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Keywords:

To determine the inﬂuence of the biosphere on weathering we use a dynamic model of

Global carbon cycle

the global carbon cycle. It takes into account the most important processes for the long-

Weathering

term evolution of the Earth. The model is solved under a slowly changing environment of

Viability theory

increasing solar luminosity and volcanic activity and continental area. By comparing the

Cambrian explosion

model results for the global average temperature with data derived from ı18 O values from
cherts it is possible to quantify the biogenic enhancement factor of weathering. For this
purpose a newly developed inverse viability method is applied, which allows for calculating
the range of possible biogenic enhancement factors consistent with the data. We ﬁnd that
in the Precambrian the weathering was 5.4 times lower than in the Phanerozoic era. This
supports the hypothesis that the Cambrian explosion was caused by a positive feedback
between the spread of biosphere, increased silicate weathering, and a consequent cooling
of the climate.
© 2008 Elsevier B.V. All rights reserved.

1.

Introduction

Weathering plays an important role in stabilising the Earth
system against the increase of solar luminosity and was ﬁrst
described by Walker et al. (1981). In particular this stabilisation mechanism, strongly modiﬁed by biota, has gained recent
interest (Schwartzman, 1999). The question of to what extent
the biosphere is able to play an active role in stimulating the
strength of the main carbon sink by weathering is crucial for
an understanding of the dynamic properties of the Earth system and its evolution (Svirezhev et al., 2003). The evolution
of the biosphere on Earth can be divided into two epochs: The
Precambrian epoch before 0.542 Ga and the Phanerozoic epoch
thereafter. Before the Cambrian life was mainly microscopic.
During the Cambrian explosion complex life as a global phenomenon appeared and most modern life emerged. These life

∗

forms have additionally ampliﬁed the weathering rates in the
Phanerozoic.
In order to study quantitatively the inﬂuence of biogenic
enhanced weathering we apply a dynamic model of the global
carbon cycle for the long-term evolution of the Earth from the
Archaean up to the present state. In extension to other studies
on the carbon cycle, we use a general model for the thermal
and degassing evolution acting as an additional driving force.
For a prescribed evolution of the continental area it is possible
to calculate global average surface temperatures. These values
are compared with observational data based on ı18 O values of
cherts (Robert and Chaussidon, 2006).
We attribute differences between the observational and
model data to changes in the ampliﬁcation of weathering
processes related to the type of present biota. Especially the
inﬂuence of primitive life forms on weathering before the
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Cambrian era is not well understood yet and therefore difﬁcult to parameterise. We want to estimate the extent of this
biotic enhancement of weathering by modifying the model
by an additional factor, which is assumed to depend only on
time. This factor is calculated by applying an inverse viability method taking the modiﬁed model and the observational
data for granted. Viability theory is in general well suited to
investigate differential equations under constraints on their
solutions. In our case, we use this approach to determine
all evolutionary paths of the weathering factor that approximate the data in a speciﬁed sense. This method, based on
work of Aubin (Aubin, 1991; Aubin and Saint-Pierre, 2007)
and Bonneuil (Bonneuil, 1994; Bonneuil and Müllers, 1997),
is innovative in its own. Although much more general, it is
shown to be adequate for the analysis in this paper where
a structurally uncertain relationship has to be estimated.
Similar approaches are increasingly used in the ﬁeld of ecological modelling (e.g. Bonneuil and Müllers, 1997) and climate
change research (Petschel-Held et al., 1999).
The paper is organised as follows: in Section 2 we describe
the model of the global carbon cycle for the long-term evolution, in Section 3 the data used are summarised. The inverse
viability method is presented in Section 4 and in Section 5 we
discuss the model results.

2.

Model description

In our approach (von Bloh et al., 2003a) we consider the balance of continental spreading and volcanic emissions Fs as
the main source and weathering Fwr as the dominant sink of
carbon in the atmosphere, Catm :
Ċatm = Fs − Fwr .

