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Chemical weathering and climate- a global experiment: A review

Youngsook Huh* Department of Geological Sciences, Northwestern University, Evanston, IL 60208-2150, U.S.A.

ABSTRACT: How has the Earth maintained a habitable environ- CO, + HO= H.CO; < H" + HCO3 (2)
ment while its closest neighbors, Venus and Mars, are currently carbonic acid bicarbonate
too hot or too cold? This fortunate state has been attributed to a

negative feedback hypothesis that has stood unchallenged for Kinetically, the Arrhenius law states that reaction rates

years. In this m_odel, any increase in atm_o_spheric C—Qar_oduction increase exponentially with increasing temperature:
is balanced by increased C@uptake by silicate weathering under

greenhouse conditions. A decrease in atmospheric GChen, is . ~(EaRT)
balanced by decreased silicate weathering rates under the colder Rate= Ae

3)
climate. A global experiment utilizing published geochemical data . L
from large rivers at different latitudes helps us test the climate Where E is the apparent activation energy (kJ/mol), and A
dependence of weathering, central to this hypothesis. When riversis a constant. Laboratory dissolution experiments are in

draining granitic shields and basaltic provinces are compared, there accord, with & of ~50 kJ/mol for albite and K-feldspar
is no systematic latitudinal variation (temperature dependence) in (White and Brantley, 1995). Thus, variations in temperature
the rates of chemical weathering. At global scale the physical over multimillion year timescales induced by changing lev-

mechanisms superimpose a threshold effect on the underlying cli- ; o
mate-dependence of silicate weathering. On tropical cratons, the &S Of atmospheric CQead to shifts in (1) water vapor pres-

buildup of lateritic regolith suppresses weathering. In the arctic/ SUre, pr.ecipit_atio_n, runOﬁ_and (2) metabolic and chemical
subarctic, frost action efficiently removes the regolith and gener- weathering kinetics. In this manner, the drawdown ot CO

ates physical exposure of silicate rocks to the weathering agentsby silicate weathering provides a negative feedback to the
(Wgter, CO,), thereby accelerating reaction. Available _field obser- jnitial change in Bo,.
vations do_not support the currently standard Clausius-Clapey- Models of the geochemical carbon cycle incorporate this
ron-Arrhenius model. . ; . .
negative feedback through an Arrhenius function with E
Key words: rivers, carbon dioxide, carbon cycle, silicate, Arrhenid®r Ca- and Mg-silicate weathering determined from labo-
ratory experiments (63 kJ/mol; Berner and Kothavala, 2001).
1. INTRODUCTION According to this, assuming average summer temperatures
of 10°C for the arctic/subarctic and Z3for the tropics, the
Geochemical models of the evolution of Phanerozoic atrmégathering rates should be about 5 times higher at lower
spheric CQ assume that the silicate weathering rate isladitudes. A difference of this magnitude would be readily
positive, smoothly increasing function of ¢QVNalker et observed in the field data. To field-test the hypothesis on
al., 1981). The two are coupled through increase in metze global scale relevant for geochemical carbon cycle mod-
bolic rates and more vigorous hydrologic cycle caused &g, | present a comparative study of the large rivers of the
the greenhouse effect of GOThermodynamically, the world at different latitudes.
Clausius-Clapeyron relationship describes the rapid increase
of the saturation vapor pressure of wategPwith increas- 2. THE STRATEGY
ing temperature:
2.1. Weathering Reactions
_ —(AHvap/R'I)
Puo = Ce 1)

In the inorganic carbon cycle, the primary input terms for
where AH,4, is the enthalpy of vaporization (kJ/mol), T igtmospheric C@®are mantle outgassing from mid-ocean
temperature (K), R is gas constant (kJ/mol/K), and C igidges, hot spots, and andesite volcanoes on active margins
constant. Environmental measurements show ~6% increaisé the recycled component by metamorphic breakdown of
in Py,0 per°C at tropical temperatures (Webster, 1994). Tlearbonates (Reaction 4) in active orogenies in oceanic and
result is an increase in precipitation and hence vegetatigatinental arcs and collision zones (Fig. 1).
cover, metabolic soil CQand the availability of protons for . )
weathering. CaCQ + Si0,= CaSig+ CO, 4)

