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 23 
Abstract 24 

The Earth’s climate has experienced numerous critical transitions during its history. 25 
Such transitions are evidenced in high-resolution records covering different timescales. 26 
This suggests the possibility of identifying, ranking past critical transitions, which 27 
yields a more complex perspective on climatic history. Such a context allows defining 28 
dynamical climate landscapes with multi-scale features. To illustrate such a richer 29 
structure, we have analyzed 2 key high-resolution datasets: the CENOGRID marine 30 
compilation (past 66 Myr), and North Atlantic U1308 record (past 3.3 Myr). Our aim 31 
was to examine objectively the observed visual evidence of abrupt transitions and to 32 
identify among them, the key thresholds indicating regime changes that differentiate 33 
among major clusters of variability. This identification is discussed after comparison 34 
with major climate factors. A hierarchy in the observed thresholds is proposed through 35 
a domino-like succession of abrupt transitions, corresponding to as many bifurcations 36 
that shaped the Earth’s climate system over the past 66 Ma. 37 

Teaser 38 
A hierarchy of Tipping Points shaped the Earth past climate following domino-like 39 
effects implying a future major bifurcation in the climate system. 40 
 41 

MAIN TEXT (The manuscript should be a maximum of 15,000 words) 42 
 43 
Introduction 44 
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Early evidence of abrupt transitions in Camp Century and Dye 3 Greenland ice cores 45 

(1, 2)  attracted a lot of attention from the paleoclimatic community before being well 46 

acknowledged and understood. They have indeed introduced the evidence of a chain of 47 

abrupt climatic variations that at the time were unknown. Nonetheless, such transitions 48 

did not seem to find an agreement with other marine and terrestrial records, which led 49 

to considerable debate in the field (3–5). After decades spent retrieving and studying 50 

much more detailed paleorecords, the evidence for such rapid climatic variations, 51 

named Dansgaard-Oeschger events (DO), has been well accepted since then. They 52 

have been recently reinforced by the identification of additional abrupt transitions from 53 

the NGRIP ice core, which have been made possible by the increased time-resolution 54 

of the record (6). These additional events correspond to changes of either short 55 

duration or amplitude in δ18O that visual inspection of or standard statistical 56 

inspections do not necessarily flag. Moreover, such new series of abrupt transitions 57 

have been described from marine (7) and continental (8) records, among other, 58 

providing a broader spatial perspective to that specific dynamical process for the 59 

climate system. Although interpreted as to be related to the last climate cycle, these 60 

abrupt transitions occurring in the last 130 Kyr, have also been described in older 61 

records (9–11), recent studies implying that DOs are likely to have existed since 0.9 62 

Ma (12) or even earlier (13). 63 

The Earth climate has experienced numerous abrupt and critical transitions during its 64 

long history (14, 15). Such transitions are evidenced in precise high-resolution records 65 

at different timescales. They have been interpreted as associated with abrupt climate 66 

changes, often corresponding to transitions, tipping points, leading to possibly 67 

irreversible changes in the state of the system. The study of tipping points has recently 68 

gained broad interest and perspective in Earth and Environmental sciences, especially 69 

with regard to the future of our societies under the present climate warming scenarios 70 

(16–19). The term Tipping Elements (TE) was introduced by (18, 20), and 71 

subsequently adopted by others (17, 21) to characterize the particular components of 72 

the Earth System that are likely to experience a tipping point (anticipated TPs) in a 73 

near future. These TEs relate to all the components of the Earth system: the 74 

atmosphere, the cryosphere, the ocean, the land surface and the biosphere, and are 75 

more or less interconnected (19, 22, 23). More recently tipping point concept starts 76 

being applied to socio-economical features (24, 25). 77 

To illustrate such an idea, we have analyzed 2 key high-resolution datasets of the past 78 

66 Myr and showing evidences of abrupt transitions.  The first time series is the 79 

CENOGRID benthic δ18O and δ13C corresponding to the compilation of 14 marine 80 
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records over the past 66 Myr (26). The second corresponds to the North Atlantic 81 

U1308 benthic δ18O, δ13C and d18bulk carbonate records covering the past 3.3 Myr 82 

(27). The aim was to examine the observed visual evidences of abrupt transitions and 83 

to identify among them key abrupt thresholds by applying the Kolmogorov-Smirnov 84 

(KS) test and the recurrence quantification analysis (RQA) (28),-see methods). In a 85 

second step, the selected transitions are discussed and replaced in the Earth climate 86 

history allowing the definition of dynamical succession of abrupt transitions. In a third 87 

step, we replace the potential succession of abrupt transitions in time series of key 88 

climate factors such as CO2 concentration, average global sea level, and depth of the 89 

carbonate compensation. The forth step searches for the presence of a nontrivial 90 

structure for the recurrence plot that would be indeed indicative of the multiscale 91 

nature of the quasi-potential of the benthic δ18O and δ13C. This leads to conclude by 92 

proposing a potential hierarchy in the observed thresholds, and the definition of a 93 

domino-like succession of abrupt transitions that shaped the Earth climate system over 94 

the past 66 Ma. 95 

 96 
 97 
Results  98 

The KS augmented test of the benthic δ18O record of the past 66 Ma identifies six 99 

major abrupt transitions corresponding to two major warming events at about 58Ma 100 

and 56Ma, followed by four major coolings at 47Ma, 34Ma, 14Ma and 2.9 Ma 101 

respectively (Fig. 1a). These events are classical ones described from the literature 102 