(1)

This is the key equation describing the ecosphere. The other
variables of the ecosphere (surface temperature, biological
productivity) can be derived from Catm . In order to solve this
dynamic equation it is necessary to describe the parameterisation of Fwr and Fs .

2.1.

Parameterisation of weathering

The overall process of weathering contains ﬁrst the reaction
of silicate minerals with carbon dioxide, second the transport
of weathering products, and third the deposition of carbonate
minerals in sediments. The availability of cations plays the
main role in these processes. This is the limiting factor in the
carbonate sediments forming reaction (third process) between
cations (Ca2+ and Mg2+ ) and carbonate anions (CO3 2− ). Therefore, for the mathematical formulation we have only to take
into consideration the amount of released cations and their
runoff (ﬁrst and second process). Following Walker et al. (1981),
the weathering rate Fwr,A is the product of cations concentration in water (in mass per unit volume) and runoff (in
volume per unit area per unit time). Therefore, the weathering rate is the mass of cations formed per unit area and
unit time. Combining the direct temperature effect on the
weathering reaction, the weak temperature effect on river
runoff, and the dependence of weathering on soil CO2 con-

centration (Walker et al., 1981; Caldeira and Kasting, 1992), the
silicate-rock weathering rate, as a global average value, can be
formulated in the following way:

Fwr =

Ac
Ac
=
Ac,0
Ac,0



aH+
aH+ ,0

0.5
exp

T − T 
s
0
13.7K

.

(2)

The quantities Fwr,0 , Ac,0 , aH+ ,0 , and T0 are the present values
for the weathering rate, the continental area, the H+ activity,
and the surface temperature, respectively. aH+ is the activity
of H+ in fresh soil–water and is itself a function of the surface temperature Ts and the CO2 concentration in the soil Csoil ,
where the equilibrium constants for the chemical activities of
the carbon and sulphur systems have been taken from Stumm
and Morgan (1981). Csoil can be parameterised as a function
of the terrestrial biological productivity ˘, the atmospheric
CO2 concentration Catm , and the corresponding present values
(Csoil,0 , ˘ 0 , Catm,0 ):
˘
Csoil
=
Csoil,0
˘0



Catm,0
1−
Csoil,0


+

Catm
.
Csoil,0

(3)

One role of the biosphere in the context of our model is to
increase the soil CO2 partial pressure Csoil in relation to the
atmospheric one. This effect is supposed to be mainly proportional to ˘. This is a rather weak functional dependence
of the weathering rate on biological productivity. A 10-fold
increase in soil pCO2 relative to atmosphere gives only a 1.56fold ampliﬁcation of weathering rate due to the present biota.
This is a signiﬁcant underestimate, indicating much of the
observed biotic ampliﬁcation of weathering is due to processes
other than increased soil pCO2 . According to Schwartzman
(1999) the total ampliﬁcation due to land life is at least a factor of 10 and may exceed 100. The weathering rate in the past
might be by a factor ˛ lower than the present weathering rates
with a modern biosphere. Therefore, we introduce in Eq. (1) an
additional time-dependent pre-factor ˛(t), with ˛(t) ∈ [0, 1]:
Ċatm = Fs − ˛(t)Fwr .

(4)

The factor captures all further biotic processes inﬂuencing the weathering rate that are not explicitly parameterised
in the model. Since there is no valid ad hoc structural relationship between ˛ and the other (or further) model variables,
it is introduced as time-dependent. The viability method we
present in Section 4 will be used to compute the set of all evolutions ˛(t) that are in accordance with empirical data. This
set indirectly includes all possible parameterisations. If the
weathering effect of different types of biota were negligible,
the method would result in constant values for ˛.

