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Abstract

We detail the results of recent studies describing and quantifying the large-scale chemical weathering of the main types
of continental silicate rocks: granites and basalts. These studies aim at establishing chemical weathering laws for these two
lithologies, describing the dependence of chemical weathering on environmental parameters, such as climate and mechanical
erosion. As shown within this contribution, such mathematical laws are of primary importance for numerical models calculating
the evolution of the partial pressure of atmospherio@@d the Earth climate at geological timescales. The major results can
be summarized as follow: (1) weathering of continental basaltic lithologies accounts for about 30% of the total consumption
of atmospheric CQ through weathering of continental silicate rocks. This is related to their high weatherability (about eight
times greater than the granite weatherability); (2) a simple weathering law has been established for basaltic lithologies, giving
the consumption of atmospheric g@s a function of regional continental runoff, and mean annual regional temperature; (3)
no such simple weathering law can be proposed for granitic lithologies, since the effect of temperature can only be identified
for regions displaying high continental runoff; (4) a general law relating mechanical erosion and chemical weathering has been
validated on small and large catchments. The consequences of these major advances on the climatic evolution of the Earth are
discussed. Particularly, the impacts of the onset of the Deccan trapps and the Himalayan orogeny on the global carbon cycle are
reinvestigatedTo cite thisarticle: B. Dupréet al., C. R. Geoscience 335 (2003).
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Résumé

Les résultats d'études récentes sur la nature et la quantification de I'altération chimique a grande échelle des principaux types
de roches silicatées continentales — granites et basaltes — sont présentés ici. Ces études visent a établir les lois de I'altération
chimique pour ces deux types lithologiques en décrivant la dépendance de Il'altération chimique vis-a-vis de paramétres
environnementaux tels que le climat et I'érosion mécanique. Il est montré ici que de telles lois mathématiques sont de premiéere
importance pour I'établissement des modéles numériques calculant I'évolution de la pression partielleadm@phérique
et du climat de la Terre au cours des temps géologiques. Les principaux résultats sont les suivants : (1) environ 30% de la

consommation totale de Gitmosphérique sont attribuables a I'altération des roches basaltiques continentales, en raison de
leur grande vulnérabilité (huit fois supérieure a celle des granites) ; (2) une loi simple de 'altération a été établie pour les roches
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basaltiques, montrant que la consommation de @thosphérique est fonction du ruissellement continental régional et de la
température moyenne annuelle régionale ; (3) aucune loi simple de ce type ne peut étre proposée pour I'altération des roches
granitiques, car I'effet de la température ne peut étre déterminé que pour les régions a fort ruissellement continental ; (4) une loi
générale mettant en relation I'érosion mécanique et I'altération chimique a été validée, a la fois sur les bassins d’alimentation de
petites et de grandes tailles. Les conséquences de ces progres majeurs sur I'évolution climatique de la Terre sont discutées. En
particulier, les impacts de la mise en place ttappsdu Deccan et de I'orogenése himalayenne sur le cycle global du carbone

sont réexaminégour citer cet article: B. Dupréet al., C. R. Geoscience 335 (2003).
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Version francaise abr égée montagnes sur le climat de la Terre. L'idée simple est
gue les chaines de montagnes favorisent 'altération
Un des objectifs des sciences de la Terre est dedes roches et donc augmentent la consommation de
comprendre les variations climatiques qui se sont pro- CO, entrainant un refroidissement de la Terre.
duites depuis la formation de notre planéte jusqu'anos  Ces deux modeles ont souvent €té opposes et la dis-
jours et, au-dela, de proposer des scénarios d’évolutioncussion a été tres vive [60,61]. Une grande partie du
future. débat venait en fait de I'absence de données permet-
La recherche menée sur les périodes récentes atant de discuter les lois d’érosion. De nombreux résul-
été renforcée depuis la mise en évidence de I'aug- tats récents ont permis d’avancer dans ce domaine. Ce
mentation du C@ atmosphérique, mais aussi de la travail a été fait a partir de I'étude des grands fleuves
température globale de la Terre. La compréhension du monde, ainsi que sur de petits bassins monoli-
des variations importantes de température qu’a subiesthologiques, ce qui a permis d’obtenir des flux d'al-
notre planéte a, elle aussi, beaucoup progressé depuigération avec une meilleure prévision qu'auparavant.
20 ans. Larticle qui a stimulé ces études est celui de Avant d’aborder les lois d'érosion, il est nécessaire
Walker et al. [106]. Deux idées principales ont été de quantifier 'origine des éléments dissous dans les
présentées. La premiéere est 'identification des para- rivieres (carbonate, silicate, apports atmosphériques,
metres clés qui contrdlent la température de la Terre : évaporite).
la quantité d’énergie recue au sommet de I'atmosphére  Les résultats important sont les suivants.
terrestre en provenance du soleil et la concentration (1) Découverte du réle de I'altération des basaltes
en gaz a effet de serre tels que le CQette concen-  sur le cycle de C@[31,75,76]. Les basaltes continen-
tration est contr6lée, d’une part, par I'activité interne taux consomment prés de 30% du £gar rapport &
de la Terre (dégazage de €@ar le volcanisme) et, I'ensemble des roches silicatées. Ceci estdd a leur trés
d’'autre part, par I'altération des roches, qui consomme forte altérabilité, qui est prés de huit fois supérieure &
du CQ, atmosphérique et permet in fine de stocker le celle des granites.
CO; au fond des océans sous forme de carbonates. (2) Découverte d’'une loi simple pour modéliser
La seconde idée majeure est 'hypotheése d’'un méca-I'altération des basalted_e flux de CQ consommé
nisme de régulation de la température engendré par lapar l'altération des basaltes est proportionnel a la
relation positive qui peut exister entre «intensité de surfaces des basaltes, au ruissellement continental
I'altération » et « température de la Terre ». Ce méca- (lame d’eau écoulée en mmah) et a la température
nisme conduit & équilibrer les flux d’entrée et de sortie moyenne annuelle de la région considérée [32].
de CQ dans I'atmosphére et limite les variations cli- (3) Absence de loi simple pour l'altération des
matiques de notre planéte. granites. Aucune loi simple n'a été trouvée pour
Le second article qui a fortement contribué aux I'altération des granites. Oliva et al. [88] ont montré
débats est celui de Raymo [97], qui a repris d’an- que I'effet de la température n’était visible que pour
ciennes idées concernant l'influence des chaines deles régions a haut ruissellement. L'absence de relation
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pour les bas ruissellements est principalement liée a1. Introduction

la nature des sols, qui peuvent étre trés épais et faire

écran par rapport aux roches «fraiches » [50,101,105].  Continental chemical weathering is a key process
Néanmoins, ce résultat ainsi que celui obtenu sur les Of the Earth global geochemical cycles. Of particular

basaltes permet de confirmer le role de la températureinterest is the C@cycle, since atmospheric GUs a
sur l'altération a I'échelle globale. greenhouse gas directly impacting on the Earth global

(4) Loi générale reliant érosions chimique et méca- cIimgte. At.the geological timescale, this cycle ?s es-
nigue.Une loi générale a été proposeée, qui relie I'éro- sentially driven by two processes: the £degassing

sion chimique et I'érosion mécanique. Cette loi a été through arc volcanism, degassing at m|q-ocean!c ridge
. . . (MORB emplacement) and metamorphism (which act
observée sur les grands bassins versants [53] et confir- .
mée sur les petits [83] as sources of C&J70]), and the consumption through
A " dp ¢ ' scents. il a été ol weathering of continental silicate rocks and the stor-
p,ar_|r € ces rayaux recer] s,_ Il & ete possibie age of organic carbon in sediment. Chemical weather-
de préciser de maniere quantitative les effets des

- R . ) : ing of Ca-silicates can be described by the following
grands phénomenes géologiques sur le climat de ”Otregeneric expression [12]:

planéte.

