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S1 Full model description

The model consists of three modules, representing the climate system, the
carbon cycle, and geodynamics (see figure 1). The climate module is an equi-
librium global energy balance model with a temperature-dependent albedo to
represent the ice-albedo feedback. The carbon cycle model comprises three
reservoirs (one combined reservoir for atmosphere and ocean, one for the
ocean crust, and one for the mantle). Fluxes between these reservoirs arise
from weathering, volcanic outgassing, and crustal subduction. The geody-
namics model includes a weatherability variable representing the amount of
weathering that occurs under given climatic conditions. In the main model,
weatherability is kept fixed, while in an extended model version, we let it vary
dynamically. Furthermore, the geodynamics module includes a parametriza-
tion of the plate velocity depending on sediment flux.

The climate and the carbon cycle module are coupled via the depen-
dence of the outgoing long-wave radiation on the partial pressure of COs,
Pco,, and the temperature and pco, dependence of weathering, establishing
a weathering thermostat [1]. The geodynamics module is coupled to the car-
bon module due to the dependence of outgassing, subduction, and seafloor
weathering on plate velocity. Finally, the geodynamics module is coupled to
the climate module via the dependence of plate velocity on erosion, which in
turn is influenced by temperature.
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In contrast to the main paper, we give variables in SI units. Variables V'
that are given in units of their present-day values V; will be denoted with an
asterisk V* in the following.

All model variables are listed in tables 1 (climate model), 3 (carbon cycle
model), and 5 (geodynamics model), and all parameter values are given in
tables 2 (climate model), 4 (carbon cycle model), and 6 (geodynamics model).

S1.1 Climate model

We use a global energy balance model, in which the difference between ab-
sorbed short-wave radiation (ASR) and outgoing long-wave radiation (OLR)
determines the rate of global temperature change d7'/dt depending on the
climate system’s heat capacity C:

oil—f _ ASR(T) — OLR(T). (1)

Since geological processes generally evolve on much longer timescales than
the climate system, we assume that climate is always in equilibrium, i.e. the
heat capacity vanishes: C' = 0. This turns Eq. 1 from a prognostic into a
diagnostic equation, allowing to determine the equilibrium temperature from
Pco, at each time step.

To parametrize the outgoing long-wave radiation, we use the formula-
tion by Williams and Kasting [2], which is applicable in a pco, range from
1Pa to 1 x 10° Pa:

OLR =9.468980 — 7.714727 x 10™°¢ — 2.794778T — 3.244753
x 1073¢T — 3.547406 x 10 1¢? 4+ 2.212108 x 107272
+2.229142 x 1073¢*T + 3.088497 x 10 °¢T*
— 2.789815 x 107°¢*T? — 3.442973 x 10~%¢” — 3.361939
x 10757% 4+ 9.173169 x 10™%¢*T — 7.775195 (2)
x 107°¢%T? — 1.679112 x 10~ 7T + 6.590999
X 1078¢?T3 + 1.528125 x 1077372 — 3.367567 x 10~2¢*
—1.631909 x 10™*¢*T + 3.663871 x 10~ ¢p*T?
— 9.255646 x 107213,

with ¢ = In ?Z:BC% [2]. We modify the OLR parametrization by adding a con-

stant value to let the model be in steady state for pre-industrial conditions.

2
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The absorbed solar radiation ASR is determined from the solar irradiance
S and from Earth’s albedo a:
S
Due to the sun’s evolution as a main sequence star, its luminosity changes
over geological time. The standard approximation is given by [3]

S(t) = [1 + % (1-— t/t@)] : So, (4)

where Sp is the present-day solar irradiance and t. is the age of the sun.
Using this approximation, insolation at the start of the Marinoan glaciation
was approximately 6 % lower than today and 13 % lower at the start of the
Boring Billion.

In order to be able to reproduce the Snowball Earth state, the model
must incorporate the ice-albedo feedback. Therefore, the albedo must be
parametrized as a function of temperature, representing albedo values from
Snowball to ice-free state. We transition between high and low albedo using
a sigmoid function after North and Kim [4]:

Q(T) = jce + %(anoice - aice)(l + tanh fYalbedo(T - Tref))- (5>
The values for the high and low albedo aj.. and ay,_ice are taken in accor-
dance with the parametrizations by Mills et al. [5] and Abbot et al. [6], the
transition point Tyor and width vameqo are tuned to give realistic glaciation
(271K, ignoring stable Hadley states [7]) and deglaciation (265K [8]) tem-
peratures. This approach is therefore likely to produce realistic results while
keeping the complexity of the underlying assumptions to a minimum.

