plot_pH <- ggplot() +
980   scale_x_continuous(limits=c(xlimplots_lo-10, xlimplots_hi+10), breaks=seq(xlimplots_lo,xlimplots_hi,2)) +
981   scale_y_continuous(limits=c(plot_pH_ymin,plot_pH_ymax), breaks=seq(plot_pH_ymin+plot_pH_ymin_cob,plot_pH_ymax-plot_pH_ymax_cot,

0.2), position="right") +
982   labs(x="Age (Ma)", y="seawater pH")+
983   # Markers
984   annotate("rect", xmin = EECO_min, xmax = EECO_max, ymin = plot_pH_ymin+plot_pH_ymin_cob, ymax = plot_pH_ymax-plot_pH_ymax_cot, 

fill=episodecolor) +
985   annotate("rect", xmin = ETM2_min, xmax = ETM2_max, ymin = plot_pH_ymin+plot_pH_ymin_cob, ymax = plot_pH_ymax-plot_pH_ymax_cot, 

fill=episodecolor) +
986   annotate("rect", xmin = PETM_min, xmax = PETM_max, ymin = plot_pH_ymin+plot_pH_ymin_cob, ymax = plot_pH_ymax-plot_pH_ymax_cot, 

fill=episodecolor) +
987   # Rae pH
988   geom_line(data=rae, aes(x = age, y=pH), linewidth=0.5, alpha=0.5, color="black") +
989   geom_point(data=rae, aes(x = age, y=pH), alpha=0.8, size=2, shape=1) +
990   # key
991   annotate("text", x = 60.8, y = 7.7, label = expression(paste(delta^{11},"B", " seawater pH (Rae et al., 2021)")), color="black", 

hjust=1, size=2.5) +
992   #visually
993   theme_classic() +
994   guides(y ="axis_truncated") +
995   theme(legend.position = "none") +
996   scale_colour_manual(values=cbPalette) +
997   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
998   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
999   theme(axis.line.x=element_blank(),

1000   axis.text.x=element_blank(),
1001   axis.ticks.x=element_blank(),
1002   axis.title.x=element_blank()) +
1003   theme(legend.position = "none") +
1004   coord_geo(xlim = c(xlimplots_lo,xlimplots_hi), height=unit(0,"line"), alpha=0, color="white")
1005   
1006   plot_d18Osw_disc <- ggplot() +



1007   scale_x_continuous(limits=c(xlimplots_lo, xlimplots_hi), breaks=seq(xlimplots_lo,xlimplots_hi,1)) +
1008   scale_y_reverse(limits=c(plot_d18Osw_ymin, plot_d18Osw_ymax), breaks=seq(plot_d18Osw_ymin-0.5,plot_d18Osw_ymax+0.5,-.5), position

="left") +
1009   labs(x="Age (Ma)", y=expression(paste(delta^{18},"O"["SW"]," (\u2030 VSMOW)"))) +
1010   # Markers
1011   annotate("rect", xmin = EECO_min, xmax = EECO_max, ymin = plot_d18Osw_ymin, ymax = plot_d18Osw_ymax, fill=episodecolor) +
1012   annotate("text", x = (EECO_min + EECO_max)/2, y = plot_d18Osw_ymin, vjust=-.5, label = "EECO") +
1013   annotate("rect", xmin = ETM2_min, xmax = ETM2_max, ymin = plot_d18Osw_ymin, ymax = plot_d18Osw_ymax, fill=episodecolor) +
1014   annotate("text", x = (ETM2_min +ETM2_max)/2, y = plot_d18Osw_ymin, vjust=-.5, label = "ETM2") +
1015   annotate("rect", xmin = PETM_min, xmax = PETM_max, ymin = plot_d18Osw_ymin, ymax = plot_d18Osw_ymax, fill=episodecolor) +
1016   annotate("text", x = (PETM_min +PETM_max)/2, y = plot_d18Osw_ymin, vjust=-.5, label = "PETM") +
1017   # lines and labels
1018   geom_hline(yintercept = d18Oicefree, linetype="dashed", size=1, alpha=0.2) +
1019   geom_text(show.legend=FALSE, aes(xlimplots_lo,d18Oicefree, hjust=-1, vjust = -.25, label = ("delta^{18}*O[ice-free]")), parse =

TRUE) +
1020   geom_hline(yintercept = d18Omodern, linetype="solid", size=1, alpha=0.2) +
1021   geom_text(show.legend=FALSE, aes(xlimplots_lo,d18Omodern, hjust=-1, vjust = -.25, label = ("delta^{18}*O[modern]")), parse = TRUE

) +
1022   geom_hline(yintercept = d18Oglacial, linetype="dashed", size=1, alpha=0.2) +
1023   geom_text(show.legend=FALSE, aes(xlimplots_lo,d18Oglacial, hjust=-1, vjust = -.25, label = ("delta^{18}*O[glacial]")), parse =

TRUE) +
1024   # d18O_sw values from litter + Cramer Mg/Ca. pH corrected: Cramer+zeebe & Cramer+Rathmann
1025   geom_smooth(data=littler |> drop_na(d18Ocib), aes(x=WHage, y=d18Osw_MgCa), se=FALSE, method="loess", span=0.01, alpha=0.5, size=

0.5, color="#D55E00", , linetype="dashed") +
1026   geom_smooth(data=littler |> drop_na(d18Ocib), aes(x=WHage, y=d18Osw_MgCa_zeebe), se=FALSE, method="loess", span=0.01, alpha=0.5, 

size=0.5, color="#D55E00") +
1027   # data
1028   geom_errorbar(data=data_sel, aes(x = binage, ymax = d18Osw_CI95upper, ymin = d18Osw_CI95lower, color=location), alpha=0.4, width=

0, linetype="dashed") +
1029   geom_errorbar(data=data_sel, aes(x = binage, ymax = d18Osw_CI68upper, ymin = d18Osw_CI68lower, color=location), alpha=0.4, width=

0, size=1, linetype="solid") +
1030   geom_point(data=data_sel, aes(x = binage, y = d18Osw, color=location), size=3, shape=23, fill="white", alpha=0.4) +
1031   geom_point(data=data_sel, aes(x = binage, y = d18Osw_zeebe, color=location), size=4, shape=18) +
1032   # key
1033   annotate("text", x = 46.2, y = -2.2, label = expression(paste(Delta["47"], " + ", delta^{18},"O"["B"], " (this study) + pH 

correction (Zeebe, 2001)")), color="#D55E03", hjust=0, size=2.5) +
1034   annotate("text", x = 46.2, y = -1.9, label = expression(paste(Delta["47"], " + ", delta^{18},"O"["B"], " (Meckler et al., 2022) 

+ pH correction (Zeebe, 2001)")), color="#56B4E3", hjust=0, size=2.5) +
1035   annotate("text", x = 60.0, y = -2.2, label = expression(paste("Mg/Ca (Cramer et al., 2011) + ", delta^{18},"O"["B"], " (Littler 

et al., 2014) + pH correction (Zeebe, 2001) ")), color="#D55E03", hjust=1, size=2.5) +
1036   annotate("text", x = 60.0, y = -1.9, label = expression(paste("Mg/Ca (Cramer et al., 2011) + ", delta^{18},"O"["B"], " (Littler 