(1) La mise en place des grandes provinces basal-CaSiQ + 2HCO3
tiques modifie sans doute le climat de la Terre sur des = Ca&t + 2HCO;~ + SiO, + Ho0
périodes de I'ordre du million d’années, avec un stade
de réchauffement suivi d'un stade de refroidissement.
Dans le cas de la mise en place tieppsdu Deccan
il y 65 millions d'années, le réchauffement aurait été
de 4°C et le refroidissement de °E [31]. La mise Ceft +2HCO;™ = CaCQ + H2CO3
en place derappsau Néoprotérozoique, entre 825 et The net budget of silicate weathering can be written
725 Ma, pourrait avoir provoqué un refroidissement as:
important, permettant & notre planéte de rentrer dans ) )
une période de glaciation totanowball Earth59]. CaSIQ + CO, = CaCQ + Si0;

(2) La relation entre érosion mécanique et érosion Carbon is thus transferred from the atmosphere to the
chimique appuie I'idée d’une influence de la formation continental crust through silicate rock weathering.
des chaines de montagnes sur le climat. Nos derniers The quantification of this weathering sink relies
résultats montrent que la formation des chaines andine©n field studies performed at various time and spatial

en termes de consommation de £@epuis environ ~ Sheds  [18,25,36,37,58,75,76,81,89,92,105,108,109]

20 Ma. are complementary to those carried out at larger scale
using the main rivers in the world [19,38,40,41,44,50,
52-54,90,100,101,104]. These two approaches use the
same type of data, which are the chemical composition
(majors cations and anions, dissolved organic carbon —
DOC —, particulate organic carbon — POC -) of the dis-

N S o N - solved and particulate phases of rivers, the total masses
notre_planete. Il rest_e a mieux définir le role de Ia_ve— of dissolved elements (TDS) and suspended sediments
gétation sur 'altération. Ce paramétre, mal contraint a (TSS). Simple parametric laws, describing the depen-
I’heure actuelle, est en effet indispensable pour mieux dency of chemical weathering on environmental fac-
comprendre I'évolution du climat lors de la mise en tors are then established, based on these field studies.
place de la végetation sur les continents (fin du Dé- Such kind of laws are then introduced into numerical
vonien). Enfin, il est important de prendre en considé- models describing the biogeochemical cycles, them-
ration les gaz a effet de serre autres que le €0e selves used to calculated the evolution of the partial
cycle organique du carbone. pressure of atmospheric G&hrough times.

This dissolution reaction releases cations and 5CO
to the ocean through river transport, where they are
consumed by carbonate precipitation on the seafloor:

D’un point de vue plus général, la découverte de
ces lois d'érosion et les progrés effectués sur les
modéles climatiques permettent d’envisager des mo-
deles couplés climat/cycles biogéochimiques, indis-
pensables pour la reconstitution du climat passé de
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Fig. 1. Present-day global carbon cycle. Reservoir contents are expresséfl indlés of C, while the fluxes are expressed if2Molesyr!

of C (adapted from Prentice et al. [91]; Frangois et Goddéris [46]). The ocean—atmosphere reservoir is assumed to be at a steady state against
geological processes. The values for the exchange fluxes give the order of magnitude of these fluxes, without accounting for disequilibrium
within the exchanges.

Fig. 1. Etat moderne du cycle du carbone. Le contenu des réservoirs est exprir'r%*em]fﬂs de C, et les flux en #® moles de C an’.
(adapté de Prentice et al. [91] ; Francois et Goddéris [46].) Le réservoir océan—atmosphére est supposé a I'équilibre vis-a-vis des processus
géologiques. Les valeurs des flux d’échange donnent I'ordre de grandeur, sans tenir compte des déséquilibres au sein méme des échanges.

The global biogeochemical cycle of carbon has morphic processes. These reservoirs include sedimen-
been described and quantified during the last 50 years,tary reduced and oxidized carbon stocks, and the man-
including the description of the surficial carbon stocks tle. Although quite small compared to the carbon ex-
and of the exchange fluxes (Fig. 1). The atmosphere changes between the ocean and atmosphere, or be-
is by far the smallest reservoir, with a quite short res- tween the biosphere and the atmosphere, the weath-
idence time (about three years), implying that rapid ering processes are thus the main controlling factors
fluctuations of the atmospheric carbon content are al- of the evolution of the atmospheric carbon stock and
lowed at least at the decadal timescale, inducing global global climate through geological ages.
climate changes. Although longer, the residence times  In the following, we will first describe our general
of carbon in the biosphere (including soil carbon) and understanding of the long-term evolution of the carbon
in the ocean do not exceed several centuries. At the cycle. We will focus on the driving processes, and on
geological timescale, the evolution of the total content the numerical models that were implemented to cal-
of the oceanic, atmospheric and biospheric reservoirs culate the partial pressure of atmospheric@@d cli-
is controlled by the exchanges with geological reser- mate through the geological past. Then we will discuss
voirs displaying residence times from about’ 110 the degassing flux originating from the Earth interior
10° years, through weathering, deposition and meta- into the ocean—atmosphere system, as the main long-
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term source of carbon. The next section will focus on (10° m?). Such kind of laws is not valid at smaller
the main long-term sink of carbon: continental sili- spatial scales, such as the microscopic scale.
cate weathering. We will particularly discuss the pro- At the geological timescale (£ao 1@ years), the
cedures followed to estimate global weathering laws, main factors driving the climate, in close connection
as well as the limitations encountered. Finally, we will with silicate weathering, are the solar constant,,CO
show how the introduction of new weathering laws, degassing rate and continental configuration. In order
based on the recent works by the Toulouse and Paristo quantify the relative importance of these processes,
teams, leads to the implementation of new models of we use a simple model described in the legend of
past atmospheric GO Fig. 2. The solar constant appears to have an extremely
important impact on the global carbon cycle, since
a change in the solar constant by only 1% results