S1.2 Carbon cycle model

The carbon cycle model has been adapted from the work of Foley [9]. There
are three carbon reservoirs: The plate Cy,, the mantle C}, and a combined at-
mosphere and ocean reservoir C,,,. Carbon is removed from the atmosphere
and ocean reservoir and added to the plate reservoir via weathering Fy,,
which has contributions from continent weathering F,,, and seafloor weath-
ering Fy,. Since for every two molecules of CO5 absorbed in the weathering
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reaction, one is eventually returned to the atmosphere, the continent weath-
ering flux is divided by 2. Subduction of carbon Fy,, results in some of it
being degassed into the atmosphere fFy,, and some being recycled into the
mantle (1 — f)Fyup. Degassing from the mantle into the atmosphere Fyegas
closes the system.

ACy  Fuy(Coya)

dt - 2 + stW(Co+a) - Fsub(cp> (6>
dCy
E — (1= £)Fan(Cp) = Faegan(Cn) (7)
dOa o ch Co a
dt+ = stub(Cp) + Fdegas(cm> - (2 - ) - FSfW(CO+a) <8>

We tune the total amount of carbon to let present-day outgassing match
present-day weathering (see section S2).
We often use a shorthand notation for the total rate of weathering,

FCW

F, =
2

+ F, sfw (9)
and the total rate of outgassing into the atmosphere,

Fout - Fdegas + stub- (10)

S1.2.1 Degassing and Subduction

The formulations of the degassing and subduction flux are also adapted from
Foley [9]:

Cn
Fdegas - de_2Ldmeltvp (11>
C,L
Fsub = ALPUP (12)

Here, the degassing ratio fyq is tuned to match the present-day degassing
flux [9]. The length of ridges and the length of trenches are assumed to be
identical [9].

To incorporate a carbon degassing flux independent of plate velocity, e.g.,
due to plume volcanism, we modify Eq. 11:

Cm
Fdegas = Cfdv_2Ldmeltvp + (1 - C)Hcm (13>

m
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Here, ¢ is the ratio of plate-velocity dependent degassing to total mantle
degassing, and H is a constant to ensure that the total outgassing flux is
independent of ( at pre-industrial conditions. In the main model, we use the
simplified case ( = 1. In the extendend model version, we use ¢ = 0.5. Also
see section S4 for a derivation of the ( parameter and a detailed discussion
on the influence of { on the climate of the slow plate velocity state.

S1.2.2 Continent weathering

We determine the continent weathering rate as described by Krissansen-
Totton and Catling [10]:

P = Pl (pCOY " exp (1) (14)
cw
Here, the present-day weathering flux Fi, o is scaled by a weatherability
factor W, a pco, and a temperature dependence. The direct dependence on
temperature and the indirect dependence on temperature via precipitation
are subsumed in one exponential function [10]. The e-folding temperature
T, indicates by how much temperature has to increase to let weathering
increase by a factor of e. Estimates of the e-folding temperature T.,, usually
range from 10 [11, 12] to 20 K [13]; however, Krissansen-Totton and Catling
give a much higher value of 34K [10]. We use a value of T, = 10K and
show that our results do not depend sensitively on this choice.
Furthermore, to account for the suppressed hydrological cycle during a
Snowball Earth event, the weathering flux is set to zero when global tem-
peratures T' fall below the Snowball transition temperature 7}.¢, similarly to
Mills et al. [5], who reduce the weathering flux to 1% of its original value
during a Snowball event.

S1.2.3 Seafloor weathering

We use a standard expression for the seafloor weathering flux [10, 14]:

_E as * sfw
Fy = kdissU; exXp ( R]E, ) ([HJr] )’Yf : (15)
p

The seafloor weathering rate Fig, scales linearly with plate velocity vy, ex-
ponentially with pore temperature 7}, and via a power law with hydrogen
molarity [HT].
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Pore temperature T}, is linearly related to the surface temperature 7" [10]:

Tp = Cdeep—waterT + bdeep—water + bpore- (16)

This equation computes the deep water temperature and converts it into
pore temperature by adding a heating constant due to the circulation of the
water through warm crust, bpore = 9K. Changes in the heating rate due to
changing sediment thickness [15] or tectonic activity are neglected.

We also assume that the minimum deep-water temperature is 4 °C, leading
to a minimum pore temperature of 7}, = 286 K, similarly to Chambers [16].

The dependence of hydrogen molarity on pco, will be covered in sec-
tion S1.2.5. Finally, the dissolution constant kg is tuned to let the seafloor
weathering rate match the present-day rate under present-day conditions [14].

S1.2.4 Estimation of pCO2

We need to calculate the partial pressure of carbon dioxide pco, from the
total amount of carbon in the combined atmosphere-ocean reservoir C,,,
because the temperature in the climate model and the weathering reactions
are given as functions of pco,, and not of Cy,, directly.

