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ABSTRACT: How has the Earth maintained a habitable environ-
ment while its closest neighbors, Venus and Mars, are currently
too hot or too cold? This fortunate state has been attributed to a
negative feedback hypothesis that has stood unchallenged for
years. In this model, any increase in atmospheric CO2 production
is balanced by increased CO2 uptake by silicate weathering under
greenhouse conditions. A decrease in atmospheric CO2, then, is
balanced by decreased silicate weathering rates under the colder
climate. A global experiment utilizing published geochemical data
from large rivers at different latitudes helps us test the climate
dependence of weathering, central to this hypothesis. When rivers
draining granitic shields and basaltic provinces are compared, there
is no systematic latitudinal variation (temperature dependence) in
the rates of chemical weathering. At global scale the physical
mechanisms superimpose a threshold effect on the underlying cli-
mate-dependence of silicate weathering. On tropical cratons, the
buildup of lateritic regolith suppresses weathering. In the arctic/
subarctic, frost action efficiently removes the regolith and gener-
ates physical exposure of silicate rocks to the weathering agents
(water, CO2), thereby accelerating reaction. Available field obser-
vations do not support the currently standard Clausius-Clapey-
ron-Arrhenius model.

Key words: rivers, carbon dioxide, carbon cycle, silicate, Arrhenius

1. INTRODUCTION

Geochemical models of the evolution of Phanerozoic atmo-
spheric CO2 assume that the silicate weathering rate is a
positive, smoothly increasing function of CO2 (Walker et
al., 1981). The two are coupled through increase in meta-
bolic rates and more vigorous hydrologic cycle caused by
the greenhouse effect of CO2. Thermodynamically, the
Clausius-Clapeyron relationship describes the rapid increase
of the saturation vapor pressure of water (PH2O) with increas-
ing temperature:

(1)

where ∆Hvap is the enthalpy of vaporization (kJ/mol), T is
temperature (K), R is gas constant (kJ/mol/K), and C is a
constant. Environmental measurements show ~6% increase
in PH2O per oC at tropical temperatures (Webster, 1994). The
result is an increase in precipitation and hence vegetative
cover, metabolic soil CO2, and the availability of protons for
weathering. 

CO2 + H2O� H2CO3 � H+ + HCO3
− (2)

                              carbonic acid        bicarbonate

Kinetically, the Arrhenius law states that reaction rat
increase exponentially with increasing temperature:

(3)

where Ea is the apparent activation energy (kJ/mol), and
is a constant. Laboratory dissolution experiments are
accord, with Ea of ~50 kJ/mol for albite and K-feldspar
(White and Brantley, 1995). Thus, variations in temperatu
over multimillion year timescales induced by changing le
els of atmospheric CO2 lead to shifts in (1) water vapor pres
sure, precipitation, runoff and (2) metabolic and chemic
weathering kinetics. In this manner, the drawdown of C2

by silicate weathering provides a negative feedback to 
initial change in PCO2.

Models of the geochemical carbon cycle incorporate t
negative feedback through an Arrhenius function with a

for Ca- and Mg-silicate weathering determined from lab
ratory experiments (63 kJ/mol; Berner and Kothavala, 200
According to this, assuming average summer temperatu
of 10oC for the arctic/subarctic and 28oC for the tropics, the
weathering rates should be about 5 times higher at lo
latitudes. A difference of this magnitude would be read
observed in the field data. To field-test the hypothesis 
the global scale relevant for geochemical carbon cycle m
els, I present a comparative study of the large rivers of 
world at different latitudes.

2. THE STRATEGY

2.1. Weathering Reactions

In the inorganic carbon cycle, the primary input terms f
atmospheric CO2 are mantle outgassing from mid-ocea
ridges, hot spots, and andesite volcanoes on active mar
and the recycled component by metamorphic breakdown
carbonates (Reaction 4) in active orogenies in oceanic 
continental arcs and collision zones (Fig. 1).