(29), where the first two transitions led to warmer conditions, while the latter four led 103 

to colder conditions. The recurrence plot (RP) and recurrence rate (RR) analyses of the 104 

same dataset identify also these major transitions, with a few more –like at 63Ma, 105 

40Ma and 9.7Ma (Fig. 1c, Suppl. Tab. 1). We have chronologically labeled these TP1 106 

to TP9. All these abrupt events are associated with clusters at different scales in the 107 

RPs, and, in particular are separated into two different macroclusters prior and after 34 108 

Ma, the well-known Eocene-Oligocene Transition (EOT) (30). Such pattern 109 

characterizes two different types of variability regimes illustrating two types of state of 110 

the Earth Climate System (see Fig. 1b).  111 

The older macrocluster shows a disrupted variability, according to Marvan 112 

nomenclature (31), bounded by the abrupt transitions identified at 66 Ma and 34 Ma 113 

respectively. Such  114 
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 115 

Fig. 1. KS test and Recurrence Quantitative Analysis (RQA) of CENOGRID benthic δ18O. A) Time series 116 
in Ma BP with difference of the reconstructed and present Mean Global Temperature in pink). KS test identifying 117 
abrupt transitions towards warmer conditions in red and cooler or colder conditions in blue; B) Recurrence plot 118 
(RP) with identification of the main two clusters prior and after 34 Ma. The main abrupt transitions identified are 119 
highlighted by red circles, and C) Recurrence rate (RR). The pink crosses and vertical green lines indicate the 120 
abrupt transitions (TP) detected by the RQA. CENOGRID benthic d18O data are from (26) 121 

 122 

particular distribution corresponds to a response of the Earth system to some particular 123 

forcings to be determined later in the study. The main features of the oldest cluster are 124 

the most negative values of the benthic δ18O corresponding to the very warm climate 125 

conditions that were prevailing between 66 Ma and 34 Ma. The average global 126 

temperature was estimated to be between 8°C and 16°C above the present day one 127 

(26) (Fig. 1a). No evidence of the presence of any major continental ice bodies is 128 
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recorded by the δ18O values. However with this warm period further, hierarchically yet 129 

relevant abrupt transitions are found, including 2 major abrupt warmings at 58 Ma 130 

(TP2) and 56 Ma (TP3) respectively detected by both methods. These two transitions 131 

correspond to thresholds towards much warmer oceanic deep water corresponding to 132 

the first late Paleocene-Eocene hyperthermal (32,	33) and Paleocene-Eocene Thermal 133 

Maximum (PETM) (34,	 35) respectively. The third one at about 47 Ma (TP4) 134 

corresponds to a transition towards cooler deep waters and named the Early-Middle 135 

Eocene cooling (33).  136 

The more recent macrocluster presents, on the contrary, a different pattern indicating a 137 

repetition of sub-clusters showing a drifting variability from 34 Ma onward, 138 

characterizing non-stationary systems with slowly varying parameters. This second state 139 

characterizes colder climate conditions prevailing from 34 Ma to present day. This cold 140 

climate macrocluster is characterized by more positive values of benthic δ18O and shows 141 

about 20 Myr of mostly stationary climate until 14 Myr (TP7) (36,	37). Three abrupt 142 

transitions during the last 14 Myr, are associated, in the recurrence plot, to the presence 143 

of four recurrent patterns occurring at consecutive times: from 34 Ma (TP6) to 14 Ma 144 

(TP7), from 14 Ma to 9.7 Ma (TP8), from 9.7 Ma to 2.9 Ma (TP9), and from 2.9 Ma to 145 

present. These may be rather related to some internal factors of the Earth climate 146 

system, as described for more recent timescales (12,	28).  147 

Such general pattern of the RP for the 66 Myr translates an apparent irreversibility of the 148 

climate responses at 34 Ma (TP6), a date that must be therefore interpreted as a major 149 

threshold, a hierarchically dominant tipping point associated with the transition between 150 

two fundamentally different modes of operation of the climate system, represented by 151 

the two macro clusters. 152 

Contrary to the benthic δ18O, the δ13C RP shows a different pattern. Benthic δ13C values 153 

rather characterize deep-water ventilation with high δ13C values in regions close to 154 

deep-water formation area. The recurrence plot and recurrence rate analyses of the 155 

benthic δ13C record yield 10 abrupt transitions among which three at 56.15 Ma, 34 Ma, 156 

and 7.15 Ma on the contrary respectively appear more important (SuppFig. 1, Suppl. 157 