To relate pco, to Cora, we first have to find relationships between pco,
and the individual reservoirs C, (atmosphere) and C, (ocean). The amount
of carbon dioxide in the atmosphere C, can be related to pco, as follows.
Atmospheric pressure at sea level p is given by

~ gMy

- )
AEarth

(17)

where ¢ is the gravitational acceleration, M, is the mass of the atmosphere,
and Agan is the surface area of the Earth. The partial pressure of CO, is
then obtained by multiplying by the molar concentration of COs, i.e. the
number of moles in the atmosphere C, divided by the total number of moles
in the atmosphere NV, resulting in

Ca gMa _ - Haimg
N AEarth aAAEanrth'

Pco, = (18)

In the second step, Ma /N has been replaced by the average molar mass of
the atmosphere, fi,m. A similar equation is used by Foley [9] or Franck et

al. [17]; however, instead of the average atmospheric molar mass fiatm, they

6
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use the molar mass of COy. This results in an underestimation of the size
of the atmospheric reservoir by a factor of 1.5 for a present-day atmospheric
composition, since pco, = 1.5atm- However, this error does not significantly
affect the model behaviour, since the oceanic reservoir dominates over the
atmospheric reservoir in terms of size.

We relate the amount of carbon in the oceans C, to pco, using the for-
mulation given by Franck et al. [17]:

1 Kl K1K2
Y005 [H Vo5~ [H Y0042~

CO == QHQOKOVHQO< ) pCOQ (19>

Here, Vi,0 is the volume of the oceans, [H "] is the hydrogen molarity, and
a1,0, 7V and K; are coefficients.

By combining equations 18 and 19, pco, can be related directly to the
combined reservoir Cy ,:

1 Ky KK, AEarth
Cota = Pco,n,0K0Vi,0 < + + pco
o o T\ mcos  [Hvmco,-  [HTyc0,2- N QQNCOg
Co Ca

(20)

S1.2.5 Estimation of hydrogen molarity

Finally, the dependence of hydrogen molarity [H "] on pco, needs to be taken
into account. We use a linear relation between pH and log(pco,), which has
been obtained from a more comprehensive ocean chemistry model [15]:

logy pco, = —cpupH + by (21)
Using the definition of pH,
pH = —log;o[H "], (22)
this yields the pco, dependence of [H1] [14, 15]
[H¥] = 107w/e0t (peg, ™)/ rt (23)

Note that our parametrization differs from the equation given by Krissansen-
Totton et al. (their equation S23) in the prefactor 10~%1/%H  where they give
10701 [15].
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Problematically, the dependence of pco, on pH obtained in this way is so
weak that combined with equation 20 it leads to a reduction in C,,, with in-
creasing pco,. However, Krissansen-Totton et al. note that “the gradients of
individual model realizations are typically steeper than the best fit straight
line” [15]. We therefore adjust the coefficients ¢,y and by such that the
straight line approximation follows roughly the mode of their results. Addi-
tionally, we set the maximum pH to 8.3, which corresponds to the minimum
Pco, 1n the data, to improve numerical stability at low pco,. This results in
a well-defined relation between pco, and Cy,,, which also aligns well with
the parametrization used by Mills et al. [5].

S1.3 Geodynamics

We incorporate two main geodynamical mechanisms into the model: We
parametrize plate velocity as a function of sediment flux and we let weather-
ability evolve according to mountain uplift — which we scale with plate ve-
locity — and erosion.

S1.3.1 Plate velocity parametrization

As described in the main text, we use a sigmoid function to parametrize plate
velocity as a function of sediment flux:

1
p = Umin + E(vmax — Umin) (tanh s, (Fg — Fgper) + 1). (24)

[

We let the maximum plate velocity vpmax equal the present-day plate
velocity vy and set the minimum plate velocity to 0.2 vpax, corresponding
to a change by almost one order of magnitude.

We estimate the reference flux Fg,ef, at which plate velocity transitions
between the low and high regime, from the sediment thickness necessary
to affect subduction zones. We assume that the transition occurs between a
sediment thickness of 500 m and 1500 m, which is consistent with observations
of shear stresses in subduction zones [18, 19] as well as numerical geodynamic
models [20]. To convert sediment thickness hs into a global flux of subducted
sediments, we multiply with plate velocity v, the length of subduction zones
L, sediment density p; = 2600kgm~3, and the ratio of subducted (versus
accreted) sediments fs. For the sediment-starved case, we use v, = Up min
and fs = 0.6; for the lubricated case v, = vpmax and f; = 0.2 [21]. We
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then divide by the ratio of sediments that are deposited in trenches, which
we estimate by the length of trenches L divided by the total continental
coast length Lgore &~ 700000 km [22] to obtain the global sediment flux to
the oceans Fj. This results in a sediment flux of F, ~ 5Gtyr~! for the
sediment-starved case and fs ~ 14 Gtyr~! for the well-lubricated case. The
intermediate value of F, &~ 10 Gtyr~! corresponds to approximately 2/3 of
the average Holocene sediment flux of 16 Gt yr'[23]. Therefore we set the
transition point to Fy, = 2/3 Fyo. For the steepness of the transition s,
we assume that at a sediment flux of Fy = 3/2 Fiy, 1ef, plate velocities should
already be approximately at the maximum plate velocity, which is the case if
the argument of the tanh-function is approximately 2, since tanh(2) ~ 96 %.
This assumption leads to a choice of