CaCO3 + SiO2 � CaSiO3 + CO2 (4)

Reaction 4 is a schematic representation of the tende
for calcium carbonate to react with degraded aluminos
cates at intermediate temperatures (~150oC) in a water sat-

PH2O Ce
H

vap∆ RT⁄( )–
=

Rate Ae Ea RT⁄( )–=

*Corresponding author: huh@earth.northwestern.edu



278 Youngsook Huh

ener-

tate
 the
ry
n
rs-

s)

lve
-
phic
y
g-
n-

ltic
ro-
and
op-
he
d,

 et
ing
0)
en

rn
cial
nd
l.,
en,
ure
of

-

r 
-

urated environment to produce Ca-silicates and CO2. The
two major CO2 consuming weathering reactions are (1) the
congruent (i.e., complete) dissolution of the major carbon-
ates (Reactions 2 and 5) and (2) the incongruent degrada-
tion of the high temperature aluminosilicate minerals in
igneous and metamorphic rocks to residual clays, dissolved
cations, and silica (e.g., Reactions 2, 6 and 7).

CaCO3 + H+ � Ca2+ + HCO3
- (5)

   calcite

7NaAlSi3O8 + 6H+ + 20H2O � 6Na+ + 10Si(OH)4
        albite                                                     silica

+ 3Na0.33Al2.33Si3.67O10(OH)2 (6)
           montmorillonite

6Na0.33Al2.33Si3.67O10(OH)2 +2H++23H2O� 2Na+ +8Si(OH)4
           montmorillonite

+ 7Al2Si2O5(OH)4 (7)
           kaolinite

Reactions 6 and 7 can be regarded crudely as simple ion
exchange of the protons produced from hydration of CO2

(Reaction 2) with the cations contained in the lattice posi-
tions of the minerals (in this case, Na+). Ion exchange of
protons results in structural rearrangements, accompanied
by the loss of some silica to solution, to form clays with Na/Al
and Si/Al ratios lower than the original minerals. These
clays are much closer to thermodynamic equilibrium at
Earth surface conditions than were the original high tem-
perature igneous and metamorphic phases.

For the climate not to descend into a permanent “ice-
house” state, it would appear that the weathering reactions
must be easily and rapidly reversible, as is the case for cal-
cite. Reaction 5 is reversed by the biogenic formation of
calcareous tests and other structures and by simple inor-
ganic precipitation. The biological precipitation is limited
by the availability of the minor, essential nutrients, nitrate,

phosphate and, perhaps, iron. The upper oceans are g
ally saturated with the two dominant phases of CaCO3, calcite
and aragonite. As simple salts, these phases will precipi
spontaneously at greater than ~400% super-saturation in
absence of biological activity (Berner, 1978). Only in ve
dilute, low alkalinity lakes is there evidence for a carbo
limitation in aquatic systems. Thus, as Reaction 5 is reve
ible in the time frame of interest here (multimillion year
there is no net consumption of CO2 by weathering of car-
bonates. At the other extreme, for the Earth not to evo
into a Venus-like CO2 “hothouse”, there must be mecha
nisms that balance the observed mantle and metamor
outgassing of CO2 and prevent it from accumulating to ver
high levels. Silicate weathering process is the only lon
term sink and is crucial in determining the surface enviro
mental conditions of the Earth.

2.2. Data Source

Here the focus is on rivers draining granitic and basa
terrain, but similar comparisons for sedimentary and o
genic zones can be found in Edmond and Huh (1997) 
Huh et al. (1998a,b). Extensive data sets from pristine tr
ical systems with granitic bedrock are available for t
Amazon draining the Brazilian Shield (Stallard and Edmon
1983), Orinoco draining the Guayana Shield (Edmond
al., 1995), and the rivers in Cameroon and Congo drain
the Congo Shield (Négrel et al., 1993; Viers et al., 200
(Fig. 2). Unfortunately, rivers in temperate zones have be
impacted by human activity, and most of the Northe
Hemisphere landscapes are dominated by recent gla
action. Data for high latitudes are from the Mackenzie a
St. Lawrence draining the Canadian Shield (Millot et a
2002). These Canadian basins have glacial overburd
some from outside the drainage basins, which may obsc
the primary signal from contemporary in-situ weathering 

Fig. 1. The present-day state of the 
global long-term carbon cycle. Reser
voir sizes (1018 mol C) are in paren-
theses (Mackenzie, 2003). The majo
reservoirs are (i) the combined atmo
sphere-ocean-biosphere and (ii) the 
sedimentary rocks. Fluxes (1012 mol   
C/y) are in bold (Wallmann, 2001).
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basement rocks. In this respect, the rivers of Eastern Siberia
draining the Aldan Shield (Huh and Edmond, 1999) are
useful. Eastern Siberia was free from extensive glaciation
during the ice advances owing to the semi-arid climate and
precipitation occurring generally as rain in summer. Data
for basaltic terrains are from the Réunion island (Louvat
and Allègre, 1997), Sao Miguel volcanic island in the
Azores (Louvat and Allègre, 1998), Iceland (Louvat, 1997),
Java (Louvat, 1997), and from the flood basalts of Deccan
Traps in India (Dessert et al., 2001).