2. Chemical weathering of continental silicate in an almost 200% change in the atmospheric pCO
rocks and numerical models of the geochemical (Fig. 2a). The same pCJluctuations are obtained if
cycles degassing rate changes by 10% (Fig. 2b). Any change
in the carbon source fluxes by a few percent might
2.1. Basic concepts thus have a potentially major impact on the Earth

global climate. Finally, Fig. 2c shows the impact of
All existing numerical models describing the evo- continental configuration on the global carbon cycle,
lution of the global biogeochemical cycles at the geo- illustrating the effect of a perturbation in the carbon
logical timescale are based on the work by Walker et sink flux (here silicate weathering) on the atmospheric
al. [106]. These authors argue for a direct dependency pCQ;,. For instance, when continents are located
of continental silicate weathering on climate (sili- around the pole, global continental temperature and
cate weathering increases with temperature and runoff,runoff tend to decrease, leading to an inhibition
both enhanced under higher pg@lues). Since sili-  of silicate weathering. If C® degassing remains
cate weathering is the main G@ink at the geolog-  constant, atmospheric pG@ill rise until continental
ical timescale, the mathematical expression proposedclimatic conditions will allow silicate weathering to
by Walker et al. [106] provides the expression of the compensate for the CGsource.
negative feedback stabilizing the Earth climate at the
geological timescale: for instance, any increase in the 2.2. A short model review
degassing rate will be directly compensated by an in-
crease in the sink of carbon through silicate weather-  The first numerical models (0D, thus neglecting the
ing, under enhanced greenhouse effect. Note that thecontinental drift factor) calculating the pGQvolu-
general framework of this idea can be traced back in tion through the geological history all include a forc-
the 19th century [39], as noted by Berner and Maasch ing function for the degassing rate and the long-term
[13]. evolution of the solar constant [7-9,14,15,74]. In ad-
The most standard mathematical expression for the dition to controls exerted by changes in the solar con-
consumption flux of C@by the weathering of a given  stant (slow secular change, that will produce slow sec-
exposed surface of silicate rocks) might be written ~ ular response in pC§), silicate weathering is track-
as follow: ing changes in the degassing rate (rapidly fluctuating
Es(1 1 forcing) through the negative climatic feedback. The
Fsil = ksil Rexp(—(— - —)) 1) calculated atmospheric pGQOs thus heavily depen-
RAT To dent on the adopted degassing forcing function (which
where R and T are respectively the runoff and the is poorly constrained; [42,49,72]), and on the math-
temperature for the considered surfadg, is an ematical formulation adopted for silicate weathering
activation energy characteristic of a mean granitic (Eg. (1)). CQ degassing acts as the main force of
lithology (Eq = 48 700 Jmot?; [88]). The typical size change at the geological timescale (Walker's world).
of the continental surface where this simple law can Second-generation models appear in the early and
be applied is at best the size of small catchments middle 1990s and are still in development [47,48,
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Fig. 2. Sensitivity of the C@ atmospheric partial pressure to external parameters. A simple energy balance model [47] is used to calculate
the zonal air temperature and zonal continental runoff (the latter through a simple parametric law) in 18 latitude bands for a given continental
configuration and solar constant, as a function of the atmospherig.pi€@llows the calculation of the zonal and global consumption of
atmospheric C@by continental silicate weathering (Eg. (1)), which reache3 gnol? molyr_l under 360 ppmv of C& Assuming that the

carbon cycle is at steady state under present-day conditions, thi€@@Bumption flux should exactly compensate for a@@gassing flux

through volcanism and ridge activity of@b x 1012 molyr_l. (a) The solar constant has been increased and decreased by 2%, and in both case
we calculate the atmospheric G@vel (and hence climate) triggering a total consumption of @@silicate weathering (17 x 102 molyr—1)

that compensates exactly for the degassing flux (forcing the inorganic carbon cycle at steady state), through a simple convergence algorithm.
The lower sensitivity of global climate to change in p£&t high atmospheric levels results in a higher sensitivity of p@Dsolar constant
changes.lf) We then test the impact of changing the degassing rate by 10% under fixed solar constant and continental configuration through the
same procedure. Atmospheric pg&lcreases and climate is getting warmer and wetter i @&yassing increases, allowing the consumption

of CO, through continental silicate weathering to compensate for the increase in thed@e. €) Finally, we explore the impact of the

general continental configuration on the pi@vel. The ‘polar’ test was performed assuming that all continents are located abfolai2fle
(symmetrical distribution for both hemispheres, present-day total continental surface unchanged). This configuration results in an increase in
atmospheric C@ compensating for the decrease in temperature and runoff triggered by the high latitude location of continental surfaces. The
‘equatorial’ run was performed by assuming that all continental surfaces are located symmetrically along the equate2&fithimd +25°

latitude.

Fig. 2. Sensibilité de la pression partielle en £&mosphérique aux parametres externes. Un modéle simple de balance énergétique [47]

est utilisé pour calculer la température zonale de I'air et le ruissellement continental zonal (ce dernier au travers d’une loi paramétrique
simple), dans 18 bandes de latitude, pour une configuration continentale, une constante solaire et une tepetoreme€O La température

et le ruissellement continental permettent alors le calcul de la consommation zonale et globale denG&phérique par altération des

silicates continentaux, qui atteint 71x 1012 molarr! sous une pC@de 360 ppmv. Supposant que le cycle du carbone est a I'équilibre

sous les conditions actuelles, cette consommation dg €®supposée compenser exactement le dégazage gpatQ@activité volcanique

et aux dorsales océaniques d8%5x 10'2 molarr?L. (a) La constante solaire a été accrue et diminuée de 2%, et dans les deux cas nous
calculons la teneur en GO(et donc le climat) entrainant une consommation de, @@r altération des silicates continentaux (Eq. (1))

(11,7 x 1012 moles/an) qui compense exactement le dégazage (for¢ant ainsi le cycle inorganique du carbone al'équilibre), a l'aide d’une simple
procédure de convergence. La sensibilité plus faible du climat global vis-a-vis de changements,degeCitautes valeurs atmosphériques

entraine une sensibilité plus grande de p@0x changements de constante solaliENpus testons ensuite I'impact d’'un changement du taux

de dégazage de GQle 10%, constante solaire et configuration continentale fixées, en utilisant la méme procédure. dten@sphérique

augmente et le climat devient plus chaud et humide si le dégazage augmente, ce qui résulte en une augmentation de la consommation de
CO, par altération des silicates, compensant 'augmentation de la sourcedédCBinalement, nous explorons I'impact de la configuration
continentale générale sur le niveau deGtmosphérique. Dans le test « polar », I'ensemble des surfaces continentales a été déplacé au-dessus
de 25 de latitude (la distribution continentale est symétrique de part et d’autre de I'équateur, la surface continentale totale est maintenue a
sa valeur actuelle). Cette configuration provoque une augmentation de la teneup etn@®phérique, afin de compenser la diminution de
température et de ruissellement, liée a la localisation a hautes latitudes des surfaces continentales. La simulation « équatoriale » a été réalisée
en localisant 'ensemble des surfaces continentales e/t et +25° de latitude.
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Fig. 2. Continued.

60,62]. Those models strongly improve the climatic
module of global biogeochemical models, through the
complete coupling with a 1D energy-balance model.
Such simple climatic model allows the calculation of
air temperature in 18 latitude bands as a function of
zonal continental configuration, and atmospherigCO
Runoff is estimated zonally through simple parame-
terisation, involving continental configuration and air
temperature. Frangois and Walker's work [47] was the
first attempt to account for the role of palaeogeogra-
phy within the global carbon cycle. At the same time,
the impact of continental vegetation (particularly vas-
cular plants) on weathering rates of silicate rocks were
included in improved 0D geochemical models [9-11].
This impact of continental vegetation on calculated at-
mospheric CQis illustrated in Fig. 3.

