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Abstract A century ago, the pioneering book published in 1924 Die Klimate der geologischen Vorzeit
explained by plate motion the evolution of vegetation revealed in sedimentary records. Nevertheless, they
did not invoke climate changes. In the second part of the 20th century, the intricate relationship between
tectonics, long‐term carbon cycle, and climate was depicted by Walker (1981). Since these major steps,
climate modeling of the Earth system kept on improving and including more and more components and
processes to enable the investigation of deep time periods using general circulation model that can account
for atmosphere and ocean dynamics. Here we illustrate long but drastic climate changes clearly related
with tectonics, through three different examples: (1) the crucial role of paleogeography (continental
distribution) to explain the drawdown of atmospheric carbon dioxide and the huge glaciation associated that
occurred during the Neoproterozoic period; (2) the shrinkage of large epicontinental Paratethys that covered
a large part of Eastern Europe and Western Asia and its impact on both monsoonal systems (African and
Asian) since 40 Ma; and (3) the large impact of mountain range uplifts since Eocene both in Asia (Tibetan
Plateau and Himalaya) and in Africa (buildup of the rift), on atmosphere and ocean dynamics. These
studies not only allow for testing the ability of Earth system models to capture long‐term changes of Earth
climate, but they also pinpoint the pivotal role tectonics played in shaping the long‐term evolution of
atmospheric CO2 and monsoon patterns.

Plain Language Summary For the celebration of the 50th anniversary of the publication of the
pioneering papers that established the basis of plate tectonic, this paper was solicited to illustrate the
close relation between tectonics and climate. Amongst the large spectrum of interactions that depict how
tectonics modified the climate at geological time steps, we choose to illustrate two major issues: (1) How the
“tryptic” climate/long‐term carbon cycle/tectonics explains the extraordinary glacial episode (717–635 Ma)
occurring during Neoproterozoic era? (2) How major tectonic events (i.e., the slow shrinkage of a huge
epicontinental sea and the uplift of large mountains ranges in Asia and Africa) drastically changed the
climate and shaped the pattern of present‐day monsoons systems. This paper is the result of long‐standing
collaboration with many researchers from different countries.

1. A Brief Introduction on Climate and Tectonic Interactions

Preceding the 1968 revolution on the understanding of tectonics, many steps have been achieved at the
beginning of the 20th century concerning the relationship of climate and plate motion. Pioneering
work was provided as soon as 1924 by W. Köppen and A. Wegener in their famous book entitled
Die Klimate der geologischen Vorzeit (Köppen & Wegener, 1924, 2015). They pointed out the first pieces
of a large puzzle that will be developed during the second part of the 20th century. In fact, in this
paper, they clearly showed, in a 2‐D world, the impact of plate motion on climate and
continental biosphere.
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The third dimension (vertical), which corresponds to mountain range uplift and decay, was not really
accounted for. But the important step forward was the understanding of the fact that at a timescale of mil-
lions of years, plate motion plays a major role in climate evolution.

W. Köppen and A. Wegener were also aware of shorter timescale climate evolution due to orbital forcing.
Indeed, they met and corresponded with Milutin Milanković as early as in 1920, as reported by Nikola
Pantić in his biographical Sketch of Milanković (Milanković, 1998). Therefore, it can be considered that
the concepts of climate changes in terms of driving forcing factors were mostly known at the beginning of
the 20th century. Long‐term latitudinal motion of continental masses and associated bathymetric changes
on one hand and orbital forcing due to slow astronomical forcing both forcing are indeed superimposed
but imprint the climate system at different timescales. The regular tempo of tectonics is related to tens of mil-
lions of years, whereas the oscillations of orbital forcings range from ten to hundreds of thousands of years.

