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Intrinsic Climate Cooling 1 

Abstract 2 

Lower heating of our planet by the young Sun was compensated by higher warming from factors 3 

such as greater greenhouse gas concentrations or reduced albedo.  Earth’s climate history has 4 

therefore been one of increasing solar forcing through time roughly cancelled by decreasing forcing 5 

due to geological and biological processes.  The current generation of coupled carbon-cycle/climate 6 

models suggest that decreasing geological forcing—due to falling rates of outgassing, continent-7 

growth and plate-spreading—can account for much of Earth’s climate history.  If Earth-like planets 8 

orbiting in the habitable zone of red-dwarfs experience a similar history of decreasing geological 9 

forcing, their climates will cool at a faster rate than is compensated for by the relatively slow 10 

evolution of their smaller stars.  As a result, they will become globally glaciated within a few billion 11 

years.  The results of this paper therefore suggest that coupled carbon-cycle/climate models 12 

account, parsimoniously, for both the faint young Sun paradox and the puzzle of why Earth orbits a 13 

relatively rare and short-lived star-type.  14 

 15 

1. Introduction 16 

This paper proposes that gradual climate-cooling, driven by geology and/or biology, is an inherent 17 

process on Earth-like planets and that this proceeds at a rate with the same order of magnitude on 18 

all such worlds.  For definiteness an Earth-like planet is defined, in this paper, as a rocky-world that is 19 

partially covered by a surface ocean. 20 

The idea that biological and geological processes have changed Earth’s atmosphere and reflectivity—21 

hence keeping the climate cool despite slowly increasing solar insolation—is not novel (e.g.,  22 
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Lovelock & Margulis (1974); Walker, Hays, & Kasting (1981); Berner et. al. (1983); Berner & Berner, 23 

(1997); Schwartzman (2002); Lenton & Watson (2011)) but the consequences of assuming that a 24 

similar rate of geo-biological cooling is common to all Earth-like worlds, have not been previously 25 

explored.  The justification for this proposal is that it links two independent mysteries concerning 26 

astrobiology and the habitability of Earth.  These are: 27 

• The faint, young Sun paradox (see review  by Feulner, 2012).  There has been a substantial 28 

increase in solar luminosity over the last 4.5 Gy but there is no evidence for an early Earth 29 

that was significantly cooler than today.  30 

• The red-dwarf puzzle (see recent analysis by Waltham, 2017).  Red dwarfs are more 31 

common and longer lived than sun-sized stars and so it is surprising that we find ourselves 32 

orbiting a significantly rarer and shorter-lived type of star. 33 

This paper links these because the rate of geo-biological cooling required to resolve the faint young 34 

Sun paradox would, if repeated on other worlds, cause planets orbiting red-dwarfs to cool faster 35 

than they are warmed by their slowly evolving stars.  As a result, initially habitable planets would 36 

become too cold for life within a timescale much shorter than that of their traditional habitable 37 

lifetime (i.e., one based upon the time until planetary over-heating). 38 

This paper begins by quantifying the climate forcing required to avoid a frozen, young Earth.  This 39 

analysis does not in itself reveal anything new but, in the following section, a similar analysis is 40 

applied to habitable-zone (HZ) planets orbiting smaller stars to show that—if there really is a roughly 41 

constant rate of cooling— it leads to glaciation.  These results do not, in themselves, demonstrate 42 

that a constant cooling hypothesis is correct; they merely demonstrate that the hypothesis has 43 

dramatic consequences if it happens to be true.   A discussion therefore follows on whether the 44 

constant cooling assumption is reasonable and on the further research needed to strengthen or 45 

refute the hypothesis.   46 
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2. The faint young Sun paradox 47 

Our Sun’s luminosity, L, was only 68% of the current luminosity, L0, when it entered the main 48 

sequence ~4.57 Gy ago (see Fig. 1 and note that, for consistency with published stellar evolution 49 

models, all times in this paper run forwards from the moment a star reaches the main sequence—50 

ZAMS; zero age main sequence—rather than backwards from the present day).  The gradually 51 

increasing solar-luminosity should have made modern Earth much warmer than early Earth and, 52 

hence, the global mean temperature should have been well below freezing in the distant past (Donn 53 

et. al., 1965; Sagan & Mullen, 1972; Walker, 1982; Jenkins, 1993; Kienertet. al., 2012; Feulner, 2012; 54 

Charnay et al., 2013).  This is contradicted by geological data (e.g., evidence of liquid water) which 55 

suggests that temperatures were similar to or, perhaps, significantly higher in the distant past 56 

(Walker, 1982; Schwartzman, 2002; Valley et. al., 2002; Knauth & Lowe, 2003; Sleep & Hessler, 2006; 57 

Hren et. al., 2009; Blake et. al., 2010).  A range of explanations have been proposed for resolving this 58 

dilemma. 59 

Firstly, on sufficiently long time scales there may be negative feedback mechanisms which act to 60 

stabilize temperatures.  In particular, silicate weathering feedback (Walker et al., 1981) is widely 61 

accepted as important for Earth habitability and is expected to buffer the climate of other Earth-like 62 

worlds too.  The question of whether it is sufficiently strong to undermine the hypothesis of this 63 

paper will be central to much of what follows.  Silicate weathering involves dissolution of silicate 64 

rocks, by CO2 dissolved in rainwater, to produce bicarbonate ions that are eventually incorporated 65 

into calcium carbonate on the seafloor.  The overall effect is to lock-up carbon from the atmosphere 66 

into Earth’s crust from where it is slowly liberated by rainfall-dissolution of uplifted carbonate or 67 

through volcanic emission of CO2 following carbonate subduction into the mantle.  The dissolution of 68 

silicate rocks by acid rain (i.e., the first step in this cycle) is climate dependent (it is faster when the 69 

world is warmer and wetter) and so carbon dioxide is preferentially removed from the atmosphere 70 

when climate is warm.  In the distant past, when solar warming was smaller, the cooler climate 71 
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would have reduced the rate of removal of CO2 from the air and the resulting enhanced greenhouse 72 

warming helped prevent global freezing.  73 

An additional possibility is that Earth’s climate system has been significantly altered by biological 74 

factors. The evolution of lichens, and then vascular land-plants, may have accelerated continental 75 

weathering, hence enhancing carbon-dioxide drawdown by silicate weathering (Berner & Berner, 76 

1997; Moulton et. al., 2000; Schwartzman, 2002;  Taylor et. al., 2011;  Lenton et. al., 2012; Boyce & 77 

Lee, 2017).  This would have led to a decline in CO2 levels as the biosphere developed.  The existence 78 

of methanogens may also have played a major role in enhancing methane levels in the early 79 

atmosphere and, hence, the strength of the greenhouse effect (Kasting, 2005; Ozaki et. al., 2018).  80 

Furthermore, the later evolution of oxygenic photosynthesis and the subsequent appearance of free 81 

oxygen in the atmosphere (Lyons et. al., 2014) probably led to chemical scrubbing of this methane 82 

from the atmosphere and a fall in greenhouse warming (Pavlov et. al., 2000).  Indeed, rapid rise of 83 

oxygen in the atmosphere has been implicated in the major glaciations of the early Proterozoic and 84 

may also have played a role in Neoproterozoic glaciations (Och & Shields-Zhou, 2012).  Another 85 

relevant biological process is burial of carbon, in the form of fossil-fuel deposits, leading to its 86 

extraction from the atmosphere and climate cooling (Berner, 2003; Feulner, 2017). 87 