et al., 2014) ")), color="#D55E03", hjust=1, size=2.5) +
1037   geom_segment(aes(x = 60.1, y = -2.2, xend = 60.8, yend = -2.2), alpha=1, size=0.5, color="#D55E00") +
1038   geom_segment(aes(x = 60.1, y = -1.9, xend = 60.8, yend = -1.9), alpha=1, size=0.5, color="#D55E00", linetype="dashed") +
1039   # visually
1040   theme_classic() +
1041   guides(y ="axis_truncated") +
1042   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1043   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1044   theme(legend.position = "none") +
1045   scale_colour_manual(values=cbPalette) +
1046   coord_geo(dat = list("Geomagnetic Polarity Chron", "Geomagnetic Polarity Subchron", "stages", "epochs"), 
1047   xlim = c(xlimplots_lo,xlimplots_hi), ylim = c(plot_d18Osw_ymin,plot_d18Osw_ymax),
1048   pos = list("b", "b", "b", "b"), 
1049   lab = list(TRUE ,FALSE, TRUE, TRUE), 
1050   height=list(unit(0.8, "line"), unit(0.8, "line"), unit(1.0, "line"), unit(1.5, "line")), 
1051   fill=list("white", c("black", "white"), NULL, NULL),
1052   abbrv = list(FALSE, TRUE, FALSE),
1053   size = list(2, 1, 3, 5),
1054   center_end_labels = TRUE)
1055   
1056   plots_T_pH_d18Osw_layout <- c(
1057   area(t = 1, l = 1, b = 6, r = 1),
1058   area(t = 5, l = 1, b = 11, r = 1),
1059   area(t = 10, l = 1, b = 18, r = 1))
1060   
1061   plots_T_pH_d18Osw <- plot_clumped_temps_d18Osw + plot_pH + plot_d18Osw_disc + plot_layout(design=plots_T_pH_d18Osw_layout)
1062   print(plots_T_pH_d18Osw)
1063   
1064   # Figure 5.6 (Earth System Sensitivity)
1065   
1066   # subsetting data from All Clumped data
1067   ESS <- ALL_clumped[c("binage", "T47_meinicke", "T_CI95upper", "T_CI95lower", "location")]
1068   
1069   ESS <- ESS |>
1070   mutate(
1071   co2 = (approx(rae$age, rae$xco2, binage)$y), # look up CO2 value (interpolate) from Rae et al., 2021
1072   co2l = (approx(rae$age, rae$xco2_16pc, binage)$y),
1073   co2h = (approx(rae$age, rae$xco2_84pc, binage)$y),
1074   T47rel = T47_meinicke - 2, #relative to modern DSTs
1075   T47lrel = T_CI95lower - 2,
1076   T47hrel = T_CI95upper - 2,
1077   colour = case_when(
1078   binage < 3 ~ "#35236c",
1079   binage < 34 ~ "#9bb7d5",
1080   binage < 50 ~ "#fc7e3c",
1081   binage < 55 ~ "#b63931",
1082   TRUE ~ "#fc7e3c"))
1083   
1084   co2values <- c(140,280,560,1120,2240)
1085   text <- c("2°C/doubling","4°C/doubling","6°C/doubling","8°C/doubling","10°C/doubling")
1086   
1087   sens_lines <- data.frame(co2values, text)
1088   
1089   sens_lines <- sens_lines |>
1090   mutate(
1091   x2 = log2(co2values/280) * 2,
1092   x4 = log2(co2values/280) * 4,
1093   x6 = log2(co2values/280) * 6,



1094   x8 = log2(co2values/280) * 8,
1095   x10 = log2(co2values/280) * 10)
1096   
1097   plot_ess <- ggplot() +
1098   scale_x_continuous(limits=c(140,4480), breaks=co2values, trans="log2") +
1099   scale_y_continuous(limits=c(-10,30), breaks=seq(-5,25,5)) +
1100   labs(y="DST anomaly (°C)", x="CO2 (ppm)")+
1101   # sensitivy lines
1102   geom_line(data=sens_lines, aes(x=co2values, y=x2), alpha=0.6, linetype="dashed") +
1103   geom_line(data=sens_lines, aes(x=co2values, y=x4), alpha=0.6, linetype="dashed") +
1104   geom_line(data=sens_lines, aes(x=co2values, y=x6), alpha=0.6, linetype="dashed") +
1105   geom_line(data=sens_lines, aes(x=co2values, y=x8), alpha=0.6, linetype="dashed") +
1106   geom_text(data=sens_lines, aes(x=2240, y=c(6, 12, 18, 24, 30)), label=text, nudge_x =0.35, nudge_y=0.7) +
1107   # data
1108   geom_errorbarh(data=ESS, aes(xmin=co2l, xmax=co2h, y=T47rel), color=ESS$colour) +
1109   geom_errorbar(data=ESS, aes(x=co2, ymin=T47lrel, ymax=T47hrel), color=ESS$colour) +
1110   geom_point(data=ESS, aes(x=co2, y=T47rel, shape=location), alpha =0.6, fill=ESS$colour, size=3) +
1111   geom_point(data=ESS |> filter(binage>55) |> filter(location=="South Atlantic"), aes(x=co2, y=T47rel, shape=location), fill=

"#fc7e3c", alpha =1, size=4, stroke=1.5) +
1112   geom_point(data=ESS |> filter(binage>55) |> filter(location=="North Atlantic"), aes(x=co2, y=T47rel, shape=location), fill=

"#fc7e3c", alpha =1, size=4, stroke=1.5) +
1113   # visually
1114   theme_classic() +
1115   scale_shape_manual(values = c(25,24,23,22,21)) +
1116   guides(y ="axis_truncated", x="axis_truncated") +
1117   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1118   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1119   theme(legend.position = "none") +
1120   coord_trans(ylim=c(-5,30), xlim=c(140, 4480))
1121   
1122   print(plot_ess)
1123   
1124   
1125   # Figure A.1
1126   
1127   # Accepted Values (av) for (check)standards
1128   ETH3av <- 0.6132
1129   ETH2av <- 0.2085
1130   ETH1av <- 0.2052
1131   ETH4av <- 0.4505
1132   IAEAC2av <- 0.6445
1133   MERCKav <- 0.5151
1134   
1135   plot_MERCK <- ggplot()+
1136   scale_x_continuous(limits=c(Trunmean_xmin,Trunmean_xmax+10), breaks=seq(Trunmean_xmin,Trunmean_xmax,5)) +
1137   scale_y_continuous(limits=c(0.40,0.70), breaks=seq(0.40,0.70,0.05)) +
1138   labs(x="Run", y=expression(paste(Delta[47]," (I-CDES90 \u2030)"))) +
1139   geom_point(data=archive_runanalysis |> filter(bin_id == "Merck"), aes(x=Run, y=D47_runmean), shape=19, size=2, alpha=0.4) +
1140   geom_hline(yintercept = MERCKav, linetype="dashed", size=1, alpha=0.2) +
1141   geom_text(show.legend=FALSE, aes(Trunmean_xmax,MERCKav, hjust=-0.5, vjust = -0.4 , label = ("Merck"))) +
1142   # visually
1143   theme_classic() +
1144   theme(axis.line.x=element_blank(),
1145   axis.text.x=element_blank(),
1146   axis.ticks.x=element_blank(),
1147   axis.title.x=element_blank()) +
1148   guides(y ="axis_truncated", x="axis_truncated") +
1149   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1150   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1151   theme(legend.position = "none")
1152   
1153   plot_IAEAC2 <- ggplot()+
1154   scale_x_continuous(limits=c(Trunmean_xmin,Trunmean_xmax+10), breaks=seq(Trunmean_xmin,Trunmean_xmax,5)) +
1155   scale_y_continuous(limits=c(0.50,0.80), breaks=seq(0.5,0.8,0.05)) +
1156   labs(x="Run", y=expression(paste(Delta[47]," (I-CDES90 \u2030)"))) +
1157   geom_point(data=archive_runanalysis |> filter(bin_id == "IAEA-C2"), aes(x=Run, y=D47_runmean), shape=19, size=2, alpha=0.4) +
1158   geom_hline(yintercept = IAEAC2av, linetype="dashed", size=1, alpha=0.2) +
1159   geom_text(show.legend=FALSE, aes(Trunmean_xmax,IAEAC2av, hjust=-0.5, vjust = -0.4 , label = ("IAEA-C2"))) +
1160   # visually
1161   theme_classic() +
1162   theme(axis.line.x=element_blank(),
1163   axis.text.x=element_blank(),
1164   axis.ticks.x=element_blank(),
1165   axis.title.x=element_blank()) +
1166   guides(y ="axis_truncated", x="axis_truncated") +
1167   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1168   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1169   theme(legend.position = "none")
1170   
1171   plot_ETH1 <- ggplot()+
1172   scale_x_continuous(limits=c(Trunmean_xmin,Trunmean_xmax+10), breaks=seq(Trunmean_xmin,Trunmean_xmax,5)) +
1173   scale_y_continuous(limits=c(0.05,0.35), breaks=seq(0.05,0.35,0.05)) +
1174   labs(x="Run", y=expression(paste(Delta[47]," (I-CDES90 \u2030)"))) +
1175   geom_point(data=archive_runanalysis |> filter(bin_id == "ETH-1"), aes(x=Run, y=D47_runmean), shape=19, size=2, alpha=0.4) +
1176   geom_hline(yintercept = ETH1av, linetype="dashed", size=1, alpha=0.2) +
1177   geom_text(show.legend=FALSE, aes(Trunmean_xmax,ETH1av, hjust=-0.5, vjust = -0.4 , label = ("ETH-1"))) +
1178   # visually
1179   theme_classic() +
1180   theme(axis.line.x=element_blank(),
1181   axis.text.x=element_blank(),
1182   axis.ticks.x=element_blank(),
1183   axis.title.x=element_blank()) +
1184   guides(y ="axis_truncated", x="axis_truncated") +
1185   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1186   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1187   theme(legend.position = "none")
1188   
1189   plot_ETH2 <- ggplot()+
1190   scale_x_continuous(limits=c(Trunmean_xmin,Trunmean_xmax+10), breaks=seq(Trunmean_xmin,Trunmean_xmax,5)) +



