RESEARCH

GEOCHEMISTRY

How temperature-dependent silicate weathering acts
as Earth’s geological thermostat

S. L. Brantley"?*, Andrew Shaughnessy?, Marina |. Lebedeva't, Victor N. Balashov't

Earth’s climate may be stabilized over millennia by solubilization of atmospheric carbon dioxide (CO,)
as minerals weather, but the temperature sensitivity of this thermostat is poorly understood. We
discovered that the temperature dependence of weathering expressed as an activation energy
increases from laboratory to watershed as transport, clay precipitation, disaggregation, and fracturing
increasingly couple to dissolution. A simple upscaling to the global system indicates that the
temperature dependence decreases to ~22 kilojoules per mole because (i) the lack of runoff limits
weathering and retains base metal cations on half the land surface and (ii) other landscapes are
regolith-shielded and show little weathering response to temperature. By comparing weathering
from laboratory to globe, we reconcile some aspects of kinetic and thermodynamic controls on CO,

drawdown by natural or enhanced weathering.

ver multimillion-year time scales, the
balance between weathering of silicate
rocks and volcanic degassing may con-
trol the atmospheric concentration of
CO,, one of the most important green-
house gases that regulate Earth’s climate.
Silicate weathering accelerates with tempera-
ture, acting as a negative feedback that buffers
Earth’s climate and maintains its habitability
(1-5). Steps by which silicate weathering main-
tains Earth’s low and generally stable atmo-
spheric partial pressure of CO, (Pco,) include
(i) production of alkalinity through solubili-
zation of base metal cations and atmospheric

Fig. 1. Conceptual models for soils and water-
sheds on silicate lithologies in the humid half of
Earth’s land surface. (A to D) Reaction fronts
[gray hachured layers in (A) and (B)] indicate where
most CO, is solubilized during silicate weathering.
For a bedrock mineral such as CaSiOs, for example,
weathering (2C0, + H,0 + CaSiO; — Ca* +
2HCO3™ + SiOsq)) releases dissolved inorganic
carbon that is transported, precipitated, and partially
sequestered as buried carbonate minerals at the
seafloor (Ca®* + 2HCO3™ — CO,1 + H,0 + CaCOss))
offshore from the landscapes in (C) and (D). In

(A), kinetic limitation (KL) of silicate weathering is
indicated by soil profiles or small head catchments
where the silicate and its reaction front are

exposed everywhere at the land surface, allowing
dissolution to proceed far from equilibrium. In

(B), weathering of soil profiles and watersheds
characterized by buried reaction fronts for bedrock
minerals instead can be dominated by flow paths
where concentrations of weathering products
increase until they cause dissolution to stop.
Weathering fluxes from such watersheds can corre-

CO, during silicate weathering, (ii) riverine
transport of dissolved inorganic carbon (DIC)
to the oceans, and (iii) precipitation and burial
of DIC as carbonate minerals at the seafloor.
Weathering of marine basalt at increased tem-
peratures also sequesters CO, into minerals
at the seafloor (6). In contrast to silicates, CO,
drawn from the atmosphere during weathering
of carbonate minerals is ultimately rereleased
to the atmosphere. Despite the importance of
the silicate weathering feedback, the mecha-
nism of its operation is not well understood.
Proposed controls vary from chemical equilib-
rium to kinetics to hydrology, and the sensi-
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tivity may be as low as 2% K ™' or perhaps as
high as 20% K ! [e.g., (5, 6-13)]. We explore
the temperature sensitivity of weathering to
understand how this feedback functions.

Although laboratory measurements might
appear to be the gold standard to determine
how silicate weathering varies exponentially
with temperature, rates are too slow to assess
accurately. Furthermore, dissolution is only
one of many temperature-dependent steps
that occur during weathering. Additional
processes—such as solute transport, clay pre-
cipitation, biotic activity, disaggregation, frac-
turing, and erosion—enter systems at larger
scales. These processes in turn can be influ-
enced by climate factors such as temperature,
runoff, and precipitation and by weatherability
factors such as lithology, porosity, permeabil-
ity, type of vegetation, and landscape position
or distribution of land mass [e.g., (1, I4, 15, 16)].
Whether kinetics or equilibrium controls the
temperature sensitivity remains an open ques-
tion (9).