Reaction 4 is a schematic representation of the tendency

for calcium carbonate to react with degraded aluminosili-

*Corresponding author: huh@earth.northwestern.edu cates at intermediate temperatures (°Ch@ a water sat-
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Fig. 1. The present-day state of the
6 \L global long-term carbon cycle. Reser-
Organichuriai voir sizes (16 mql C) are in paren-
Recycling theses (Mackenzie, 2003). The major
Mantle Degassing 16 — reservoirs are (i) the combined atmo-
&Volcanism Carbonate sphere-ocean-biosphere and (i) the
SEDIMENTARY ROCKS (6500) Deposition sedimentary rocks. Fluxes (fénol
Cly) are in bold (Wallmann, 2001).

urated environment to produce Ca-silicates and. G@e phosphate and, perhaps, iron. The upper oceans are gener-
two major CQ consuming weathering reactions are (1) tradly saturated with the two dominant phases of GaCélcite
congruent (i.e., complete) dissolution of the major carbamd aragonite. As simple salts, these phases will precipitate
ates (Reactions 2 and 5) and (2) the incongruent degragentaneously at greater than ~400% super-saturation in the
tion of the high temperature aluminosilicate minerals @bsence of biological activity (Berner, 1978). Only in very
igneous and metamorphic rocks to residual clays, dissohd#dte, low alkalinity lakes is there evidence for a carbon

cations, and silica (e.g., Reactions 2, 6 and 7). limitation in aquatic systems. Thus, as Reaction 5 is revers-
ible in the time frame of interest here (multimillion years)
CaCQ+ H" = C&" +HCO; (5) there is no net consumption of €8y weathering of car-
calcite bonates. At the other extreme, for the Earth not to evolve

into a Venus-like C®“hothouse”, there must be mecha-

7NaAISEQ, *+6H"+ 20H0 = 6Na + 10Si(OH) nisms that balance the observed mantle and metamorphic

albite silica
+ 3Nay 3Al 2355k 6:0:1(OH)z (6) outgassing of C@and prevent it from accumulating to very
montmorillonite high levels. Silicate weathering process is the only long-

. . . ] term sink and is crucial in determining the surface environ-
6N 3/l 23556 601(OH), +2H™ +23H0 == 2Na +8Si(OH)  mental conditions of the Earth.

montmorillonite

+7A1,S1,0s(OH)s @)
kaolinite 2.2. Data Source

Reactions 6 and 7 can be regarded crudely as simple iQqere the focus is on rivers draining granitic and basaltic
exchange of the protons produced from hydration ot Crrain, but similar comparisons for sedimentary and oro-
(Reaction 2) with the cations contained in the lattice pogienic zones can be found in Edmond and Huh (1997) and
tions of the minerals (in this case, Nalon exchange of Huh et al. (1998a,b). Extensive data sets from pristine trop-
protons results in structural rearrangements, accomparggl systems with granitic bedrock are available for the
by the loss of some silica to solution, to form clays with Na/Amazon draining the Brazilian Shield (Stallard and Edmond,
and Si/Al ratios lower than the original minerals. Thes®g3), Orinoco draining the Guayana Shield (Edmond et
clays are much closer to thermodynamic equilibrium gt 1995), and the rivers in Cameroon and Congo draining
Earth surface conditions than were the original high tefie Congo Shield (Négrel et al., 1993; Viers et al., 2000)
perature igneous and metamorphic phases. (Fig. 2). Unfortunately, rivers in temperate zones have been

For the climate not to descend into a permanent “iGgmpacted by human activity, and most of the Northern
house” state, it would appear that the weathering reactigpgmisphere landscapes are dominated by recent glacial
must be easily and rapidly reversible, as is the case for ggtion. Data for high latitudes are from the Mackenzie and
cite. Reaction 5 is reversed by the biogenic formation 9f |Lawrence draining the Canadian Shield (Millot et al.,
calcareous tests and other structures and by simple in@52). These Canadian basins have glacial overburden,
ganic precipitation. The biological precipitation is limitedome from outside the drainage basins, which may obscure
by the avallablllty of the minor, essential nutrients, nitrat@he primary Signa] from Contemporary in-situ Weathering of
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Fig. 2.Location of shields and basaltic
provinces discussed in the text.