4
Sy = . 25
P Fs,ref ( )

S1.3.2 Dynamic evolution of weatherability

In the main model, we treat weatherability W as an external parameter. In
the extended model version, we let W evolve dynamically to take into account
the effect of tectonic activity on orogenesis and therefore weatherability.
Since most weathering occurs in mountains [24], we treat weatherability
as a measure of the mass of all rocks in mountains. Therefore, weatherability
is reduced by erosion F, and increased by mountain uplift. Analogously
to Honing and Spohn, we assume that mountain production scales linearly
with plate velocity v, [25]. For simplicity, we neglect the direct dependence of
volcanism on sediment subduction [26]. This leads to the following equation
ddl = 511); - sz*(W)7 (26>
t
with constants &;, where erosion E* scales linearly with W* (see equation 27).
A rough estimate of & can be obtained by relating the 50 % contribution
to present-day global erosion from the most mountainous 10 % of Earth’s
surface [24] to the total rock mass of these 10 %, which at an average moun-
tain height of 3000m and a rock density of 2650kgm 2 would equate to
about m = 4 x 10*°kg. With half of the global denudation of 28 Gtyr !
affecting this amount under present-day conditions, this leads to an estimate
of & ~ 3.5 x 1078 yr~!. Assuming that the system is in equilibrium under
present-day conditions, it follows that & = &.

9
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Additionally, we increase W with a rate of 1 x 10~8yr—! during Snowball
events to account for the effect of glacial flour on weatherability [27].

S1.3.3 Sediment flux and erosion

Sediment flux is dominated by physical erosion rather than chemical weather-
ing [28]. We therefore need to determine erosion as a function of temperature
and pco, to use it as a proxy for sediment flux.

We choose to model erosion based on a power-law relationship with con-

tinent weathering:
F* aE
E=WE = . 27
() 7

Harrison finds that, among river basins on present-day Earth, erosion E scales
exponentially with temperature [29], leading to a similar overall tempera-
ture dependence of erosion and continent weathering (ag =~ 1). Gaillardet et
al. find a power-law relationship between fluvial erosion and weathering rates
on present-day Earth, indicating that erosion has a stronger temperature-
dependence than weathering (ag =~ 1.5). However, reconstructed sedimenta-
tion rates over the Phanerozoic do not show a correlation with reconstructed
global temperatures at all (ag ~ 0) (see Fig. 2).

While weathering decreases to very low values when the Earth system
approaches a Snowball state, erosion likely does not decrease as much due to
glacial erosion. This potentially explains why we do not observe a tempera-
ture dependence in erosion rates over the Phanerozoic. We therefore choose
an intermediate value and assume that ag lies in the interval [0, 1].

In the first half of our analysis, in which we treat weatherability as a
constant parameter, we choose ag = 1 for simplicity. This allows us to
use a scaled continent weathering flux Fi,, as a proxy for sediment flux Fy.
In the second half, where we let weatherability evolve dynamically, we use
ag = 0.5, but our results do not depend sensitively on this choice. Only for
ag = 1, some mathematical degeneracies appear in the weatherability model
(see section S3).

S2 Steady-state solution of the carbon cycle

We tune Cyy to let pre-industrial weathering and outgassing be in equilib-
rium. To compute the outgassing flux from Ci., we have to calculate how

10
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Cw and C}, depend on Ci, when they are in equilibrium, since outgassing
depends on C), and C,. Since the total amount of carbon is conserved,
Ciot = const., two of the reservoirs already determine the entire dynamics of
the system. Therefore, setting two of the reservoir derivatives equal to zero
is sufficient to find the equilibrium of the carbon cycle.

First, there is the outgassing-weathering equilibrium, which results from
setting the derivative of the atmosphere-ocean reservoir to zero, dCy,/dt =
0:

Few
stub‘i_Fdegas:T‘i‘stw- (28)
—_—

Outgassing Fout Weathering Fi,
It implies that due to the weathering thermostat, atmospheric CO4 evolves
in a way that causes weathering to exactly balance outgassing. Outgassing
is composed of both arc volcanism fFy,, and ridge degassing Fegas, While
weathering is the sum of continent and seafloor weathering.

Second, there is the regassing-outgassing equilibrium, which can be ob-

tained by setting the mantle derivative to zero, dCy,/dt = 0:

(1 - f)Fsub = Fdegas- (29)
It implies that the carbon subducted into the mantle is compensated by
carbon outgassing at ridges.
The regassing-outgassing equilibrium Eq. 29 can be used to obtain the
ratio between the equilibrium plate and mantle reservoir sizes, C}, o and Cy, o.
We first insert the subduction and degassing fluxes,

(1 - f)Fsub = Fdegas (30)
(1= flaw,Cpo = Bvp,Chyp- (31)
Here, the constants a := L/A, and § := 2Lde fa/Vm were introduced for

convenience. Now, a relation between the equilibrium sizes of plate and
mantle reservoir can be found directly:

«
Cm70 = (1 — f)BOp70 ~ 30 Cp70. (32)

With this result, the total outgassing can be determined as a function
not of the individual reservoirs C', and C}, but of their sum C\, + Cy:
Fow = fOéUpCp + ﬁvpc’m7
of

— mvp(Cm +Cp)

11
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By defining another constant v := %, this results in the outgassing

flux under the condition that the mantle is in equilibrium

Fout(Co-i-a) = VUP(OtOt - Oo—i—a)- (33>
dCym /dt=0

In the last step, the sum of the mantle and plate reservoirs Cy, + C}, has
been replaced by the total amount of carbon minus the carbon in atmosphere
and ocean Ciyy — Copn. Similarly to the individual subduction and degassing
fluxes, the total outgassing scales linearly with plate velocity v, and the
combined amount of carbon in plate and mantle, C,,, + Cy,.

Therefore, for fixed C}., the outgassing at regassing-degassing equilib-
rium has been found as a function of C,,,:

Fw(Co+a) - Fout(Oo+a) (34>

dClm /dt=0

To obtain the steady state solution of the carbon cycle, one has to solve this
equation for C,.,. The remaining carbon Ciy — Cyi, is then partitioned
between C), and C}, according to equation 32.

We start by noting that, in order to obtain a weathering flux on the order
of its pre-industrial value, the atmosphere-ocean reservoir must have a size
of approximately Cyin &~ 1 x 10® mol. To get a matching outgassing flux,
the total amount of carbon according to Eq. 34 must be on the order of
Ciot = 1 x 10?2mol. Therefore, only a negligible fraction of total carbon
resides in the atmosphere and ocean reservoir, allowing to simplify equation
34 to

Fout(co-i-a) = ’va(ctot - Co-i—a) ~ ’yvpctot (35)
dCrn /dt=0

Now, by equating the outgassing flux F,,; with the present-day weather-
ing flux Fy, o, the total amount of carbon can be obtained,

FW,O

Ciot = ~ 2.26 x 10*? mol. (36)

Y

The value found in this way agrees well with the value used by Foley, Ci; =
2.5 x 102 mol [9].

To actually solve the steady state of the carbon cycle, equation 35 can
be solved graphically or numerically. In the main paper, we make use of

12
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the fact that plate velocity is a function of sediment flux, which we deter-
mine from continent weathering: v, = v,(Fy) = vp(Fow). We also express
total weathering Fy, as a function of continent weathering Ft,,, which is only
possible numerically, since to this end, the seafloor weathering flux Fig, has
to be inverted and given as a function of Fi,. However, since F., > Fiy,
weathering is almost identical to continent weathering, resulting in an almost
linear relationship: Fy(Fey) & Foy.

ch ~ /yvp(ch)Ctot- (37)

This equation can then be solved graphically to determine F, and v, at
outgassing-weathering equilibrium, which we have done in main figure 3.

S3 Weatherability steady states

As described in the main paper, the dynamic evolution of weatherability
according to Eq. 26 leads to a second positive feedback: An increase in plate
velocity leads to an increase in weatherability. Thus, erosion is enhanced,
leading to an increase in sediment flux and therefore a further increase in
plate velocity.

This feedback also leads to the existence of two stable states at low and
high plate velocity respectively. The states are determined by the intersec-
tions of the sigmoid curve &;v,(E) and the linear function & E*, again giving
rise to three intersections corresponding to two stable and one unstable state
(see Fig. 3). One of the steady states is again determined by low plate veloc-
ity vp R Up min and low erosion E ~ 0.2 Ej, while the other one is determined
by high plate velocity v, = vpmax and high erosion E ~ FEj.

These states of steady weatherability are generally compatible with the
outgassing-weathering equilibrium and therefore correspond to steady states
of the entire model. To see this, we start by quantifying the condition of
steady weatherability. By letting dW/dt = 0, equation 26 turns into v, = E™.
By writing erosion as E* = W fg(T, pco, ), where fg incorporates the climate
dependence of erosion, we arrive at

U; = WfE(T, pCOQ). (38)

Weatherability is in steady state when it satisfies this equation.
The outgassing-weathering equilibrium is given by

o=, (39)

p

13
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We expand the weathering flux into continent and seafloor weathering:

sfw

=W few(T’, pco,) + v} fotw (T pcos )- (41)

v = Foy+ (0)

Here, the functions f; again denote the climate dependence of the weathering
fluxes. We can now insert this equation into Eq. 38:

W fe(T, pco,) = W few(T, pco,) + v3 fotw (T poos, )- (42)

This equation needs to be fulfilled if the states of steady weatherability are
also steady states of the whole model. By solving Eq. 41 for W and substi-
tuting it into Eq. 42, we arrive at:

fE_fcw:fEfsfw- (43>

Remarkably, this equation is independent of v,. Therefore, if a solution to
it exists (i.e., if there is a climate state for which the whole model is in
equilibrium), the equilibrium climate is the same for both tectonic states.
This is due to the fact that the effects of outgassing and weatherability on
climate counteract and cancel out exactly in our model. In the next section,
we discuss the effect of outgassing sources independent of plate velocity on
this balance.