2.3. Major Elements and Strontium Isotopic Composition

Rivers integrate weathering product of all lithologies in
the drainage basin. Therefore the proportion of dissolved
load generated by CO2-consuming silicate weathering reac-
tions (Reactions 6 and 7) should be distinguished from non-
CO2 consuming ones by carbonates (Reaction 5) and evaporites
(Reactions 8 and 9).

NaCl � Na+ + Cl− (8)
 halite

CaSO4 · 2H2O � Ca2+ + SO4
2− + 2H2O (9)

         gypsum

Ternary diagrams as in Figure 3 enable one to visualize
the relative contribution of different lithologies. Carbonate
weathering will manifest itself on such diagrams as points
clustered near the Ca and HCO3 apices (Reaction 5) and
evaporites around (Cl+SO4) apex (Reactions 8 and 9). Data
falling in the interior of the anion ternary diagram indicate
contributions from oxidative weathering of pyritic shales
(Reactions 10 and 5, 6 and 7). 

2FeS2+ 7.5O2+ 4H2O � Fe2O3 + 4SO4
2− + 8H+ (10)

  pyrite

The tropical shield data fall on a trend from close to the
(Na+K) apex to the central part of the cation ternary dia-

gram (Fig. 3a). That estimates of the composition for av
age igneous rock types (Wedepohl, 1995) show a sim
trend (Fig. 3b) suggests that weathering reactions go
completion with little retention of major cations in residu
clays. The presence of significant amounts of organic ac
in these rivers makes alkalinities very low or even negati
Therefore anion ternary diagrams are not plotted. Arct
subarctic shields have higher abundances of Ca and 
than Na and K; alkalinity is the dominant anion with mino
Si (Fig. 3c). This indicates that weathering is superficial, i
exchange of surficial cations for protons with little clay fo
mation. Canadian Shield data are of rivers draining west
(Mackenzie system) and eastern (St. Lawrence syste
parts of the shield. The latter are high in dissolved orga
carbon (10 to 52 mg/l), and there is a large imbalan
between total major cation and anion concentrations (30
60% imbalance) (Millot et al., 2002). The implication 
that, like in the tropical shield rivers, organic anions ma
a significant contribution, and thus the data plot in a se
arate field on the anion ternary diagram. The basaltic riv
are more magnesian and high in Si (Fig. 3d). On the an
diagram, a range from cation-poor siliceous rocks to c
bonate to shale/evaporite contributions are demonstrate

Strontium isotopes add another level of lithologic co
straint. 87Sr/86Sr ratio of seawater for the past 500 Ma record
in marine limestones has varied between 0.7065 and 0.7
and weathering of marine carbonates and evaporites
expected to yield values in this range. The fast dissolut
of carbonates and evaporites render the dissolved 87Sr/86Sr
ratio sensitive to the amount of those minerals present in
drainage basin. Weathering of old aluminosilicate rocks gen
ates radiogenic but highly variable isotope ratios depend
on the content of the parent element, Rb, and age. 
resulting dissolved Sr concentrations are low because of
slow weathering kinetics. On the Guayana Shield the wh
rock 87Sr/86Sr ratios are 0.75 to 0.90 in potassic granites, a
river dissolved 87Sr/86Sr values range up to 0.9 (Fig. 4). Th

Fig. 2. Location of shields and basaltic
provinces discussed in the text.
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Rb/Sr systematics in the dissolved load follow a “fluvial
isochron” concordant with whole rock (Edmond et al., 1995).
In contrast, the rocks are strongly metamorphosed to gran-
ulite facies on much of the Aldan Shield. Thus, the Rb
abundances are low and as a result the whole rock 87Sr/86Sr
ratios are relatively non-radiogenic (up to 0.75 in granite
gneiss assemblage) (Vinogradov and Leytes, 1987). The river
dissolved 87Sr/86Sr range to 0.720. Rivers draining other
high latitude shields, the Baltic (Åberg and Wickman, 1987;
Wickman and Åberg, 1987; Andersson et al., 1994) and the
Canadian (Wadleigh et al., 1985; Yang et al., 1996; Millot
et al., 2002), are similarly not highly radiogenic. Young vol-
canic rocks yield unradiogenic values and relatively high
concentrations.