We hypothesized that combined observa-
tions from laboratories, soils, watersheds, and
the globe could elucidate puzzles about weath-
ering versus temperature. For example, research-
ers disagree about how chemical weathering
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late with erosion rate, that is, they are erosive transport-limited (ETL). As shown in (C), in watersheds of increasing size (schematically shown as white teardrop
shapes), the decreasing kinetic-limited landscape fraction and increasing dominance of long flow paths drive weathering fluxes to vary with erosion rate (erosive
transport-limited). Only small watersheds tend to be kinetic-limited as in (A), but both small (B) and large watersheds [(C) and (D)] can be erosive transport-limited
because feedbacks couple weathering fluxes to erosion rates. Thus, as watersheds become larger, they show transition regime (TR) behavior between kinetic-

and erosive transport-limited landscapes.
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is affected by erosion, temperature, and runoff
[e.g., (14, 17)], and the temperature dependences
for soils and small and large watersheds do
not match (4, 14, 17-20). Additional puzzles
include how stream chemistry [e.g., (21)] and
mountain-building events at different time
scales are linked with climate, including how
to explain the “Cenozoic isotope-weathering
paradox” [e.g., (6, 16, 22)]. To reconcile obser-
vations, we present conceptual models at differ-
ent spatial and temporal scales and emphasize
feedbacks related to how the geological sub-
surface is structured by weathering reactions
and fracturing to guide and respond to ground-
water flow (23-25).

Using standard Kkinetic treatments, we use
the Arrhenius equation (eq. S1) to express
temperature sensitivity. This allows calcula-
tion of the Arrhenius activation energy, Ea,
from the natural log of the relative increase in
rate as temperature changes from a reference
temperature, 7, to a higher value, 7" (eq. S2).
By using Ea, we rely on standard treatments
of chemical kinetics by attempting to isolate
chemical dissolution from other factors. In
the “Global integration” section, we recast Ea
as the percent change in weathering flux per
degree temperature change globally. In con-
trast to previous researchers, we neither require
that weathering is kinetic-limited everywhere
nor require that Ea is the same at every spa-
tial scale [e.g., (10, 26, 27)]. Instead, we assume
that weathering systems can be treated with
temperature-independent Ea values at each
spatial scale. Although Ea might also change
with temperature [e.g., (28)], our simplified
treatment allows parsimonious upscaling to
a global model. We discovered that Ea varies
as additional processes become coupled to
dissolution at higher scale. We also empha-
size that Kinetics can only limit the weathering
of landscapes where the exposure time of rocks
to weathering is short compared with the reac-
tion time scale [i.e., (I8)] and the net water
balance is positive, that is, mean annual pre-
cipitation (MAP) is greater than potential
evapotranspiration (PET) [i.e., (29, 30)]. With
this approach, the temperature sensitivity of
weathering can be reconciled across scales,
yielding an approach to understand weathering
in the past or in a human-manipulated future.

Analyzing Earth’s thermostat

Some authors have explored controls on the
long-term carbon balance by quantitatively
upscaling based on exposed lithologies (31, 32).
For example, global continental land area is
~63% sediments and ~35% crystalline rock,
where the latter are ~15% basaltic and ~85%
granitic (31). A more high-resolution assess-
ment yielded 56.24% of exorheic land area as
sediments (excluding carbonates), 24.3% crys-
talline rock (excluding volcanics), and 7.00%
volcanics (86% basaltic) (32).

Brantley et al., Science 379, 382-389 (2023)

Table 1. Thermodynamic values and activation energies for kinetic-limited systems. AG’,

standard Gibbs Free Energy.