basement rocks. In this respect, the rivers of Eastern Sibgraan (Fig. 3a). That estimates of the composition for aver-
draining the Aldan Shield (Huh and Edmond, 1999) aamge igneous rock types (Wedepohl, 1995) show a similar
useful. Eastern Siberia was free from extensive glaciatioend (Fig. 3b) suggests that weathering reactions go to
during the ice advances owing to the semi-arid climate aswinpletion with little retention of major cations in residual
precipitation occurring generally as rain in summer. Datkys. The presence of significant amounts of organic acids
for basaltic terrains are from the Réunion island (Louvatthese rivers makes alkalinities very low or even negative.
and Allegre, 1997), Sao Miguel volcanic island in th€herefore anion ternary diagrams are not plotted. Arctic/
Azores (Louvat and Allegre, 1998), Iceland (Louvat, 199&ubarctic shields have higher abundances of Ca and Mg
Java (Louvat, 1997), and from the flood basalts of Decdhan Na and K; alkalinity is the dominant anion with minor
Traps in India (Dessert et al., 2001). Si (Fig. 3c). This indicates that weathering is superficial, i.e.
exchange of surficial cations for protons with little clay for-
2.3. Major Elements and Strontium Isotopic Composition ~ mation. Canadian Shield data are of rivers draining western
(Mackenzie system) and eastern (St. Lawrence system)
Rivers integrate weathering product of all lithologies iparts of the shield. The latter are high in dissolved organic
the drainage basin. Therefore the proportion of dissohaatbon (10 to 52 mg/l), and there is a large imbalance
load generated by G&onsuming silicate weathering reacbetween total major cation and anion concentrations (30 to
tions (Reactions 6 and 7) should be distinguished from n@3% imbalance) (Millot et al., 2002). The implication is
CQO, consuming ones by carbonates (Reaction 5) and evapattitag like in the tropical shield rivers, organic anions make

(Reactions 8 and 9). a significant contribution, and thus the data plot in a sep-
. arate field on the anion ternary diagram. The basaltic rivers

'E'?F' = Na' +CI (8) are more magnesian and high in Si (Fig. 3d). On the anion
ae diagram, a range from cation-poor siliceous rocks to car-
CasQ - 2H0 = C&" +SC; +2H,0 (9) bonate to shale/evaporite contributions are demonstrated.

gypsum Strontium isotopes add another level of lithologic con-

Ternary diagrams as in Figure 3 enable one to Visuaﬁr@int._‘”SrF’GSr ratio of seawater for the past 500 Ma recorded
the relative contribution of different lithologies. CarbonafB Marine limestones has varied between 0.7065 and 0.7095,
weathering will manifest itself on such diagrams as poirg@d Wweathering of marine carbonates and evaporites is
clustered near the Ca and HC@pices (Reaction 5) andexpected to yield values in this range. The_ fast dissolution
evaporites around (Cl+SPapex (Reactions 8 and 9). Datgf carbonates and evaporites render the dissf@f*Sr
falling in the interior of the anion ternary diagram indical@t',o sen3|t|v§ to the am.ount of those r'n|ne.>rals present in the
contributions from oxidative weathering of pyritic shaled@inage basin. Weathering of old aluminosilicate rocks gener-
(Reactions 10 and 5, 6 and 7). ates radiogenic but highly variable isotope ratios depending

on the content of the parent element, Rb, and age. The
2FeS+7.50,+4H,0 = Fe0; +4SG +8H"  (10) resulting dissolved Sr concentrations are low because of the
pyrite slow weathering kinetics. On the Guayana Shield the whole