Complications to the interpretation of river dissolved 87Sr/
86Sr arise from disseminated calcite (White et al., 1999),
hydrothermal or metamorphic carbonates that inherit radio-
genic Sr from surrounding rocks (Palmer and Edmond, 1992),

and preferential dissolution of radiogenic Sr in biotite (Blu
and Erel, 1995). Their effect at regional scales is difficult 
gauge and cannot be avoided even at smaller spatial sc
Thus, 87Sr/86Sr data should be interpreted with care in com
nation with ancillary chemical data and lithological informatio

2.4. Rates of CO2 Uptake by Silicate Weathering

The total dissolved flux (tons/y or mol/y) or yield (tons
km2/y or mol/km2/y) can be calculated using major eleme
concentrations, mean annual discharge, and drainage b
area. One can estimate the consumption rate of CO2 by sil-
icate weathering (φCO2, mol/y) by assuming a relationship
between φCO2 and flux of total dissolved cations (φTZ+=
φNa++ φK++2φMg2++2φCa2+, charge equivalents/y), bicar
bonate (φHCO3, mol/y), or dissolved silica (φSi, mol/y) (Table 1).
The justification comes from Reactions 2, 6 and 7, whe
CO2:H

+:Na+=1:1:1 or CO2:H
+:HCO3

−=1:1:1 relationships hold. In

Fig. 3. A compilation of ternary plots 
for rivers draining continental shields.
The ternary diagrams show element 
ratios rather than absolute concentra
tions that are dependent on water di
charge. (a) Tropical shields: the 
Brazilian (Stallard and Edmond, 
1983), Guayana (Edmond et al., 1995), 
and Congo (Viers et al., 2000). (b) Aver-
age igneous rock composition (Wede-
pohl, 1995). (c) High latitude shields: 
Canadian (Millot et al., 2002) and 
Aldan (Huh and Edmond, 1999). (d) 
Basaltic provinces: the Deccan Traps 
(Dessert et al., 2001), Sao Miguel (Lou
vat and Allègre, 1998), and Réunion 
(Louvat and Allègre, 1997). Data are 
corrected for marine aerosol input. 
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the case where small quantities of marine carbonates are present
(as determined by close to marine 87Sr/86Sr), recourse is
made to φSi. φCO2=2φSi is borne out both from Reactions
6 and 7 and global fluvial Si data (Berner et al., 1983). Sil-
ica is involved in biological cycling and if there are lakes or
reservoirs where uptake by diatoms occurs, use of the former
relationship could underestimate φCO2.

Allègre’s group in France has championed the use of the

inversion method to quantify the proportions of the tot
dissolved load contributed by weathering of each of t
lithologies (carbonate, evaporite, silicate) (Négrel et al., 199
The mixing equations for element X (Ca, Mg, HCO3, and Cl)
and 87Sr/86Sr are:

(11)

(12)

The αi,Na are mixing proportions of Na from different res
ervoirs (i=rainwater, silicate, carbonate, evaporite). Starti
with a set of a priori parameters, successive iterations pr
duce a best fit to the whole set of equations. End-mem
compositions (X/Na)i and mixing proportions (αi) are the
output results.

The resulting weathering rate comparisons, processed
two different research groups, are shown in Figures 5 a
6. Both show a lack of any systematic change in weather
rate as a function of latitude or temperature. On the Ald
Shield, for example, freezing temperatures persist for ~2
days of the year. Monthly mean temperatures vary fro
~15oC in July to ~−50oC in February. The region is semi
arid with an average rainfall of ~550 mm/y. That such
basin should weather at similar rates as the Guayana Sh
where the temperature is ~28oC and precipitation is ~3,000
mm/y is counter-intuitive at first. Based on the process
known, I examine the reason below.

3. DISCUSSION

3.1. Physical Factors: Lateritic Cover versus Frost Shat-
tering

In the absence of a mechanism to create relief, i.e. ex
sure, aluminosilicate weathering is self-limiting, because
is incongruent. As the weathering front migrates vertica
through the fresh rock, cations and silica dissolve and refrac
aluminous phases accumulate (Twidale, 1990; Thomas, 1
(Fig. 7). Conditions become anoxic (Reaction 13) and reduc
(Reaction 14), allowing the mobilization of ferrous iron i
solution (Bourman, 1993; Ambrosi and Nahon, 1986).