2.2.
Parameterisation of spreading and volcanic
emissions
The sources of CO2 into the atmosphere/ocean system are
seaﬂoor spreading at the mid-ocean ridges and back-arc or
andesitic volcanism. Both processes are dependent on the
spreading rate S. General models of the volatile exchange
between mantle and surface reservoirs (Mc Govern and
Schubert, 1989; Franck and Bounama, 1995, 1997; Franck et
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al., 2000) assume that the mantle degassing as the source of
CO2 for the atmosphere/ocean system is proportional to the
so-called degassing volume beneath mid-ocean ridges. This
degassing volume depends linearly on the areal spreading rate
S. Therefore we get for the ﬂux Fs into the atmosphere the
following relation:
Fs = Fs,0 ×

S
,
S0

(5)

where Fs,0 and S0 denote the present volcanic ﬂux and present
areal spreading rate. The present value for Fs,0 can be estimated to 0.029–0.068 ppm/year (Berner et al., 1983; Walker and
Kasting, 1992). Under the assumption that the present state of
the Earth is in an equilibrium, this value is equivalent to the
present rate of weathering Fwr,0 . For the determination of the
spreading rate a model of Franck and Bounama (1995, 1997)
is used, which couples the thermal and degassing history of
the Earth. Assuming conservation of energy we can write the
following equation for the average mantle temperature, Tm :
4
4
3
2
3
c(Rm
− Rc3 )Ṫm = −4Rm
qm + Q(t)(Rm
− Rc3 ),
3
3

(6)

2.3.

where  is the density, c is the speciﬁc heat at constant pressure, qm is the heat ﬂow from the mantle, Q is the energy
production rate by decay of radiogenic heat sources in the
mantle, and Rm and Rc are the outer and inner radii of the
mantle, respectively.
The mantle heat ﬂow is parameterised in terms of the
Rayleigh number, Ra:

qm =

k(Tm − 273 K)
(Rm − Rc )

 Ra ˇ
Racrit

,

Fig. 1 – Evolution of the normalised areal spreading rate
(solid line) and the luminosity (dotted line) as the driving
forces of the Earth system, respectively.

(7)

Climate model

In order to calculate the atmospheric CO2 concentration Catm ,
we need a climate model which links the temperature to the
given partial pressure of atmospheric CO2 and the solar luminosity L. Here we apply the grey atmosphere model by Lenton
(2000) (see also Chamberlain, 1980). The surface temperature
Ts is determined using the energy balance between the incoming and outgoing radiation:

Ts4 =

(1 − a)L
4



1+



3
 ,
4

(10)

with
3

g(Tm − 273 K)(Rm − Rc )
Ra =
,


(8)

where k is the thermal conductivity, Racrit is the critical value
of Ra for the onset of convection, ˇ is an empirical constant, g is the acceleration of gravity,  is the coefﬁcient of
thermal expansion,  is the thermal diffusivity, and  is the
water-dependent kinematic viscosity. This viscosity can be
calculated with the help of a water fugacity-dependent mantle creep rate. For details of this parameterisation see Franck
and Bounama (1995). The areal spreading rate is a function
of the average mantle temperature, the mantle heat ﬂow, and
the continental growth model over the time-dependent area
of ocean basins (Turcotte and Schubert, 1982):

S=

q2m A0 (t)
4k2 (Tm − 273 K)

2

.

(9)

The normalised spreading rate calculated from the evolution of the mantle temperature (internal driving force) and the
evolution of the normalised luminosity L(t)/L0 (external driving
force) is shown in Fig. 1.

where

is
the
Stefan
Boltzmann
constant
(5.67 × 10−8 W m−2 K−4 ), a is the average planetary albedo,
and  is the vertical opacity of the greenhouse atmosphere.
The equation can be solved for atmospheric carbon by the
following considerations. The opacity of the two greenhouse
gases, CO2 and H2 O, is assumed to be independent from each
other:
 = (pCO2 ) + (pH2 O ).