The tropical shield data fall on a trend from close to theck 8’Srf8Sr ratios are 0.75 to 0.90 in potassic granites, and
(NatK) apex to the central part of the cation ternary didver dissolved’Srf°Sr values range up to 0.9 (Fig. 4). The
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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 dis-
charge. ) Tropical shields: the
Brazilian (Stallard and Edmond,
1983), Guayana (Edmond et 4B95),
and Congo (Viers et al., 200Q)) @Aver-
age igneous rock composition (Wede-
pohl, 1995). €) High latitude shields:
Canadian (Millot et al., 2002) and
Aldan (Huh and Edmond, 1999})(
Basaltic provinces: the Deccan Traps
(Dessert et al., 2001), Sao Miguel (Lou-
vat and Allegre, 1998), and Réunion
— - — (Louvat and Allegre, 1997). Data are
Ca Na+K Si Cl+50, corrected for marine aerosol input.
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Rb/Sr systematics in the dissolved load follow a “fluviand preferential dissolution of radiogenic Sr in biotite (Blum
isochron” concordant with whole rock (Edmond et al., 199%8nhd Erel, 1995). Their effect at regional scales is difficult to
In contrast, the rocks are strongly metamorphosed to grgadge and cannot be avoided even at smaller spatial scales.
ulite facies on much of the Aldan Shield. Thus, the Rthus,®Srf°Sr data should be interpreted with care in combi-
abundances are low and as a result the whole®f8ck°Sr  nation with ancillary chemical data and lithological information.
ratios are relatively non-radiogenic (up to 0.75 in granite
gneiss assemblage) (Vinogradov and Leytes, 1987). The ridr Rates of CQ Uptake by Silicate Weathering
dissolved®'Srf°Sr range to 0.720. Rivers draining other
high latitude shields, the Baltic (Aberg and Wickman, 1987;The total dissolved flux (tons/y or molly) or yield (tons/
Wickman and Aberg, 1987; Andersson et al., 1994) and #me?y or mol/knfly) can be calculated using major element
Canadian (Wadleigh et al., 1985; Yang et al., 1996; Millobncentrations, mean annual discharge, and drainage basin
et al., 2002), are similarly not highly radiogenic. Young voiirea. One can estimate the consumption rate gft@Qil-
canic rocks yield unradiogenic values and relatively higtate weatheringg@CO,, molfy) by assuming a relationship
concentrations. betweenpCO, and flux of total dissolved cationgTZ =
Complications to the interpretation of river dissol¥&t/ qNa'+ @K +2¢Mg?" +2¢Ca", charge equivalentsly), bicar-
8Sr arise from disseminated calcite (White et al., 1998pnate gHCOs, molly), or dissolved silicagBi, molfy) (Table 1).
hydrothermal or metamorphic carbonates that inherit radidie justification comes from Reactions 2, 6 and 7, where
genic Sr from surrounding rocks (Palmer and Edmond, 19920):H":Na'=1:1:1 or C@H"HCQO5 =1:1:1 relationships hold. In
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inversion method to quantify the proportions of the total

0.95
. dissolved load contributed by weathering of each of the
0.90 o o o lithologies (carbonate, evaporite, silicate) (Négrel et al., 1993).
The mixing equations for element X (Ca, Mg, HCénd CI)
. N o and®’SrfeSr are:
{ 0.854 o S
g, ° %\I_égrlver - Z%—j(—agai,Na (11)
0.80-| ° .
° g SrD Sro rDD§_D
0.75 ° °© SI‘Drlveru\Ia fiver %E_EENaD e (12)
%) o & °
°° o0 Thea;na are mixing proportions of Na from different res-
0.70 o0 80 100 120 140 ©rvOirs (:ralnwa_ter_, silicate, carbonate, eyap_orlte)_. Starting
Se () with a set ofa_pnon parameters, successive iterations pro-
duce a best fit to the whole set of equations. End-member
0.76- v compositions (X/Na)and mixing proportionso() are the
] R output results.
0.757 °° ° The resulting weathering rate comparisons, processed by
& o o° two different research groups, are shown in Figures 5 and
5 A I . 006 % R 6. Both show a lack of any systematic change in weathering
£ or3 . . o + Aldan rate as a function of latitude or temperature. On the Aldan
g ’ ., ©°° N o Guayana Shield, for example, freezing temperatures persist for ~200
o'nf . ° ) s Congo days qf the year. Monthly mean temperatur_es vary frpm
1o, g & Doooan ~;5°C in July to —5C°C in February. The region is semi-
071 ﬁ:ﬁ ‘Au:.m @sA e% Lo o roores ar|d' with an average raln_fal_l of ~550 mm/y. That such a
1 &@ o o basin should weather at similar rates as the Guayana Shield
0.70 f"’m #oEomE ® Réunion where the temperature is “28and precipitation is ~3,000
o 2 4 6 8 10 12 14 16 18 20 Mmmly is counter-intuitive at first. Based on the processes
1/Sr (uM) known, | examine the reason below.