Tab. 1). The interval 56.15 Ma – 7.15 Ma is well individualized showing some 158 

subclusters distributed around 34 Ma, which is identified, once more, as a key threshold. 159 

The 56.15 Ma date groups δ13C values above 1‰, at the base of the record, while 7.15 160 

Ma gathers the negative δ13C values which mainly occurs on top of the record.  These 161 

intervals are themselves characterized by two very different and opposed climate 162 

conditions with regards to a reference state represented by the 56.15 Ma – 7.15 Ma 163 
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interval. The upper climate regime translates more addition of carbon in the ocean while 164 

the lower cluster rather characterizes more addition of carbon in the atmosphere.  These 165 

different thresholds are also identified by the KS test, which nevertheless detects some 166 

more at about 54.5 Ma, 37.5 Ma, and 16 Ma.  A last threshold is identified with two 167 

different dates according to the method applied: 22 Ma from the KS test and 23 Ma from 168 

RP analysis. 169 

The past 3.3 Ma record from North Atlantic core U1308, can be considered as a blow up 170 

of the CENOGRID dataset over this particular time interval (Fig. 2). The variations in 171 

the deep-water temperature, as expressed by the benthic δ18O, are also interpreted as an 172 

indicator of the continental ice volume with clear interglacial-glacial successions (38–173 

40). The KS augmented test of the benthic δ18O allows identifying the classical 174 

transitions characterizing the Marine Isotope Stages (MIS) as already observed in 175 

numerous records covering that interval (see (12) and herein). Such observation 176 

illustrates the clear response, during this interval, of the Earth Climate system to the 177 

classical external forcings (mostly obliquity at the base and eccentricity on top of the 178 

record) expressed in the astronomical theory of climate (27,	 41,	 42). The critical 179 

transition of the Mid-Pleistocene (MPT), between 1.25Ma and 0.8Ma, is well evidenced. 180 

The RP and RR of the benthic δ18O record of U1308 indicate a drifting regime. This 181 

pattern appears similar to that already identified in the youngest macrocluster, for the 182 

recent 34Myr, determined also from the benthic δ18O CENOGRID record. In U1308, it 183 

individualizes particular abrupt transitions responses at 2.93 Ma, 2.52 Ma, 1.51 Ma, 1.25 184 

Ma, 0.61 Ma, and 0.35 Ma respectively (see Fig. 2b,c, Suppl. Tab. 1 - (12)). As they 185 

transition with the CENOGRID record, the abrupt thresholds at 2.93 Ma and 2.52 Ma 186 

have been labeled TP9 and TP10. On the contrary, the youngest transitions are 187 

interpreted as critical transitions and labeled CT1 (1.5 Ma) to CT4 (0.35 Ma) (Fig. 2) 188 

Contrary to the CENOGRID δ13C RP, U1308 δ13C RP shows a drifting pattern similar to 189 

that of benthic δ18O, with only 2 key transitions at 2.52 Ma and 0.48 Ma (see Suppl. Fig. 190 

3). However, beside the 2.52 Ma date, the 0.48 Ma does not have any equivalent in the 191 

benthic δ18O records. 192 

A complementary RQA of the δ18O bulk carbonate record from U1308, which 193 

characterizes episodes of iceberg calving into the North Atlantic Ocean, and therefore 194 

illustrates the  195 
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 196 

Fig. 2. RQA of U1308 benthic δ18O. A) Time series in Ma; B) RP; and C) RR. Crosses similar 197 
than Fig. S1. TP9-10 and CT1-4 abrupt transitions identified in the RR. U1308 benthic δ18O data 198 
are from (27) 199 
 200 

dynamics of the Northern Hemisphere ice sheets (NHIS), yields almost similar dates 201 

than those obtained for the benthic δ18O record (see Suppl. Fig. 3, Suppl. Tab. 1) (12). 202 

Finally, when zooming over the last 0.7 Ma of U1308 benthic δ18O record, the RP 203 
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shows a particular pattern of periodicity, with the last 0.65 Ma differentiated into 3 sub-204 

clusters before the present interglacial (0.10 Ma), bounded respectively at 0.61 Ma, 0.43 205 

Ma, 0.35 Ma and about 0.15 Ma. 206 

 207 
 208 
Discussion  209 

Replacing the different dates identified by the KS test and RQA from our two key 210 

records on a chronological perspective, the determined transitions appear in a particular 211 

order, with the threshold at 34Ma, corresponding to Eocene-Oligocene Transition 212 

(EOT), being central in the Cenozoic climate history. Indeed, after 66 Ma, the Earth is 213 

highly recovering from the intense reset provoked by the Chicxulub Meteorite impact 214 