X
Na
------- 

 
river

X
Na
------- 

 
i
αi Na,

i
∑=

Sr
87

Sr
86
---------

 
 
 

river

Sr
Na
------- 

 
river

Sr
87

Sr
86
---------

 
 
 

i

Sr
Na
------- 

 
i
αi Na,

i
∑=

Fig. 4. Dissolved 87Sr/86Sr data for the shield rivers. Data sources
are same as in Fig. 3. Present seawater value is 0.7091, and aver-
age riverine ratio is 0.712 (Palmer and Edmond, 1989). Weather-
ing of marine carbonates/evaporites is expected to yield dissolved
87Sr/86Sr between 0.7065 and 0.7095 depending on age.

Table 1. Strategy for calculating CO2 uptake by aluminosilicate weathering.

Geological terrains φCO2

Pure aluminosilicate-low organic acids φCO2 = φTZ+  or φCO2 = φHCO3

Pure aluminosilicate-tropical “black” rivers φCO2 = φTZ+ 
Mixed lithology-no lakes φCO2 = 2φSi  
Mixed lithology-lakes, bogs, reservoirs φCO2 = φTZ+ (if 87Sr/86Sr>0.7100 or <0.7065) 

φCO2 = 2φSi (if 0.7065<87Sr/86Sr<0.7100) 

TZ+= Na+ + K+ + 2Ca2+ + 2Mg2+.
All parameters are corrected for atmospheric input of marine aerosols.
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C(H2O) + O2 � CO2 + H2O (13)
  organics

Fe2SiO4 + 4CO2 + 4H2O � 2Fe2+ + Si(OH)4 + 4HCO3
−

         
 reduced Fe (soluble) (14)

Lateral and vertical migration of the soluble reduced iron,
whose chemistry is similar to Ca, through the refractory
regolith to oxic soil sections leads to its oxidation to the
insoluble ferric form (Fe3+) and precipitation as a ferrugi-
nous cement (Bourman, 1993; Thomas, 1994).

4Fe2+ + O2 + 10H2O � 4Fe(OH)3 + 8H+ (15)

The extremely low soluble Fe2+ concentrations that result

from this oxidation reaction drive the vertical diffusion gra
dient for the reduced species between the deep anoxic
shallow oxic environments. In seasonally arid regimes d
solved silica produced by Reactions 6, 7 and 14 in 
weathered mantle is also transported and reprecipitated
surface and capillary evaporation to form a siliceous cem
silcrete (Ollier, 1991).

Si(OH)4 � SiO2 + 2H2O (16)
                   silcrete

Thus, a regolith rich in silica and alumina (mostly as prima
quartz and secondary kaolinite and gibbsite (Reaction
and 17), with a surface layer cemented with iron oxyh
droxides and silica (Reactions 15 and 16), accumulates 
seals the fresh rock at the weathering front (Topp et 
1984; Fig. 7).

Al2Si2O5(OH)4 + 10H2O � 2Al(OH)3 + 2Si(OH)4 (17)
      kaolinite                                   gibbsite

Throughout this process, solifluction (semi-plastic flow
of the accumulating mantle further smoothes the surfa
relief leading to a progressive diminution in the hydrau
energy available for mechanical erosion and transport of 
weathered overburden. The weathering yield on the Gu
ana Shield in the Orinoco River drainage is equivalent to
erosion rate of about 10 m/m.y. with equal mass fluxes
dissolved and suspended material (Edmond et al., 19

Fig. 5. (a) The flux of total dissolved solids (TDS= Na+ K +
Mg + Ca+ Cl + SO4 + HCO3 + Si; mol/l) (b) CO2 uptake rate as
calculated according to the scheme in Table 1. Individual bars indicate
different tributary systems within a watershed, names of which are
listed under the bars.  On the left are tropical rivers and on the right
are the subarctic/arctic rivers. Figure from Huh and Edmond (1999).