The new 1D models together with improved 0D
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Fig. 3. Impact of global continental vegetation on atmospheric
pCO,. We use the same procedure as in Fig. 1. The continental
configuration, solar constant and degassing rate are kept constant
at their present-day values. Several tests illustrating the impact of
the removal of the continental vegetation are performed: (1) only
continental albedo is assumed to be affected (rising on the continents
to a constant value of 0.3, typical of naked soils), tending to cool the
global climate, counteracted by an increase in p@i@t stabilizes
around 1500 ppmv; (2) in addition to albedo effect, we assume
that continental weatherability is decreased by a mean factor of 6.6
in the absence of vegetation [11]; (3) we further assume a direct
dependence on Cof continental weathering, even in the absence
of land plants (pC&°-3).

Fig. 3. Impact de la végétation continentale globale sur la teneur
en CGQ atmosphérique. On a utilisé la méme procédure que pour
la Fig. 1. La configuration continentale, la constante solaire et le
taux de dégazage sont maintenus constants a leur valeur actuelle.
Nous avons réalisé plusieurs tests illustrant I'impact de I'absence
de végétation continentale : (1) seul I'albédo continental est affecté
(celui-ci est augmenté a 0,3, une valeur typique des sols nus), ce
qui tend a refroidir le climat global. Cette tendance est compensée
par une augmentation de pgQOqui se stabilise aux alentours de
1500 ppmv; (2) en plus de I'effet d’albédo, nous supposons que
I'altérabilité continentale diminue d’un facteur 6,6 en I'absence de
végétation [11]; (3) nous ajoutons au test précédent une dépendance

models [29,60,71] were used to test a new hypothesis girecte de raltération continentale des silicates vis-a-vis de pCO

about the role of mountain building on the global car-
bon cycle. The impact of orogenesis (particularly the
Himalayan uplift) on the global carbon cycle and cli-

méme en I'absence de végétation continentale (15?1',5())

mate has been deeply investigated since the early 90sincreasing consumption of Gy chemical weather-

within the publications by Raymo and co-authors [29, ing of silicate rocks. In this scenario, the main force of
60,61,71,94-97] based on the early work of Chamber- change is the continental silicate weathering, driven by
lin [24]. They were postulating that atmospheric car- mechanical weathering, itself controlled by tectonic
bon is being consumed by enhanced chemical weath-processes (Raymo’s world). Although appealing, this
ering of Ca- and Mg-silicate rocks exposed within the hypothesis leads to the existence of long-term disequi-
Himalayan range as a result of enhanced mechani-libria between the C®outgassing and the consump-
cal breakdown. Raymo suggested that the resulting tion by continental silicate weathering, through the de-
global cooling would finally enhance silicate weath- coupling of both fluxes. As a result, unacceptable fluc-
ering all over the world through a positive feedback tuations of the exospheric carbon and oxygen contents
loop, cooling favouring mechanical weathering, itself are calculated [29,61].
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Today, new models must be developed that include seafloor accretion rate was performed by Gaffin [49],
all recent studies of continental weathering performed based on the inversion of the sea-level curve. This
on small watersheds and large rivers. For instance, therate has been used in several global biogeochemical
recent inclusion of lithologic effect within OD and 1D models [8,15,47] to force the degassing rate. In 1992,
models (particularly the basaltic surfaces) brings the Caldeira [22] suggests that the degassing rate was
description of the geochemical cycles to a new degree not only a function of the seafloor accretion rate, but
of complexity [31,59,103,107], as will be described also of the amount of carbonates accumulated on the
below. seafloor and being partly degassed into the atmosphere

at subduction zones. Such process has been included

in revised versions of the Frangois and Walker model
3. CO, sources. the control of the CO» cycle by [45,48,60]. This scenario has been recently rethink and
the internal dynamic of the Earth somewhat improved by Schrag [99], suggesting that

the efficiency of the carbonate recycling might be an

Earth is a living ‘planet’ that continues to release underestimated process controlling the global carbon
heat through volcanism but also some gases like car- cycle. Finally, we have proposed that the timing of the
bon dioxide (CQ) and methane (Ck. Being green- CFB emplacement plays a very important role in the
house gases, they directly impact on the climate. The climate evolution of the Earth [31,59].
long-term evolution of the Earth surface was thus at  Some other parameters should be considered in
least partly controlled by its internal activity. Since the the future. What is the effect of the presence of
discovery of plate tectonics, a general frame has beena ‘super continent at some periods of the Earth
adopted that describes the formation of basaltic rocks. history on the emission of CQOin the atmosphere?

If we consider recent basalts (less than 1 billion year At this time, heat is accumulated below continental
old), four main types of basalts are identified: Islands masses until the breakdown of continent is initiated by
Arc volcanisms (lAV), Mid Oceanic Ridge Basalts CFB (and related intense degassing). This hypothesis
(MORB), Oceanic Island Basalts (OIB) and Continen- of heat storage is in agreement with the results
tal Flood Basalts (CFB). Only IAV and MORB are lo- obtained by Humler and Besse [67] on the high
cated at the plate boundaries. However, there are fewtemperature of the old Atlantic tholeiitic basalts by
exceptions, like Iceland that does not belong to the comparison with recent mid-oceanic ridge basalts.
OIB group. MORB originate from the upper mantle, What is the effect of changing the volcanic emission
while OIBs are generally considered as derived from due to strong modifications in the mantle as proposed
deeper source [1]. New OIB are very often associated by Machetel and Humler [78]? What is the effect of
with a particular type of basalts, the continental flood other types of volcanism on the G®uch as the onset
basalts (CFB). This volcanism produces huge amounts of carbonatites? All these questions need more studies
of mainly tholeiitic basalts in a very short time period but we have to keep in mind that the reconstruction of
[26,27]. The emplacement of CFB can occur within the CQ source coming from the mantle is still poorly
continental or oceanic environment. The geochemical constrained.

signatures (trace elements and radiogenic isotopes) of  Anotherimportantinformation aboutthe GOycle
CFB are very variable and differ from those of MORB can be assessed using carbon isotopes on MORB.
and OIB [2,64]. Javoy et al. [69] have proved that one fraction of the

The melting of IAV is due to the dehydration superficial carbon has necessarily been reinjected in
of the subducted lithospheric plate, and the use of the mantle.
radiogenic tracers like lead, strontium and neodymium
demonstrates the presence of sediments within the
source of basalts [3,111]. 4. CO3 sinks: chemical weathering of silicates

The degassing of CPis directly related to the
mantle dynamic and recently proposed ideas allowthe  River chemistry integrates the contribution of sev-
estimation of the degassing rate during the geological eral sources: atmospheric inpathemical weathering
times. The first attempt in reconstructing Phanerozoic + biospheric effectt ion-exchange effect.