(11)

The opacity of CO2 is assumed to be a function of its mixing ratio. It is derived from the results of varying CO2 in a
radiative–convective climate model. The partial pressure of
H2 O, pH2 O , can be expressed as a function of temperature Ts
and relative humidity H, using the Clausius–Clapeyron equation. Here we use a wet greenhouse model with H = 1 (full
saturation). The albedo, a, is a function of the surface temperature (Caldeira and Kasting, 1992) derived from least-square
ﬁts to the results of a radiative–convective climate model with
0 ◦ C ≤ Ts ≤ 100 ◦ C:
a = 1.453614 − 0.0065979Ts + 8.567 × 10−6 Ts2 .

(12)
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The opacities (pCO2 ) and (pH2 O ) are calculated in the following way:
(pCO2 ) = 1.73(Catm )

0.263

,

(pH2 O ) = 0.0126(pH2 O )

0.503

.

(13)

The solar luminosity evolves according to Caldeira and
Kasting (1992):


L(t) = L0

1 − 0.38(t − 4.55 Gyr)
4.55 Gyr

−1
,

(14)

where L0 denotes the present day value of the solar constant
(1368 W m−2 ).

2.4.

Biological productivity

The biological productivity ˘ is itself a function of various
parameters such as water supply, photosynthetic active radiation (PHAR), nutrients (e.g., N and C), Catm , and Ts . In the
framework of the this model ˘ is considered to be a function
of the temperature and CO2 partial pressure in the atmosphere
only and is parameterised following Svirezhev and von Bloh
(1997). According to Liebig’s principle ˘ can be set to a multiplicative form:
˘ ≡ ˘(Ts , Catm ) = ˘max ˘T (Ts )˘p (Catm ),
0 ≤ ˘T (Ts ), ˘C (Catm ) ≤ 1.

(15)

The maximum productivity ˘ max is estimated to be twice
the present value (Volk, 1987), i.e. ˘ max = 2˘ 0 . Following Volk
(1987), Michaelis–Menten hyperbolas are suitable for describing the functional behaviour of ˘ C :

˘C (Catm ) =

⎧
⎨

Catm − Cmin
C1/2 + (Catm − Cmin )

⎩0

Fig. 2 – Continental growth model according to Collerson
and Kamber (1999).

continental growth model that is based on geological investigations (Collerson and Kamber, 1999) inferred from Th–U–Nb
systematics of the depleted mantle. The model approximates
episodes of continental growth with the help of an interpolation polynomial. The resulting evolution of the continental
area is shown in Fig. 2.
Data for the global average temperature have been derived
from ı18 values of cherts (Robert and Chaussidon, 2006). These
values are used as a proxy for the ocean temperatures. The
oxygen isotopic fractionation between chert and water:
18

for Catm > Cmin

,

(16)

else

where C1/2 + Cmin is the value at which ˘ C = 1/2, Cmin = 10 ppm.
Eq. (16) tends to ˘ C = 1 for Catm → ∞.
The temperature dependence ˘ T is described by a
parabolic function used by Caldeira and Kasting (1992) having
a maximum at Ts = 25 ◦ C:

O = ı18 Ochert − ı18 Owater ,

(18)

depends on water temperature Tw according to the equation:
1000 ln(

18

−2
O) = (3.09 × 106 Tw
) − 3.29.

(19)

The resulting function ˘(Ts , Catm ) is an adequate description of the so-called net primary productivity (NPP) for the
present biosphere.

Considering that ice caps were absent, i.e., ı18 Owater ≈ −1‰
then temperatures can be calculated directly from ı18 Owater .
Robert and Chaussidon (2006) remark that it is only necessary to consider the highest ı18 Ochert values to obtain reliable
ocean temperature proxies. In order to avoid artefacts due
to small sample sizes we selected the maximum value of
ı18 Ochert for each interval t ± 0.1 Ga, which is covered by the
samples, provided that more than one data point lies in the
interval. Using this procedure we obtain 11 temperature data
points between 3.5 Ga and today which are shown with their
original error bars in Fig. 3.

3.

4.