Similar to the important progress that finally led to the understanding of major causes of plate motion and
tectonics, many advances in the understanding of climate and tectonic relationships occurred during the sec-
ond part of the 20th century. We can briefly summarize these advances by the following steps:

• The tectonics, climate, and carbon cycle tryptic

Walker et al. (1981) played a major role to reveal an indirect feedback that
regulates temperatures through carbon and hydrological cycles (Figure 1).
Superimposed to the direct climate effect of latitudinal shift of continental
masses, the CO2 variations associated to tectonics were shown to deeply
impact climate evolution (Berner, 2004) and its regulation (Walker
et al., 1981). The concept of thermal regulation first described by James
G. C. Walker may be summarized as follows: When most of continental
shifted towards polar or subpolar latitude, the climate over them drasti-
cally cooled and also became drier. Indeed, the largest desert today is
Antarctica and not Sahara. This huge decrease in precipitation inhibited
silicate weathering, which is the dominant component of pCO2 sink at
geological scale (Godderis et al., 2007). Therefore, if the source remains
unchanged (volcano pCO2 emission), the pCO2 is stored in the atmo-
sphere, and it is a greenhouse gas; it leads to temperature increase.
This acts as a negative feedback, which counterbalances the paleogeogra-
phical impact. Reversely, when most of the continental masses are located
between equatorial and tropical areas—where the Intertropical

Figure 1. An idealized and simplified representation of the surficial aspects of the long‐term carbon cycle. Note the
exchange of carbon between rocks, on the one hand, and the oceans and atmosphere, on the other; this is the distin-
guishing characteristic of the long‐term cycle (Berner, 1999).

Figure 2. Evolution of solar luminosity over the four geological eons for the
standard solar model described in Bahcall et al. (2001; solid line) and
according to the approximation formula (Gough, 1981; dashed line; Feulner,
2012).
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Convergence Zone plays a major role—precipitations are huge.
Weathering is an important sink, and CO2 in the atmosphere therefore
decreases. The direct effect of high temperatures due to the tropical loca-
tion of continental masses is counterbalanced by the CO2 drawdown.
These links between tectonics, carbon cycle, and climate evolution pro-
duce powerful negative feedbacks that regulate the Earth temperature at
geological timescales.

The most striking illustration of the powerful feedback loop of the
tectonics/carbon cycle/climate tryptic in terms of deregulation is certainly
the Neoproterozoic snowball events occurring 717–635 Ma ago that we
shall describe in section 2.

As we discussed, tectonics has many consequences on climate evolution.
On more recent periods, since Eocene, two major impacts occurred that
will be depicted below. First, the large impact of the Paratethys shrinkage
on monsoon systems in section 3 and major mountain ranges uplifts as
indeed the Tibetan Plateau (TP) uplift and the African dome in section 4.

These examples illustrate how 3‐D climate modeling advances, these last
20 years, have allowed to for investigating new frontiers.

Nevertheless, many questions are still open and will require further
research such as the slow but irrepressible decrease of atmospheric CO2

concentration since Eocene. Last but not the least, the developments of
Earth system model at the end of the 20th century mainly focused on cli-
mate variation made possible to simulate deep time climate, accounting
for plate tectonics (bathymetry, continental distribution, mountain
ranges, and atmospheric CO2 content). This new frontier has been deeply
investigated during the last 30 years. The preliminary study only using
atmosphere general circulation model was conducted by Ruddiman and
Kutzbach (1989), followed by the simulations of Rind et al. (1997) which
were the first performed with coupled atmosphere ocean general
circulation model.

This paper will briefly illustrate how the tectonics/climate/carbon cycle
can explain important transition on Earth climate from Precambrian
to Quaternary.

2. A Major Climate Deregulation
During Neoproterozoic

Amajor debate developed in the second part of the 20th century. After the
evidences of ice cap in equatorial areas in the 60s by Harland, the snowball
hypothesis has been disregarded for very simple radiative considerations.
Indeed, if the Earth became a snowball, its albedo would increase from 0.3
to value higher than 0.6. To escape such a frozen planet, using sun lumin-

osity increase (7% per billions of years, Figure 2) would take billions of years … . Pioneering studies first con-
ducted by Walker et al. (1981) and further developed by Kirschvink (1992) suggested, 30 years after Harland
discovery, a much faster process to explain an escape. The factor allowing for a warming at times of millions
of years instead of billions of years is volcanism. Indeed, on a completely frozen Earth, the CO2 emitted by
volcanoes is stored in the atmosphere till its greenhouse impact produces a large deglaciation. At the end
of last century, a scenario, mainly developed by Hoffman et al. (1998), allowed to solve many long‐standing
paradoxes concerning a hard snowball Neoproterozoic glaciation (i.e., completely glaciated Earth).