1191   scale_y_continuous(limits=c(0.05,0.35), breaks=seq(0.05,0.35,0.05)) +
1192   labs(x="Run", y=expression(paste(Delta[47]," (I-CDES90 \u2030)"))) +
1193   geom_point(data=archive_runanalysis |> filter(bin_id == "ETH-2"), aes(x=Run, y=D47_runmean), shape=19, size=2, alpha=0.4) +
1194   geom_hline(yintercept = ETH2av, linetype="dashed", size=1, alpha=0.2) +
1195   geom_text(show.legend=FALSE, aes(Trunmean_xmax,ETH2av, hjust=-0.5, vjust = -0.4 , label = ("ETH-2"))) +
1196   # visually
1197   theme_classic() +
1198   theme(axis.line.x=element_blank(),
1199   axis.text.x=element_blank(),
1200   axis.ticks.x=element_blank(),
1201   axis.title.x=element_blank()) +
1202   guides(y ="axis_truncated", x="axis_truncated") +
1203   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1204   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1205   theme(legend.position = "none")
1206   
1207   plot_ETH3 <- ggplot()+
1208   scale_x_continuous(limits=c(Trunmean_xmin,Trunmean_xmax+10), breaks=seq(Trunmean_xmin,Trunmean_xmax,5)) +
1209   scale_y_continuous(limits=c(0.61,0.616), breaks=seq(0.61,0.616,0.001)) +
1210   labs(x="Run", y=expression(paste(Delta[47]," (I-CDES90 \u2030)"))) +
1211   geom_point(data=archive_runanalysis |> filter(bin_id == "ETH-3"), aes(x=Run, y=D47_runmean), shape=19, size=2, alpha=0.4) +
1212   geom_hline(yintercept = ETH3av, linetype="dashed", size=1, alpha=0.2) +
1213   geom_text(show.legend=FALSE, aes(Trunmean_xmax,ETH3av, hjust=-0.5, vjust = -0.4 , label = ("ETH-3"))) +
1214   # visually
1215   theme_classic() +
1216   theme(axis.line.x=element_blank(),
1217   axis.text.x=element_blank(),
1218   axis.ticks.x=element_blank(),
1219   axis.title.x=element_blank()) +
1220   guides(y ="axis_truncated", x="axis_truncated") +
1221   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1222   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1223   theme(legend.position = "none")
1224   
1225   plot_ETH3SD <- ggplot()+
1226   scale_x_continuous(limits=c(Trunmean_xmin,Trunmean_xmax+10), breaks=seq(Trunmean_xmin,Trunmean_xmax,5)) +
1227   scale_y_continuous(limits=c(0.0,0.1), breaks=seq(0.0,0.1,0.02)) +
1228   labs(x="Run", y="ETH-3 external SD") +
1229   geom_bar(data=archive_runanalysis |> filter(bin_id == "ETH-3"), aes(x=Run, y=D47_runmeanSD), stat="identity", alpha=0.4, color=

"#CC6666", fill="#CC6666") +
1230   # visually
1231   theme_classic() +
1232   guides(y ="axis_truncated", x="axis_truncated") +
1233   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1234   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1235   theme(legend.position = "none")
1236   
1237   checkplots <- plot_MERCK + plot_IAEAC2 + plot_ETH1 + plot_ETH2 + plot_ETH3 + plot_ETH3SD + plot_layout(ncol=1, nrow=6)
1238   
1239   print(checkplots)
1240   
1241   # Subsetting Data Per Bin for Appendix plots
1242   
1243   LP_60.3 <- filter(archive_select, bin_id == "LP_60.3")
1244   LP_58.0 <- filter(archive_select, bin_id == "LP_58.0")
1245   LP_57.1 <- filter(archive_select, bin_id == "LP_57.1")
1246   LP_56.7 <- filter(archive_select, bin_id == "LP_56.7")
1247   
1248   T_LP_60.3 <- ALL_clumped[ALL_clumped$bin_id == "LP_60.3",]$T47_meinicke
1249   T_LP_58.0 <- ALL_clumped[ALL_clumped$bin_id == "LP_58.0",]$T47_meinicke
1250   T_LP_57.1 <- ALL_clumped[ALL_clumped$bin_id == "LP_57.1",]$T47_meinicke
1251   T_LP_56.7 <- ALL_clumped[ALL_clumped$bin_id == "LP_56.7",]$T47_meinicke
1252   
1253   # Figure A.3 (Exploration of sub-binning)
1254   
1255   LP_60.3_2bins <- archive_filter |>
1256   filter(bin_id == "LP_60.3") |>
1257   arrange(age) |>
1258   mutate(
1259   n = seq_along(age),
1260   subbin = case_when(
1261   n %% 2 == 1 ~ "2.A",
1262   n %% 2 == 0 ~ "2.B")) |>
1263   group_by(subbin) |>
1264   summarise(
1265   D47 = mean(`Final AFF`),
1266   extSD = sd(`Final AFF`),
1267   N = n(),
1268   SE = extSD/sqrt(N),
1269   CI95upper = D47 + qt(0.975, N-1) * SE, # 4 lines: Calculate upper and lower values for 95% and 68% CI
1270   CI95lower = D47 - qt(0.975, N-1) * SE,
1271   CI68upper = D47 + qt(0.840, N-1) * SE,
1272   CI68lower = D47 - qt(0.840, N-1) * SE,
1273   T47 = sqrt(slope/(D47-int))-C,
1274   T_CI95upper = sqrt(slope/(CI95lower-int))-C, # 4 lines: Calculate upper and lower temperatures associated with lower and upper 

CI's
1275   T_CI95lower = sqrt(slope/(CI95upper-int))-C,
1276   T_CI68upper = sqrt(slope/(CI68lower-int))-C,
1277   T_CI68lower = sqrt(slope/(CI68upper-int))-C)
1278   
1279   LP_60.3_3bins <- archive_filter |>
1280   filter(bin_id == "LP_60.3") |>
1281   arrange(age) |>
1282   mutate(
1283   n = seq_along(age),
1284   subbin = case_when(
1285   n %% 3 == 1 ~ "3.A",
1286   n %% 3 == 2 ~ "3.B",
1287   n %% 3 == 0 ~ "3.C")) |>



1288   group_by(subbin) |>
1289   summarise(
1290   D47 = mean(`Final AFF`),
1291   extSD = sd(`Final AFF`),
1292   N = n(),
1293   SE = extSD/sqrt(N),
1294   CI95upper = D47 + qt(0.975, N-1) * SE, # 4 lines: Calculate upper and lower values for 95% and 68% CI
1295   CI95lower = D47 - qt(0.975, N-1) * SE,
1296   CI68upper = D47 + qt(0.840, N-1) * SE,
1297   CI68lower = D47 - qt(0.840, N-1) * SE,
1298   T47 = sqrt(slope/(D47-int))-C,
1299   T_CI95upper = sqrt(slope/(CI95lower-int))-C, # 4 lines: Calculate upper and lower temperatures associated with lower and upper 