System AG° and Ea values (kJ mol™)
Granite
Albite — kaolinite in laboratory AG® =835+2
Oligoclase — kaolinite in laboratory AG° =74

Rate-limiting step is dissolution (laboratory)

Far-from-equilibrium mineral dissolution (oligoclase)”

Ead\ssolution =6/7+£2

Far-from-equilibrium Na release, rock dissolutiont

Eagissolution = 57 £ 15

Coupled dissolution, transport, and/or clay precipitation

Kinetic-limited soilst

Eagissolution = 79.8 £ 8

Coupled dissolution, transport, clay precipitation, fracturing,

and/or erosion

Kinetic-limited watersheds (corrected for MAP and erosion

as needed)®

Eazpparent = /7.4 + 6 (11.2% K™)1

Transition-regime watersheds (corrected for MAP

but not erosion)”

Eaapparent =36.1+15.2

Theoretical prediction (eqs. S5 and S11)

o
Eadissolution < Eaapparent < Eadiffusion + Eadissolution + AG°/3

Eapparent = 67 to 110

Basalt

Labradorite — kaolinite in laboratory

AG° =64 +7

Rate-limiting step is dissolution (laboratory)

Far-from-equilibrium mineral dissolution (labradorite)**

Eagissoltion = 43 £ 1

Si release, crystalline or glassy basalt dissolutiont

Eagissolution = 46 + 2

Coupled dissolution, transport, and/or clay precipitation

Olivine in a soil column in laboratory**

Eaapparent =72

Solute release during rind formation on basalts

Eaapparent =54+12

Solute release during rind formation on andesites and basalts

Edopparent = 64 + 12

Coupled dissolution, transport, clay precipitation, fracturing,

and/or erosion

Kinetic-limited watersheds®

Eaapparent =896 +7 (13% K71)1|

Transition-regime watersheds (not corrected for

MAP or erosion)*

Eaapparent = 42.5 + 1.31

Theoretical predictions (see supplementary materials)

Rinds: Ea,pparent = Editrusion + AG°/1.6

Edzpoarent = Q01 /.

Soils: Ead\ssolution < Eaapparent < Eadiffusion + Eadisso\ution + AG°/1.6

Eaapparent = 43 to 98

*Weighted average of synthesized laboratory estimates of Eagissowtion for oligoclase in laboratory from table SIA. TAs

summarized in table S1A (14).
described in the text.

granitoids (4) and the average of basalt fluxes (61, 179).

from crystalline and glassy basalt rock in table S2A (uncorrected for Al).
as summarized in table S2B. Error is assumed to be +1% K.

We instead analyze a few important min-
erals that were chosen from those lithologies.
Silicate minerals solubilize CO, from the atmo-
sphere during weathering and release charged
DIC species as the minerals release aqueous
base metal cations (Na*, K*, Mg>*, Ca®") with
uncharged aqueous silica (SiOq,q)). Ca and Mg
are reprecipitated as carbonates in the oceans,
thereby sequestering CO, and balancing the
CO, flux from volcanic degassing (I, 16) when
considered at time scales greater than 10° to
10° years. By contrast, K* delivered to the ocean
may be removed through back reactions with
silicates at the seafloor, rereleasing CO, to the
atmosphere (33). K* is also immobilized in
soils as clays or taken up into biota in soils. A
large fraction of the dissolved riverine Na" is
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$From values in table S1B, as described in the text.
9The fractional rate of change with temperature, o, for a given Ea approximately equals Ea/RTy?,
where R is the universal gas constant and T is 288 K, the average Earth surface temperature (2, 3).
**From table S2A.

§From values in table SIC, as

#Calculated for
tTWeighted average Si release rates
$1See table S2B. §8From Icelandic rivers,

exchanged with Ca®* and Mg?* on suspended
sediments during transport to the oceans (34),
and these cations in turn sequester CO, as
(Ca,Mg)-containing carbonates at the seafloor,
in effect sequestering DIC associated with Na
release as carbonate sediment.