Recently, a new synthesis on snowball Earth episodes has been published by Hoffman et al. (2017), summar-
izing 20 years of research since his previous 1998 paper (Hoffman et al., 1998). This new study contains more
than 500 references that shed light on major characteristics of the snowball Earth as, for instance,

Figure 3. (a) The supercontinent Rodinia, about 800 million years ago and
(b) the Rodinia dislocated about 750 million years ago. From paleoclima-
tology, Godderis chapter 5.
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chronology of glacial episodes (Macdonald et al., 2010), evolution of car-
bon dioxide in the atmosphere (Bao et al., 2008), and carbon cycle during
a snowball Earth (Goddéris et al., 2003). Another intriguing question
remains unsolved: Why although during most of the Proterozoic era, the
Earth did not suffer major glaciation, did the cooling during the end of
Proterozoic, so‐called Cryogenian period, produce a drastic glaciation?

One of the driving factors that might have led to such an instability is tec-
tonics. Indeed, the Wilson cycle corresponds to oscillations of around 500
Ma between a supercontinent and the spread of continentalmasses. A very
peculiar breakup occurred for the Rodinia continent that formed 1.1 Ga
and began to break in small continental plates that remained in tropical
area (Figure 3). This continental configuration for Rodinia corresponds
to an optimal sink of atmospheric CO2 by silicate weathering (Figure 4;
Godderis et al., 2007; Donnadieu et al., 2004; Hoffman et al., 2017).

Indeed, during Neoproterozoic, a very peculiar configuration of plate tec-
tonics occurred. A supercontinent is located in the tropical band and

spread into smaller plates that remained in the tropical band. This continental distribution provided ideal
conditions to maximize silicate weathering, which is the major sink of atmospheric CO2 at geological time-
scales (Godderis et al., 2007). These conditions lead to a drastic pCO2 drawdown associated to a large cooling.
Superimposed to this major effect, the large traps (Halverson et al., 2002), occurring during the break up of
Rodinia created large basaltic provinces covering the granitic soil. Because basalt erodes much faster than

Figure 4. Atmospheric CO2 evolution during the time period preceding the
Sturtian snowball event. Steady‐state atmospheric CO2 level achieved by the
GEOCLIM model for different configurations: The supercontinent config-
uration (SC) runs, for the SC runs with the inclusion of basaltic provinces
(denoted SCtrap), and for the dispersed configuration (DC) runs also with
basaltic provinces (denoted DCtrap; Donnadieu et al., 2004).

Figure 5. Tethys paleogeography and schematic north African palaeoclimate. Late Oligocene (a), Early Miocene (b), Late
Miocene (c), and modern (d) time slices. The reconstructed Tethys bathymetry is based on the paleogeographical map
created in Barrier and Vrielynck (2008) and Scotese (2001), showing the west Tethys Sea (WT), Paratethys Sea (PT), proto–
Mediterranean Sea (PM), and Arabian peninsula (AP). Hatched areas show semiarid steppe climate (orange) and arid
desert climate (red) from simulations, according to the Köppen climate classification. The black lines show the simulated
climatological mean intertropical convergence zone (ITCZ) in summer (June to august), which is a measure of the
intensity of the ASM (Zhang et al., 2014).
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granite this feature amplified the CO2 decrease and finally drove the climate towards the most important
Earth glaciation (Figure 4).