CI's
1300   T_CI95lower = sqrt(slope/(CI95upper-int))-C,
1301   T_CI68upper = sqrt(slope/(CI68lower-int))-C,
1302   T_CI68lower = sqrt(slope/(CI68upper-int))-C)
1303   
1304   plot_LP_60.3_1bin <- ggplot() +
1305   scale_y_continuous(limits=c(5,30), breaks=seq(5,30,5)) +
1306   labs(y="DST (°C)", x="Bin" )+
1307   geom_hline(yintercept = T_LP_60.3, linetype="dashed", size=1, alpha=0.2, color=cbPalette[2]) +
1308   # bins
1309   geom_errorbar(data=ALL_clumped |> filter(bin_id == "LP_60.3"), aes(x = bin_id, ymax = T_CI95upper, ymin = T_CI95lower), alpha=1, 

width=0, linetype="dashed", color=cbPalette[2]) +
1310   geom_errorbar(data=ALL_clumped |> filter(bin_id == "LP_60.3"), aes(x = bin_id, ymax = T_CI68upper, ymin = T_CI68lower), alpha=1, 

width=0, size=1, linetype="solid", color=cbPalette[2]) +
1311   geom_point(data=ALL_clumped |> filter(bin_id == "LP_60.3"), aes(x = bin_id, y = T47_meinicke), size=3, shape=21, fill="white", 

color=cbPalette[2]) +
1312   geom_label_repel(data=ALL_clumped |> filter(bin_id == "LP_60.3"), 
1313   aes(x = bin_id, y = T_CI95upper, label=N), color=cbPalette[2],
1314   nudge_y=.5, direction="y", segment.color = NA, size=3, label.padding = unit(0.1, "lines"),label.r = unit(0, 

"lines")) +
1315   # visually
1316   theme_classic() +
1317   guides(y ="axis_truncated", x="axis_truncated") +
1318   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1319   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1320   theme(axis.line.x=element_blank(),
1321   axis.text.x=element_blank(),
1322   axis.ticks.x=element_blank(),
1323   axis.title.x=element_blank()) +
1324   theme(legend.position = "none")
1325   
1326   plot_LP_60.3_2bins <- ggplot() +
1327   scale_y_continuous(limits=c(5,30), breaks=seq(5,30,5)) +
1328   labs(y="DST (°C)", x="Bin") +
1329   geom_hline(yintercept = T_LP_60.3, linetype="dashed", size=1, alpha=0.2, color=cbPalette[2]) +
1330   # bins
1331   geom_errorbar(data=LP_60.3_2bins, aes(x = subbin, ymax = T_CI95upper, ymin = T_CI95lower), alpha=1, width=0, linetype="dashed", 

color=cbPalette[1]) +
1332   geom_errorbar(data=LP_60.3_2bins, aes(x = subbin, ymax = T_CI68upper, ymin = T_CI68lower), alpha=1, width=0, size=1, linetype=

"solid", color=cbPalette[1]) +
1333   geom_point(data=LP_60.3_2bins, aes(x = subbin, y = T47), size=3, shape=21, fill="white", color=cbPalette[1]) +
1334   geom_label_repel(data=LP_60.3_2bins, 
1335   aes(x = subbin, y = T_CI95upper, label=N), color=cbPalette[1], 
1336   nudge_y=.5, direction="y", segment.color = NA, size=3, label.padding = unit(0.1, "lines"),label.r = unit(0, 

"lines")) +
1337   # visually
1338   theme_classic() +
1339   guides(y ="axis_truncated", x="axis_truncated") +
1340   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1341   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1342   theme(axis.line.x=element_blank(),
1343   axis.text.x=element_blank(),
1344   axis.ticks.x=element_blank(),
1345   axis.title.x=element_blank()) +
1346   theme(axis.line.y=element_blank(),
1347   axis.text.y=element_blank(),
1348   axis.ticks.y=element_blank(),
1349   axis.title.y=element_blank()) +
1350   theme(legend.position = "none")
1351   
1352   plot_LP_60.3_3bins <- ggplot() +
1353   scale_y_continuous(limits=c(5,30), breaks=seq(5,30,5)) +
1354   labs(y="DST (°C)", x="Bin") +
1355   geom_hline(yintercept = T_LP_60.3, linetype="dashed", size=1, alpha=0.2, color=cbPalette[2]) +
1356   # bins
1357   geom_errorbar(data=LP_60.3_3bins, aes(x = subbin, ymax = T_CI95upper, ymin = T_CI95lower), alpha=1, width=0, linetype="dashed", 

color=cbPalette[3]) +
1358   geom_errorbar(data=LP_60.3_3bins, aes(x = subbin, ymax = T_CI68upper, ymin = T_CI68lower), alpha=1, width=0, size=1, linetype=

"solid", color=cbPalette[3]) +
1359   geom_point(data=LP_60.3_3bins, aes(x = subbin, y = T47), size=3, shape=21, fill="white", color=cbPalette[3]) +
1360   geom_label_repel(data=LP_60.3_3bins, 
1361   aes(x = subbin, y = T_CI95upper, label=N), color=cbPalette[3], 
1362   nudge_y=.5, direction="y", segment.color = NA, size=3, label.padding = unit(0.1, "lines"),label.r = unit(0, 

"lines")) +
1363   # visually
1364   theme_classic() +
1365   guides(y ="axis_truncated", x="axis_truncated") +
1366   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1367   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1368   theme(axis.line.x=element_blank(),
1369   axis.text.x=element_blank(),
1370   axis.ticks.x=element_blank(),
1371   axis.title.x=element_blank()) +
1372   theme(axis.line.y=element_blank(),
1373   axis.text.y=element_blank(),
1374   axis.ticks.y=element_blank(),
1375   axis.title.y=element_blank()) +



1376   theme(legend.position = "none")
1377   
1378   LP_58.0_2bins <- archive_filter |>
1379   filter(bin_id == "LP_58.0") |>
1380   arrange(age) |>
1381   mutate(
1382   n = seq_along(age),
1383   subbin = case_when(
1384   n %% 2 == 1 ~ "2.A",
1385   n %% 2 == 0 ~ "2.B")) |>
1386   group_by(subbin) |>
1387   summarise(
1388   D47 = mean(`Final AFF`),
1389   extSD = sd(`Final AFF`),
1390   N = n(),
1391   SE = extSD/sqrt(N),
1392   CI95upper = D47 + qt(0.975, N-1) * SE, # 4 lines: Calculate upper and lower values for 95% and 68% CI
1393   CI95lower = D47 - qt(0.975, N-1) * SE,
1394   CI68upper = D47 + qt(0.840, N-1) * SE,
1395   CI68lower = D47 - qt(0.840, N-1) * SE,
1396   T47 = sqrt(slope/(D47-int))-C,
1397   T_CI95upper = sqrt(slope/(CI95lower-int))-C, # 4 lines: Calculate upper and lower temperatures associated with lower and upper 

CI's
1398   T_CI95lower = sqrt(slope/(CI95upper-int))-C,
1399   T_CI68upper = sqrt(slope/(CI68lower-int))-C,
1400   T_CI68lower = sqrt(slope/(CI68upper-int))-C)
1401   
1402   LP_58.0_3bins <- archive_filter |>
1403   filter(bin_id == "LP_58.0") |>
1404   arrange(age) |>
1405   mutate(
1406   n = seq_along(age),
1407   subbin = case_when(
1408   n %% 3 == 1 ~ "3.A",
1409   n %% 3 == 2 ~ "3.B",
1410   n %% 3 == 0 ~ "3.C")) |>
1411   group_by(subbin) |>
1412   summarise(
1413   D47 = mean(`Final AFF`),
1414   extSD = sd(`Final AFF`),
1415   N = n(),
1416   SE = extSD/sqrt(N),
1417   CI95upper = D47 + qt(0.975, N-1) * SE, # 4 lines: Calculate upper and lower values for 95% and 68% CI
1418   CI95lower = D47 - qt(0.975, N-1) * SE,
1419   CI68upper = D47 + qt(0.840, N-1) * SE,
1420   CI68lower = D47 - qt(0.840, N-1) * SE,
1421   T47 = sqrt(slope/(D47-int))-C,
1422   T_CI95upper = sqrt(slope/(CI95lower-int))-C, # 4 lines: Calculate upper and lower temperatures associated with lower and upper 