(43–46) affecting both the Earth's climate and biodiversity as indicated through three 215 

different factors that are discussed below.  216 

1 The Past 66Myr – 3 Myr history of the Earth Climate 217 

Using benthic foram δ18O and Mg/Ca records from high-resolution Pacific cores 218 

different from CENOGRID ones, (33) have reconstructed the variations of the global 219 

mean sea level (GMSL) of the past 66 Ma. GMSL has strongly impacted the global 220 

oceanic circulation, and determined the extent of the emerged and inundated land areas, 221 

especially the continental shelves allowing or preventing, associated to plate tectonics, 222 

continental biological migrations. Measuring the carbonate content in sediment Pacific 223 

cores and applying transfer functions, (47) have computed a detailed Cenozoic record of 224 

the Pacific carbonate compensation depth (CCD) below which carbonates dissolve. 225 

CCD represents therefore an indicator of the ocean carbonate saturation state and is 226 

linked to the atmospheric CO2 concentration present above the sea surface. Finally, 227 

compiling estimates from various proxies including foram δ13C, boron isotopes, stomata, 228 

paleosols… (48) have released a comprehensive Cenozoic record of the CO2 229 

concentration that shows a large variability especially for the older interval, due to 230 

greater uncertainties in the reconstructions.  We have thus replaced the major thresholds 231 

(TP) detected in our KS test and RQA against the GMSL, CCD, and CO2 time series to 232 

interpret our results (Fig. 3). 233 

One first notices that TP6 major transition at 34 Ma (EOT) is observed once more in the 234 

three factors, corresponding to an abrupt lowering of the GMSL of about 70m, of the 235 

CCD of around 1000m, of the CO2 concentration, which are considerable changes (Fig. 236 

3). TP6  237 
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 238 
Fig. 3; Variation through time of three main climate factors and comparison with the identified 239 
abrupt transitions (TP) in the CENOGRID benthic δ18O. A) Global Mean Sea Level in meters from 240 
(33). Identification of particular warm and of glaciation events. The Laurentide, GIW-WAIS and Ice free 241 
lines are from (33); B) Carbonate Compensation Depth (CCD) in meters from (47). The purple circles 242 
identify the TPs on this record; C) Estimate of the CO2 concentration in parts per million volume (ppmv) 243 
from (48). The Antarctica glaciation threshold at 750 ppmv and the NH glaciation threshold at 280 ppmv 244 
lines respectively are from (85) 245 
splits these three time series into the same two main intervals than those previously 246 

observed from the RQA of the CENOGRID benthic δ18O and δ13C records. Such result 247 
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suggests therefore that correspondences may exist between these factors and the two 248 

parameters (Figs. 1,3, Suppl. Tab. 2), which differed prior and after EOT. An evident 249 

variability appears in the responses of the climate to various mechanisms, under four 250 

identified states, from ”Warmhouse” (66Ma-TP2 and TP4-TP6) and ”Hothouse” (TP2-251 

TP4) climates, to ”Coolhouse” (TP6-TP7) and ”Icehouse” climates (TP7 to present); 252 

(see Fig. 1),  253 

The first two states alternated, from 66 Ma until 34 Ma, in a warm-hot-warm sequence 254 

under extremely high CO2 concentrations (48) compare to those measured over the past 255 

800 Kyr in the Antarctic ice cores, which represent the reference states for the IPCC 256 

potential scenarios of climate change warming (49) (Fig. 3c). This first main interval 257 

shows the highest values of the Cenozoic era in GMSL, CO2 concentration and CCD 258 

depth whose average values are: +38.47 ± 14.85m, 626.96 ± 311.79 ppmv and 4586 ± 259 

153.01 m respectively (Suppl. Tab. 2).  Conversely, the last two states succeeded each 260 

other, from 34 Ma onward present time, under much lower CO2 concentrations and 261 

GMSL, thus generating the classical climate trend towards the recent ice-age conditions 262 

(15, 26, 29) (Fig. 3a,c).  Indeed the last 34 Myr show average values in GMSL, CO2 263 

concentration and CCD depth of -3.49 ± 12.90 m, 329.89 ± 164.47 ppmv and 3518.67 ± 264 

408.92 m respectively (Tab. 2), which are much lower than in the older interval.  This 265 

second set of means are underestimated values because the final values of (33) dataset 266 

ending at 0.9Ma, 267 

These GMSL, CCD and CO2 reconstructions shows key transitions that fit with the 268 

CENOGRID thresholds deduced from the KS and RR analysis of the benthic δ18O 269 

although they characterize either an increase or a decrease in the global mean sea level 270 

corresponding roughly to warming or cooling episodes of the Earth history or strong 271 

variations in the concentration of atmospheric CO2. The variations observed in CO2, 272 