Fig. 4. Dissolved®’Srf®Sr data for the shield rivers. Data source
ar?e same as in Fig. 3. Present seawater value is 0.7091, and agvéP-ISCUSSION

age riverine ratio is 0.712 (Palmer and Edmond, 1989). Weather-

ing of marine carbonates/evaporites is expected to yield dissoh&d. Physical Factors: Lateritic Cover versus Frost Shat-
¥SrfeSr between 0.7065 and 0.7095 depending on age. tering

the case where small quantities of marine carbonates are presgnthe absence of a mechanism to create relief, i.e. expo-
(as determined by close to marif&rF°Sr), recourse is sure, aluminosilicate weathering is self-limiting, because it
made togSi. gCO,=2¢Si is borne out both from Reactionss incongruent. As the weathering front migrates vertically
6 and 7 and global fluvial Si data (Berner et al., 1983). Shrough the fresh rock, cations and silica dissolve and refractory
ica is involved in biological cycling and if there are lakes afuminous phases accumulate (Twidale, 1990; Thomas, 1994)
reservoirs where uptake by diatoms occurs, use of the for(fy. 7). Conditions become anoxic (Reaction 13) and reducing
relationship could underestimag€0,. (Reaction 14), allowing the mobilization of ferrous iron in
Allégre’s group in France has championed the use of ftgution (Bourman, 1993; Ambrosi and Nahon, 1986).

Table 1. Strategy for calculating CQuptake by aluminosilicate weathering.

Geological terrains @CO,

Pure aluminosilicate-low organic acids @CO,=@TZ" orgCO, = gHCO:;
Pure aluminosilicate-tropical “black” rivers eCO=¢TZ*

Mixed lithology-no lakes @CO, = 2¢Si

@CQO,=@TZ" (if ¥'Srf°Sr>0.7100 or <0.7065)
@CO, = 2¢Si (if 0.7065<7Srf*Sr<0.7100)

Mixed lithology-lakes, bogs, reservoirs

TZ'=Na +K* +2C&" + 2Mg*".
All parameters are corrected for atmospheric input of marine aerosols.
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Xingu Sangha  Atabapo Anabar Fig. 6. Chemical weathering rates for rivers draining granitic and
Negro Gualnia basaltic rocks plotted using values tabulated in Millot et al., 2002.
ercgh':::fo Their data sources for granitic basins are Meybeck (1986), Martin
Oubangui  Caura (1987), McDowell and Asbury (1994), Vegas-Vilarrubia et al. (1994),
Lobaye  Aro Edmond et al. (1995), White and Blum (1995), Huh and Edmond
Likouala  Caroni (1999) and Viers et al. (2000). Data sources for basaltic basins are
Sangha Louvat and Allegre (1997, 1998), Dessert et al. (2001) and Louvat
(b) Alima (1997). The vertical bars indicate the range of values within the
300 drainage basin. Chemical weathering rates are calculated as Chem-
ical Weathering Rate gNa+ @K + ¢Ca+ @Mg, whereg denotes
_ 250 flux. Because of the large uncertainties involved, Millot et al.
2 200 1 (2002) did not consider it meaningful to calculg@O..
i ]
=
£ 50 from this oxidation reaction drive the vertical diffusion gra-
5 dient for the reduced species between the deep anoxic and
o 1004 shallow oxic environments. In seasonally arid regimes dis-
2 | solved silica produced by Reactions 6, 7 and 14 in the
803 m weathered mantle is also transported and reprecipitated by
ol surface and capillary evaporation to form a siliceous cement,
Brazilian Congo Guayana Canadian Siberia silcrete (OIIier, 1991).
Fig. 5. (@ The flux of total dissolved solids (TDS Na+K + . .
Mg + Ca+ Cl + SQ; + HCOs + Si; moll) (b) CO. uptake rate as  SI(OH) = Si0, +2H,0 (16)

calculated according to the scheme in Table 1. Individual bars indicate silcrete

different tributary systems within a watershed, names of which are[hu& a regolith rich in silica and alumina (mostly as primary