Given these plausible mechanisms, it is widely accepted that biosphere evolution played a significant 88 

role in climate evolution.  Some researchers have gone further and proposed that biospheres 89 

necessarily stabilize their climates (i.e., the Gaia hypothesis (Lovelock & Margulis, 1974)) but, while 90 

progress has been made in finding a theoretical basis for the Gaia hypothesis (e.g. see Lenton et al. 91 

(2018)), it remains highly contentious (e.g., see Tyrrell (2013)). 92 

Finally, geological evolution, too, has contributed to the climate history of our planet.  In particular, 93 

arc-volcanism has slowly added continental lithosphere so that the amount of land-surface available 94 

for silicate weathering has increased through time.  However, the few studies undertaken on the 95 

effect of land-area on climate indicated either that habitability is monotonically reduced as land-area 96 
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increases (Franck et. al., 2003) or—in direct contradiction—that it monotonically rises as land-area 97 

increases (Abe et. al., 2011).  Abbot et. al. (2012), on the other hand, concluded that the effect is 98 

minimal unless there is no land at all.  Thus there is no consensus on the effect that increasing land-99 

area had (but note that it must also have altered planetary albedo). 100 

An additional, relevant geological process is that secular cooling of Earth’s interior has resulted in 101 

less volcanic outgassing and, hence, less input of CO2 into the atmosphere (Kadoya & Tajika, 2015).  102 

Carbon dioxide is also removed from ocean water by carbonatization of basalt in hydrothermal 103 

systems close to spreading ridges (Sleep & Zahnle, 2001) and this will have occurred at a rate that 104 

may have dropped if ocean-spreading slowed over time.  105 

When incorporated into a combined carbon-cycle and climate simulation, these time-dependent 106 

geological processes predict climate evolution that, in some models at least, agrees with the 107 

available data on Earth’s temperature (Kadoya & Tajika, 2015) as well as with data on CO2 108 

concentration, seafloor-weathering and ocean pH (Krissansen-Totton et. al., 2018). 109 

Hence, many mechanisms may have combined to yield the relatively stable temperature history of 110 

Earth although the details remain contentious and there is no consensus on whether the dominant 111 

cause was negative feedback or intrinsic changes due to biology or geology.  Nevertheless, the 112 

changes required can be quantified by using the definition of climate sensitivity, , that 113 

     𝜆 = ∆𝑇𝑒𝑎𝑟𝑡ℎ/∆𝐹    (1) 114 

where Tearth is the change in mean temperature at Earth’s surface produced by a change, F, in 115 

heating at the top of the atmosphere (e.g., see Rohling et al. (2012)).  Unless stated otherwise, all 116 

differences in this paper are relative to the present-day Earth (e.g., Tearth will be taken from here on 117 

as the difference in temperature from the present day global mean of ~15 C).  Note that, in some 118 

references,  is defined as the inverse of the definition above (i.e., =F/Tearth). 119 
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Changes in forcing can be produced by changes in solar output but also by changes in Earth’s albedo 120 

or in the atmospheric concentration of greenhouse gasses.  In the latter two cases, F is the change 121 

in heating at the top of the atmosphere that would produce the same effect as the change in albedo 122 

or greenhouse gas concentration.  An accessible discussion of the forcing concept is given in Stocker 123 

(2013).   124 

 A reasonable objection, to the use of equation (1), is that it is a linear approximation that will not be 125 

appropriate when there are large changes in forcing.  However, the whole point of the faint young 126 

Sun paradox is that there must be some additional forcing that, at least partially, cancels solar 127 

changes.  Hence, the total change in forcing is (by hypothesis) small and a linear approximation 128 

should remain reasonably accurate.  For example, if temperature changes are of order 10 K and  is 129 

of order 1 K W-1 m2 (see below), the change in total forcing is of order 10 Wm-2 which is less than 3% 130 

of the solar forcing. 131 

Another issue is that  will have changed as Earth’s atmosphere, biosphere, hydrosphere and 132 

lithosphere have evolved.  This can be handled by using a suitably averaged climate sensitivity of the 133 

form 134 

    𝜆̅ = ∫ 𝜆 𝑑𝐹
𝐹1

𝐹0
/(𝐹1 − 𝐹0)     (2) 135 

where the forcing has changed from F0 to F1 over the period being modelled and integration is along 136 

a (possibly complicated) path in the -F plane.  All climate sensitivities discussed subsequently 137 

should be understood as being averages in this sense.  Note that, for the simple case of forcing 138 

changes in the form F(t) = F0 + t, equation (2) just gives the time-averaged sensitivity. 139 

Climate sensitivity estimates are subject to the measurement uncertainties of all empirical data and, 140 

in addition, vary depending upon (i) their precise definition; (ii) the time-scale of the measurement; 141 

(iii) the methodology used (Rohling et al., 2012).  Sensitivity is also likely to have changed through 142 

time (Caballero & Huber, 2013) and may have been significantly different in the distant past.  These 143 
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difficulties lead to a wide diversity of reported values for climate sensitivity but most long-term 144 

estimates fall in the range 1.1±0.8 K W-1 m2 (Covey et. al., 1996; Borzenkova, 2003; Bijl et al., 2010; 145 

Park & Royer, 2011; van de Wal et al., 2011; Rohling et al., 2012; Royer et. al., 2012).  This range of 146 

sensitivities implies that total feedback is positive since a value of 0.3 K W-1 m2 corresponds to the, 147 

so-called, Planck sensitivity (the sensitivity expected if there are no feedbacks other than an increase 148 

in thermal radiation with temperature, see (Bony et al., 2006) and (Soden, & Held, 2006)). 149 

However, a key consideration in the current paper is that it is widely accepted that the silicate 150 

weathering cycle has played a major role in maintaining Earth’s climate stability over the extremely 151 

long time-scales relevant to discussion of the faint young Sun paradox.  It is therefore important to 152 

highlight the climate sensitivity associated with this process in particular.  An estimate can be 153 

derived from the work of Abbot et al. (2012) whose figure 3 implies 154 

    𝜆 ≈ 𝜆0. (0.5 ± 0.2)      (3) 155 

where 0 is the climate sensitivity in the absence of silicate weathering.  For Abbot et al’s (2012) 156 

typical parameter values, 0 ~ 0.9 K W-1 m2 and hence their climate sensitivity, when silicate 157 

weathering is included, can go as low as 0.27 K W-1 m2. 158 

In summary, climate sensitivity estimates are generally of order 1 K W-1 m2 but models of silicate-159 

weathering can push this below the Planck value of 0.3 K W-1 m2 thus allowing weak negative 160 

feedback.  To be maximally conservative, this paper will investigate the effects of sensitivities as low 161 

as 0.2 K W-1 m2.  Specifically, this paper will investigate climate sensitivities varying over one order of 162 

magnitude from 0.2 to 2.0 K W-1 m2.   163 

The next step is to split the forcing term of eqn (1) into extrinsic (to Earth) and intrinsic components, 164 

i.e.,  165 

    ∆𝐹 = ∆𝐹 + ∆𝐹𝑒𝑎𝑟𝑡ℎ      (4) 166 
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where F is the change in extrinsic forcing due to solar evolution and Fearth is the change in 167 

intrinsic forcing due to biological and/or geological evolution of Earth.  Equations (1) and (4) 168 

combine to yield 169 

    Δ𝐹𝑒𝑎𝑟𝑡ℎ =  
Δ𝑇𝑒𝑎𝑟𝑡ℎ

𝜆
− Δ𝐹     (5) 170 

with changes in solar forcing given by 171 

    Δ𝐹 = 0.25𝑆0(1 − 𝑎𝑝𝑑) (
𝐿

𝐿0
− 1)    (6) 172 

where S0 is the present day solar constant of 1360.8±0.5 W m-2 (Kopp & Lean, 2011), and apd is 173 

modern Bond albedo (0.31). 174 

Equation (6) allows the strength of intrinsic warming, required to counter the faint young Sun, to be 175 

estimated but the results do not lead to novel conclusions.  However an extension of this analysis, to 176 

include habitable planets orbiting low-mass stars, leads to the conclusion that such worlds will tend 177 

to cool substantially as they age and, as a consequence, are highly likely to enter a “snowball” state.  178 