Under preindustrial conditions, by definition fg = 1 and fey + fow = 1,
so Eq. 43 is fulfilled for any erosion or weathering parametrization. At lower
solar luminosities, pre-industrial COs leads to lower temperatures than pre-
industrial Ty. As a consequence, Eq. 43 is not fulfilled for pre-industrial CO,
in the deep past.

Since fiw <K few, solving Eq. 43 essentially means finding an intersection
between fg and f.,. At low temperatures close to a Snowball state, weath-
ering is likely low due to the diminished hydrological cycle, while erosion is
relatively high due to glacial erosion, so we should expect that fg > fow.
On the other hand, at high temperatures, there is likely an upper limit to
precipitation [30], which should also lead to an upper limit to erosion, while
the rate of chemical weathering reactions still increases with temperature
until weathering enters the supply-limited regime determined by the rate of
exposure of unweathered rock through erosion [31]: fg < fow. As a conse-
quence, we should expect an intersection between the two curves somewhere
in the Greenhouse regime, and therefore also a steady state of the whole
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system according to Eq. 43, regardless of the exact weathering or erosion
formulation. However, the exact position of the intersection — and therefore,
the climate state — of course depends sensitively on the parametrizations.
Therefore, while the bistable properties of the model are robust to changes
in parameters, temperature is not.

We note that our model exhibits a mathematical degeneracy when the
erosion and continent weathering parametrizations are identical, i.e., ag = 1.
This can be seen from Eq. 42, which, for f., = fg, turns into

0= /U:)fsfw (Ta pCO2)' (44>

This equation is not solvable since v, # 0 and few (T, pco,) # 0. As a
consequence, there are no steady states of the whole model. This can be
explained using Eq. 26:

aw=

T §rvy — L EX(W). (45)

If erosion and continent weathering have the same climate dependence, we
can exchange F* with F

Ccw?

awr
dt

ST (46)

Due to the weathering thermostat, weathering is essentially determined by
outgassing, Fry /2 + Fiw = Four, 80 we can write approximately

dW* stw
~ v — Fr.— . 47
dt élvp 52 ( out Fout’()) ( )
Since outgassing is proportional to plate velocity, Fy,, = vy and & = &y, this
reduces to o P
sfw
= > 0. 48
dt 52 Fout,O ( )

As a consequence, there is a run-away weatherability for ay = 1. In the
future, this model instability could be resolved by differentiating between
weatherability and global erodibility.
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S4 Climate influence of plate-velocity-independent

degassing

If we assume that there is a contribution to outgassing that is not propor-
tional to plate velocity (e.g., plume or LIP volcanism), there is a difference
between the climate of the slow and the fast state. We modify the degassing
flux to contain a second term independent of plate velocity (Eq. 13):

Facgas = Cfa T2 Lty + (1 = O HCn (49)
To analyze the effect of non-zero hotspot outgassing, we need to convert from
the ratio of plate-velocity dependent degassing to total mantle degassing ¢ to
the ratio of plate-velocity dependent outgassing to total outgassing (including
arc volcanism) C.

At equilibrium, mantle degassing and regassing are balanced:

Fdegas = (1 - f)Fsub- <5O>

(1 — ) is defined as the ratio of hotspot degassing Fy to total mantle de-

gassing:

Fu Fy
= = . 51
Fdegas (1 - f)Fsub ( )

(1-— é‘) is defined as the ratio of hotspot degassing to total outgassing, in-
cluding arc volcanism fFj,y,,

1-¢

A F F
1-(= 1 =1 (52)
Fdegas + stub Fsub

As a consequence, we can convert from ( to ¢ as follows:

~

1-¢=01=01 =) (53)

It should be noted that for ( # 1, the equilibrium ratio between C, and
C}, depends slightly on v,. This also affects the total outgassing flux F,
leading to increased outgassing in the slow state. The following calculation
is therefore only a first-order approximation, resulting in a lower bound to
the temperature difference between the two states.
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Using ¢, we can now calculate total outgassing:
F(;kut - CU; + (1 - C)? (54>
which leads to a change to the outgassing-weathering equilibrium:

Cvi 4+ (1= {) = W feul(T. pco,) + v futw (T, Peo,)- (55)

We again insert Eq. 38 and eliminate W, which results in
vp fifotw + Vi few = Copfe + (1= () fe (56)

For (A = 1, this reduces to Eq. 43. For the fast state, v; = 1, the equation
also becomes identical to Eq. 43, meaning that the climate of the fast state
remains unaffected by this modification.