Using these observations, we review pre-
vious determinations of Ea from plots of log
(reaction rate) versus 7' (egs. S1 and S2) for
weathering of the common Ca-, Mg-, and Na-
containing silicates that dominate basalts
and granites. These include the Ca- and Mg-
containing olivine and diopside minerals in
basalts and Na- and Ca-containing plagioclase
feldspar that is found in both basalts and
granites. Plagioclase is particularly important
not only because it is the most abundant
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Fig. 2. Weathering rates plotted versus controlling variables. (A) Total Na
weathering rate, Qnatotai, for the granitic soils that are not runoff-limited

(table S3). (B) Total silicate cation weathering rates, Qcations.totar fOr €rosive
transport- and kinetic-limited watersheds from an earlier publication (4). In

(A) and (B), symbols plotting on and off the line are interpreted as limited by
erosive transport or kinetics, respectively, and error bars indicate estimates from
the original publication (4). (C) Summary plot of all 45 soils in table S3 color
coded for Quatota and categorized by HI and CDFy,cry (See table S3 for index

crustal mineral but also because it is the source
of almost all Na released naturally to rivers,
making the assessment of rates of plagioclase
weathering from riverine chemistry more ro-
bust than that for other abundant rock-forming
silicates. This assessment is further simplified
because Na usually does not accumulate in
biota or clays (an observation revisited in our
treatment). Plagioclase feldspar is also one of
the more abundant of the reactive, noncar-
bonate, base metal cation-releasing silicates
in the sediments that cover about two-thirds
of the continents (32).

Laboratory measurements

Comparisons of laboratory kinetics (tables S1IA
and S2A) reveal that activation energies of
dissolution, Eagissorution, are highest for the Mg-
releasing minerals (58 to 96 kJ mol™). For
feldspars, values of Eagjssolution are lower and
decrease with increasing Ca content from gran-
itic to basaltic compositions. For example,
oligoclase (Edqissolution = 67 + 2 kJ mol™) and
labradorite (Eagissolution = 42.8 = 1kJ mol™)
are the most common feldspars in granite and
basalt, respectively (Table 1).
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numbers where indicated).

The compilations also allow comparison of
EQgissolution from isolated-mineral experiments
to that of the same mineral dissolved in re-
actors packed with other phases. For example,
the Eagissolution €Stimates for Mg-rich olivine
(65.6 to 85.7 kJ mol™) from single-mineral ex-
periments bracket Ea,pparent for olivine dis-
solved in a soil column (72.5 kJ mol™?) (table
S2A). We call the latter an Ea,pparent because
additional steps can enter or couple with dis-
solution at higher scales. This can change the
rate-limiting step or add an additional tem-
perature dependence (35).

Similarly, the value of Eag;ssorution fOr  gran-
itic feldspar (oligoclase, 67 + 2 kJ mol™?) is
within error of the Ea,pparent that describes Na
release from granitic whole-rock experiments,
57 + 15 kJ mol ! (Table 1 and table S1A), which
is expected given that the dominant base metal
cation released from dissolving granite is Na.
Similarly, although solute release from crys-
talline basalt is dominated by Mg from olivine
at lower pH and Ca from feldspar at higher
PH (36), we show that the Ea,pparent for basalt
dissolution is similar to that of feldspar disso-
lution (table S2A). Specifically, the Eaapparent

27 January 2023

The solid horizontal and vertical lines represent

estimated values of HI and CDF that separate the labeled weathering regimes
as discussed in the text. (D and E) Arrhenius plots for the kinetic-limited soils
(table S3) (D) and watersheds (E) (4). X is a weathering rate function corrected
for MAP and denudation rate by using parameters from the original authors
who calculated Ea,pparent = 74 kJ mol™. Table S3 includes sites with slopes
<7.5° from an earlier publication (18) after reanalysis (29) as well as additional
sites from published reports.

for Si release over a range of pH from glassy or
crystalline basalt, 46 + 2 kJ mol ", is within error
of the Etgissorution Of 1abradorite (43 + 1kJ mol ™)
(Table 1 and table S2A). Given these obser-
vations, we emphasize plagioclase feldspar
weathering and Na release in the next sections,
which treat higher spatial scales.