CI's
1423   T_CI95lower = sqrt(slope/(CI95upper-int))-C,
1424   T_CI68upper = sqrt(slope/(CI68lower-int))-C,
1425   T_CI68lower = sqrt(slope/(CI68upper-int))-C)
1426   
1427   plot_LP_58.0_1bin <- ggplot() +
1428   scale_y_continuous(limits=c(5,30), breaks=seq(5,30,5)) +
1429   labs(y="DST (°C)", x="Bin" )+
1430   geom_hline(yintercept = T_LP_58.0, linetype="dashed", size=1, alpha=0.2, color=cbPalette[2]) +
1431   # bins
1432   geom_errorbar(data=ALL_clumped |> filter(bin_id == "LP_58.0"), aes(x = bin_id, ymax = T_CI95upper, ymin = T_CI95lower), alpha=1, 

width=0, linetype="dashed", color=cbPalette[2]) +
1433   geom_errorbar(data=ALL_clumped |> filter(bin_id == "LP_58.0"), aes(x = bin_id, ymax = T_CI68upper, ymin = T_CI68lower), alpha=1, 

width=0, size=1, linetype="solid", color=cbPalette[2]) +
1434   geom_point(data=ALL_clumped |> filter(bin_id == "LP_58.0"), aes(x = bin_id, y = T47_meinicke), size=3, shape=21, fill="white", 

color=cbPalette[2]) +
1435   geom_label_repel(data=ALL_clumped |> filter(bin_id == "LP_58.0"), 
1436   aes(x = bin_id, y = T_CI95upper, label=N), color=cbPalette[2],
1437   nudge_y=.5, direction="y", segment.color = NA, size=3, label.padding = unit(0.1, "lines"),label.r = unit(0, 

"lines")) +
1438   # visually
1439   theme_classic() +
1440   guides(y ="axis_truncated", x="axis_truncated") +
1441   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1442   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1443   theme(axis.line.x=element_blank(),
1444   axis.text.x=element_blank(),
1445   axis.ticks.x=element_blank(),
1446   axis.title.x=element_blank()) +
1447   theme(legend.position = "none")
1448   
1449   plot_LP_58.0_2bins <- ggplot() +
1450   scale_y_continuous(limits=c(5,30), breaks=seq(5,30,5)) +
1451   labs(y="DST (°C)", x="Bin") +
1452   geom_hline(yintercept = T_LP_58.0, linetype="dashed", size=1, alpha=0.2, color=cbPalette[2]) +
1453   # bins
1454   geom_errorbar(data=LP_58.0_2bins, aes(x = subbin, ymax = T_CI95upper, ymin = T_CI95lower), alpha=1, width=0, linetype="dashed", 

color=cbPalette[1]) +
1455   geom_errorbar(data=LP_58.0_2bins, aes(x = subbin, ymax = T_CI68upper, ymin = T_CI68lower), alpha=1, width=0, size=1, linetype=

"solid", color=cbPalette[1]) +
1456   geom_point(data=LP_58.0_2bins, aes(x = subbin, y = T47), size=3, shape=21, fill="white", color=cbPalette[1]) +
1457   geom_label_repel(data=LP_58.0_2bins, 
1458   aes(x = subbin, y = T_CI95upper, label=N), color=cbPalette[1], 
1459   nudge_y=.5, direction="y", segment.color = NA, size=3, label.padding = unit(0.1, "lines"),label.r = unit(0, 

"lines")) +
1460   # visually
1461   theme_classic() +
1462   guides(y ="axis_truncated", x="axis_truncated") +
1463   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1464   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1465   theme(axis.line.x=element_blank(),



1466   axis.text.x=element_blank(),
1467   axis.ticks.x=element_blank(),
1468   axis.title.x=element_blank()) +
1469   theme(axis.line.y=element_blank(),
1470   axis.text.y=element_blank(),
1471   axis.ticks.y=element_blank(),
1472   axis.title.y=element_blank()) +
1473   theme(legend.position = "none")
1474   
1475   plot_LP_58.0_3bins <- ggplot() +
1476   scale_y_continuous(limits=c(5,30), breaks=seq(5,30,5)) +
1477   labs(y="DST (°C)", x="Bin") +
1478   geom_hline(yintercept = T_LP_58.0, linetype="dashed", size=1, alpha=0.2, color=cbPalette[2]) +
1479   # bins
1480   geom_errorbar(data=LP_58.0_3bins, aes(x = subbin, ymax = T_CI95upper, ymin = T_CI95lower), alpha=1, width=0, linetype="dashed", 

color=cbPalette[3]) +
1481   geom_errorbar(data=LP_58.0_3bins, aes(x = subbin, ymax = T_CI68upper, ymin = T_CI68lower), alpha=1, width=0, size=1, linetype=

"solid", color=cbPalette[3]) +
1482   geom_point(data=LP_58.0_3bins, aes(x = subbin, y = T47), size=3, shape=21, fill="white", color=cbPalette[3]) +
1483   geom_label_repel(data=LP_58.0_3bins, 
1484   aes(x = subbin, y = T_CI95upper, label=N), color=cbPalette[3], 
1485   nudge_y=.5, direction="y", segment.color = NA, size=3, label.padding = unit(0.1, "lines"),label.r = unit(0, 

"lines")) +
1486   # visually
1487   theme_classic() +
1488   guides(y ="axis_truncated", x="axis_truncated") +
1489   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1490   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1491   theme(axis.line.x=element_blank(),
1492   axis.text.x=element_blank(),
1493   axis.ticks.x=element_blank(),
1494   axis.title.x=element_blank()) +
1495   theme(axis.line.y=element_blank(),
1496   axis.text.y=element_blank(),
1497   axis.ticks.y=element_blank(),
1498   axis.title.y=element_blank()) +
1499   theme(legend.position = "none")
1500   
1501   LP_57.1_2bins <- archive_filter |>
1502   filter(bin_id == "LP_57.1") |>
1503   arrange(age) |>
1504   mutate(
1505   n = seq_along(age),
1506   subbin = case_when(
1507   n %% 2 == 1 ~ "2.A",
1508   n %% 2 == 0 ~ "2.B")) |>
1509   group_by(subbin) |>
1510   summarise(
1511   D47 = mean(`Final AFF`),
1512   extSD = sd(`Final AFF`),
1513   N = n(),
1514   SE = extSD/sqrt(N),
1515   CI95upper = D47 + qt(0.975, N-1) * SE, # 4 lines: Calculate upper and lower values for 95% and 68% CI
1516   CI95lower = D47 - qt(0.975, N-1) * SE,
1517   CI68upper = D47 + qt(0.840, N-1) * SE,
1518   CI68lower = D47 - qt(0.840, N-1) * SE,
1519   T47 = sqrt(slope/(D47-int))-C,
1520   T_CI95upper = sqrt(slope/(CI95lower-int))-C, # 4 lines: Calculate upper and lower temperatures associated with lower and upper 

CI's
1521   T_CI95lower = sqrt(slope/(CI95upper-int))-C,
1522   T_CI68upper = sqrt(slope/(CI68lower-int))-C,
1523   T_CI68lower = sqrt(slope/(CI68upper-int))-C)
1524   
1525   LP_57.1_3bins <- archive_filter |>
1526   filter(bin_id == "LP_57.1") |>
1527   arrange(age) |>
1528   mutate(
1529   n = seq_along(age),
1530   subbin = case_when(
1531   n %% 3 == 1 ~ "3.A",
1532   n %% 3 == 2 ~ "3.B",
1533   n %% 3 == 0 ~ "3.C")) |>
1534   group_by(subbin) |>
1535   summarise(
1536   D47 = mean(`Final AFF`),
1537   extSD = sd(`Final AFF`),
1538   N = n(),
1539   SE = extSD/sqrt(N),
1540   CI95upper = D47 + qt(0.975, N-1) * SE, # 4 lines: Calculate upper and lower values for 95% and 68% CI
1541   CI95lower = D47 - qt(0.975, N-1) * SE,
1542   CI68upper = D47 + qt(0.840, N-1) * SE,
1543   CI68lower = D47 - qt(0.840, N-1) * SE,
1544   T47 = sqrt(slope/(D47-int))-C,
1545   T_CI95upper = sqrt(slope/(CI95lower-int))-C, # 4 lines: Calculate upper and lower temperatures associated with lower and upper 