B. Dupré et al. / C. R. Geoscience 335 (2003) 1141-1160 1149

However, at the watershed scale, looking at output from volcanic or metamorphic degassing and not from
fluxes of elements, there are only two ultimate sources the atmosphere.
that must be considered: the atmosphere (the exter- With errors inherent to the correction methods,
nal source) and the local chemical weathering (water— weathering rates of silicates (usually in tkfyr—1)
rock interactions). Elements involved in the vegeta- can thus be calculated (sum of major cations and
tion cycling or in ionic exchange processes are ulti- silica) for a variety of catchments and regions with
mately originating from these two sources. Until now, different climatic and geomorphologic features, and
the quantification of the atmospheric deposits on the then compared. Note that GOconsumption rates
watershed (aerosol, wet and dry deposits and through-are not necessarily correlated to silicate weathering
fall contributions) is not well constrained. This is par- rates when oxidative weathering of sulphides provides
ticularly due to the lack of data but also to the problem protons to the soil solution.
of identifying the exact origin of the elements com- The search for chemical weathering laws is made
ing from the atmosphere; indeed, atmospheric depositsby comparing the so-calculated weathering rates with
may bring elements that originate from the watershed parameters like runoff (net precipitations), mean an-
itself (local re-emission) and make the correction on nual temperature, mean slope, watershed size, me-
the output fluxes hazardous. This correction is impor- chanical erosion fluxes, anthropogenic impact. Among
tant because the concentration of major elements (with these parameters, basin drainage size is probably the
the exception of Si) in rivers flowing on silicate rocks best-known parameter. However, when annual runoff
can be in the range of those measured in rainwater.  is used, information is lost on the yearly runoff vari-
Most rivers drain a variety of rock types. Eas- ability. Mean air temperature is also a questionable pa-
ily weathered lithologies are therefore expected to rameter that has only a sense when the annual vari-
dominate the river chemistry. Saline evaporite rocks ation is weak and positive. Finally, the third diffi-
and carbonates have been shown by Meybeck [82] to culty is to get a reliable estimation of river fluxes.
weather on average 10 to 100 times faster than sil- Very often, mean water discharges are compared to a
icate lithologies. Hydrothermal deposits or volcanic solute concentration determined at the time of sam-
sublimates are likely to be dissolved very quickly as pling, and discharge-averaged concentrations are rare.
well. As far as silicate-weathering rates are concerned This is particularly true for small drainage basins in
(and associated GQzonsumption), it is necessary to  which the influence of century floods on the trans-
correct from the non-silicate inputs to river chem- port of solutes can be huge. In large rivers, recent pro-
istry. Several techniques have been used to calculategresses have been made on the estimation of fluxes us-
the proportion of each major solute, from Garrels and ing new techniques like ADCP [23,63].
Mackenzie [56] to Negrel et al. [86]. The last method A fundamental aspect of the future works in this
uses chemical Na-normalized ratios (Ca/Na, Mg/Na) field is to continue to improve the quality and the
and Sr isotopic ratios as proxies of carbonate-versus-quantity of data.
silicate dissolution and an inverse method to determine  Itis important to keep in mind the questions related
the proportions of each mixing end-member. Even in to the quality of the data, but also the simplifications
purely silicated catchments, a number of studies have introduced by using mean annual parameters. Some
shown that the presence of disseminated or vein calcite questions discussed thereafter may be linked to these
can have a major influence on river chemistry and that previous remarks.
calcite-derived dissolved Ca (and associated C) has to
be corrected, because it does not originate from the
atmosphere [16,35,55,110]. This issue still remains a 5. Chemical silicate weathering laws
difficult task. Finally, in volcanic provinces, or even in
central Himalayas, authors have shown the major role  The determination of chemical weathering laws
played by hydrothermal sources [4,33,43,75]. Again, is required to model the evolution of GGn the
the estimate of silicate chemical denudation rates re- atmosphere during the history of the Earth. The aim
quires that solutes from hydrothermal inputs must be is to establish simple laws that can be easily used
disregarded, as hydrothermal carbon is mostly derived in global and low-resolution models. In agreement
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with experimental data on the weathering of silicate sediments (highly depleted in the more mobile ele-
minerals some of the main parameters used to definements during weathering reactions) exhibit low chem-
chemical laws are runoff, pGQsoils properties, pH, ical weathering fluxes of silicates.
temperature, pluviometry.

Attempts to establish parametric laws of silicate 5.2. Chemical weathering of granites
chemical weathering using rivers have been made
using both large river systems and drainage basins Using a database of more than 60 different small
draining a single type of rock. Large rivers have watersheds draining granitoid rocks, White and Blum
the advantage to integrate (and average) information [108] have recently emphasized the role of tempera-
over large areas, but generally result from a mixing ture on silica fluxes and weathering rates. This data-
of diverse lithologies. Smaller rivers (order 1) can base has been completed by Oliva et al. [88] and a
be chosen for draining a single lithology but are careful treatment of the data showed that the relation-
more sensitive to small variations in hydrology, rock ships between temperature and weathering rates are
mineral composition (trace minerals) and may not notso simple that previously proposed [108] (Fig. 4c).
be representative of larger scale. In fact the results In particular, all data from lowland tropical environ-
obtained by these two approaches are very similar andments are characterized by remarkably low denuda-

complementary. tion rates [89,104]. Oliva et al. [88] showed that the
positive influence of temperature is only clear when
5.1. Large-scale approach runoff values are higher than 1000 mntyr The re-

lationship between temperature and chemical denuda-
Continental silicate reservoir component corre- tion leads to an activation energy of about 50 kJ ™ol

sponds to a complex mixing of various lithologies close to the values determined by experimental stud-
(granites, shales, mafic rocks, volcanic rocks...) in- ies of silicate dissolution [98]. We suggest that a ‘soil-
tegrated over large surface areas. Based on a globaleffect’ explains why the relationship between chemi-
compilation, Gaillardet et al. [53] extract the silicate cal weathering rates and temperature is only observed
component from the 60 largest rivers of the world at high runoff. High runoffs are often associated with
and showed that runoff is the most evident control- mountainous areas where soils are constantly disman-
ling parameter of chemical denudation rates for sili- tled. In the lowlands, the formation of thick soils pro-
cates and associated g@uxes. The role of tempera-  tects the bedrock from chemical weathering, with no
ture has been shown to be less clear (Fig. 4a), with a primary minerals remains in thick tropical soils [85].
majority of rivers showing increasing weathering rates This shielding effect of soil was outlined for the Ama-
of silicates with increasing temperature and a couple zon and Guyana shield by Stallard and Edmond [101].
of rivers, especially tropical lowland rivers, deviating It is important to note that this result, inferred from a
from the global trend. The good correlations observed global systematic of small drainage areas, is consistent
at a global scale between physical denudation fluxes with those inferred from large basins.
and chemical-weathering fluxes of silicates (Fig. 4b) The relationships between chemical and physical
suggested to the authors that chemical weathering anderosion fluxes have been attempted by Millot et al.
physical erosion are intimately coupled. Low physical [83] (Fig. 4d). The number of granitic catchments for
denudation regimes preclude water—rock interactions which physical erosion fluxes have been measured is
and lead to low solute fluxes, even if mineral weather- very low. However, the same relationship holds for the
ing reactions are complete and lead to the formation of largest rivers as well.
gibbsite and kaolinite. The chemical inspection of the We have recently proposed that other parameters
suspended sediments transported by large rivers [51]also play an important role in the chemical weathering
also confirmed that the rivers of high chemical denuda- rate. Oliva et al. [87] have reinforced the idea that
tion silicate fluxes transport poorly weathered mate- trace minerals could play a significant role in the CO
rial, compared to the mean continental crust compo- consumption in a young soil environment developed
sition. Conversely, large catchments (Congo, lowland on rocks recently glaciated (Estibere watershed). This
tributaries of the Amazon) showing highly weathered last study reveals that 80% of the €©@onsumption
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Fig. 4. Correlation between silicate chemical weathering and temperature (Fig. 4a), and physical erosion (Fig. 4b) for large watersheds. The
values are normalised to the Amazon watershed; see Gaillardet et al. [53]. The Huanghe River has been removed, due to the strong effect of
deforestation on the mechanical weathering. Fig. 4c and d give the same relationship for small monolithological watersheds.