It is therefore now time to look at the second astrobiological mystery that this paper considers; the 179 

surprisingly large size of our star. 180 

 181 

3. The red dwarf puzzle 182 

Imagine spending a randomly chosen minute on a randomly chosen habitable planet.  Such a 183 

“habitable moment” is far more likely to be associated with a small star than a large one because 184 

small stars are more common and, conventionally, HZ planets orbiting such stars have many more 185 

habitable moments (i.e., the have longer habitable lifetimes (Kasting et. al., 1993)).  Our own 186 

existence as individuals can be thought of as occupying a “habitable moment” and so we should 187 

similarly expect to look up at a small, red star rather than a large yellow one. 188 
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In more detail, the number of stars of a given mass is expressed by the initial mass function (IMF).  189 

The precise form of the IMF, and whether it remains constant with time, is controversial (Kroupa, 190 

2001) but the debates concern details that do not greatly affect the key result that our Sun is a 191 

relatively large star.  For example, the Miller & Scalo (1979) IMF implies that 87% of all stars are 192 

smaller than the Sun whilst the Chabrier (2005) IMF gives 86%.  Furthermore, small stars consume 193 

their nuclear fuel more slowly than large stars implying that planets orbiting small stars will remain 194 

habitable for significantly longer than larger ones.  For example, Kasting et al. (1993) estimated that 195 

Earth will remain habitable about 3-times longer than an HZ planet orbiting a 1.5 solar-mass star.  196 

Recent statistical modelling (Waltham, 2017) indicates that the combination of more stars and more 197 

time leads to very large increases in the probability of observers.  This results from a model—due to 198 

Carter & McCrea (1983)—that the probability of observers increases with tn where t is time available 199 

and n is around 3; hence a red-dwarf with a main-sequence lifetime 100-times greater than the Sun 200 

is one million times more likely to produce observers.  The implication, of the observation that 201 

despite this we orbit a relatively large star, is that there must be something wrong with red-dwarfs—202 

some reason why planets orbiting small stars are poor habitats (or, at least, not significantly longer-203 

lived habitats than planets orbiting solar-mass stars).   204 

There is no shortage of proposals.  Red-dwarfs may be unfavourable because of their flare activity 205 

(Scalo et al., 2007), their early high luminosity (Luger & Barnes, 2015) or because tidal drag slows the 206 

spin rates of HZ planets orbiting small stars (Lammer et al., 2009) but several papers have argued 207 

that none of these problems are insurmountable (Heath et. al., 1999; Tarter et al., 2007; Yang et. al., 208 

2013).    209 

It has also been suggested that planets orbiting small stars will receive less photosynthetically active 210 

radiation (PAR) (Pollard, 1979) and it is certainly plausible that the absence of photosynthesis would 211 

make the appearance of observers less likely.  Heath et al. (1999) calculated that PAR could be 212 

reduced by an order of magnitude on planets orbiting small stars but, nevertheless, concluded that 213 
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there would still be sufficient light to support photosynthesis.  They justified this by the observations 214 

that land-plants on Earth are frequently saturated (i.e., get more light than they can use) and that 215 

the photic zone in our oceans extends down to depths where solar radiation is only about 1% that at 216 

the surface.  Similar conclusions have been drawn by other authors (e.g., McKay, 2014; Gale & 217 

Wandel, 2017).  However, recent work has suggested that a reduced incidence of PAR is likely to 218 

result in oxygen-sinks outweighing oxygen-production and, hence, such planets will not have 219 

oxygen-rich atmospheres (Lehmer et al., 2018).  220 

It therefore remains unclear what the problem is, if any, with small stars and so there is a need to 221 

investigate other possible habitability issues.  The hypothesis of this paper—that all Earth-like 222 

planets exhibit a similar intrinsic climate-cooling history—provides a new explanation; the warming 223 

of slowly evolving, smaller stars is too slow to counter planetary cooling and so initially habitable 224 

planets become too cold for life on a timescale that is much shorter than their traditional habitable 225 

lifetime.   226 

The consequences of assuming this idea can be quantitatively investigated by using eqn (6) which, 227 

together with the assumption that all Earth-like planets have similar intrinsic cooling histories (i.e., 228 

that intrinsic planetary cooling Fp(t)=Fearth(t)), leads to 229 

    
Δ𝑇𝑝

𝜆
− Δ𝐹∗ =  

Δ𝑇𝑒𝑎𝑟𝑡ℎ

𝜆
− Δ𝐹    (7) 230 

where Tp is the temperature history of an Earth-like world with insolation history F
*
.  A simple 231 

rearrangement now produces 232 

   ∆𝑇 = ∆𝑇𝑝 − ∆𝑇𝑒𝑎𝑟𝑡ℎ = 𝜆(Δ𝐹∗ − Δ𝐹)    (8) 233 

where T is the temperature difference between the planet and Earth at the same age.  This 234 

expression models the difference in climate history between Earth and another Earth-like planet in 235 

terms of their different insolation histories (modelled by F
*
-F), assuming that they experience 236 
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identical intrinsic changes in greenhouse gas concentrations and albedo (modelled by setting 237 

Fp(t)=Fearth(t)) but with additional changes in greenhouse gasses and albedo due to feedback 238 

responses (modelled by ). 239 

Equation (8) implicitly assumes that Earth-like planets are sufficiently similar to Earth that they have 240 

approximately the same average climate sensitivity (i.e., after averaging via eqn (2)).  The error, , 241 

introduced by this assumption is 242 

   𝜀 = − (1 −
𝜆𝑝

𝜆𝑒𝑎𝑟𝑡ℎ
) Δ𝑇𝑒𝑎𝑟𝑡ℎ     (9) 243 

the magnitude of which will be less than Tearth (which is of order 10 K) unless p>2earth.   The effect 244 

of a 10K error, on the analysis, will be discussed with the results later. 245 

Now, let the planet orbit at the distance from its star such that it starts with the same insolation as 246 

the early Earth.  This is ensured if 247 

    Δ𝐹∗ = 0.25𝑆0(1 − 𝑎𝑝𝑑) (𝛽
𝐿∗

𝐿0
− 1)   (10) 248 

where =L/L
*
 at zero time.  Note that the (1-apd) term appears because eqn (10) expresses the 249 

difference in stellar forcing between the planet (at any time) and Earth (at the present day).  Its 250 

appearance in the equation is therefore just a normalization factor and does not imply that apd 251 

applies to other planets or to other times.   252 

The resulting evolution of the “Solar Constant,” for HZ planets orbiting stars of different mass, is 253 

shown in Fig. 1 using data taken from Girardi et. al. (2000).  Unfortunately, the stellar mass-range 254 

provided by Girardi et. al. (2000) only extends down to 0.6 solar-masses but this is sufficient to 255 

demonstrate the effects discussed here. 256 

Figure 1 clearly shows that the insolation evolution for an HZ planet is strongly affected by stellar 257 

mass.  In particular the rate of insolation increase with time, goes up with mass (see Fig. 2).   258 
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 259 