listed under the bars. On the left are tropical rivers and on the righ d d kaolini d qibbsi R . 7
are the subarctic/arctic rivers. Figure from Huh and Edmond (19 artz an .secon ary kaolinite and gi S't_e (_ eactions
and 17), with a surface layer cemented with iron oxyhy-

droxides and silica (Reactions 15 and 16), accumulates and

C}Haﬁg)"'oz = COtHO (13) seals the fresh rock at the weathering front (Topp et al.,
’ 1984; Fig. 7).
FeSiO, +4CO, +4H,0 = 2F&* + Si(OH), +4HCG;
reduced Fe (soluble) (14)  AISiLO(OH)s + 10H,0 = 2AI(OH); +2Si(OH), (17)
kaolinite gibbsite

Lateral and vertical migration of the soluble reduced iron,
whose chemistry is similar to Ca, through the refractoryThroughout this process, solifluction (semi-plastic flow)
regolith to oxic soil sections leads to its oxidation to th# the accumulating mantle further smoothes the surface
insoluble ferric form (F&) and precipitation as a ferrugi-relief leading to a progressive diminution in the hydraulic

nous cement (Bourman, 1993; Thomas, 1994). energy available for mechanical erosion and transport of the
. . weathered overburden. The weathering yield on the Guay-
4F€" +0, +10H,0 = 4Fe(OH) +8H (15) ana Shield in the Orinoco River drainage is equivalent to an

erosion rate of about 10 m/m.y. with equal mass fluxes of
The extremely low soluble Feconcentrations that resultdissolved and suspended material (Edmond et al., 1995).
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Well over half the dissolved load (in moles) is silica, pr@pen the microcracks and lead to heaving and shattering
duced by the continued degradation of the cation-poor cldygalder and Hallet, 1985) (Fig. 9). Compared to tropical
to kaolinite and gibbsite (Reactions 7 and 17). Note thiaters, Ca and bicarbonate are high and Si is low in the dis-
Reaction 17 does not consume protons (and thyy €@e solved load. This is consistent with preferential weathering
the reactant is free of major soluble cations. WeatheringpfsCa-plagioclase rather than K-silicates and only the most
extremely intense, with complete destruction of all but tisaperficial reaction where labile surficial cations are exchanged
most refractory minerals, even though the areal yieldsfor protons with little clay formation.

fluxes are extremely low. The net gE@nsumption or pro-

ton fixation ratesgCO,, are equivalent, by charge balancg.2. Complexity of River Studies

to the total cationic fluxes (Fig. 5).

On high-latitude shields, even in the absence of glaciatior,arge uncertainties (not less than 20%) accompany the
frost weathering processes (Fig. 8) continuously expassults presented in Figures 5 and 6 and are inherent in river
fresh rock surfaces and generate gravel, pebble and sndies. First, the water discharge can be highly seasonal
sized material which dominate the bedload in the headwaé varies from year to year, though sensitivity to local weather
ters. They accelerate both chemical and especially mecharents is minimized in large river systems. The data in lit-
ical weathering (Pewe, 1975; Kalvoda, 1992). Sand barature are usually from one time sampling at rising or fall-
and mounds are found ubiquitously in the middle reachesmyf stages of the river. The question can be asked if that
the Lena River in Eastern Siberia (Fig. 8d). Little silt-sizetroduces a bias, e.g. the spring peak discharge from ice-
material is observed either in the river suspended mattemmit is not sampled in the case of arctic basins, and relative
in over-bank flows. Gelifluction destabilizes any protectiv@ntribution from tributaries draining different lithologies
regolith that may form. It is not surprising that saprolites gemay change with season. The sampling strategy has usually
erated during the warm humid Tertiary (LaSalle et al., 198#en to compensate for the temporal resolution with detailed
are preserved only in protected areas in the high latitudespatial sampling.