Fig. 6. Chemical weathering rates for rivers draining granitic a
basaltic rocks plotted using values tabulated in Millot et al., 20
Their data sources for granitic basins are Meybeck (1986), Ma
(1987), McDowell and Asbury (1994), Vegas-Vilarrubia et al. (199
Edmond et al. (1995), White and Blum (1995), Huh and Edmo
(1999) and Viers et al. (2000). Data sources for basaltic basins
Louvat and Allègre (1997, 1998), Dessert et al. (2001) and Lou
(1997). The vertical bars indicate the range of values within 
drainage basin. Chemical weathering rates are calculated as C
ical Weathering Rate= φNa+ φK + φCa+ φMg, where φ denotes
flux. Because of the large uncertainties involved, Millot et a
(2002) did not consider it meaningful to calculate φCO2.
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Well over half the dissolved load (in moles) is silica, pro-
duced by the continued degradation of the cation-poor clays
to kaolinite and gibbsite (Reactions 7 and 17). Note that
Reaction 17 does not consume protons (and thus CO2) since
the reactant is free of major soluble cations. Weathering is
extremely intense, with complete destruction of all but the
most refractory minerals, even though the areal yields or
fluxes are extremely low. The net CO2 consumption or pro-
ton fixation rates, φCO2, are equivalent, by charge balance
to the total cationic fluxes (Fig. 5).

On high-latitude shields, even in the absence of glaciation,
frost weathering processes (Fig. 8) continuously expose
fresh rock surfaces and generate gravel, pebble and sand
sized material which dominate the bedload in the headwa-
ters. They accelerate both chemical and especially mechan-
ical weathering (Pewe, 1975; Kalvoda, 1992). Sand bars
and mounds are found ubiquitously in the middle reaches of
the Lena River in Eastern Siberia (Fig. 8d). Little silt-size
material is observed either in the river suspended matter or
in over-bank flows. Gelifluction destabilizes any protective
regolith that may form. It is not surprising that saprolites gen-
erated during the warm humid Tertiary (LaSalle et al., 1985)
are preserved only in protected areas in the high latitudes. 

The 9% volume expansion in situ accompanying phase
change from water to ice is only a small part of the expla-
nation for frost weathering. More important is the growth of
segregation ice or ice lenses. Water in unfrozen rock migrates to
the freezing front due to chemical potential gradients. It
accumulates in the microcracks at the freezing front and
freezes to ice. The progressive growth of the ice lenses wedge

open the microcracks and lead to heaving and shatte
(Walder and Hallet, 1985) (Fig. 9). Compared to tropic
rivers, Ca and bicarbonate are high and Si is low in the 
solved load. This is consistent with preferential weatheri
of Ca-plagioclase rather than K-silicates and only the m
superficial reaction where labile surficial cations are exchan
for protons with little clay formation.

3.2. Complexity of River Studies

Large uncertainties (not less than 20%) accompany 
results presented in Figures 5 and 6 and are inherent in r
studies. First, the water discharge can be highly seaso
and varies from year to year, though sensitivity to local weat
events is minimized in large river systems. The data in 
erature are usually from one time sampling at rising or fa
ing stages of the river. The question can be asked if t
introduces a bias, e.g. the spring peak discharge from 
melt is not sampled in the case of arctic basins, and rela
contribution from tributaries draining different lithologie
may change with season. The sampling strategy has usu
been to compensate for the temporal resolution with deta
spatial sampling.

The lithology of a given basin is very rarely of one roc
type, and reaction rates differ widely. If trace amounts 
carbonate or evaporite are present in a nominally “shie
terrain and their contribution to the dissolved load erron
ously included in calculations of aluminosilicate weathe
ing, the rate of CO2 uptake will be overestimated. Efforts
are expended to minimize this by careful examination 

Fig. 7. Vertical section through a lat-
erite deposit in Suriname, South 
America based on samples collected a
0.5 m intervals. Figure is slightly mod-
ified from Topp et al. (1984).
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Fig. 8. The Lena River drainage basin in eastern Siberia. (a) An ice wedge in peat exposed along the banks of the lower Lena. This particular
one is about 1 m in size, but in parts of Siberia they can attain considerable dimensions