Figure 1.  Insolation histories for HZ planets orbiting stars with a range of masses.  Trajectories are based upon the stellar 260 

evolution models of Girardi et al (2000) together with the assumption that the planets all have the same insolation 261 

at the start of their main-sequence evolution with a value chosen to give the present day solar constant at 4.5 Gy for 262 

a solar-mass star.  Note that the gradients of these trajectories increase with stellar mass (see Fig. 2).  The horizontal 263 

dotted line shows the insolation reached for the solar-mass case after 6 Gy and this is taken as determining 264 

habitable lifetimes assuming habitability is truncated by stellar warming.  The resultant habitable lifetimes are 265 

shown in Fig. 3 as the “Overheating” curve. 266 

 267 

Furthermore, the time at which insolation becomes so strong that a planet becomes uninhabitably 268 

warm (approximated here by taking Earth’s insolation at 6 Gy) decreases sharply with increasing 269 

mass (see Fig. 3)).  From this paper’s point of view, the key result is that small stars are usually 270 

considered to have much longer habitable lifetimes than stars of solar-mass because they take 271 

longer to cause over-heating.  However, as shown below, it is also possible for planets to become 272 

uninhabitable due to over-cooling and this dramatically reduces the habitable lifetimes of planets 273 

orbiting smaller stars. 274 
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 275 

Figure 2.  The dependence of initial stellar-heating increase-rate on stellar mass (i.e., a plot of the initial gradients from Fig. 276 

1).  Small mass stars warm much more slowly than high mass stars. 277 

 278 

To calculate the rate of such cooling, equations (6), (8) & (10) can be combined to give 279 

    Δ𝑇 = 0.25𝑆0𝜆(1 − 𝑎𝑝𝑑) (𝛽
𝐿∗

𝐿0
−

𝐿

𝐿0
).   (11) 280 

Figure 4 shows this evaluated for planets orbiting a star of mass 0.6M and for climate sensitivities 281 

in the range 0.2 <  < 2.0 K W-1 m2.  For all cases the planet cools compared to Earth, as the planet 282 

ages, with the size of this effect depending upon the assumed climate sensitivity.   283 

To assess the effect of this cooling on habitability we require an estimate of the temperature 284 

difference required to produce global glaciation.  North et. al. (1981) predict Snowball-Earth states 285 

when mean temperatures fall below -5 C and other authors obtain similar results (-3 to -5 C in 286 

Kienert et al. (2012); -5 to -7 C in Feulner & Kienert (2014); -9 C in Feulner (2017)).  In contrast, 287 

Charney et. al.’s (2013) GCM model can maintain an equatorial water-belt down to a global mean 288 
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temperature of -25 C but this is probably an artefact resulting from the absence of sea-ice dynamics 289 

(Voigt & Abbot, 2012).   The current paper therefore assumes that glaciation will occur if global 290 

mean temperature falls below -5±5 C. 291 

 292 

Figure 3.  Habitable lifetimes as a function of stellar mass.  The overheating curve is derived as discussed in the caption to 293 

Fig. 1.  The glaciation curves are derived from plots such as Fig. 4 by finding the times where the trajectories cross a 294 

temperature difference of -20 K.  Note that, for stars smaller than the Sun, habitability is truncated by glaciation rather 295 

than overheating  and that, as a consequence, the habitable lifetimes of small stars are much less than usually assumed. 296 

Further assuming that, for most of its history, Earth has maintained a temperature of roughly 15±10 297 

C then implies that glaciations will be triggered when the temperature difference between Earth and 298 

the modelled planet drops below -20±15 K.  This range is indicated on Fig. 4 (as “Possible Global 299 

Glaciation”) and it shows that, for all sensitivities modelled, global glaciation is possible before the 300 

planet reaches Earth’s present age (4.567 Gy) even if the error (given by eqn (10)) is as much as 10 K.  301 

Even in the most optimistic case ( = 0.2 K W-1 m2 and no glaciation until T=-35 C) habitability 302 

ceases after 8.5 Gy, i.e., significantly less than the 43 Gy lifetime before over-heating shown on Fig. 303 

3. 304 
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 305 

Figure 4.  Predicted temperature history of an HZ planet orbiting a 0.6 solar-mass star.  The different curves correspond to 306 

different assumed climate sensitivities with values in K W-1 m2.  The vertical axis corresponds to the temperature 307 

difference of the modelled planet from the Earth at the same age.  The horizontal dashed lines indicate the 308 

temperature differences where global glaciation is likely to commence (i.e., it is possible by T=-5K and highly likely 309 

by T =-35 K). 310 

Two specific cases will now be used for the purpose of comparing glaciation timescales for stars of 311 

different masses.  Taking the Earth-to-planet temperature-difference required for glaciation as -20 C, 312 

glaciation occurs, with the 0.6M star, just before 5Gy for  = 0.2 K W-1 m2 and well before 1.5 Gy  if 313 

 = 1.1 K W-1 m2.  Repeating this analysis for the range 0.6M ≤ M ≤ 0.9 M produces the 314 

“Glaciation” lines in Fig. 3.  The key result is that habitable lifetimes for stars smaller than the Sun 315 

are substantially reduced, as a result of glaciation, compared to their traditional habitable lifetimes 316 

based upon over-heating.  Note that this remains true even when a very low climate sensitivity is 317 

assumed in order to simulate the effects of negative feedback from silicate weathering (i.e., for 318 

=0.2 K W-1 m2).  Thus, HZ planets orbiting stars smaller than the Sun do not have substantially 319 
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longer habitable lifetimes than Earth and so, if the hypothesis of approximately constant intrinsic 320 

cooling is correct, it resolves the puzzle of why we do not orbit a red-dwarf. 321 

 322 

4. Complications 323 

The foregoing analysis assumed that the modelled planets were at the right distance from their star 324 

to ensure that their initial insolation was identical to that of the early Earth.  Furthermore, there was 325 

an implicit assumption that, at any given stage of planetary evolution, equal insolation implies equal 326 

temperature; this is not quite correct since the redward shift of starlight for smaller stars results in 327 

great IR absorption and, hence, temperatures are higher for the same insolation (this produces the 328 

outward shift of the HZ boundaries with decreasing stellar mass shown in the work of Kopparapu et 329 

al. (2014)).  The importance of these effects can be evaluated by increasing the initial insolation of 330 

the modelled planets to simulate the consequences of either being closer to the star or of increased 331 

absorption of IR radiation. 332 

Figure 5 is identical to Fig. 4 except that the initial insolation has been increased by 100% (i.e., the 333 

planet has been moved a factor 1/√2 closer to the star) and, to be maximally conservative, it only 334 

shows the low climate sensitivity case (i.e., 0.2 K W-1 m2).  The planet then starts with a temperature 335 

33K above Earth’s initial temperature and steadily cools until it becomes glaciated after 9 to 10 Gy 336 

on the main-sequence.  Comparison with Fig.4 shows that this has only extended the planet’s 337 

habitable lifetime by 1 Gy.  Hence, a warm-start/greater-IR-absorption does not significantly affect 338 

the conclusion that intrinsic cooling will render planets of small-stars uninhabitable much faster than 339 

their traditional habitable lifetime. 340 
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 341 