⎧


⎨ 1 − Ts − 25 ◦ C 2 for 0 ◦ C < T < 50 ◦ C
s
25 ◦ C
˘T (Ts ) =
⎩0
else

(17)

Geological data

Weathering depends strongly on the continental area Ac . The
formation of continents is not well understood because of the
diverse and heterogeneous nature of the continental crust. In
modern studies (see, e.g., Taylor and McLennan, 1995), there
is a growing appreciation of the observation that the continental crust grows episodically. In the present paper we use a

The inverse viability method

Since the weathering rate Fwr indirectly depends on atmospheric carbon Catm and L(t) (via Eqs. (2), (10) and (13)), and
since also Fs only depends on time (via Eqs. (5), (9) and (6)), the
basic differential equation (Eq. (4)) can be rewritten as
Ċatm = Fs (t) − ˛(t)Fwr (Catm , t).

(20)
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Fig. 3 – Evolution of global average temperature Ts for ﬁxed
˛ ≡ 1 (solid line). The markers denote temperature estimates
derived from ı18 O values of cherts. The vertical error bars
are related to the uncertainties in the ı18 O measurements.

We want to determine ˛(t) using the model and the geological data for Catm .
More generally, this can be formulated as a problem of the
following type. We have a given ODE:
ẋ = f(x, t, p),

(21)

with a state vector x ∈ Rn , a (time-dependent) parameter vector
p ∈ P ⊆ Rm , and a vector-valued, continuous function f. In the
present paper, x ≡ Catm , p ≡ ˛. From the empirical data, a time
series {xt } with time steps t is prescribed, in our case {Catm,t }.
Note that by selecting an initial state x0 and an evolution of
the parameter vector p(t), a solution of the ODE in Eq. (21) is
deﬁned (supposed that f is sufﬁciently regular). The problem
is to ﬁnd the set of all evolutions p(t) such that the resulting
solution approximates the empirical time series {xt } in the
following sense: (i) for every time  between time steps ti , ti+1
of the time series, the velocity f(x(), , p()) is within a prescribed interval V ; and (ii) for every step t of the time series,
the solution x(t) is within a prescribed set Dt around xt (e.g.
the error bars indicated in Fig. 3). The second constraint guarantees that an evolution of p is only admitted if it reproduces
the absolute values of the empirical data up to error bounds.
The ﬁrst constraint is essential to omit evolutions where p and
consequently x are strongly ﬂuctuating. The intervals V are
determined from estimates of the derivatives ẋ() based on the
empirical time series.
This approach is an inverse method since it starts from
an incompletely parameterised model and empirical data,
and determines the quantitatively unknown parameters from
that. We call it a viability method since it ﬁts into the general
framework of viability theory (Aubin, 1991). In the following
paragraph we outline its most basic concepts and relate them
to the present problem, making it possible to exploit results
from viability theory.
For a given ODE as Eq. (21), an initial state x(t0 ) and an evolution p(), a resulting solution x() is called viable in the family
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of sets {K }, K ⊆ Rn on a time interval J = [t0 , t1 ] with target
D ⊆ Rn if (i) x() remains in the constrained set K for all  ∈ J,
and (ii) reaches the target x(t1 ) ∈ D at the end of the time interval (cf. Aubin, 2001; Eisenack, 2006). The viability kernel is the
set of all initial conditions x(t0 ) such that there exists a trajectory p() with a viable solution. However, our ultimate target
is to determine the admissible trajectories p() explicitly. Fortunately, it can be shown that if the problem is technically
extended as follows, the viability kernel contains all trajectories of parameters p that lead to viable solutions (Aubin, 1991).
For that it is needed to join the state and parameter space, i.e.
to consider joint evolutions (x(), p()) and to modify the constrained sets K such that they also include a bound on the
velocity ṗ. To compute the viability kernel, various sophisticated methods exist (e.g. Saint-Pierre, 1994; Cardaliaguet et al.,
1999; Bonneuil, 2006). Since the problem in the present paper
has a simple state space and since the model is linear in the
unknown parameter, the computation is simpler.
In our case, the viability problem is solved independently
for every pair of subsequent time steps (ti , ti+1 ) of the empirical
time series, deﬁning the time interval J = [ti , ti+1 ]. We consider
the joint state and velocity space, i.e. evolutions of (Catm , Ċatm ).
The family of constrained sets K is given by the admissible
velocities V (while there are no constraints on the component
Catm ) according to condition (i) above. The target D = Dt is given
by condition (ii) and only includes a constraint for Catm and
not for Ċatm . The derivatives Ċatm () are approximated with
standard numerical analysis methods from {Catm,t }, which in
turn is determined via Eqs. (10) and (13) from the empirical
time series {Ts,t }. Between time steps, Ts () is linearly interpolated. The admissible velocities V are set to be intervals
Ċatm () ± 0.2Ċatm (). Based on that the set of all ˛() that fulﬁll the requirements can be separately determined for each
given  ∈ J. The result is displayed as a “corridor” (see Fig. 4).
We also applied this method successfully to other models,
e.g. the chaotic Lorenz system, with simulated data in this
case.