CCD and GMSL, at the 10 identified TPs from the benthic δ18O record, indicate 273 

inhomogeneous characteristics prior TP6 major threshold (Suppl. Tab. 3). On the 274 

contrary homogenous trends are noticed in the three climate proxies after TP6, 275 

translating the occurrence of major reorganizations in the climate system, which become 276 

interesting to test at a shorter timescale. 277 

Studying the same CENOGRID dataset, (50) identified 9 geological transitions at 278 

respectively 62.1 Ma, 55.9 Ma, 33.9 Ma, 23.2 Ma, 13.8 Ma, 10.8 Ma and 7.6 Ma, the 279 

latter mainly from the δ13C record. Four of them are indeed identical to those determined 280 

in the present study: 62.1 Ma, 55.9 Ma, 33.9 Ma and 13.8 Ma, the first two being 281 

preceded by a significant early warning signal (50) which does not appear to be the case 282 

for the EOT key transition.. 283 



Science Advances                                               Manuscript Template                                                                           Page 11 of 
28 
 

2 The Past 3.2 Myr history of the Earth climate, mainly from Northern 284 

Hemisphere 285 

As indicated previously, the last 3.3 Myr have been defined as an Icehouse climate state, 286 

with the appearance of NHIS, their development and variations through time (26) while 287 

Antarctic ice sheets already reached mostly their maximal expansion. This Icehouse 288 

state is characterized by a change of the interplay between benthic δ13C and δ18O, which 289 

corresponds to a new relationship between the carbon cycle and climate (51).  290 

The RQA of U1308 benthic foram δ18O, we have identified six steps in the δ18O 291 

variability (Fig. 2, Suppl. Tab. 1). They correspond to abrupt transitions dated at 2.95 292 

Ma, at 2.55 Ma, at 1.5 Ma, at 1.25 Ma, at 0.65 Ma and at 0.35 Ma, which characterize 293 

the dynamics of North Hemisphere ice sheets (elevation and spatial expansion). 294 

Interestingly, the interval 1.25 Ma to 0.65 Ma corresponds roughly to the previously 295 

mentioned MPT, during which a shift occurred from climate cycles dominated by a 40-296 

Kyr periodicity to 100-Kyr dominated ones (52–56). The 1.25 Ma date is particularly 297 

significant, since it is followed by an increase in the amplitude of glacial–interglacial 298 

fluctuations. The δ18O bulk carbonate record in the U1308 core, in turn, is interpreted as 299 

characterizing IRD released into the North Atlantic Ocean (27). The RQA of this record 300 

also displays a drifting regime, and it yields abrupt transitions at 2.75 Ma, at 1.5 Ma, at 301 

1.25 Ma, at 0.9 Ma and 0.65 Ma which characterize the dynamics of NHIS through 302 

episodic to more regular and of larger magnitude iceberg calving (Supp. Fig. 2) 303 

These abrupt transitions identified during the past 3.2 Myr occur in the Earth context 304 

where the Antarctic ice sheets are built and had already a major impact on the course of 305 

the Earth climate. Although significant, they relate to the evolution of NHIS history and 306 

therefore could be rather labeled Critical Thresholds (CT) (see Fig. 2). 307 

3 A hierarchy of abrupt transitions 308 

Traditionally, tipping points are schematically represented as being associated with the 309 

bifurcation occurring for a system described by a one-dimensional effective potential 310 

when a change in the value of a certain parameter leads to a change in the number of 311 

stable equilibriums. Hence, conditions describing the nearing of a tipping point can be 312 

related to the presence of slower decay of correlations (critical slowing down). This 313 

viewpoint, while attractive, suffers from many mathematical issues due to the fact that 314 

the true dynamics of the system occurs in a possibly very high dimensional space. (57, 315 

58) have introduced a mathematically rigorous framework for the occurrence of tipping 316 

points that clarifies the link between rate of decay of correlations, sensitivity of the 317 

system to perturbations, and robustness of the unperturbed dynamics.  318 
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This suggests the possibility at identifying a potential hierarchy of past critical events, 319 

which would give a more complex perspective on the history of the climate than the 320 

classical saddle-node two-dimension representation of tipping points described above. 321 

Indeed, (59, 60) proposed to describe the global properties of the climate system using 322 

the formalism of (61) quasi-potential. The minima of such quasi-potential, which has 323 

strong similarities with the epigenetic landscape (62–66), correspond to local maxima of 324 

the probability distribution of the system associated with the competing climatic states, 325 

and the saddles correspond to the Melancholia states (67) of the system, gateways for 326 

the noise-induced transitions between such states. (68) suggested that the presence of 327 

decorations of the quasi-potential at different scales would lead exactly to a hierarchy of 328 

tipping points.  Figure 4 illustrates such hierarchy of abrupt transitions from the δ18O 329 

benthic time series. It shows that about 70-80% of the observed TPs are located in 330 

saddles of the probability density and that the same saddle is sometime crossed more 331 

than once. 332 

Added to the Chicxulub meteor impact previously mentioned, which injected a 333 

considerable amount of CO2 into the atmosphere (69, 70), Deccan traps were already 334 

spreading at the beginning of the Cenozoic, contributing to the release of massive 335 

amount of CO2 (15). CO2 concentration continued raising until about 500 ppmv with the 336 