CI's
1546   T_CI95lower = sqrt(slope/(CI95upper-int))-C,
1547   T_CI68upper = sqrt(slope/(CI68lower-int))-C,
1548   T_CI68lower = sqrt(slope/(CI68upper-int))-C)
1549   
1550   plot_LP_57.1_1bin <- ggplot() +
1551   scale_y_continuous(limits=c(5,30), breaks=seq(5,30,5)) +
1552   labs(y="DST (°C)", x="Bin" )+
1553   geom_hline(yintercept = T_LP_57.1, linetype="dashed", size=1, alpha=0.2, color=cbPalette[2]) +
1554   # bins
1555   geom_errorbar(data=ALL_clumped |> filter(bin_id == "LP_57.1"), aes(x = bin_id, ymax = T_CI95upper, ymin = T_CI95lower), alpha=1, 

width=0, linetype="dashed", color=cbPalette[2]) +
1556   geom_errorbar(data=ALL_clumped |> filter(bin_id == "LP_57.1"), aes(x = bin_id, ymax = T_CI68upper, ymin = T_CI68lower), alpha=1, 

width=0, size=1, linetype="solid", color=cbPalette[2]) +
1557   geom_point(data=ALL_clumped |> filter(bin_id == "LP_57.1"), aes(x = bin_id, y = T47_meinicke), size=3, shape=21, fill="white", 



color=cbPalette[2]) +
1558   geom_label_repel(data=ALL_clumped |> filter(bin_id == "LP_57.1"), 
1559   aes(x = bin_id, y = T_CI95upper, label=N), color=cbPalette[2],
1560   nudge_y=.5, direction="y", segment.color = NA, size=3, label.padding = unit(0.1, "lines"),label.r = unit(0, 

"lines")) +
1561   # visually
1562   theme_classic() +
1563   guides(y ="axis_truncated", x="axis_truncated") +
1564   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1565   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1566   theme(axis.line.x=element_blank(),
1567   axis.text.x=element_blank(),
1568   axis.ticks.x=element_blank(),
1569   axis.title.x=element_blank()) +
1570   theme(legend.position = "none")
1571   
1572   plot_LP_57.1_2bins <- ggplot() +
1573   scale_y_continuous(limits=c(5,30), breaks=seq(5,30,5)) +
1574   labs(y="DST (°C)", x="Bin") +
1575   geom_hline(yintercept = T_LP_57.1, linetype="dashed", size=1, alpha=0.2, color=cbPalette[2]) +
1576   # bins
1577   geom_errorbar(data=LP_57.1_2bins, aes(x = subbin, ymax = T_CI95upper, ymin = T_CI95lower), alpha=1, width=0, linetype="dashed", 

color=cbPalette[1]) +
1578   geom_errorbar(data=LP_57.1_2bins, aes(x = subbin, ymax = T_CI68upper, ymin = T_CI68lower), alpha=1, width=0, size=1, linetype=

"solid", color=cbPalette[1]) +
1579   geom_point(data=LP_57.1_2bins, aes(x = subbin, y = T47), size=3, shape=21, fill="white", color=cbPalette[1]) +
1580   geom_label_repel(data=LP_57.1_2bins, 
1581   aes(x = subbin, y = T_CI95upper, label=N), color=cbPalette[1], 
1582   nudge_y=.5, direction="y", segment.color = NA, size=3, label.padding = unit(0.1, "lines"),label.r = unit(0, 

"lines")) +
1583   # visually
1584   theme_classic() +
1585   guides(y ="axis_truncated", x="axis_truncated") +
1586   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1587   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1588   theme(axis.line.x=element_blank(),
1589   axis.text.x=element_blank(),
1590   axis.ticks.x=element_blank(),
1591   axis.title.x=element_blank()) +
1592   theme(axis.line.y=element_blank(),
1593   axis.text.y=element_blank(),
1594   axis.ticks.y=element_blank(),
1595   axis.title.y=element_blank()) +
1596   theme(legend.position = "none")
1597   
1598   plot_LP_57.1_3bins <- ggplot() +
1599   scale_y_continuous(limits=c(5,30), breaks=seq(5,30,5)) +
1600   labs(y="DST (°C)", x="Bin") +
1601   geom_hline(yintercept = T_LP_57.1, linetype="dashed", size=1, alpha=0.2, color=cbPalette[2]) +
1602   # bins
1603   geom_errorbar(data=LP_57.1_3bins, aes(x = subbin, ymax = T_CI95upper, ymin = T_CI95lower), alpha=1, width=0, linetype="dashed", 

color=cbPalette[3]) +
1604   geom_errorbar(data=LP_57.1_3bins, aes(x = subbin, ymax = T_CI68upper, ymin = T_CI68lower), alpha=1, width=0, size=1, linetype=

"solid", color=cbPalette[3]) +
1605   geom_point(data=LP_57.1_3bins, aes(x = subbin, y = T47), size=3, shape=21, fill="white", color=cbPalette[3]) +
1606   geom_label_repel(data=LP_57.1_3bins, 
1607   aes(x = subbin, y = T_CI95upper, label=N), color=cbPalette[3], 
1608   nudge_y=.5, direction="y", segment.color = NA, size=3, label.padding = unit(0.1, "lines"),label.r = unit(0, 

"lines")) +
1609   # visually
1610   theme_classic() +
1611   guides(y ="axis_truncated", x="axis_truncated") +
1612   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1613   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1614   theme(axis.line.x=element_blank(),
1615   axis.text.x=element_blank(),
1616   axis.ticks.x=element_blank(),
1617   axis.title.x=element_blank()) +
1618   theme(axis.line.y=element_blank(),
1619   axis.text.y=element_blank(),
1620   axis.ticks.y=element_blank(),
1621   axis.title.y=element_blank()) +
1622   theme(legend.position = "none")
1623   
1624   LP_56.7_2bins <- archive_filter |>
1625   filter(bin_id == "LP_56.7") |>
1626   arrange(age) |>
1627   mutate(
1628   n = seq_along(age),
1629   subbin = case_when(
1630   n %% 2 == 1 ~ "2.A",
1631   n %% 2 == 0 ~ "2.B")) |>
1632   group_by(subbin) |>
1633   summarise(
1634   D47 = mean(`Final AFF`),
1635   extSD = sd(`Final AFF`),
1636   N = n(),
1637   SE = extSD/sqrt(N),
1638   CI95upper = D47 + qt(0.975, N-1) * SE, # 4 lines: Calculate upper and lower values for 95% and 68% CI
1639   CI95lower = D47 - qt(0.975, N-1) * SE,
1640   CI68upper = D47 + qt(0.840, N-1) * SE,
1641   CI68lower = D47 - qt(0.840, N-1) * SE,
1642   T47 = sqrt(slope/(D47-int))-C,
1643   T_CI95upper = sqrt(slope/(CI95lower-int))-C, # 4 lines: Calculate upper and lower temperatures associated with lower and upper 

CI's
1644   T_CI95lower = sqrt(slope/(CI95upper-int))-C,
1645   T_CI68upper = sqrt(slope/(CI68lower-int))-C,
1646   T_CI68lower = sqrt(slope/(CI68upper-int))-C)
1647   



1648   LP_56.7_3bins <- archive_filter |>
1649   filter(bin_id == "LP_56.7") |>
1650   arrange(age) |>
1651   mutate(
1652   n = seq_along(age),
1653   subbin = case_when(
1654   n %% 3 == 1 ~ "3.A",
1655   n %% 3 == 2 ~ "3.B",
1656   n %% 3 == 0 ~ "3.C")) |>
1657   group_by(subbin) |>
1658   summarise(
1659   D47 = mean(`Final AFF`),
1660   extSD = sd(`Final AFF`),
1661   N = n(),
1662   SE = extSD/sqrt(N),
1663   CI95upper = D47 + qt(0.975, N-1) * SE, # 4 lines: Calculate upper and lower values for 95% and 68% CI
1664   CI95lower = D47 - qt(0.975, N-1) * SE,
1665   CI68upper = D47 + qt(0.840, N-1) * SE,
1666   CI68lower = D47 - qt(0.840, N-1) * SE,
1667   T47 = sqrt(slope/(D47-int))-C,
1668   T_CI95upper = sqrt(slope/(CI95lower-int))-C, # 4 lines: Calculate upper and lower temperatures associated with lower and upper 