Using the definition of erosion,

Je=fad (57)

we can write:

1-¢

p

FRoP 4 f = +¢. (58)

Bearing in mind that Fi, < F.y, this shows that — as long as ag is in the
interval [0, 1] — fo increases when v7 is decreased. The closer ag is to 1, the
more pronounced the effect gets, until it diverges at ag = 1, which is due to
the general model degeneracy at that point.

We therefore use ag = 0 to quantify the minimum effect of hotspot out-
gassing on climate. We neglect cases where ag is either below 0 (meaning
erosion would decrease when weathering increases) or above 1. We use the
outgassing fluxes reported by Marty and Tolstikhin [32] to estimate f . Since
only an upper limit to hotspot outgassing is reported, we use half of that
value as a best guess estimate, resulting in CA = 0.75 (equivalent to ¢ = 0.5,
which we use in the 2.75 Ga model integration). We then use a Monte-Carlo
approach to propagate the uncertainty in the weathering function to our es-
timate of the slow state climate. For the dependence of continent weathering
on pco,, we use the error range reported by [10]. For the temperature de-
pendence, we use a median value of 10K, and a 68 % confidence interval of
[5 K to 45 K], according to the minimum estimates in literature [6] and upper
end of the confidence interval in [10].
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S5 Sediment buoyancy effect

There is evidence that very high sediment fluxes can actually lead to dimin-
ished plate velocities, because sedimentary rock typically has a lower density
than oceanic crust and therefore increases the buoyancy of the subducted
plate [33, 34]. Therefore, we test an alternative plate velocity parametriza-
tion, which incorporates a reduction of plate velocities at high sediment flux
by multiplying the original plate velocity parametrization by another tanh-
function:

1
Up(ch> = Umin + — (Umax - Umin) <1 + tanh 3p<Fs - FS,ref))

4 (59)
(1 — tanh s, (Fy — Fs’ref2)>.
For simplicity, we set the second transition point — at which the transition
from fast to slow plate velocities due to sediment buoyancy — to twice the
value of the first transition from slow to fast, Fiy ret2 = 2 Foy ret-
Analogously to the original model setup, the steady states of the sys-
tem can be determined by examining the intersections between the actual
plate velocity v,(Fey) and the plate velocity determined by the outgassing-
weathering equilibrium v2"*(F,). As can be seen from figure 4, the steady
states are not affected by the alternative plate velocity parametrization. Only
if the sediment buoyancy effect occurred at similar values as the sediment lu-
brication effect, Fiy refz = Fiw ref, the long-term behaviour of the model would
be affected. This would however invalidate the entire sediment-lubrication
hypothesis, since no significant increase in plate velocity due to sediment
subduction would be possible under such circumstances.
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Figure 1: Full model overview. Grey arrows indicate positive or negative
relationship. Blue arrows indicate carbon fluxes. Bold box contours indicate
that a variable is a state variable.
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Figure 2: Temperature dependence of erosion (E) and weathering (W) ac-
cording to several published parametrizations. K17: Krissansen-Totton and
Catling [10], B94: Berner [11], M88: Marshall et al. [13], HOO: Harrison [29].
G99: Gaillardet et al. [28], also see eq. 9 in [35]. Power-law dependence of
erosion on weathering found in present-day data. Based here on K17 weath-
ering. F, ag = 0.5: Parametrization used for the second part of our analysis.
E, phanerozoic: Erosion rates over the Phanerozoic [35] plotted against re-
constructed global sea-surface temperature [36]. Shaded regions indicate the
confidence intervals (light color: 90 %, darker color: 68 %) if given in original

parametrization.
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Figure 3: States of steady weatherability. Changes in weatherability W are
determined by uplift & v, (E) and erosion & E, both of which are functions
of . When the contributions from uplift and erosion are identical, the time
derivative of weatherability is zero, dW/dt = 0. Therefore, steady states
are determined by intersections between the two curves. Analogously to the
outgassing-weathering equilibrium, there are three intersections, correspond-
ing to three steady states. However, only the intersections at low and high
plate velocity correspond to stable states, since the intermediate steady state
is unstable, as can be seen from the black arrows.
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velocities [37]. As long as a significant peak in plate velocity remains, this
does not alter the number or position of intersections between the outgassing-
weathering equilibrium condition (blue) and the actual plate velocity (black).
Therefore, the long-term model behaviour remains unaffected.
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Variable
T

OLR

ASR

Description

Global surface tempera-
ture

Outgoing long-wave radia-
tion

Absorbed solar radiation
Solar luminosity
Planetary albedo

Type Units
Diagnostic K

Diagnostic Wm 2
Diagnostic Wm 2

Diagnostic Wm 2
Diagnostic ||

Table 1: Model variables — climate model

Parameter Description

To
PCo,,0

aoLR

boLr

QOpo—ice
Yalbedo

Tref

lo

Value
Pre-industrial temperature 288K
Pre-industrial partial pres- 30 Pa
sure of CO,
Slope of OLR with temper- 2Wm 2K !
ature
Slope of OLR with the log- 10 Wm 2
arithm of pco,
Present day solar flux 1364 Wm 2
Planetary albedo of Snow- 0.6
ball Earth
Planetary albedo of ice- 0.3
free Earth
Smoothness of albedo step 0.7
function
Snowball transition tem- 267.5K
perature
Age of the sun 4.7 Gyr