�

3 to 4 m wide near the surface and extending down-
wards for 5 to 10 m. Because of the cold temperatures, plant roots have been preserved against decay. (b) Small pingos in lower Lena. Melt-
ing of the inner core of ice by warmer river water and gelifluction lead to their collapse near the banks. (c) Ground ice exposed along the
bank of the lower Lena. The trees trunks are slim due to the short growing season, and the soil layer is thin. (d) Eolian sand is prominent
especially in the middle reaches of the Lena. (e) Log houses in an early Russian settlement. They are complete with three layered windows
and thick padded doors. Because of the instability of the active layer associated with the melt-freeze cycles, log houses are built with felt
in between the logs to function as lubricant. This results in crooked appearance but ensures survival of the structure from year to year. During
the short summer growing season potatoes and vegetables are grown in raised platform gardens. Pylons and modern buildings are built on
concrete platforms to protect against movement of the active layer. (f) Notice the very sharp tree line along the bank cut by the bulldozer
action of the spring ice melt. In southern Siberia taiga forest is dense but tree trunks tend to be very thin due to short summers.
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fluvial chemical composition.
The weathering rates calculated represent the integrated

weathering signal from the bedrock, soil, vegetation, atmo-
spheric deposition of local origin, and floodplain storage if
any. Essentially, the comparison here is between the weath-
ering of bedrock at high latitudes with its integral taiga or
tundra vegetation and frozen soils and that of bedrock in the
low latitudes with its rain forest and lateritic regolith. The
effect of soil and vegetation cannot be isolated using the
major elements and Sr isotope data set alone.

Flow rates in the main channels of swift rivers are on the
order of a few km/h. In the case of a large river with a length
of ~4000 km, it takes about a month for a parcel of water
to travel from the headwaters to the mouth. Therefore, the
flux calculations presented above are a snapshot of the
delivery at present. A subtler question is whether the sus-
ceptibility to weathering is purely a result of present climate
or is a remnant effect of past environment. This question
has significance especially for high latitude rivers that have
experienced warm humid climates at lower paleo-latitudes.
In the tropical shields, weathering is presently at steady
state, and a mass balance is attained between the bedrock
and the solid and dissolved weathering products. The “flu-
vial isochron” of the Rb-Sr system is one evidence. In for-
merly glaciated basins like the Mackenzie River, measurement
of uranium decay series (234U/238U, 230Th/238U, 226Ra/238U) in
the dissolved and suspended loads show that the current flu-
vial fluxes are still under the impact of the last glaciation
(Vigier et al., 2001).

3.3. Comparison to Watershed−Scale Studies 

This paper focuses on large rivers (drainage area >> 100
km2), because they integrate over regional areas and are

thus more applicable to discussions on the global carb
cycle. However, watershed-scale (0.1 to 10 km2) studies are
informative, as the lithologic control is thought to be tighte
White and Blum (1995) amassed data for 62 watersh
underlain by granitoid rocks and found an Arrhenius ty
temperature dependence with apparent activation energ
59 kJ/mol (Equation 3). The authors note that the wat
sheds treated are geographically limited to mostly Euro
and North America, and the data were originally obtained
characterize acid deposition, deforestation, nutrient cycli
etc. Perturbation by acid rain is a strong possibility: 11 o
of the 62 watersheds had very acidic pH (4.52 to 4.90) a
19 didn’t have pH values reported.

Studies of the chemical transport of small glacier-f
streams in igneous and metamorphic rocks (Sharp et 
1995; Anderson et al., 1997) show that even under ice,
weathering rates are substantial in temperate glaciers. L
the high latitude shield rivers, these glacial streams are 
HCO3 dominated and suggest superficial weathering of e
ily weathered lithologies.

3.4. Importance of Basalt Weathering

Conclusions supporting weak to non-existent climate dep
dence of silicate weathering have also been reached
Bluth and Kump (1994) in a comparative study of main
transport limited volcanic terrains in Hawaii, western U.
and Iceland, where runoff, vegetation cover and tempe
ture vary widely. However, Dessert et al., (2002) based
the data set shown in Figure 6 find a good fit to the Arrh
nius equation (Equation 3) but with lower Ea (42 kJ/mol)
than the 68 kJ/mol assumed in Berner and Kothav
(2001). While basalt weathering indeed contributes disp
portionately to chemical weathering rate or CO2 drawdown
because of its lability, they are areally more restricted th
basement exposures. For it to single-handedly drive the n
tive feedback, continued exposure of basalt of significa
areal extent through geologic time is required. Today t
flood basalt provinces, hot spots or island arcs are the m
loci of basalt weathering. As these features are generate
plate tectonics unrelated to surface environmental con
tions, it is difficult to expect the temperature dependence
basalt weathering to explain the stability of climate ov
geologic timescales.