Figure 5.  Predicted temperature history of an HZ planet orbiting a 0.6 solar-mass star, assuming that the planet orbited at 342 

the right distance to give twice the initial insolation experienced by the early Earth.  For simplicity, this is only shown 343 

for the lowest climate sensitivity of 0.2 K W-1 m2.   Note that, even for this extreme case, the lifetime before 344 

glaciation is not much greater than that shown in Fig. 4. 345 

 346 

5. Discussion 347 

It must be emphasised that the modelling shown in Figs. 2, 3, 4 & 5 is not evidence supporting the 348 

hypothesis of this paper; that would be circular reasoning because the figures were produced 349 

assuming the hypothesis to be correct.  What the modelling does show is that, if the hypothesis is 350 

correct, planets orbiting small stars do not have significantly longer habitable lifetimes than those 351 

orbiting solar-mass stars.  It also shows that, even if the hypothesis is incorrect, intrinsic climate 352 

cooling must closely match extrinsic stellar-warming if a planet is to have a long habitable lifetime.   353 
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However, if this mechanism is to be a plausible explanation for the red-dwarf-puzzle, intrinsic 354 

climate cooling rates do need to be roughly constant across Earth-like planets.  The next step, 355 

therefore, is to produce evidence supporting that possibility.  Coupled carbon-cycle and climate 356 

models are one way this might be achieved and some progress has already been made.  The models 357 

of Krissansen-Totton & Catling (2017) and Krissansen-Totton et al. (2018) produce temperature, 358 

atmospheric-CO2 and ocean-pH histories that are consistent with observational constraints.  359 

Critically, their studies show that the decreasing intrinsic warming through time results from roughly 360 

equal contributions due to continental-growth, decreasing heat-flow and biological evolution, i.e., 361 

2/3 of the effect is due to purely geological processes that might be approximately reproduced on 362 

another Earth-like planet. 363 

It is, however, possible that plate-tectonics operates very differently on other planets with different 364 

compositions and masses and that, therefore, cooling histories and outgassing histories may also be 365 

very different.  At present it is difficult to investigate this in detail since there is little agreement even 366 

about the factors needed to allow plate-tectonics to occur at all.  In many studies (Valencia et. al., 367 

2007; Valencia & O’Connell, 2009; van Heck & Tackley, 2011; Foley et. al., 2012) plate tectonics is 368 

predicted to be more likely for larger planets but other models predict the opposite (O’Neill & 369 

Lenardic, 2007; Stamenković & Breuer, 2014; Noack & Breuer, 2014).  It has also been claimed that 370 

size is relatively unimportant compared to other issues such as the presence or absence of water 371 

(Korenaga, 2010).  These disparate conclusions occur because of different assumptions concerning 372 

mantle-rheology, lithosphere-weakening, internal temperatures and plate-initiation.  Stamenković & 373 

Breuer (2014) concluded that the key factor was whether these different assumptions led to plate-374 

yielding that was more likely, or less likely, for planets with warmer interiors.  In contrast, Weller & 375 

Lenardic (2016) argued that the key difference concerned whether the mantle was primarily warmed 376 

from below or by internal radioactivity.  Hence, the current situation is that we do not have a good 377 

understanding of which factors are important for plate tectonics and, therefore, of whether plate 378 

tectonics can operate at very different rates to those seen on Earth. 379 
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However, the geological parameters of interest (i.e., the rate of fall in the outgassing, plate-380 

spreading and continent-growth rates) are ultimately controlled by secular cooling of Earth’s interior 381 

and, whilst the precise details of this secular cooling remain contentious, a major factor must be the 382 

surface-area to volume ratio (heat losses depend on surface area and heat sources depends upon 383 

volume).  Thus it is possible that rates of geological evolution will, to a first approximation, be 384 

inversely proportional to planetary radius.  Rocky planets only exist up to about 10 Earth-masses 385 

which corresponds to a roughly factor of two change in radius.  Hence, a large super-Earth might see 386 

intrinsic climate-forcing falling at half the rate of Earth.  The implication, that geological rates might 387 

only vary by a factor of a few between planets, is partially supported by the model of Kadoya & 388 

Tajika (2015) which shows that changes in planetary mass from 1/5 of Earth to 5-times Earth (i.e., a 389 

change by a factor 25) produces less than a factor of 2 change in the effective rate of CO2 outgassing.   390 

On the other hand, it is also possible that the increased uplift/erosion rates associated with 391 

increased plate-tectonic speeds have the effect of cancelling the effects of increased 392 

outgasing/ingasing (Sleep, pers. comm.) in which case intrinsic cooling will not change much with 393 

planet radius. 394 

However, taking the conservative position that intrinsic cooling does depend upon planet size, the 395 

effect of the resulting small changes in intrinsic-climate-cooling rate can be gauged from Fig. 2.  396 

Figure 2 shows how the rate of initial stellar forcing changes with stellar mass and it demonstrates 397 

that a factor of two change in the rate of intrinsic-cooling would change the optimum stellar mass by 398 

about 0.2M.  For example, assume a planet orbiting a solar-mass star maintains a balance between 399 

stellar-warming and intrinsic cooling.  This optimum therefore occurs when the solar constant is 400 

changing at a rate of 72 W m-2 Gy-1.  However, this rate drops by half (to 34 W m-2 Gy-1) for a 0.8M 401 

star and doubles, for a 1.2M star, to 141 W m-2 Gy-1.  Hence, plausible changes in planetary 402 

evolution rate may alter the optimum stellar mass slightly but will not do so sufficiently to change 403 

the conclusion of this paper (that planets orbiting small stars have reduced habitability lifetimes as a 404 

consequence of glaciation). 405 
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Rates of biological evolution should also be considered.  It is possible that biospheres on different 406 

planets evolve at similar rates so that all three contributions to intrinsic forcing would be the same 407 

on another inhabited Earth-like world.  However, that proposal lacks supporting evidence.  An 408 

interesting alternative interpretation is that biological development occurs at a range of rates so that 409 

planets with slower bio-evolution would be favoured when orbiting smaller stars (i.e., the balance 410 

between extrinsic warming and intrinsic cooling would occur for smaller stars if the biological 411 

component of cooling progresses more slowly).  The effect would be small, however, since the rate 412 

of increase in stellar warming drops off quickly with star mass.  This can also be seen from Fig. 2 413 

since, even for a very low rate of biological evolution, the optimum stellar mass only falls slightly 414 

(i.e., it is 2/3 of the solar rate, implying no biological evolution at all, for a stellar mass of 0.9M).   415 

Further progress, on confirming/refuting the hypothesis of this paper, requires development of 416 

more sophisticated coupled modelling of geodynamics, carbon cycles and climate.  Hypothesis 417 

verification would also be significantly aided by better estimates of Earth’s ancient, global, mean 418 

temperatures. 419 

 420 

6. Conclusion 421 

If the processes which have maintained Earth’s temperate climate are common to all Earth-like 422 

worlds then HZ planets orbiting small stars will tend to suffer global glaciation within a time-frame 423 

much shorter than their traditional habitable lifetimes.  Hence, resolving the faint young Sun 424 

paradox may, parsimoniously, also resolve the mystery of why Earth orbits a relatively rare and 425 

short-lived type of star.  Confirming this hypothesis requires development of sophisticated models of 426 

Earth’s evolution which couple secular cooling of the interior, plate-tectonics, the carbon cycle and 427 

climate. 428 

  429 



21 
 

References 430 

Abbot, D. S., Cowan, N. B., & Ciesla, F. J. (2012). Indication of insensitivity of planetary weathering 431 

behavior and habitable zone to surface land fraction. Astrophysical Journal, 756(2), 178. 432 

https://doi.org/10.1088/0004-637X/756/2/178 433 

Abe, Y., Abe-Ouchi, A., Sleep, N. H., & Zahnle, K. J. (2011). Habitable Zone Limits for Dry Planets. 434 