North Atlantic Igneous province very active at about 58 Ma - 56Ma (TP2 and TP3) in 337 

relation with the opening of the North Atlantic Ocean (71). The Northern Hemisphere 338 

plates were connected and not facing the present Arctic conditions allowing faunal and 339 

vegetal dispersion. Other plates were on the contrary reorganizing like India moving 340 

northeastward toward the Asian continent. Equatorial Pacific carbonate compensation 341 

depth (CCD) reached a minimum value a bit later at about 54 Ma when CO2 342 

concentration reached its maximum of the whole Cenozoic above 1,100 ppmv (48). The 343 

lowering of the GMSL and of the CCD at TP4 (about 40 Myr) has been interpreted as 344 

the start of the icing of Antarctica through mountain glaciers deposits dates by K-Ar 345 

dating of lava flows (72), supported by other glacial evidences i.e., from the Gamburtsev 346 

subglacial mountains (73), while Northern Hemisphere plates remained connected. By 347 

TP4 India is approaching the Asian plate while Northern Hemisphere ones were still 348 

connected, allowing northern continental migrations of mammals at high latitudes (74, 349 

75). At TP6, about 34 Myr, the Drake and Tasmanian passages are opening (76), even if 350 

several steps, inducing a drastic change in the whole deep and surficial oceanic 351 

circulation, characterized by a decrease in the South Hemisphere water  352 
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 353 

Fig. 4. Quasi-Potential topography of the climate system in the CENOGRID benthic δ18O and δ13C. 354 
space.  Probability Density plot with the Tipping points ordered by priority according to the recurrence 355 
analysis for δ18O; the approximate timing is also indicated (rounded to 1 My). 50 Kyr before and after 356 
each TP (indicated by the white diamond) is also plotted. Darker blue hues indicate that we are going to 357 
the more distant past. Each dot corresponds to 2 Kyr.  One point every 50 Ky from the time series is also 358 
added; darker magenta indicate more distant past, showing the direction of evolution of the climate. 359 
 360 
formation strength, a deep sea temperature drop associated with the deep fall in relative 361 

sea level and CCD (see Fig. 3). According to paleoaltimetry estimates based on oxygen 362 

isotopes, (77) indicate that the Tibetan Plateau had an elevation of about 4000m, 363 

favoring therefore the physical weathering of rocks, consuming CO2, and the burial of 364 

carbon through high sedimentation rates in the adjacent seas. This may have contributed 365 

to the major threshold in the variation of the CO2 concentration, which also drops very 366 

strongly ((48); Fig. 3).  367 

This key transition is the major boundary between two different climate landscapes 368 

dominated by intensive plate tectonic and major volcanism for the older one, and by 369 

major ice sheets in both Southern and Northern Hemispheres, with plate tectonic 370 

(closure of seaways, orogenies) still very active, for the younger one (75). Immediately 371 

after the EOT, the climate witnessed the build up of the East Antarctic ice sheet (Oi-1 372 

glaciation), which can be considered as the onset of the cold world in which we are still 373 

living. India has almost ended its transfer to the Asian plate. Between TP6 and TP 7, i.e., 374 

34 and 14 Myr respectively, the East Antarctic ice sheet is waxing and vanning with 375 

several major glaciations occurring before the 17 Myr to 14.5 Myr interval during which 376 

sea level increases in association with a severe shoaling episode of CCD and higher 377 

δ13C
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values of the CO2 concentration (Fig. 3). Such high CO2 concentrations may have been 378 

fueled by the Columbia River major volcanism, which ended by TP 7 at about 14 Ma 379 

(15). Plate tectonics is still very active with the closure of both the Indonesian gateway 380 

and the Tethyan seaway, contributing to the start of the development of the 381 

Mediterranean (78), and. Eurasia is now separated from Northern America and 382 

Greenland, India colliding the Asian continent, and the Andes are uplifting modifying 383 

the geometry of the marine basins and the global oceanic circulation. West Antarctica is 384 

starting building up while East Antarctic ice sheet is reinforcing and expanding.  TP8 at 385 

about 9 Ma sees a strong lowering of the GMSL and of the CO2 concentrations (Fig. 3). 386 

The final major tectonic event corresponds to the closure of the Panama Isthmus at TP9, 387 

which definitively configure the oceanic circulation close to the current one (79). This is 388 

associated to a strong lowering of the global sea level, a deepening of the CCD and the 389 

CO2 concentration (Fig. 3) that will preside the Earth climate history during the 390 

Quaternary, associated to the build up of the Northern Hemisphere glaciers and ice 391 

sheets. It is interesting to notice that all the major transitions that have been identified 392 

during the interval between 66 Ma and 2.9-2.5 Ma, are linked to the build up, waxing 393 

and vanning of the Northern and Southern Hemisphere ice sheets. 394 

Considering the results of both RQA, KS test and quasi-potential view point, a concept 395 

of a hierarchy of abrupt transitions can therefore be proposed as described in figure 5, 396 

showing the major climate transitions, TP1 to TP10, which shaped the Earth climate 397 

towards the onset and development of the Southern ice sheets and the later build up of 398 

the NHIS, impacted by critical thresholds (CT1 to CT4) which steered their 399 

development and evolution. Such evolution occurred within two different climate 400 

landscapes bounded by the 34 Ma major transition. Without the major drop in GMSL, in 401 