Fig. 4. Relation entre I'altération chimique des silicates en fonction de la température (Fig. 4a) et de I'érosion mécanique (Fig. 4b) pour les
grands bassins fluviaux. Les valeurs sont des valeurs normalisées au bassin de '’Amazone afin de tenir compte de la présence de carbonate sur
les grands bassins fluviaux (voir Gaillardet et al. [53]). Le fleuve Jaune a été éliminé de la base de données, du fait du trés fort impact de la
déforestation dans ce bassin versant. Les Figs. 4c et d présentent les mémes relations pour les petits bassins silicatés monolithologiques.

is due to the alteration of silicate trace minerals. This ture works, Oliva et al. [89] have proposed that the or-
effect of increased weathering was already observed ganic matter through complexation with acidic func-
for other high altitude watersheds [5,17,110]. This tional groups enhances the chemical weathering by
new observation reinforces the proposition of Stallard about 20%. This result arises from a study performed
[100] about the effect of the soil age. Other important in a small watershed in Cameroon. In study carried out
parameters are certainly the strong mineralogical and in Canada, Millot et al. [84] have shown a clear rela-
chemical heterogeneities of the ‘granitoids’ [87]. tionship between DOC and silicate chemical weather-
Other observations have been reported on the rela-ing. Itis rather difficult to use directly this information

tionship between the dissolved organic carbon (DOC) in models, but these observations highlight the role of
and the chemical weathering. Although the link might the vegetation in weathering processes. This debate is
appear rather weak and has to be confirmed by fu- still open, and even if some other recent studies have
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clearly shown a direct impact of the vegetation on the flux derived from silicate weathering. However, in the
weathering [10,113], it is still extremely difficult to  future, an important effort should be invested to obtain
estimate the long-term effect of the continental veg- more complete data of rivers flowing through basalts,
etation on weathering. Indeed, vegetation cover is not in order to better understand the processes governing
only involved in chemical processes but plays also a chemical weathering of basalts and to emphasize the
physical role by protecting soils from strong mechani- impact of some other parameters (age of rock, vegeta-
cal weathering. tion, soil thickness...).

5.3. Chemical weathering of basalts )
6. Modelling

Unlike granitic watersheds, the chemical weather- ) o
ing and CQ consumption fluxes due to basalt weath- 6.1. Importance of chemical weathering in global
ering have been poorly studied. However, several au- change
thors [58,75,76] have shown that basalts are among
the more easily weathered rocks in comparison with ~ As discussed above, chemical weathering of con-
other crystalline silicate rocks. Therefore, basalts play tinental silicates acts as the main sink of carbon at
a major role in the carbon cycle and the contribution the geological timescale. This flux has been neglected
of basaltic rocks to the continental weathering flux in all recent studies dealing with the global climatic
must be estimated. It is thus necessary to determine thechanges triggered by anthropic activities, because
weathering laws of basalts and devise the best methodchemical weathering of all lithologies consumes only
of describing how these rocks weather under differ- about 07 Gtyr* [53,77], compared to the 92 Gty*
ent climates. Using a database of river waters for 12 absorbed by the ocean, or the 6Gtyr— consumed
different basaltic provinces, it appears that runoff and by continental photosynthesis [91]. However, the con-
temperature are the main two parameters that control sSumption by weathering can be seen as a net output
the chemical weathering of basalts [32]. We obtain an flux on short timescales (3Go 1(? years), indepen-
apparent activation energy around 42 kJntolsim- dently from the lithology being eroded. When con-
ilar, within the error bars, to the granitic values. The sidering net fluxes, the continental biosphere releases
consumption of atmospheric Gy basalt weather- 0.3 Gtyr1 of carbon into the atmosphere, while the

ing can be written as [32]: ocean consumes only 2 Gtyrof carbon [91]. These
numbers are of the same order of magnitude as the

feo, = Rt x 32344.exr0.06427) consumption of carbon by continental weathering.

where fco, is the specific atmospheric G@onsump- Based on the new weathering laws, discussed above,

tion rate (molknt2yr=1), Ry is the regional mean an-  We roughly estimate that the consumption of carbon

nual runoff in mmyr? and T the regional mean air by silicate weathering will increase by about 10% in

temperature i C. the future per degree in global temperature, assuming
Thanks to this relationship, it is now possible to @ 4% increase in runoff per degree in temperature.

determine, for any basaltic province, the chemical  Finally, it has been recently demonstrated that

weathering rates and associated xCénsumption  the inclusion of the atmospheric G@&onsumption

rates, provided that the temperature and the runoff are through continental weathering into global models of

known over this basaltic province. Moreover, from our carbon transport might explain a large portion of the

relationship and several digitised maps (basaltic out- difference between the observed and simulated north—

crops, mean annual runoff and temperature), the cal- South gradient of atmospheric G(B].

culated global C@flux consumed by chemical weath-

ering of basalts reaches abou0&x 102 molyr1, 6.2. The impact of emplacement and weathering of

representing between 30 to 35% of the flux derived basaltic provinces

from continental silicate including islands studied by

Gaillardet et al. [53]. This study reinforces the idea of Taylor and Lasaga [103] have considered the im-

the very important contribution of basalts to the global pact of the volcanic rocks on long-term evolution
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of the geochemical cycles through a study of the ] — »pco, )