Astrobiology, 11(5), 443–460. https://doi.org/10.1089/ast.2010.0545 435 

Berner, R. A. (2003). The long-term carbon cycle, fossil fuels and atmospheric composition. Nature, 436 

426(6964), 323–326. https://doi.org/10.1038/nature02131 437 

Berner, R. A., & Berner, E. K. (1997). Silicate Weathering and Climate. In Tectonic Uplift and Climate 438 

Change (pp. 353–365). Boston, MA: Springer US. https://doi.org/10.1007/978-1-4615-5935-439 

1_15 440 

Berner, R. A., Lasaga, A. C., & Garrels, R. M. (1983). The carbonate-silicate geochemical cycle and its 441 

effect on atmospheric carbon dioxide over the past 100 million years. American Journal of 442 

Science, 283(7), 641–683. https://doi.org/10.2475/ajs.283.7.641 443 

Bijl, P. K., Houben, A. J. P., Schouten, S., Bohaty, S. M., Sluijs, A., Reichart, G.-J., … Brinkhuis, H. 444 

(2010). Transient Middle Eocene Atmospheric CO2 and Temperature Variations. Science, 445 

330(6005), 819–821. https://doi.org/10.1126/science.1193654 446 

Blake, R. E., Chang, S. J., & Lepland, A. (2010). Phosphate oxygen isotopic evidence for a temperate 447 

and biologically active Archaean ocean. Nature, 464(7291), 1029–1032. 448 

https://doi.org/10.1038/nature08952 449 

Bony, S., Colman, R., Kattsov, V. M., Allan, R. P., Bretherton, C. S., Dufresne, J.-L., … Webb, M. J. 450 

(2006). How Well Do We Understand and Evaluate Climate Change Feedback Processes? 451 

Journal of Climate, 19(15), 3445–3482. https://doi.org/10.1175/JCLI3819.1 452 



22 
 

Borzenkova, I. (2003). Determination of global climate sensitivity to the gas composition of the 453 

atmosphere from paleoclimatic data. Izvestiya., 39(2). 454 

Boyce, C. K., & Lee, J.-E. (2017). Plant Evolution and Climate Over Geological Timescales. Annual 455 

Review of Earth and Planetary Sciences, 45(1), 61–87. https://doi.org/10.1146/annurev-earth-456 

063016-015629 457 

Caballero, R., & Huber, M. (2013). State-dependent climate sensitivity in past warm climates and its 458 

implications for future climate projections. Proceedings of the National Academy of Sciences of 459 

the United States of America, 110(35), 14162–14167. 460 

https://doi.org/10.1073/pnas.1303365110 461 

Carter, B., & McCrea, W. H. (1983). The Anthropic Principle and its Implications for Biological 462 

Evolution [and Discussion]. Philosophical Transactions of the Royal Society A: Mathematical, 463 

Physical and Engineering Sciences, 310(1512), 347–363. 464 

https://doi.org/10.1098/rsta.1983.0096 465 

Chabrier, G. (2005). The Initial Mass Function: From Salpeter 1955 to 2005. In The Initial Mass 466 

Function 50 Years Later (pp. 41–50). Dordrecht: Springer Netherlands. 467 

https://doi.org/10.1007/978-1-4020-3407-7_5 468 

Charnay, B., Forget, F., Wordsworth, R., Leconte, J., Millour, E., Codron, F., & Spiga, A. (2013). 469 

Exploring the faint young Sun problem and the possible climates of the Archean Earth with a 3-470 

D GCM. Journal of Geophysical Research: Atmospheres, 118(18), 10,414-10,431. 471 

https://doi.org/10.1002/jgrd.50808 472 

Covey, C., Sloan, L. C., & Hoffert, M. I. (1996). Paleoclimate data constraints on climate sensitivity: 473 

The paleocalibration method. Climatic Change, 32(2), 165–184. 474 

https://doi.org/10.1007/BF00143708 475 



23 
 

Donn, W. L., Donn, B. D., & Valentine, W. G. (1965). On the Early History of the Earth. GSA Bulletin, 476 

76(3), 287–306. https://doi.org/10.1130/0016-7606(1965)76[287:otehot]2.0.co;2 477 

Feulner, G. (2012). The faint young Sun problem. Reviews of Geophysics, 50(2). 478 

https://doi.org/10.1029/2011RG000375 479 

Feulner, G. (2017). Formation of most of our coal brought Earth close to global glaciation. 480 

Proceedings of the National Academy of Sciences of the United States of America, 114(43), 481 

11333–11337. https://doi.org/10.1073/pnas.1712062114 482 

Feulner, G., & Kienert, H. (2014). Climate simulations of Neoproterozoic snowball Earth events: 483 

Similar critical carbon dioxide levels for the Sturtian and Marinoan glaciations. Earth and 484 

Planetary Science Letters, 404, 200–205. https://doi.org/10.1016/J.EPSL.2014.08.001 485 

Foley, B. J., Bercovici, D., & Landuyt, W. (2012). The conditions for plate tectonics on super-Earths: 486 

Inferences from convection models with damage. Earth and Planetary Science Letters, 331–487 

332, 281–290. https://doi.org/10.1016/J.EPSL.2012.03.028 488 

Franck, S., Cuntz, M., von Bloh, W., & Bounama, C. (2003). The habitable zone of Earth-mass planets 489 

around 47 UMa: results for land and water worlds. International Journal of Astrobiology, 2(1), 490 

S1473550403001368. https://doi.org/10.1017/S1473550403001368 491 

Gale, J., & Wandel, A. (2017). The potential of planets orbiting red dwarf stars to support oxygenic 492 

photosynthesis and complex life. International Journal of Astrobiology, 16(01), 1–9. 493 

https://doi.org/10.1017/S1473550415000440 494 

Girardi, L., Bressan, A., Chiosi, C., & Bertelli, G. (2000). Evolutionary tracks and isochrones for low- 495 

and intermediate-mass stars : from 0.15 to 7 M$_sun$, and from Z=0.0004 to 0.03. Astron. 496 

Astrophys., 141, 371. Retrieved from http://cds.cern.ch/record/403010 497 

Heath, M. J., Doyle, L. R., Joshi, M. M., & Haberle, R. M. (1999). Habitability of Planets Around Red 498 



24 
 

Dwarf Stars. Origins of Life and Evolution of the Biosphere, 29(4), 405–424. 499 

https://doi.org/10.1023/A:1006596718708 500 

Hren, M. T., Tice, M. M., & Chamberlain, C. P. (2009). Oxygen and hydrogen isotope evidence for a 501 

temperate climate 3.42 billion years ago. Nature, 462(7270), 205–208. 502 

https://doi.org/10.1038/nature08518 503 

Jenkins, G. S. (1993). A general circulation model study of the effects of faster rotation rate, 504 

enhanced CO 2 concentration, and reduced solar forcing: Implications for the faint young sun 505 

paradox. Journal of Geophysical Research, 98(D11), 20803. https://doi.org/10.1029/93JD02056 506 

Kadoya, S., & Tajika, E. (2015). EVOLUTIONARY CLIMATE TRACKS OF EARTH-LIKE PLANETS. The 507 

Astrophysical Journal, 815(1), L7. https://doi.org/10.1088/2041-8205/815/1/L7 508 

Kasting, J. F. (2005). Methane and climate during the Precambrian era. Precambrian Research, 509 

137(3–4), 119–129. https://doi.org/10.1016/J.PRECAMRES.2005.03.002 510 

Kasting, J. F., Whitmire, D. P., & Reynolds, R. T. (1993). Habitable Zones around Main Sequence Stars. 511 