The 9% volume expansion in situ accompanying phas&he lithology of a given basin is very rarely of one rock
change from water to ice is only a small part of the explgpe, and reaction rates differ widely. If trace amounts of
nation for frost weathering. More important is the growth afrbonate or evaporite are present in a nominally “shield”
segregation ice or ice lenses. Water in unfrozen rock migratetetaain and their contribution to the dissolved load errone-
the freezing front due to chemical potential gradients.oasly included in calculations of aluminosilicate weather-
accumulates in the microcracks at the freezing front and, the rate of CQuptake will be overestimated. Efforts
freezes to ice. The progressive growth of the ice lenses weslgeexpended to minimize this by careful examination of
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Fig. 8. The Lena River drainage basin in eastern Sibeji&r(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 direr3storrsm wide near the surface and extending down-
wards for 5 to 10 m. Because of the cold temperatures, plant roots have been preserved againsSaeaihpirigos in lower Lena. Melt-

ing of the inner core of ice by warmer river water and gelifluction lead to their collapse near thedh@kain(d ice exposed along the
bank of the lower Lena. The trees trunks are slim due to the short growing season, and the soil layd) Edém $and is prominent
especially in the middle reaches of the LegalL¢g 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 holiseithdieitb

in between the logs to function as lubricant. This results in crooked appearance but ensures survival of the structute frean. y&aring

the short summer growing season potatoes and vegetables are grown in raised platform gardens. Pylons and modern hiitidings are b
concrete platforms to protect against movement of the active Bylptice 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 summ
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Cold External Surface thus more applicable to discussions on the global carbon
Frozen Rock cycle. However, watershed-scale (0.1 to 1G)kstudies are
% informative, as the lithologic control is thought to be tighter.
== &= . —| White and Blum (1995) amassed data for 62 watersheds
underlain by granitoid rocks and found an Arrhenius type
temperature dependence with apparent activation energy of
59 kJ/mol (Equation 3). The authors note that the water-

Ove‘men / sheds treated are geographically limited to mostly Europe
and North America, and the data were originally obtained to
Unfrozen rock _— characterize acid deposition, deforestation, nutrient cycling,
/ etc. Perturbation by acid rain is a strong possibility: 11 out
\ of the 62 watersheds had very acidic pH (4.52 to 4.90) and
— 19 didn't have pH values reported.
— Studies of the chemical transport of small glacier-fed

streams in igneous and metamorphic rocks (Sharp et al.,
Fig. 9. A cartoon showing freezing of cracked rock. Water i:rL1995; A.nderson et al., 1997) S.ho.w that even unde_r Ice, t.he
unfrozen rock migrates through the frozen fringe to growing ic¥€athering rates are substantial in temperate glaciers. Like
filed cracks. Figure modified from Walder and Hallet (1985). the high latitude shield rivers, these glacial streams are Ca-
HCO; dominated and suggest superficial weathering of eas-

ily weathered lithologies.

fluvial chemical composition.

The weathering rates calculated represenirttegrated 3.4. Importance of Basalt Weathering
weathering signal from the bedrock, soil, vegetation, atmo-
spheric deposition of local origin, and floodplain storage if Conclusions supporting weak to non-existent climate depen-
any. Essentially, the comparison here is between the wedtnce of silicate weathering have also been reached by
ering of bedrock at high latitudes with its integral taiga &uth and Kump (1994) in a comparative study of mainly
tundra vegetation and frozen soils and that of bedrock in thensport limited volcanic terrains in Hawaii, western U.S.
low latitudes with its rain forest and lateritic regolith. Thand Iceland, where runoff, vegetation cover and tempera-
effect of soil and vegetation cannot be isolated using tihee vary widely. However, Dessert et al., (2002) based on
major elements and Sr isotope data set alone. the data set shown in Figure 6 find a good fit to the Arrhe-