CI's
1669   T_CI95lower = sqrt(slope/(CI95upper-int))-C,
1670   T_CI68upper = sqrt(slope/(CI68lower-int))-C,
1671   T_CI68lower = sqrt(slope/(CI68upper-int))-C)
1672   
1673   plot_LP_56.7_1bin <- ggplot() +
1674   scale_y_continuous(limits=c(5,30), breaks=seq(5,30,5)) +
1675   labs(y="DST (°C)", x="Bin" )+
1676   geom_hline(yintercept = T_LP_56.7, linetype="dashed", size=1, alpha=0.2, color=cbPalette[2]) +
1677   # bins
1678   geom_errorbar(data=ALL_clumped |> filter(bin_id == "LP_56.7"), aes(x = bin_id, ymax = T_CI95upper, ymin = T_CI95lower), alpha=1, 

width=0, linetype="dashed", color=cbPalette[2]) +
1679   geom_errorbar(data=ALL_clumped |> filter(bin_id == "LP_56.7"), aes(x = bin_id, ymax = T_CI68upper, ymin = T_CI68lower), alpha=1, 

width=0, size=1, linetype="solid", color=cbPalette[2]) +
1680   geom_point(data=ALL_clumped |> filter(bin_id == "LP_56.7"), aes(x = bin_id, y = T47_meinicke), size=3, shape=21, fill="white", 

color=cbPalette[2]) +
1681   geom_label_repel(data=ALL_clumped |> filter(bin_id == "LP_56.7"), 
1682   aes(x = bin_id, y = T_CI95upper, label=N), color=cbPalette[2],
1683   nudge_y=.5, direction="y", segment.color = NA, size=3, label.padding = unit(0.1, "lines"),label.r = unit(0, 

"lines")) +
1684   # visually
1685   theme_classic() +
1686   guides(y ="axis_truncated", x="axis_truncated") +
1687   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1688   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1689   theme(axis.line.x=element_blank(),
1690   axis.text.x=element_blank(),
1691   axis.ticks.x=element_blank(),
1692   axis.title.x=element_blank()) +
1693   theme(legend.position = "none")
1694   
1695   plot_LP_56.7_2bins <- ggplot() +
1696   scale_y_continuous(limits=c(5,30), breaks=seq(5,30,5)) +
1697   labs(y="DST (°C)", x="Bin") +
1698   geom_hline(yintercept = T_LP_56.7, linetype="dashed", size=1, alpha=0.2, color=cbPalette[2]) +
1699   # bins
1700   geom_errorbar(data=LP_56.7_2bins, aes(x = subbin, ymax = T_CI95upper, ymin = T_CI95lower), alpha=1, width=0, linetype="dashed", 

color=cbPalette[1]) +
1701   geom_errorbar(data=LP_56.7_2bins, aes(x = subbin, ymax = T_CI68upper, ymin = T_CI68lower), alpha=1, width=0, size=1, linetype=

"solid", color=cbPalette[1]) +
1702   geom_point(data=LP_56.7_2bins, aes(x = subbin, y = T47), size=3, shape=21, fill="white", color=cbPalette[1]) +
1703   geom_label_repel(data=LP_56.7_2bins, 
1704   aes(x = subbin, y = T_CI95upper, label=N), color=cbPalette[1], 
1705   nudge_y=.5, direction="y", segment.color = NA, size=3, label.padding = unit(0.1, "lines"),label.r = unit(0, 

"lines")) +
1706   # visually
1707   theme_classic() +
1708   guides(y ="axis_truncated", x="axis_truncated") +
1709   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1710   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1711   theme(axis.line.x=element_blank(),
1712   axis.text.x=element_blank(),
1713   axis.ticks.x=element_blank(),
1714   axis.title.x=element_blank()) +
1715   theme(axis.line.y=element_blank(),
1716   axis.text.y=element_blank(),
1717   axis.ticks.y=element_blank(),
1718   axis.title.y=element_blank()) +
1719   theme(legend.position = "none")
1720   
1721   plot_LP_56.7_3bins <- ggplot() +
1722   scale_y_continuous(limits=c(5,30), breaks=seq(5,30,5)) +
1723   labs(y="DST (°C)", x="Bin") +
1724   geom_hline(yintercept = T_LP_56.7, linetype="dashed", size=1, alpha=0.2, color=cbPalette[2]) +
1725   # bins
1726   geom_errorbar(data=LP_56.7_3bins, aes(x = subbin, ymax = T_CI95upper, ymin = T_CI95lower), alpha=1, width=0, linetype="dashed", 

color=cbPalette[3]) +
1727   geom_errorbar(data=LP_56.7_3bins, aes(x = subbin, ymax = T_CI68upper, ymin = T_CI68lower), alpha=1, width=0, size=1, linetype=

"solid", color=cbPalette[3]) +
1728   geom_point(data=LP_56.7_3bins, aes(x = subbin, y = T47), size=3, shape=21, fill="white", color=cbPalette[3]) +
1729   geom_label_repel(data=LP_56.7_3bins, 
1730   aes(x = subbin, y = T_CI95upper, label=N), color=cbPalette[3], 
1731   nudge_y=.5, direction="y", segment.color = NA, size=3, label.padding = unit(0.1, "lines"),label.r = unit(0, 

"lines")) +
1732   # visually
1733   theme_classic() +
1734   guides(y ="axis_truncated", x="axis_truncated") +
1735   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg



1736   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1737   theme(axis.line.x=element_blank(),
1738   axis.text.x=element_blank(),
1739   axis.ticks.x=element_blank(),
1740   axis.title.x=element_blank()) +
1741   theme(axis.line.y=element_blank(),
1742   axis.text.y=element_blank(),
1743   axis.ticks.y=element_blank(),
1744   axis.title.y=element_blank()) +
1745   theme(legend.position = "none")
1746   
1747   plots_LP_allbindivision <- plot_LP_56.7_1bin + plot_LP_56.7_2bins + plot_LP_56.7_3bins + plot_LP_57.1_1bin + plot_LP_57.1_2bins +

plot_LP_57.1_3bins + plot_LP_58.0_1bin + plot_LP_58.0_2bins + plot_LP_58.0_3bins + plot_LP_60.3_1bin + plot_LP_60.3_2bins +
plot_LP_60.3_3bins + plot_layout(ncol=6, nrow=2)

1748   
1749   print(plots_LP_allbindivision)
1750   
1751   # Figure A.2 (Evolution of temperature and confidence intervals with increasing number of replicates)
1752   
1753   LP_60.3 <- LP_60.3 |>
1754   rename(
1755   D47 = `Final AFF`) |>
1756   mutate(
1757   n = seq_along(D47),
1758   m = cumsum(D47)/n,
1759   m2 = cumsum(D47*D47)/n,
1760   v = (m2 - m*m) * (n/(n-1)),
1761   cumSD = sqrt(v),
1762   SE = cumSD/sqrt(n),
1763   CI95upper = m + qt(0.975, n-1) * SE, # 4 lines: Calculate upper and lower values for 95% and 68% CI
1764   CI95lower = m - qt(0.975, n-1) * SE,
1765   CI68upper = m + qt(0.840, n-1) * SE,
1766   CI68lower = m - qt(0.840, n-1) * SE,
1767   T47 = sqrt(slope/(m-int))-C,
1768   T_CI95upper = sqrt(slope/(CI95lower-int))-C, # 4 lines: Calculate upper and lower temperatures associated with lower and upper 