Icarus, 101(1), 108–128. https://doi.org/10.1006/ICAR.1993.1010 512 

Kienert, H., Feulner, G., & Petoukhov, V. (2012). Faint young Sun problem more severe due to ice-513 

albedo feedback and higher rotation rate of the early Earth. Geophysical Research Letters, 514 

39(23), n/a-n/a. https://doi.org/10.1029/2012GL054381 515 

Knauth, L. P., & Lowe, D. R. (2003). High Archean climatic temperature inferred from oxygen isotope 516 

geochemistry of cherts in the 3.5 Ga Swaziland Supergroup, South Africa. Geological Society of 517 

America Bulletin, 115(5), 566–580. https://doi.org/10.1130/0016-518 

7606(2003)115<0566:HACTIF>2.0.CO;2 519 

Kopp, G., & Lean, J. L. (2011). A new, lower value of total solar irradiance: Evidence and climate 520 

significance. Geophysical Research Letters, 38(1), n/a-n/a. 521 



25 
 

https://doi.org/10.1029/2010GL045777 522 

Kopparapu, R. K., Ramirez, R. M., SchottelKotte, J., Kasting, J. F., Domagal-Goldman, S., & Eymet, V. 523 

(2014). Habitable zones around main-sequence stars: Dependence on planetary mass. The 524 

Astrophysical Journal, 787(2), L29. https://doi.org/10.1088/2041-8205/787/2/L29 525 

Korenaga, J. (2010). On the likelihood of plate tectonics on super-Earths: Does size matter? The 526 

Astrophysical Journal, 725(1), L43–L46. https://doi.org/10.1088/2041-8205/725/1/L43 527 

Krissansen-Totton, J., Arney, G. N., & Catling, D. C. (2018). Constraining the climate and ocean pH of 528 

the early Earth with a geological carbon cycle model. Proceedings of the National Academy of 529 

Sciences of the United States of America, 115(16), 4105–4110. 530 

https://doi.org/10.1073/pnas.1721296115 531 

Krissansen-Totton, J., & Catling, D. C. (2017). Constraining climate sensitivity and continental versus 532 

seafloor weathering using an inverse geological carbon cycle model. Nature Communications, 533 

8, 15423. https://doi.org/10.1038/ncomms15423 534 

Kroupa, P. (2001). On the variation of the initial mass function. Monthly Notices of the Royal 535 

Astronomical Society, 322(2), 231–246. https://doi.org/10.1046/j.1365-8711.2001.04022.x 536 

Lammer, H., Bredehöft, J. H., Coustenis, A., Khodachenko, M. L., Kaltenegger, L., Grasset, O., … 537 

Rauer, H. (2009). What makes a planet habitable? The Astronomy and Astrophysics Review, 538 

17(2), 181–249. https://doi.org/10.1007/s00159-009-0019-z 539 

Lehmer, O. R., Catling, D. C., Parenteau, M. N., & Hoehler, T. M. (2018). The Productivity of Oxygenic 540 

Photosynthesis around Cool, M Dwarf Stars. The Astrophysical Journal, 859(2), 171. 541 

https://doi.org/10.3847/1538-4357/aac104 542 

Lenton, T. (Timothy), & Watson, A. J. (Andrew J. . (2011). Revolutions that made the Earth. Oxford 543 

University Press. Retrieved from 544 



26 
 

https://books.google.co.uk/books?hl=en&lr=&id=8W0VDAAAQBAJ&oi=fnd&pg=PP1&dq=lento545 

n+watson+2011&ots=rfStCynQ9d&sig=zB6e8klf44utWpOU4YYjCzbebqw#v=onepage&q=lenton 546 

watson 2011&f=false 547 

Lenton, T. M., Crouch, M., Johnson, M., Pires, N., & Dolan, L. (2012). First plants cooled the 548 

Ordovician. Nature Geoscience, 5(2), 86–89. https://doi.org/10.1038/ngeo1390 549 

Lenton, T. M., Daines, S. J., Dyke, J. G., Nicholson, A. E., Wilkinson, D. M., & Williams, H. T. P. (2018). 550 

Selection for Gaia across Multiple Scales. Trends in Ecology & Evolution, 33(8), 633–645. 551 

https://doi.org/10.1016/J.TREE.2018.05.006 552 

Lovelock, J. E., & Margulis, L. (1974). Atmospheric homeostasis by and for the biosphere: the gaia 553 

hypothesis. Tellus, 26(1–2), 2–10. https://doi.org/10.3402/tellusa.v26i1-2.9731 554 

Luger, R., & Barnes, R. (2015). Extreme Water Loss and Abiotic O 2 Buildup on Planets Throughout 555 

the Habitable Zones of M Dwarfs. Astrobiology, 15(2), 119–143. 556 

https://doi.org/10.1089/ast.2014.1231 557 

Lyons, T. W., Reinhard, C. T., & Planavsky, N. J. (2014). The rise of oxygen in Earth’s early ocean and 558 

atmosphere. Nature, 506(7488), 307–315. https://doi.org/10.1038/nature13068 559 

McKay, C. P. (2014). Requirements and limits for life in the context of exoplanets. Proceedings of the 560 

National Academy of Sciences of the United States of America, 111(35), 12628–12633. 561 

https://doi.org/10.1073/pnas.1304212111 562 

Miller, G. E., & Scalo, J. M. (1979). The initial mass function and stellar birthrate in the solar 563 

neighborhood. The Astrophysical Journal Supplement Series, 41, 513. 564 

https://doi.org/10.1086/190629 565 

Moulton, K. L., West, J., & Berner, R. A. (2000). Solute flux and mineral mass balance approaches to 566 

the quantification of plant effects on silicate weathering. American Journal of Science, 300(7), 567 



27 
 

539–570. https://doi.org/10.2475/ajs.300.7.539 568 

Noack, L., & Breuer, D. (2014). Plate tectonics on rocky exoplanets: Influence of initial conditions and 569 

mantle rheology. Planetary and Space Science, 98, 41–49. 570 

https://doi.org/10.1016/J.PSS.2013.06.020 571 

North, G. R., Cahalan, R. F., & Coakley, J. A. (1981). Energy balance climate models. Reviews of 572 

Geophysics, 19(1), 91. https://doi.org/10.1029/RG019i001p00091 573 

O’Neill, C., & Lenardic, A. (2007). Geological consequences of super-sized Earths. Geophysical 574 

Research Letters, 34(19), L19204. https://doi.org/10.1029/2007GL030598 575 

Och, L. M., & Shields-Zhou, G. A. (2012). The Neoproterozoic oxygenation event: Environmental 576 

perturbations and biogeochemical cycling. Earth-Science Reviews, 110(1–4), 26–57. 577 

https://doi.org/10.1016/J.EARSCIREV.2011.09.004 578 

Ozaki, K., Tajika, E., Hong, P. K., Nakagawa, Y., & Reinhard, C. T. (2018). Effects of primitive 579 

photosynthesis on Earth’s early climate system. Nature Geoscience, 11(1), 55–59. 580 

https://doi.org/10.1038/s41561-017-0031-2 581 

Park, J., & Royer, D. L. (2011). Geologic constraints on the glacial amplification of Phanerozoic 582 

climate sensitivity. American Journal of Science, 311(1), 1–26. 583 

https://doi.org/10.2475/01.2011.01 584 

Pavlov, A. A., Kasting, J. F., Brown, L. L., Rages, K. A., & Freedman, R. (2000). Greenhouse warming by 585 