Flow rates in the main channels of swift rivers are on thieis equation (Equation 3) but with loweg @2 kJ/mol)
order of a few km/h. In the case of a large river with a lengttan the 68 kJ/mol assumed in Berner and Kothavala
of ~4000 km, it takes about a month for a parcel of wa{@001). While basalt weathering indeed contributes dispro-
to travel from the headwaters to the mouth. Therefore, fimtionately to chemical weathering rate or Qtawdown
flux calculations presented above are a snapshot of tieeause of its lability, they are areally more restricted than
delivery at present. A subtler question is whether the shasement exposures. For it to single-handedly drive the nega-
ceptibility to weathering is purely a result of present climatige feedback, continued exposure of basalt of significant
or is a remnant effect of past environment. This questiareal extent through geologic time is required. Today the
has significance especially for high latitude rivers that hafl@eod basalt provinces, hot spots or island arcs are the main
experienced warm humid climates at lower paleo-latitudéxci of basalt weathering. As these features are generated by
In the tropical shields, weathering is presently at stegolgte tectonics unrelated to surface environmental condi-
state, and a mass balance is attained between the bediook, it is difficult to expect the temperature dependence of
and the solid and dissolved weathering products. The “fhasalt weathering to explain the stability of climate over
vial isochron” of the Rb-Sr system is one evidence. In fageologic timescales.
merly glaciated basins like the Mackenzie River, measurement
of uranium decay serie$*U/>8U, 2°Th/8U, 2 Raf*®U) in  3.5. Implications for the Phanerozoic Evolution of Atmo-
the dissolved and suspended loads show that the currentsiiineric CO,
vial fluxes are still under the impact of the last glaciation

(Vigier et al., 2001). In the present situation of the Guayana and Aldan shields
the physical exposure mechanism is primarily responsible
3.3. Comparison to WatershedScale Studies for the rate of continental weathering. When fresh bedrock

of low relief is initially exposed via uplift, weathering is depen-
This paper focuses on large rivers (drainage area >> #ieit on climate, especially rainfall. During the late Paleozoic
km?), because they integrate over regional areas and wahen both Guayana and Aldan shields were experiencing
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warm climate, and before the buildup of significant laterite,In this paper the main focus was on the inorganic portion
weathering would initially have been faster where rainfaf the global carbon cycle. However, very little is known
and temperatures were higher. As the plates moved towatosut the nature, magnitude, and temporal variation ¢f CO
present latitudes, on the hot and humid tropical shields a talease during weathering of organic-rich reduced sediments.
erite mantle would quickly have developed (accumulatiGtedox-sensitive, oxyanion forming elements (rhenium, ura-
rate ~5 m/m.y.; Brown et al., 1994). At these rates and witlium, molybdenum, vanadium, etc.) and isotopic systems
out active erosion, a few million years, a short interval oelated to them{’Os/®0s, 2U/2%) can be informative.
geologic time scales, is enough for the laterite mantle tdPlants have long been recognized to have an effect on
seal the weathering front. On cooler and drier shield terraimsathering. However, quantitative measurement of that effect
it would take progressively longer for the same amount ltdis remained elusive. Release of organic acids increases
cover to form. Then at the latitude and climate conditiomeathering rates, but recycling by the above-ground biom-
where frost weathering becomes important, the trend reverass. and decreasing permeability of the soil decrease the
A new mechanism in the form of frost weathering is avadhemical loading of rivers. Remote sensing of different veg-
able to remove the lateritic regolith and generate fresh station groups at drainage basin scales, combined with flu-
face area, leading to high weathering rates. Thus, the unlikédy flux data may complement the mass balance approaches
situation is attained, where tropical shields and arctic shialding sand boxes and laboratory batch experiments.

weather at similar rates. The application of uranium decay series provides new insight
to erosion timescales, whereas weathering has previously
4. CONCLUSION been assumed to be at steady state.

Developing weathering proxies is important in order to

It should not be construed that the above results aastonstruct a record of past continental weathering and
doubt on the Arrhenius and Clausius-Clapeyron relatidhhanerozoic CQOevels. For example, the highs in the marine
ships fundamentally. Rather, what can be emphasized unigéi@yfSr record are interpreted as periods of continental
with global studies that may not be obvious from laboratdnput of extremely radiogenic Sr at high flux during Hima-
experiments or watershed scale surveys is the importanclaydn type orogenies (continent-continent collision) and the
physical mechanisms of exposure under threshold coradws as input of predominantly mantle Sr through oceanic
tions. Until frost weathering mechanisms become effectivent springs. Likewise, marine Os isotope record is an inter-
weathering rates are expected to be slower where templry between continental weathering of organic-rich reduced
atures and precipitation are low and there is no other reetliments and hydrothermal input at mid-ocean ridges.
generating mechanism (e.g., mountain uplift). At low lati-
tudes, until sufficient regolith accumulates, weathering rat®8KNOWLEDGMENTS: The Hydrology and Chemical Oceanog-
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