CO2 concentration and in CCD, the Earth climate could have been different. However 402 

passing this major threshold, the Earth climate entered a new landscape marked by much 403 

lower CO2 concentration, lower GMSL and CCD. The oceanic basin redesign and the 404 

mountain uplifts changed the marine and atmospheric circulations patterns, leading to 405 

the onset and development of the NHIS. Variations in these NHIS extent and volume 406 

have contributed to the occurrence of the millennial variability marked by the Bond 407 

cycles as better described during the last climate cycle but, which onset has been 408 

proposed to be dated of 0.9 Ma (12).  409 

This succession of abrupt transitions characterizes a domino-like effect leading the Earth 410 

System to pass from one climate landscape to another under the natural regulation of the  411 
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 412 
Fig. 5. Evolution of the Earth Climate history among 2 different tipping landscapes and proposal for 413 
a potential third one. The first landscape in light red, corresponds to the Hot-Warm House time interval. 414 
The second landscape in light blue corresponds to the Cold-Ice house time interval. The third landscape, 415 
in light green, corresponds to the potential new one represented by the Anthropocene time interval. The 416 
different abrupt transitions identified in the present study are reported as TP or CT to differentiate the 417 
major tipping points from the critical transitions characterizing transitions of lighter significance in the 418 
climate history. Various plate tectonic and ice sheet events are indicated and supported by maps of plate 419 
movements and North and South Hemisphere ice sheets.  The Antarctica maps are from (86), Northern 420 
Hemisphere ice sheet maps are from (87). The paleogeographic maps have been generated using the 421 
Ocean Drilling Stratigraphic Network (ODSN) plate tectonic reconstruction service: < 422 
https://www.odsn.de/odsn/services/paleomap/paleomap.html>. The red arrows on the tectonic maps 423 
indicate the key events at the identified abrupt transition. 424 
 425 
astronomical parameters (Fig. 5, see Supplementary material). However, a new and 426 

unexpected future abrupt transition has to be considered with high confidence as noticed 427 

by instrumental observations impacting numerous tipping elements (see (17) through 428 

very drastic tipping cascades (19). This potential upcoming major transition does not 429 

seem to follow the previous succession of CT observed during the past 2.9 Myr and 430 

maintaining the climate variability within the same climate landscape. This potential 431 

major transition rather could be the boundary between the Cenozoic icehouse tipping 432 

landscape and another new one corresponding to the strong variations in key climate 433 

factors induced by the human activity. Indeed, IPCC reports and other published 434 

evidences are demonstrating that both climate and biodiversity seem evolving towards 435 

possible irreversible changes, making this upcoming abrupt transition a major tipping 436 

Hot - Warm house landscape

Cool - Ice house landscape

NewAnthropocene
landscape?
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point in the Earth System, similar to TP6 at 34 Ma, involving perhaps new parameters to 437 

be considered, but also leading to a new and unknown climate landscape (Fig. 5). 438 

 439 
Methods 440 

The augmented Kolmogorov-Smirnov test is a robust method for finding local maxima 441 

and minima in a particular time series and is therefore a very precise way for timing the 442 

onset of abrupt transitions successfully applied to various geological time series. The 443 

method compares two samples taken before and after the potential transition point to test 444 

whether they come from the same continuous distribution. If they do not, the transition 445 

point is identified as a significant abrupt change indicative of a true climatic shift. (see 446 

for more details (12, 28)) 447 

To gain further insight like recurring patterns into the climate story the records tell us, 448 

we performed a quantitative, objective analysis of these time series of proxy variables, 449 

based on the recurrence plots (RPs) introduced by (80) into the study of dynamical 450 

systems and popularized in the climate sciences by (31, 81). The RP for a time series 451 

{x!: i =  1,… ,N} is constructed as a square matrix in a cartesian plane with the abscissa 452 

and ordinate both corresponding to a time-like axis, with one copy {x!} of the series on 453 

the abscissa and another copy {x!} on the ordinate. A dot is entered into a position (i, j) 454 

of the matrix when x! is sufficiently close to x!. For the details — such as how 455 

“sufficiently close” is determined — we refer to (80) and (81). All the points on the 456 

diagonal i =  j have dots and, in general, the matrix is rather symmetric, although one 457 

does not always define closeness symmetrically; to wit, x! may be “closer to” x! than 458 

x! is to x! (80). An important advantage of the RP method is that it does apply to 459 

dynamical systems that are not autonomous, i.e., that may be subject to time-dependent 460 

forcing. The latter is certainly the case for the climate system on time scales of 10–100 461 