3. Consequences of Paratethys Shrinkage on Asian and African
Monsoon Systems

Modeling the transition from a more zonal climate to a monsoon‐dominated climate from Miocene to
Pliocene was investigated by pioneering works of Kutzbach et al. (1993), Vavrus and Kutzbach (2002) and
Ruddiman (1997) that mostly focused on the causes of increased Asian monsoon. In these first studies,
the authors mainly invoked the height of the TP as being able to produce a large increase of Asian monsoon
in both intensity and area. More recent studies demonstrated that this first sensitivity using mainly atmo-
spheric component was in fact very preliminary for many reasons. First, the spatial distribution of mountain
ranges, after the India/Asia collision, is much more complex than the authors described (Boos & Kuang,
2010; Zhang et al., 2017). Second, the estimates of paleoelevation using δ18O appeared to be too simple
(Botsyun et al., 2016), and finally, the Asian monsoon evolution during Miocene was not well constrained.
Nevertheless, these first simulations accounting for the uplift of the TP were useful to pinpoint the role of
vertical tectonics. Another major tectonic event during the same time period is the shrinkage of
Paratethys (see Figure 5; Dercourt et al., 1993). This huge epicontinental sea spreading over Eastern
Europe and Western Asia at Eocene was drastically reduced till Tortonian (11–7 Ma). In the Late

Figure 6. Anomaly in seasonal temperatures (JJA and DJF) between 30 ma and present day. Adapted from the Fluteau
(1999) thesis.
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Oligocene and Early Miocene, the Tethys was still large, with the West
Tethys seaway connecting the proto–Mediterranean Sea to the Indian
Ocean (Barrier & Vrielynck, 2008; Rögl, 1999; Scotese, 2001). The Afro‐
Arabian and Eurasian plates collided during the Middle Miocene, closing
the West Tethys seaway (Rögl, 1999). Finally, during the Tortonian stage
(11–7 Ma) of the Late Miocene, the West Tethys was replaced by the
Arabian Peninsula, and the Paratethys became much smaller (Figure 5;
Barrier & Vrielynck, 2008).

Caspian, Black, andMediterranean seas are today relics of this huge water
body. The first studies accounting for the Paratethys shrinkage (Fluteau
et al., 1999; Ramstein et al., 1997; Zhang et al., 2007) demonstrated that
it drastically enhances the seasonal cycle: much warmer temperatures in
summer and cooler temperatures in winter leading to an increase of sum-
mer and winter monsoon (Figure 6).

Moreover, we quantify, through sensitivity simulations, the separated
impact of the TP uplift and the Paratethys shrinkage (Figure 7). More
recently, the impact of such a shrinkage over Africa has also been investi-
gated using a more recent coupled ocean‐atmosphere general circulation
model (Zhang et al., 2014) showing the drastic impact of this shrinkage
on hydrological cycle and especially on aridification of North Africa trig-
gering the onset of the Sahara desert (Figure 8). This result is important
because it occurs at the emergence of humankind corresponding to the
discovery of Sahelanthropus tchadensis (Toumaï, Brunet et al., 2002).

4. Asian and African Uplifts and Climate Changes

• Accounting for vertical motion

William Ruddiman in his book Tectonic Uplift and Climate Change sum-
marized the different impact of the onset, development, and decay of
mountain ranges since Eocene. His studies were mostly focused on atmo-
spheric changes and pCO2 variations linked with mountain range uplift.
This is mostly illustrated by the TP and Himalaya uplift during
Cenozoic period (France‐Lanord & Derry, 1997; Galy & France‐Lanord,
2001; Raymo & Ruddiman, 1992).

The numerous studies devoted to the climate sensitivity and more especially the monsoon evolution asso-
ciated with increase elevation of TP did not capture the whole impact of tectonics on climate. Indeed, as seen

Figure 7. Summer (JJA) precipitations difference. Adapted from the
Fluteau (1999) thesis.