5.

Results and discussion

The evolution of carbon dioxide in the atmosphere Catm (t)
has been calculated for a ﬁxed factor of ˛(t) ≡ 1 neglecting
an additional inﬂuence of the biosphere on weathering. The
corresponding evolution of the global average surface temperature is shown in Fig. 3. The values for the temperatures
derived from ı18 O values of cherts are plotted. The modelled
temperatures are too low compared to the observational data
in particular for the Archaean and Proterozoic era. This is
caused by overestimated weathering rates in the model and
can be lowered by choosing a time-dependent factor ˛(t) < 1
in Eq. (4). The inverse viability method can be used to determine all paths for ˛(t) that get model temperatures consistent
with the geological data. The resulting factor ˛ is plotted in
Fig. 4. The Phanerozoic epoch (0.541 Ga < t < 0) is characterised
by a value ˛ > 1 while in the Proterozoic and Archaean epoch
(t < 0.541 Ga) the value is signiﬁcantly lower than one. The average Precambrian value for ˛ is ˛¯ = 0.18, i.e. the weathering
rate was by a factor of 5.4 lower compared to the Phanerozoic
where ˛ is assumed to be one.
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references

Fig. 4 – Time-dependent factor ˛(t) describing the
ampliﬁcation of weathering by biota derived from the
inverse viability method. The grey band corresponds to the
corridor of all admissible values for ˛ that are consistent
with the observed temperature data. The horizontal line
denotes the average value ˛¯ of the Archaean and
Proterozoic epoch and the Phanerozoic epoch, respectively.

In the Cambrian era we ﬁnd a sharp increase of ˛. This
ﬁnding is in line with results from von Bloh et al. (2003b).
They proposed that the Cambrian explosion, i.e. the ﬁrst
occurrence of complex life as a global phenomenon, was so
rapid because of a positive feedback between the spread of
biosphere, increased silicate weathering, and a consequent
cooling of the climate. If the global average temperature is
just below the upper temperature tolerance limit for complex life, Tmax , the biosphere starts to spread increasing the
weathering rate by a speciﬁc factor. Franck et al. (2006) found
that for Tmax = 34 ◦ C the ampliﬁcation factor can be estimated
to 5.4 ≈ 1/˛.
¯ Therefore, our ﬁnding supports the idea that a
nonlinear feedback of the geosphere–biosphere system has
caused the Cambrian explosion.
We can show that the inverse viability approach is useful for problems where a part of a model (a parameter or,
in an alternative formulation, a coupled sub-model) is not
completely known, but where data are available. Most importantly, this method computes all parameterisations that are
consistent with the given data, and not just one. The newly
introduced inverse viability method can also be applied to
similar problems where a parameterisation is unknown, e.g.
the parameterisation of phosphorus recycling which can contribute to lake eutrophication (e.g. Carpenter, 2003), or where
the coupling between two phenomena is not fully understood,
e.g. between the Indian monsoon and El Niño-Southern Oscillation (ENSO) (Webster and Yang, 1992).
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