Kyr and longer, which is affected strongly by orbital forcing.  462 

(80) distinguished between large-scale typology and small-scale texture in the 463 

interpretation of square matrix of dots that is the visual result of RP. Thus, if all the 464 

characteristic times of an autonomous dynamical system are short compared to the 465 

length of the time series, the RP’s typology will be homogeneous and, thus, not very 466 

interesting. In the presence of an imposed drift, a more interesting typology will appear. 467 

The most interesting typology in RP applications so far is associated with recurrent 468 

patterns that are not exactly periodic but only nearly so. Hence, such patterns are not that 469 

easily detectable by purely spectral approaches to time series analysis. (81) discussed 470 

how to render the purely visual RP typologies studied up to that point more objectively 471 

quantifiable by recurrence quantification analysis and bootstrapping (82, 83). The RP 472 
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exhibits, moreover, a characteristic texture — given by the pattern of vertical and 473 

horizontal lines that mark recurrences. These lines sometimes form recurrence clusters 474 

that correspond to specific periodic patterns. 475 

The quasi-potential landscape analysis has been developed to visualize the state space of 476 

a time series through troughs, characterizing stable climate states, and ridges 477 

characterizing unstable climate conditions with local maxima corresponding to saddles, 478 

which are potential transitions from one basin to another. (84) give a complete overview 479 

of different methods applied to perform such analysis. Moreover (68) described 480 

elegantly the potential of such analysis  by applying it to the computations performed 481 

with the PLASIM intermediate complexity climate model.  482 

 483 
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Figures and Tables 841 
Fig. 1. KS test and Recurrence Quantitative Analysis (RQA) of CENOGRID 842 

benthic δ18O. A) Time series in Ma BP with difference of the reconstructed 843 

and present Mean Global Temperature in pink). KS test identifying abrupt 844 

transitions towards warmer conditions in red and cooler or colder conditions in 845 

blue; B) Recurrence plot (RP) with identification of the main two clusters prior 846 

and after 34 Ma. The main abrupt transitions identified are highlighted by red 847 

circles, and C) Recurrence rate (RR). The pink crosses and vertical green lines 848 

indicate the abrupt transitions (TP) detected by the RQA. CENOGRID benthic 849 

δ18O data are from (26) 850 

Fig. 2. RQA of U1308 benthic δ18O. A) Time series in Ma; B) RP; and C) RR. 851 

Crosses similar than Fig. S1. TP9-10 and CT1-4 abrupt transitions identified in 852 

the RR. U1308 benthic δ18O data are from (27) 853 

Fig. 3; Variation through time of three main climate factors and comparison with 854 

the identified abrupt transitions (TP) in the CENOGRID benthic δ18O. A) 855 

Global Mean Sea Level in meters from (33). Identification of particular warm 856 

and of glaciation events. The Laurentide, GIW-WAIS and Ice free lines are 857 

from (33); B) Carbonate Compensation Depth (CCD) in meters from (47). The 858 

purple circles identify the TPs on this record; C) Estimate of the CO2 859 

concentration in parts per million volume (ppmv) from (48). The Antarctica 860 

glaciation threshold at 750 ppmv and the NH glaciation threshold at 280 ppmv 861 

lines respectively are from (85). 862 

Fig. 4. Quasi-Potential topography of the climate system in the CENOGRID 863 

benthic δ18O and δ13C. space.  Probability Density plot with the Tipping 864 

points ordered by priority according to the recurrence analysis for δ18O; the 865 

approximate timing is also indicated (rounded to 1 My). 50 Kyr before and 866 

after each TP (indicated by the white diamond) is also plotted. Darker blue hues 867 

indicate that we are going to the more distant past. Each dot corresponds to 2 868 

Kyr.  One point every 50 Ky from the time series is also added; darker magenta 869 

indicate more distant past, showing the direction of evolution of the climate. 870 

Fig. 5. Evolution of the Earth Climate history among 2 different tipping 871 

landscapes and proposal for a potential third one. The first landscape in 872 

light red, corresponds to the Hot-Warm House time interval. The second 873 

landscape in light blue corresponds to the Cold-Ice house time interval. The 874 

third landscape, in light green, corresponds to the potential new one represented 875 

by the Anthropocene time interval. The different abrupt transitions identified in 876 
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the present study are reported as TP or CT to differentiate the major tipping 877 

points from the critical transitions characterizing transitions of lighter 878 

significance in the climate history. Various plate tectonic and ice sheet events 879 

are indicated and supported by maps of plate movements and North and South 880 

Hemisphere ice sheets.  The Antarctica maps are from (86), Northern 881 

Hemisphere ice sheet maps are from (87). The paleogeographic maps have 882 

been generated using the Ocean Drilling Stratigraphic Network (ODSN) plate 883 

tectonic reconstruction service: < 884 

https://www.odsn.de/odsn/services/paleomap/paleomap.html>. The red arrows 885 

on the tectonic maps indicate the key events at the identified abrupt transition. 886 
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