Columbia River flood basalts that formed 17-14 Myr £ "]
ago. Their model is based on the kinetics and thermo-
dynamics of water—rock interactions. The authors have
suggested that the important Sr flux resulting from the
chemical weathering of Columbia River basalts could
explain the inflection in the marine Sr isotope record
that occurred in the mid-Miocene [28,65]. This study
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has confirmed the important weatherability of basaltic B —
rocks, as it was previously shown by several authors - 0 1 2 3
[58,75,76]. But it did not take into account the impact Time after Deccan Traps emplacement (My)

of CO, ?m'SS'On linked to the eruptive Onfset of the Fig. 5. Evolution of atmospheric GOpartial pressure (ppmv) and
Columbia River basalts on global geochemical cycles, giobal surface temperaturé@) calculated by the model during the
and its subsequent impact on the global biogeochemi- emplacement of Deccan trapps.
cal cycle through negative climatic feedback loop. Fig. 5. Evolution de la pression partielle de £@tmosphérique
Wallmann [107] has developed a box model to re- (ppmv) et de la température globale de surfet@)(calculées par
constitute the evolution of Cretaceous and Cenozoic '€ modéle durant lamise en place deppsdu Deccan.
climate by including a new parametric law for silicate
weathering considering the contribution of basaltic emplacement. Our model is a modified and adapted
provinces. This model includes five different boxes version of the one developed by Frangois and Walker
(carbonate rocks, ocean—atmosphere, particulate or-[47]and describes the geochemical cycles of inorganic
ganic carbon, oceanic carbonates and Earth’s man-carbon, alkalinity and strontium. We have separated
tle) and calculates the exchange fluxes of carbon, cal- the CQ degassed by the Deccan pulses [68] frompCO
cium and strontium. The chemical weathering of sili- emission from the rest of the world. Similarly, we sep-
cate rocks is separated into two different terms: chem- arated the weathering of the Deccan basalts from the
ical weathering of young volcanic deposits and other weathering of silicates elsewhere in the world. More-
silicate rocks. The first one is a function of the vol- over, before the emplacement of Deccan basalts, we
canic activity (compilation by [72,73]) and the second assumed that this area was constituted by silicates
a function of physical erosion [14]. Both fluxes are as in the rest of the world and that the global car-
thus heavily dependent on these two forcing functions, bon, alkalinity and strontium cycles were at steady
and so is the calculated pGQOt means that the weath-  state. Using the relationship describing the chemical
ering rates of volcanic deposits are equal to zero with a weathering of basalts as a function of runoff and tem-
low volcanic activity, similar to the present value. This perature (see above) and the geochemical analyses
model emphasises the major impact of basalt weather-of Deccan Trapps rivers, the model shows that em-
ing on Cretaceous and Cenozoic pfévels. Indeed, placement and weathering of Deccan basalts played an
during Cretaceoustimes, pG@ enhanced by afactor important role on the global geochemical cycles. As
of more than 2 in the absence of volcanic rock weath- a result (Fig. 5), Deccan Trapps emplacement is re-
ering. Finally, Wallmann shows that the volcanic ac- sponsible for a strong increase in atmospheric pCO
tivity acts not only as a major COsource, but also by 1050 ppmv, followed by a decrease through en-
creates strong Cgxsinks. hanced consumption by silicate weathering triggered
At the same time, we have modelled the impact of by global climatic warming, and a new steady state
Deccan Trapps emplacement at the K-T boundary on lower than the pre-perturbation level by about 60
the global environment [31]. In contrast with Wall- ppmv. This result implies that pre-industrial pgO
mann [107], the aim of our study was not to recon- would have been 20% higher in the absence of the
struct the long-term evolution of climate in the past, Deccan Basalts. This pGQlecrease results from the
but to quantify precisely the evolution of atmospheric emplacement of rocks easily weathered, compared to
CO,, global surface temperature and Sr isotopic com- other silicates. This pCfevolution is accompanied
position of seawater in the direct aftermath of basalt by a rapid warming of 4C coeval with the eruptive
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phase, followed after 1 Myr by a global cooling of plex than the original idea of Raymo. First, the con-
0.55°C (Fig. 5). A peak in oceani#’Srf%Sr isotopic ~ sumption of CQ by Ca- and Mg-silicate weathering
ratio following Deccan Trapps emplacement is also appears to be minor, at least within the Ganges and
predicted by the model, with an amplitude and dura- Brahmapoutra Rivers’ catchments, due to the small
tion comparable to those observed at the Cretaceous—-area of Ca- and Mg-silicate rock outcrops [54]. How-
Tertiary boundary [79]. This result contradicts Taylor ever, this might be true only for these two rivers. On
and Lasaga [103], who were expecting a decrease inthe other hand, the main sink of carbon due to the Hi-
the®7SrPbSr ratio of seawater, triggered by the release malayan orogenesis appears to be the burial of organic
of low radiogenic strontium from fresh basaltic sur- carbon within the Bengal fan, triggered by high sedi-
faces. However, the increase in temperature induced mentation rates [44]. Finally, based on modelling stud-
by the eruption of large amount of GOnto the at- ies, Goddéris and Francois [60] have demonstrated
mosphere finally increases weathering rates all over that the existence of a positive global feedback loop
the world, resulting in an increase of the delivery of between climate cooling and chemical weathering is
radiogenic strontium into the ocean. We tested the strongly counteracted by the existence of the negative
contribution of various parameters such as the dura- feedback forcing chemical weathering of silicate to
tion of the emplacement episode, the pre-Deccan at- decrease when temperature is decreasing [20,21,106].
mospheric pC@, the contribution of the erosion of However, the debate is still open. First if we
carbonates and the dependence of silicate weatheringconsider all the rivers draining the South-East of Asia,
on atmospheric pC£J30,31]. All these parametersin-  we found an important contribution of the weathering
fluenced the system at short time scales (during the of silicates exposed within this area to the global,CO
first million years) but after 2 Myr, the global evolution  consumption. Using the data base of Gaillardet et al.
of climate is similar, independently from the values [53], we calculate for this region a GQ@&onsumption
adopted for the various parameters. This means thatby silicate weathering representing about 35% of the
only the surface of basalts and the change in lithol- total consumption flux, in spite of the rather small
ogy can influence the system on the long term. Re- surface (12% of the total continental area). Secondly,
cently, Goddéris et al. [59] have proposed that the as discuss above, the recent works by Gaillardet et
onset and subsequent weathering of flood basalts inal. [53] and Millot et al. [83] have shown a strong
close correlation with the break-up of the Rodinia su- relationship (power law) between the flux of particles
percontinent might explain the onset of the Sturtian exported by small and large river catchments and the
snowball glaciation. Importantly, most of these flood flux of CO, consumption by silicate weathering. Such
basalts spread in equatorial region, where temperaturekind of interdependences has been already introduced
and runoff are expected to be highest, enhancing con-in various geochemical global models [14,60,71] as

sumption of CQ through weathering. follows:

Overall, the results of this study demonstrate the Frech\"
important control exerted by emplacement and weath- Fsii < f—(T, R, COz)( o ) (2)
ering of large basaltic provinces on global environ- mech

ment and show that it cannot be neglected when at- where f_(T, R, COy) is a classical negative feedback
tempting to improve our understanding of the geo- function between climate and silicate weathering [8,9,

chemical and climatic evolution of the Earth. 20], normalized to its present-day vaIUéﬂecr/Fr?]ech
is the normalized clastic flux to the ocean as a function
6.3. Uplift, weathering and carbon cycle of time, generally derived from the reconstruction