Soil analysis
Granitic systems

To estimate E@,pparent in Natural systems, Na
release rates, Qn,, are assessed for sets of soils
known as climosequences that span gradients
in mean annual temperature (MAT) [e.g., (I8)].
For example, a master set of 45 soils from sites
such as terraces and ridgetops is summarized
in table S3. These soils were chosen because (i)
they generally formed on relatively homoge-
neous parent materials with minimal distur-
bance by humans or glaciers, and (ii) their
chemical and physical denudation rates have
been estimated. Ridgetops and terraces are
considered the most straightforward to model
because they are functionally one-dimensional
(1D) in that water and sediments are not trans-
ported into them from upslope.
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Key to the analysis is that dissolution of
feldspar in a 1D soil is localized into a reaction
front (e.g., Fig. 1) or depth interval where all
reaction occurs [e.g., (37)]. Below the front,
pore fluids generally flow more slowly and are
sufficiently concentrated so that they react
only minimally with feldspar. At any depth
in such a 1D profile, the fraction of mineral
depleted by weathering can be estimated com-
pared with the parent rock concentration. This
depth-dependent fraction, termed the chemical
depletion fraction (CDF; estimated from
eq. S4), varies from zero in the parent mate-
rial to values <100% above or at the top of
the front. The error in CDF is larger in soils
when CDF is small and in regions of sub-
stantial dust additions or parent composition
variability.

Profiles with 0 < CDF < 100% for a dissolv-
ing mineral at the land surface (i.e., Fig. 1A) are
“incompletely developed” because they retain
the mineral throughout the weathering col-
umn. When such profiles are identified for
plagioclase feldspar, exposure times (for non-
eroding soils) or residence times (for eroding
soils) are inferred to be short compared with
the time scale of plagioclase dissolution (37).
Instead of concentrations of plagioclase, how-
ever, Na is measured as a proxy because most
Nain granitic material is typically in feldspar.
We also assume for eroding 1D soils that the
erosion rate and weathering advance rate are
roughly balanced (expressed in units of length
per time), which explains why soils endure
and can remain roughly constant in thickness
over the soil residence time. With those as-
sumptions, mass balance arguments show that
CDF values calculated at the land surface for
Na, CDFypy sur, €qual the fraction of the total
denudation rate (D, in tonnes km™ year™) of
Na caused by chemical weathering (I8). For
example, CDFy,qut = 100% implies 100%
chemical removal of plagioclase and negligible
loss to erosion (Fig. 1A). The implication from
models is that incomplete (0 < CDFyggurt <
100%) or complete development of a 1D profile
(CDFxasut = 100%) reflects Kkinetic or
erosive-transport limitation of plagioclase
weathering, respectively (37).

For most soils in table S3, weathering release
rates of Na were calculated from CDFyy surs
by following approaches based on cosmogenic
radionuclide (CRN) concentrations (I8). This
approach yields Na release rates, Qx, cry, calcu-
lated as the product of the denudation rate,
Dcgy, multiplied by CDFy, cry and [Nalock (I8).
The subscript CRN is used because CDFy crx
and Dcgy are the CDFy, gurf and denudation
rate, respectively, averaged over the surficial
layer of soil where penetration of cosmic rays
result in accumulation of CRN. [Na],,q is the
Na concentration of bedrock. Later treatments
(29) corrected these rates to include weathering
in saprolite below the layer of CRN accumula-

Brantley et al., Science 379, 382-389 (2023)

100

| A Fraction land area B
90  si-0 bond breaking % ‘
80 /
F - >
P 1 Kinetic
'_,-6 604 ] granite e limited
£ ® basalt 2
2 %01 [
s ]
404 o
L N = c
30 ©
4 - —
20 LES
] =
10 - 9 Kinetic
bond breaking + transport + clay precipitation + erosion Jimited
T T T T T T T T T T T T T T T T
-9 -7 -5 -3 -1 1 3 5 14
10° 107 10° 10° 107 10" 10° 10° 10 5851
Spatial dimension (m)