Figure 8. Annual precipitation (mm) averaged over North Africa in the late Oligocene (LO), Early Miocene (EM), Late
Miocene (LM), and modern experiments (mod.) with the indicated atmospheric CO2 levels (Zhang et al., 2014).
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in the previous section, another proximal tectonic event occurred during
the same period: the Paratethys shrinkage, but focusing only on
Indian/Asian collision, many more aspects have to be accounted for.
The history of the mountain ranges and the chronology is important to
simulate the monsoon evolution and the aridification of inland China
(Zhang et al., 2017) and also the latitudinal shift of the TP from the colli-
sion in the tropical location to the present location in subtropical latitude
(Zhang et al., 2018). The collision indeed impacts not only the height of
the TP, which has been demonstrated to be very difficult to constrain by
δ18O, but also latitudinally. From the Eocene collision to quaternary, the
mountain shifted northward by more than 2,000 km (Zhang et al.,
2018). The southern margin of a proto–Himalaya‐TP, however, was
located at least partially in the high tropics in the early Cenozoic
(Lippert et al., 2014; Van der Voo et al., 1999; van Hinsbergen et al.,
2011). In the early stages of the India‐Asia collision, from ~60 to ~40 Ma
(Najman et al., 2010), the southern margin of the proto–Himalaya‐TP
was located more than 1,000 km south of its present position, with the
southernmost latitude of the orogenic system estimated to be at ~16°N
(Huang et al., 2015; Lippert et al., 2014).

Therefore, the interaction of atmospheric circulation with the TP is dras-
tically different depending on whether this interaction took place in the
tropics or subtropics (Figure 9). One of the most striking effects, account-
ing for this latitudinal shift, is the impact on hydrological cycles and Asian
monsoon. Indeed, the latitudinal shift has to be associated to vertical
motion of the mountain ranges; therefore, several reconstructions have
to be tested to infer the spatial evolution of the hydrological cycle to point
out the changes on monsoon evolution for different configurations.

Another important aspect that was not investigated by numerous studies
that focused mostly on atmospheric changes induced by the TP uplift
(Rind et al., 1997; Su et al., 2018; Vavrus & Kutzbach, 2002) is the impact
on ocean dynamics. More recent studies described with greater accuracy
the consequences not only of TP but also of Himalayan ranges (Boos &
Kuang, 2010) and disentangled the elevation and albedo effects. To inves-
tigate the TP on ocean circulation requires long ocean‐atmosphere gen-
eral circulation model simulations (Su et al., 2018). Such simulations
run with ocean‐atmosphere general circulation model show a drastic
change of the Northern Hemisphere Meridional Ocean Circulation.
When the TP is removed, the Pacific Meridional Ocean Circulation is
important and the Atlantic Meridional Ocean Circulation is low.
Conversely for the present‐day situation, with a large TP, the Atlantic

Meridional Ocean Circulation is high and the Pacific Meridional Ocean Circulation is low (see Figure 10).
These results pinpoint the large impact of this uplift on ocean dynamics.

Last but not least, the African dome shaped the climate in which took place human ancestors evolution.
Similarly to other mountain ranges (Rind et al., 1997), the chronology of the African dome spanned over
more than 30 Ma (Partridge, 1997; Sepulchre et al., 2006) and is not well constrained. Modeling studies
focused mainly on climate sensibility to the elevation of the dome using very simplified configurations
(Figure 11). The climate simulations showed that the African dome uplift drastically impacts the East
African climate. When the dome is low, large precipitation occur and maintain wet and warm conditions
favorable to forests, while the present‐day elevation leads to a large aridification that favors the herbaceous
instead of arboreal vegetation cover (Figure 12).

These changes have imprinted the environmental conditions of the evolution of our ancestors at the Plio‐
Pleistocene boundary.