of past sedimentary fluxes by [112], as described in
The impact of orogenesis (particularly the Hi- Goddéris and Francois [60]. The poweris fixed
malayan uplift) on the global carbon cycle and climate to 0.66, in agreement with Millot et al. [83]. When
has been deeply investigated since the early 90’s andusing this formulation, we implicitly assume that the
the publications by Maureen Raymo and co-authors efficiency of the negative feedback loop generated by
[95-97]. After more than 10 years of research, the the f_ function is unchanged compared to classical
general picture that we have now is rather more com- global geochemical cycle models (inspired from [15]).
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For that reason, Goddéris and Francois [60] have _ 27
calculated that the contribution of the Himalayan ;
uplift to the global consumption of atmospheric €O = 1.6 1 -
through Ca- and Mg-silicate weathering through the §
Cenozoic was rather small, accounting for about S 2 121 o
40 ppmv only. g E
Eq. (2) does not reproduce the field observation, £ g i
and should be rewritten as follows [83]: 2 = o ©
g (o) Jo
Fmech) 066 o 0.4 - O
Fsil 3 o : o
sil (Fr?]ech ( ) 8 o® o 6})
©]
where Fnech could be a complex function of air tem- 0 T 1
perature, continental runoff, slopes, vegetation cover... 0.01 0.1 1 10
Such global function cannot be inferred from field TSS (kg/m®)

observations, because of extreme heterogeneities en-
.(;OUﬂl;cer”ed fr?]m one site ;[10 the Olther' Onthe oth,e.r hand, Fig. 6. Plot of the C@ consumption by weathering of continental
Twe 0_ ow the approac d_eve oped b_y GOdder_'S and Ca- and Mg-silicate for the major world river [53], per cube metre,
Francois [60] and assume in a numerical exercise that as a function of the concentration of total suspended solids. The bold
Fmechis a forcing function, the consumption of GO  curve is a linear fit of the datak@ = 0.64).
by silicate weathering becomes thus a simple forcing Fig. 6. Consommation de GOatmosphérique par altération des
function through time, and the negative feedback sta- silicates de calcium et de magnésium pour les principales rivieres
bilizing the Earth climate through time is broken. As a du monde [53] par métre cube d’eau, en fonction de la concentration
It del il d listicallv | ’ €O en éléments solides totaux en suspension. La courbe en gras est un

result, models will produce unrealistically large p fit lindaire des donnéesk? — 0,64).
fluctuations.

To avoid this climatic catastrophe, we are presently
developing a new weathering law for continental
granitic lithology. Based on Gaillardet et al. [53] and _ _ _
Millot et al. [83], we emphasize the dependency of Brady [20]). For a fourfold increase in atmospheric
chemical weathering on mechanical processes throughCOz, we expect from Eqg. (5) a 50% increasefi,

the following weathering law: while Eq. (2) suggests a 100% increase (assuming a

standard greenhouse relationship from Berner [8] and
Fsiloc-R - Cco, (Crs9) 4) a 4% increase in global runoff pe€, and arbitrarily
where Cco, represents the consumption of €@y fixing Fmecnto a constant value).

Ca- and Mg_s“icate Weathering per CUbiC meter Of Such type Of |a.W St|” needs Veriﬁcation. HOWeVer,
water within the stream, assumed to be a function it should be introduced within global geochemical
of Ctss (the concentration of total suspended solids). models, using forcing functions for the mechanical
There is indeed a strong linear relationship between term [80,112]. This result suggests a much more
Cco, andCrssfor large (Fig. 6) and small catchments  important impact of the weathering of Himalayan
(in development), leading to the following global silicates than previously expected from modelling
weathering law (valid for a runoff ranging from 0.01 studies, since the climatic negative feedback is weaker
to 27 myr1, and for a total flux of suspended solids in agreement with field observations [88]. This allows
from 0.001 to 188 kg nT2yr—1): the pCQ to fluctuate more in the past, increases
the possible impact of mountain uplift on the global
Fsit = 0.3192Fmecn+ 0.0923 arearunoft () carbon cycle and suggests that a non-negligible part of
Importantly, this new law reduces strongly the the stabilizing negative feedback might be exerted by
pure negative climatic feedback on granite weath- basaltic lithology, for which a strong dependence on
ering, compared to previous relationships (based on climate has been established [31,32].
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7. Conclusion and per spectives of the soils, mineralogy and chemistry of granite, and

runoff, play a fundamental role that should be fur-

The aim of this paper is to present a general
view on the control of C@ in the atmosphere and
more precisely the role of silicate rock weathering
with respect to other sources or sinks (e.g., mantle
degassing).

We have summarized the main results obtained re-
cently on small watersheds in high mountains (Pyre-
nees, France) and in tropical area (Nsimi, Cameroon),
on different rivers draining basaltic formations (e.g.,
Deccan trapps, India), and finally on the main world
rivers.

One of the most important results is the demon-
stration of the importance of chemical weathering of
basalts in the global carbon cycle. A simple paramet-
ric law is proposed to estimate this flux as a function
of continental runoff and temperature. Furthermore, it
is shown [31] that the emplacement of fresh basaltic

ther explored. Finally, at the global scale, the frag-
mentation of continent might be one of the most im-
portant process controlling the Earth climate, through
the decrease in continentality, leading to increased
runoff and consumption of COby silicate weather-
ing. A third generation of global geochemical mod-
els should include complex climatic modules (2.5 to
3D models) [34,57]. Such models would allow a better
description of the impact of major continental break-
up on the global carbon cycle, e.g., consumption of
atmospheric C@ through increased runoff triggered
by decreased continentality. This long-term effect has
been generally underestimated in the previous mod-
elling work, but might be one of the main controlling
factors of the global biogeochemical cycles at the ge-
ological timescale. At a shorter timescale, one of the
main challenges for the near future will be the devel-

surfaces (such as large igneous provinces LIPs) hasopment of mechanistic numerical models of weather-
two opposite consequences on the global climate. Firsting processes [102] that can be applied at regional to
global temperature is rising as a direct consequenceglobal scales [66,93], so that the impact of large-scale
of the intense degassing linked to the eruptive phase.forcing functions (such as climate change) on weath-
Once the eruptive phase ends, the global climate is get-ering can be accurately modelled.
ting colder in the aftermath of the magmatic event, as  The role of soils is also demonstrated by the re-
a result of intense weathering of the basaltic surface. lationship that we have found between chemical and
A warming and cooling of 4 and 0%, respectively, physical weathering for large and small rivers [53,
have been calculated in the case of Deccan Trapps83]. As a consequence, we suggest that the forma-
emplacement [31] and we furthermore propose that tion of mountain ranges plays an important role in
one of the Neoproterozoic global glaciations might the climatic evolution. These new results (without tak-
be the consequence of the onset of several magmaticing into account new developments regarding the de-
province in the context of the break-up of the Rodinia gassing rate of the mantle) indicate that explaining the
supercontinent [59]. The long-term cooling effect is Earth climate evolution with only one parameter (tem-
due to the higher weatherability of basalts compared perature or mountain building) is not realistic. These
to granite. In the same climatic conditions, basaltic two parameters cannot be withdrawn, but other pa-
surfaces consumes between 5 to 10 times more at-rameters such as the emplacement of large basaltic
mospheric C@ than granitic surfaces [32]. provinces, fragmentation of continents, appearance of
The second important result is the confirmation of vegetation on the Earth have also a very important im-
the temperature effect on the global chemical weath- pact on the climate.
ering. This effect has been observed for rivers flow-
ing on basalts but also for the granitic watershed hav-
ing a high runoff. We thus confirm the regulation of Acknowledgements
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