CI's
1769   T_CI95lower = sqrt(slope/(CI95upper-int))-C,
1770   T_CI68upper = sqrt(slope/(CI68lower-int))-C,
1771   T_CI68lower = sqrt(slope/(CI68upper-int))-C)
1772   
1773   LP_58.0 <- LP_58.0 |>
1774   rename(
1775   D47 = `Final AFF`) |>
1776   mutate(
1777   n = seq_along(D47),
1778   m = cumsum(D47)/n,
1779   m2 = cumsum(D47*D47)/n,
1780   v = (m2 - m*m) * (n/(n-1)),
1781   cumSD = sqrt(v),
1782   SE = cumSD/sqrt(n),
1783   CI95upper = m + qt(0.975, n-1) * SE, # 4 lines: Calculate upper and lower values for 95% and 68% CI
1784   CI95lower = m - qt(0.975, n-1) * SE,
1785   CI68upper = m + qt(0.840, n-1) * SE,
1786   CI68lower = m - qt(0.840, n-1) * SE,
1787   T47 = sqrt(slope/(m-int))-C,
1788   T_CI95upper = sqrt(slope/(CI95lower-int))-C, # 4 lines: Calculate upper and lower temperatures associated with lower and upper 

CI's
1789   T_CI95lower = sqrt(slope/(CI95upper-int))-C,
1790   T_CI68upper = sqrt(slope/(CI68lower-int))-C,
1791   T_CI68lower = sqrt(slope/(CI68upper-int))-C)
1792   
1793   LP_57.1 <- LP_57.1 |>
1794   rename(
1795   D47 = `Final AFF`) |>
1796   mutate(
1797   n = seq_along(D47),
1798   m = cumsum(D47)/n,
1799   m2 = cumsum(D47*D47)/n,
1800   v = (m2 - m*m) * (n/(n-1)),
1801   cumSD = sqrt(v),
1802   SE = cumSD/sqrt(n),
1803   CI95upper = m + qt(0.975, n-1) * SE, # 4 lines: Calculate upper and lower values for 95% and 68% CI
1804   CI95lower = m - qt(0.975, n-1) * SE,
1805   CI68upper = m + qt(0.840, n-1) * SE,
1806   CI68lower = m - qt(0.840, n-1) * SE,
1807   T47 = sqrt(slope/(m-int))-C,
1808   T_CI95upper = sqrt(slope/(CI95lower-int))-C, # 4 lines: Calculate upper and lower temperatures associated with lower and upper 

CI's
1809   T_CI95lower = sqrt(slope/(CI95upper-int))-C,
1810   T_CI68upper = sqrt(slope/(CI68lower-int))-C,
1811   T_CI68lower = sqrt(slope/(CI68upper-int))-C)
1812   
1813   LP_56.7 <- LP_56.7 |>
1814   rename(
1815   D47 = `Final AFF`) |>
1816   mutate(
1817   n = seq_along(D47),
1818   m = cumsum(D47)/n,
1819   m2 = cumsum(D47*D47)/n,
1820   v = (m2 - m*m) * (n/(n-1)),
1821   cumSD = sqrt(v),
1822   SE = cumSD/sqrt(n),
1823   CI95upper = m + qt(0.975, n-1) * SE, # 4 lines: Calculate upper and lower values for 95% and 68% CI
1824   CI95lower = m - qt(0.975, n-1) * SE,
1825   CI68upper = m + qt(0.840, n-1) * SE,
1826   CI68lower = m - qt(0.840, n-1) * SE,
1827   T47 = sqrt(slope/(m-int))-C,
1828   T_CI95upper = sqrt(slope/(CI95lower-int))-C, # 4 lines: Calculate upper and lower temperatures associated with lower and upper 

CI's



1829   T_CI95lower = sqrt(slope/(CI95upper-int))-C,
1830   T_CI68upper = sqrt(slope/(CI68lower-int))-C,
1831   T_CI68lower = sqrt(slope/(CI68upper-int))-C)
1832   
1833   
1834   
1835   plot_LP_60.3 <- ggplot() +
1836   scale_x_continuous(limits=c(0,101), breaks=seq(0,101,10)) +
1837   scale_y_continuous(limits=c(-1000,1000), breaks=seq(-10,50,10)) +
1838   coord_trans(ylim=c(-10,50)) +
1839   labs(y="DST (°C)", x="Number of replicates")+
1840   #data
1841   geom_ribbon(data=LP_60.3, aes(x=n, ymin=T_CI95lower, ymax=T_CI95upper), alpha=.2, fill=cbPalette[1]) +
1842   geom_ribbon(data=LP_60.3, aes(x=n, ymin=T_CI68lower, ymax=T_CI68upper), alpha=.4, fill=cbPalette[1]) +
1843   geom_line(data=LP_60.3, aes(x=n, y=T47), linewidth=1, color=cbPalette[1]) +
1844   # visually
1845   theme_classic() +
1846   scale_shape_manual(values = c(25,24,23,22,21)) +
1847   guides(y ="axis_truncated", x="axis_truncated") +
1848   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1849   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1850   theme(legend.position = "none")
1851   
1852   plot_LP_58.0 <- ggplot() +
1853   scale_x_continuous(limits=c(0,101), breaks=seq(0,101,10)) +
1854   scale_y_continuous(limits=c(-1000,1000), breaks=seq(-10,50,10)) +
1855   coord_trans(ylim=c(-10,50)) +
1856   labs(y="DST (°C)", x="Number of replicates")+
1857   #data
1858   geom_ribbon(data=LP_58.0, aes(x=n, ymin=T_CI95lower, ymax=T_CI95upper), alpha=.2, fill=cbPalette[2]) +
1859   geom_ribbon(data=LP_58.0, aes(x=n, ymin=T_CI68lower, ymax=T_CI68upper), alpha=.4, fill=cbPalette[2]) +
1860   geom_line(data=LP_58.0, aes(x=n, y=T47), linewidth=1, color=cbPalette[2]) +
1861   # visually
1862   theme_classic() +
1863   scale_shape_manual(values = c(25,24,23,22,21)) +
1864   guides(y ="axis_truncated", x="axis_truncated") +
1865   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1866   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1867   theme(legend.position = "none")
1868   
1869   plot_LP_57.1 <- ggplot() +
1870   scale_x_continuous(limits=c(0,101), breaks=seq(0,101,10)) +
1871   scale_y_continuous(limits=c(-1000,1000), breaks=seq(-10,50,10)) +
1872   coord_trans(ylim=c(-10,50)) +
1873   labs(y="DST (°C)", x="Number of replicates")+
1874   #data
1875   geom_ribbon(data=LP_57.1, aes(x=n, ymin=T_CI95lower, ymax=T_CI95upper), alpha=.2, fill=cbPalette[3]) +
1876   geom_ribbon(data=LP_57.1, aes(x=n, ymin=T_CI68lower, ymax=T_CI68upper), alpha=.4, fill=cbPalette[3]) +
1877   geom_line(data=LP_57.1, aes(x=n, y=T47), linewidth=1, color=cbPalette[3]) +
1878   # visually
1879   theme_classic() +
1880   scale_shape_manual(values = c(25,24,23,22,21)) +
1881   guides(y ="axis_truncated", x="axis_truncated") +
1882   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1883   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1884   theme(legend.position = "none")
1885   
1886   plot_LP_56.7 <- ggplot() +
1887   scale_x_continuous(limits=c(0,101), breaks=seq(0,101,10)) +
1888   scale_y_continuous(limits=c(-1000,1000), breaks=seq(-10,50,10)) +
1889   coord_trans(ylim=c(-10,50)) +
1890   labs(y="DST (°C)", x="Number of replicates")+
1891   #data
1892   geom_ribbon(data=LP_56.7, aes(x=n, ymin=T_CI95lower, ymax=T_CI95upper), alpha=.2, fill=cbPalette[4]) +
1893   geom_ribbon(data=LP_56.7, aes(x=n, ymin=T_CI68lower, ymax=T_CI68upper), alpha=.4, fill=cbPalette[4]) +
1894   geom_line(data=LP_56.7, aes(x=n, y=T47), linewidth=1, color=cbPalette[4]) +
1895   # visually
1896   theme_classic() +
1897   scale_shape_manual(values = c(25,24,23,22,21)) +
1898   guides(y ="axis_truncated", x="axis_truncated") +
1899   theme(panel.background = element_rect(fill='transparent'), #transparent panel bg
1900   plot.background = element_rect(fill='transparent', color=NA)) + #transparent plot bg)
1901   theme(legend.position = "none")
1902   
1903   plots_LP <- plot_LP_56.7 + plot_LP_57.1 + plot_LP_58.0 + plot_LP_60.3+ plot_layout(ncol=2, nrow=2)
1904   print(plots_LP)
1905   
1906   # end of file ----
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