3.5. Implications for the Phanerozoic Evolution of Atmo-
spheric CO2

In the present situation of the Guayana and Aldan shie
the physical exposure mechanism is primarily responsi
for the rate of continental weathering. When fresh bedro
of low relief is initially exposed via uplift, weathering is depe
dent on climate, especially rainfall. During the late Paleoz
when both Guayana and Aldan shields were experienc

Fig. 9. A cartoon showing freezing of cracked rock. Water in
unfrozen rock migrates through the frozen fringe to growing ice-
filled cracks. Figure modified from Walder and Hallet (1985).
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warm climate, and before the buildup of significant laterite,
weathering would initially have been faster where rainfall
and temperatures were higher. As the plates moved towards
present latitudes, on the hot and humid tropical shields a lat-
erite mantle would quickly have developed (accumulation
rate ~5 m/m.y.; Brown et al., 1994). At these rates and with-
out active erosion, a few million years, a short interval on
geologic time scales, is enough for the laterite mantle to
seal the weathering front. On cooler and drier shield terrains
it would take progressively longer for the same amount of
cover to form. Then at the latitude and climate condition
where frost weathering becomes important, the trend reverses.
A new mechanism in the form of frost weathering is avail-
able to remove the lateritic regolith and generate fresh sur-
face area, leading to high weathering rates. Thus, the unlikely
situation is attained, where tropical shields and arctic shields
weather at similar rates.

4. CONCLUSION

It should not be construed that the above results cast
doubt on the Arrhenius and Clausius-Clapeyron relation-
ships fundamentally. Rather, what can be emphasized uniquely
with global studies that may not be obvious from laboratory
experiments or watershed scale surveys is the importance of
physical mechanisms of exposure under threshold condi-
tions. Until frost weathering mechanisms become effective,
weathering rates are expected to be slower where temper-
atures and precipitation are low and there is no other relief
generating mechanism (e.g., mountain uplift). At low lati-
tudes, until sufficient regolith accumulates, weathering rates
will increase with rising temperature and precipitation.

Taken overall, observational fluvial data to date indicate
that there is no simple Arrhenius type temperature-depen-
dence or general environmental control on weathering rates.
Transport mechanisms (e.g., mountain building, frost shat-
tering) dominate, and there is no continuous relationship between
these and climate. A comparison between shield rivers and
orogenic zones indicates much higher fluxes for the latter
(Huh and Edmond, 1999). This partly supports the idea that
increases in global degassing are matched by increases in
CO2 uptake via enhanced weathering accompanying moun-
tain uplift, as in the Himalayas or the Western Cordillera of
the Americas (Raymo and Ruddiman, 1992). Orderly heat
loss through seafloor spreading and resulting plate tectonics,
unique to the Earth, would have to provide a CO2 source
from burial metamorphism and a parallel sink through the
exposure of diverse lithologies. The actual mechanism that
maintains the balance between slowly varying degassing
and seemingly intermittent mountain uplift is an unresolved
question.

Some of the current and future directions for research on
continental weathering, an important component of the glo-
bal carbon cycle, are briefly summarized.

In this paper the main focus was on the inorganic port
of the global carbon cycle. However, very little is know
about the nature, magnitude, and temporal variation of C2

release during weathering of organic-rich reduced sedime
Redox-sensitive, oxyanion forming elements (rhenium, u
nium, molybdenum, vanadium, etc.) and isotopic syste
related to them (187Os/188Os, 234U/238U) can be informative.

Plants have long been recognized to have an effect
weathering. However, quantitative measurement of that ef
has remained elusive. Release of organic acids increa
weathering rates, but recycling by the above-ground bio
ass and decreasing permeability of the soil decrease
chemical loading of rivers. Remote sensing of different ve
etation groups at drainage basin scales, combined with 
vial flux data may complement the mass balance approac
using sand boxes and laboratory batch experiments.

The application of uranium decay series provides new ins
to erosion timescales, whereas weathering has previo
been assumed to be at steady state.

Developing weathering proxies is important in order 
reconstruct a record of past continental weathering a
Phanerozoic CO2 levels. For example, the highs in the marin
87Sr/86Sr record are interpreted as periods of continen
input of extremely radiogenic Sr at high flux during Hima
layan type orogenies (continent-continent collision) and t
lows as input of predominantly mantle Sr through ocea
hot springs. Likewise, marine Os isotope record is an int
play between continental weathering of organic-rich reduc
sediments and hydrothermal input at mid-ocean ridges.
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