Table 2: Model parameters — climate

23

Equation
Eq. 1

Eq. 2
Eq. 3

Eq. 4
Eq. 5

Source
[38]
[38]
[38]
[38]

[38]
[5, 38]

(5, 38]
Derived

Derived

3]



Variable

Description

Carbon reservoir oceanic
plates

Carbon reservoir mantle
Carbon reservoir atmo-
sphere and ocean
Continent weathering
Seafloor weathering
Carbon subduction
Mantle carbon degassing
Total weathering

Total carbon outgassing
Partial pressure of CO,
Hydrogen molarity of sea-
water

Type
Prognostic

Prognostic
Prognostic

Diagnostic
Diagnostic
Diagnostic
Diagnostic
Diagnostic
Diagnostic
Diagnostic
Diagnostic

Units
mol

mol
mol

mol yr—
mol yr—
mol yr—
mol yr—
mol yr—
mol yr—
Pa

[

Table 3: Model variables — carbon cycle model
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—= = = =

1

Equation
Eq. 6

Eq. 6
Eq. 6

.14
Eq. 15
Eq. 12
Eq. 11
Eq. 9

Eq. 10
. 20
.23



Parameter

f
Ja

fland
AEarth
AP
FCW,O

Xce

Ebas

R

Cdeep—water

bdeep—water

Description

Fraction of subducted car-
bon that degasses
Fraction of upwelling man-
tle that degasses

Volume of the mantle
Total trench length

Depth of melting beneath
ridges

Hotspot outgassing con-
stant

Present-day land fraction
Earth surface area

Area of oceanic plates
Present-day continent
weathering flux

Fraction of weatherable
ions in crust

Molar mass of weatherable
ions

pco, exponent for conti-
nent weathering

e-folding temperature for
continent weathering
Present-day seafloor
weathering flux

Seafloor weathering pref-
actor

Seafloor weathering hydro-
gen molarity exponent
Present-day plate velocity
Basalt dissolution activa-
tion energy

Universal gas constant
Slope of deep water tem-
perature with T’

y-axis intercept of deep-
water temperature

25

Value
0.5

0.32
9.1 x 10*° m?

6 x 10"m
7 x 10*m

2dedmeltvp,0/Vm

0.3
5.1 x 10* m?

(1 - fland)AEarth

12 x 102 mol yr!

0.08
32gmol !
0.33

10K

4.5 x 10" mol yr*

2.23 x 10® molyr—!

0.27

0.05myr !
75000 J mol ™

8.314 JK 1 mol !

1.02

—16.7K

Source

[9]
[9]
[9]
[9]
[9]

derived

[9]

[9]
derived

[28]

[9]

[9]

[10]

[6]

[10]
Section

S1.2.3
[10]

[15]



bpore

CpH
aHQO

YH2CO3

Heating of deep water in
oceanic crust
pH y-axis intercept

Slope of logarithmic pco,
with pH

Activity coefficient
in Eq. 19
Activity coefficient
in Eq. 19
Activity coefficient
in Eq. 19
Activity coefficient
in Eq. 19
Equilibrium constant
in Eq. 19
Equilibrium constant
in Eq. 19
Equilibrium constant
in Eq. 19

Gravitational acceleration
Total carbon amount

9K

12.2

1.9

0.967 mol L

1.130

0.550

0.021

3.48 x 107" Pa !
4.45 % 10" "mol L1
4.69 x 10 ' mol L !

9.8ms 2
2.26 x 10?2 mol

Table 4: Model parameters — carbon cycle
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[39]
Section
S1.2.4
Section
S1.2.4

[17]

[17]

[17]

[17]

[17]

[17]

[17]

[17]
Section S2



455

456

457

458

459

460

461

462

463

464

Variable Description Type Units Equation
W Weatherability Prognostic ] Eq. 26
Up Plate velocity Diagnostic cmyr ! Eq. 24
F Sediment flux Diagnostic molyr ! Sec. S1.3.3
E Erosion Diagnostic molyr ! Eq. 27
Table 5: Model variables — geodynamics model
Parameter Description Value Source
& Slope of weatherability 3.5 x 10 8yr ' Section S1.3.2
production  proportional
to v,
& Slope of W reduction pro- 3.5 x 107 ®yr~! Section S1.3.2
portional to W
Umin Minimum plate velocity Upo/D Eq. 24
VUmax Maximum plate velocity Upo Eq. 24
Fs ret Reference continent  2/3 Fg g Eq. 24
weathering flux
Sp Steepness of sigmoid plate 4/F.y 0 Eq. 24
velocity curve
ag Continent weathering ex- 1, 0.5 Section S1.3.3
ponent for erosion
Table 6: Model parameters — geodynamics
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