Figure 9. Cartoon illustrating the impact of the latitude of the Himalaya‐
Tibetan plateau (TP) on Asian climate. The rise of the Himalaya‐TP in the
subtropics intensifies aridity throughout inland Asia north of ~40°N and
enhances precipitation over East Asia. In contrast, the rise of the Himalaya–
TP in the tropics only slightly intensifies aridity in inland Asia north of ~40°
N and slightly increases precipitation in East Asia. Areas with dark blue
(light green) coloring indicate increased (decreased) precipitation. Arrows
with white (black) coloring indicate the response of vertically integrated
water vapor transport (vertical circulation) to the surface uplift of the
Himalaya‐TP (for interpretation of the references to color in this figure, the
reader is referred to the web version of this article; Zhang et al., 2018).
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Another important feature also occurred during this period. Indeed, since 34 Ma, only the Southern
Hemisphere hosted an ice sheet over Antarctica due to the long pCO2 decrease and the opening of the
Drake seaway (Ladant et al., 2014; Livermore et al., 2005). It has been necessary to wait more than 30million
years to achieve very low pCO2 that enable an ice sheet to grow and maintain over Greenland (Tan et al.,
2018). The evolution of our ancestors took place in the warmest part of a cold world with very low pCO2 con-
tent during Quaternary.

Figure 10. Two topographic height configurations used in experiments: (a) Modern Tibetan Plateau (MTP) and (b) No
Tibetan Plateau (NTP, the elevation has been fixed to 200 m). (c) Time series of global mean annual 2‐m surface air
temperature (SAT) and sea temperature at 1,000m depth inMTP (1–1,100 years) andNTP (1,101–2,940 years) simulations;
bold black lines show the 21‐year running mean. (d) Same as (c) but for PMOC and AMOC indices. AMOC and
PMOC indices are defined as the annual maximum of the meridional stream function value north of 28°N and below the
depth of 500 m over the North Atlantic and Pacific, respectively. (e–h) Climatological annual mean Atlantic and Indian‐
Pacific meridional overturning stream function in (e, g) MTP and (f, h) NTP; positive (negative) shading represents
clockwise (counterclockwise) circulations.

Figure 11. Experimental design of two LMDz4 simulations related to topographic history of Africa. Left, elevation inter-
polated at the LMDz model resolution for present‐day conditions. Right, experiment NORIFT, where the elevation has
been set to 200 m over eastern and southern African domes (modified from Sepulchre et al., 2006).
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5. Conclusions

These different illustrations depict how tectonics drove climate change at geological timescale. This con-
trol was first investigated as a radiative change process associated with the impact of plate motion. We
show, in the second step, that tectonics actually deeply imprint not only atmosphere but also ocean
dynamics. More importantly, tectonics can explain, through its intricate relationships with carbon cycle
and climate, the regulation of temperature and hydrology at the Earth surface. In such a short

Figure 12. Simulated vegetation for the three experiments. (a) Summed vegetation fraction over every PFT (plant func-
tional type) for the CTL run. Zero value indicates the absence of vegetation; 1 represents a grid point totally covered by
PFTs. (b and c) anomalies of TRAPS and NODOME minus CTL, respectively. (d–f) Arborealdominant, herbaceous‐
dominant, and desert‐like fractions for CTL, TRAPS, and NODOME, respectively. We note the massive spreading of
arboreal fraction at the expense of herbaceous fraction over eastern Africa (Sepulchre et al., 2006).
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contribution, we chose a focus on the large climatic impact of major tectonic events, but there are many
other possible illustrations. For instance, the bathymetry and shape of ocean basins is also shaped by tec-
tonics. These changes may produce long‐term climatic variations and also rapid reorganizations of ocean
dynamics when seaways open or close (Cane & Molnar, 2011; Hamon et al., 2013; Sepulchre et al., 2014;
Tan et al., 2017; Zhang et al., 2011). Therefore, in future modeling studies, the very long history of our
planet offers the opportunity to explore many exciting issues using a hierarchy of climate models. This
will certainly shed light on tectonics, carbon cycle (biotic or abiotic), and climate interactions. Another
reason why to investigate Cenozoic warm climates is the fact that the ongoing Anthropocene perturbation
will lead to unprecedented pCO2 values during Quaternary, which is characterize by extremely low pCO2

values. These predicted pCO2 values for the end of 21st century around 500 ppmv correspond to warm
climate of the Cenozoic; therefore, exploring the atmosphere/ocean/vegetation/cryosphere interactions
in a high pCO2 world is an important climate issue.
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