CH 4 in the atmosphere of early Earth. Journal of Geophysical Research: Planets, 105(E5), 586 

11981–11990. https://doi.org/10.1029/1999JE001134 587 

Pollard, W. G. (1979). The Prevalence of Earthlike Planets: Although a rough estimate can be made of 588 

how many Earthlike planets might exist in the universe, the possibility that life has actually 589 

evolved on them cannot be calculated even in principle. American Scientist, 67(6), 653–659. 590 



28 
 

Retrieved from http://www.jstor.org/stable/27849530 591 

Rohling, E. J., Sluijs, A., Dijkstra, H. A., Köhler, P., Wal, R. S. W. van de, Heydt, A. S. von der, … Zeebe, 592 

R. E. (2012). Making sense of palaeoclimate sensitivity. Nature, 491(7426), 683–691. 593 

https://doi.org/10.1038/nature11574 594 

Royer, D. L., Pagami, M., & Beerling, D. J. (2012). Geobiological constraints on Earth system 595 

sensitivity to CO2 during the Cretaceous and Cenozoic. Geobiology, 10(4), 298–310. 596 

https://doi.org/10.1111/j.1472-4669.2012.00320.x 597 

Sagan, C., & Mullen, G. (1972). Earth and Mars: evolution of atmospheres and surface temperatures. 598 

Science (New York, N.Y.), 177(4043), 52–56. https://doi.org/10.1126/science.177.4043.52 599 

Scalo, J., Kaltenegger, L., Segura, A., Fridlund, M., Ribas, I., Kulikov, Y. N., … Lammer, H. (2007). M 600 

Stars as Targets for Terrestrial Exoplanet Searches And Biosignature Detection. Astrobiology, 601 

7(1), 85–166. https://doi.org/10.1089/ast.2006.0125 602 

Schwartzman, D. (2002). Life, temperature, and the Earth : the self-organizing biosphere. Columbia 603 

University Press. 604 

Sleep, N. H., & Hessler, A. M. (2006). Weathering of quartz as an Archean climatic indicator. Earth 605 

and Planetary Science Letters, 241(3–4), 594–602. https://doi.org/10.1016/J.EPSL.2005.11.020 606 

Sleep, N. H., & Zahnle, K. (2001). Carbon dioxide cycling and implications for climate on ancient 607 

Earth. Journal of Geophysical Research: Planets, 106(E1), 1373–1399. 608 

https://doi.org/10.1029/2000JE001247 609 

Soden, B. J., Held, I. M., Soden, B. J., & Held, I. M. (2006). An Assessment of Climate Feedbacks in 610 

Coupled Ocean–Atmosphere Models. Journal of Climate, 19(14), 3354–3360. 611 

https://doi.org/10.1175/JCLI3799.1 612 

Stamenković, V., & Breuer, D. (2014). The tectonic mode of rocky planets: Part 1 – Driving factors, 613 



29 
 

models &amp; parameters. Icarus, 234, 174–193. 614 

https://doi.org/10.1016/J.ICARUS.2014.01.042 615 

Stocker, T. (2013). Climate change 2013 : the physical science basis : Working Group I contribution to 616 

the Fifth assessment report of the Intergovernmental Panel on Climate Change. Retrieved from 617 

https://books.google.co.uk/books?hl=en&lr=&id=o4gaBQAAQBAJ&oi=fnd&pg=PR1&dq=stocke618 

r+2013+climate+forcing&ots=Wgnw5QIwMl&sig=8qgKVdBAsy_8l2NsJKHNN2k5Y7g#v=onepage619 

&q=stocker 2013 climate forcing&f=false 620 

Tarter, J. C., Backus, P. R., Mancinelli, R. L., Aurnou, J. M., Backman, D. E., Basri, G. S., … Young, R. E. 621 

(2007). A Reappraisal of The Habitability of Planets around M Dwarf Stars. Astrobiology, 7(1), 622 

30–65. https://doi.org/10.1089/ast.2006.0124 623 

Taylor, L., Banwart, S., Leake, J., & Beerling, D. J. (2011). Modeling the evolutionary rise of 624 

ectomycorrhiza on sub-surface weathering environments and the geochemical carbon cycle. 625 

American Journal of Science, 311(5), 369–403. https://doi.org/10.2475/05.2011.01 626 

Tyrrell, T. (2013). On Gaia : a critical investigation of the relationship between life and earth. 627 

Princeton University Press. Retrieved from https://press.princeton.edu/titles/9959.html 628 

Valencia, D., & O’Connell, R. J. (2009). Convection scaling and subduction on Earth and super-Earths. 629 

Earth and Planetary Science Letters, 286(3–4), 492–502. 630 

https://doi.org/10.1016/J.EPSL.2009.07.015 631 

Valencia, D., O’Connell, R. J., & Sasselov, D. D. (2007). Inevitability of Plate Tectonics on Super-632 

Earths. The Astrophysical Journal, 670(1), L45–L48. https://doi.org/10.1086/524012 633 

Valley, J. W., Peck, W. H., King, E. M., & Wilde, S. A. (2002). A cool early Earth. Geology, 30(4), 351. 634 

https://doi.org/10.1130/0091-7613(2002)030<0351:ACEE>2.0.CO;2 635 

van Heck, H. J., & Tackley, P. J. (2011). Plate tectonics on super-Earths: Equally or more likely than on 636 



30 
 

Earth. Earth and Planetary Science Letters, 310(3–4), 252–261. 637 

https://doi.org/10.1016/J.EPSL.2011.07.029 638 

Voigt, A., & Abbot, D. S. (2012). Sea-ice dynamics strongly promote Snowball Earth initiation and 639 

destabilize tropical sea-ice margins. Climate of the Past, 8(6), 2079–2092. 640 

https://doi.org/10.5194/cp-8-2079-2012 641 

Wal, R. S. W. van de, Boer, B. de, Lourens, L. J., Köhler, P., Bintanja, R., Sterrenkunde, U. B. P. D. N.-&, 642 

& Paleontology, U. G. A. L. S. &. (2011). Continuous and self-consistent CO2 and climate records 643 

over the past 20 Myrs. Climate of the Past Discussions, 7(1), 437–461, doi: 10.5194/cpd-7-437–644 

2011. Retrieved from https://dspace.library.uu.nl/handle/1874/209754 645 

Walker, J. C. G. (1982). Climatic factors on the Archean earth. Palaeogeography, Palaeoclimatology, 646 

Palaeoecology, 40(1–3), 1–11. https://doi.org/10.1016/0031-0182(82)90082-7 647 

Walker, J. C. G., Hays, P. B., & Kasting, J. F. (1981). A negative feedback mechanism for the long-term 648 

stabilization of Earth’s surface temperature. Journal of Geophysical Research, 86(C10), 9776. 649 

https://doi.org/10.1029/JC086iC10p09776 650 

Waltham, D. (2017). Star Masses and Star-Planet Distances for Earth-like Habitability. Astrobiology, 651 

17(1), 61–77. https://doi.org/10.1089/ast.2016.1518 652 

Weller, M. B., & Lenardic, A. (2016). The energetics and convective vigor of mixed-mode heating: 653 

Velocity scalings and implications for the tectonics of exoplanets. Geophysical Research Letters, 654 

43(18), 9469–9474. https://doi.org/10.1002/2016GL069927 655 

Yang, J., Cowan, N. B., & Abbot, D. S. (2013). Stabilizing cloud feedback dramatically expands the 656 

habitable zone of tideally locked planets. The Astrophysical Journal, 771(2), L45. 657 

https://doi.org/10.1088/2041-8205/771/2/L45 658 

 659 