Fig. 3. Global assessment of Ea across spatial scales. (A to C) Variation in £a for kinetic-limited weathering
from laboratory to rind formation to soils to watersheds. Weathering mechanisms include additional steps as
the spatial dimension increases from ~100-um mineral grains to ~10-cm clasts to ~1-m soils to ~10%- to 10%-m
drainage basins. The calculated Ea of bond breaking of an edge site for tetrahedral silicate anions is shown as
74 kJ mol™. The calculated Ea for silicate weathering for the global Earth was not upscaled based on fractional
land areas of weathering regimes (B) but instead on fractional contributions of fluxes (C). First, a temperature
response was estimated based on the relative proportions of global CO, consumption fluxes from the two main
lithologies, granite (74%) and basalt (26%) (11.7% K™). This was then used to upscale Ea to the globe based on
the proportions from each weathering regime (C) where the contribution from runoff-limited watersheds was
assumed to be negligible. Symbols in (A) show averages with 1o from Table 1, where the laboratory symbols
represent oligoclase or rock (granite) and labradorite (basalt); the two rind symbols represent basaltic and
andesitic-basaltic compositions. See text for further explanations.

tion (38). We refer to these corrected weather-
ing and denudation rates for Na as Qna total
and Dy total, T€SPECtIVElY (Se€ table S3).

To calculate Ea,pparent fOr weathering, we
focused on 1D granitic soils that are incom-
pletely developed with respect to Na because
such soils are often kinetic-limited, and that
weathering regime is the only one that we
expect to show strong temperature sensitivity
(18). Completely developed soils (90% <
CDFya,cry < 100%) were not considered on
the assumption that they are limited by
erosion rate rather than kinetics and there-
fore are not strongly dependent on MAP or
MAT (fig. S3): Such fluxes for soils listed in
table S3B plot on the line in Fig. 2A. The
threshold CDF for completely developed
profiles was dropped from 100 to 90% because
CDFna,cry generally is only known to about
+10% (35). This threshold also allowed iden-
tification of one soil as erosive transport-
limited rather than kinetic-limited, which is
consistent with its extreme weathering depth
(table S3B).

We also did not consider soils with incom-
pletely developed reaction fronts for feldspar
in calculations of Ea,,parent When they devel-
oped under a negative local water budget. For
such soils, weathering appears limited by lack
of water flushing instead of by weathering
Kinetics (29). Na reaction fronts in some of
these soils extend to great depths, but Na is

27 January 2023

nonetheless retained at the land surface. This
occurs in some cases because of the pre-
cipitation of Na-containing smectitic clays
(39). We refer to this dry regime as limitation
by runoff, where runoff is equated to MAP
minus PET.

To identify runoff limitation, we could not
rely on clay compositions or depth of total
weathering because these were not always
reported for the soils listed in table S3. We
followed an earlier approach (29) and calcu-
lated the approximate threshold for runoff
limitation as the point where the humidity
index (HI), defined as MAP divided by PET,
falls below unity. But errors in MAP and PET
make this threshold very approximate: For
example, a value of unity did not allow inclu-
sion of a soil with a deep, incompletely devel-
oped Na profile (table S3A) where smectite, a
geologically long-term indicator of reten-
tion of base metal cations (35), had been
reported. That site, characterized by HI =
1.1, has a relatively high MAP with a very
long dry season. To include that soil in the
regime of runoff limitation, we set the thresh-
old HI at 1.1.

Clearly, such ad hoc definitions for runoff
limitation are potentially problematic, but the
small number of soils with Qy, tota €Stimates
based on the CRN approach (table S3) pre-
cludes rigorous testing. In addition, runoff
limitation has not been investigated as a
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regime of weathering by most authors, despite
the acknowledged importance of runoff [e.g.,
(4, 20, 29)]. We therefore further tested the
idea of runoff limitation as a function of HI
by investigating watershed data. We focused
on a commonly measured weathering-derived
solute (SiO,) and assessed silica release rates,
Qgiog, versus runoff (defined here as stream
discharge normalized by basin area). To sim-
plify our analysis to only hypothetically kinetic-
and runoff-limited watersheds, we targeted
watersheds on highly erodible shale, assum-
ing that few shales would weather in the ero-
sive transport-limited regime (35). Validating
expectations for runoff and Kkinetic limita-
tion, respectively, shale-derived Qg;o, data are
strongly runoff-dependent at low HI and high-
ly temperature-dependent at high HI (fig. S2,
D and F). Given that Qg;o, is determined from
concentration (C) times discharge (g) normal-
ized by basin area (35), a linear dependence
of Qgi0» on runoff (fig. S2E) implies that C
is independent of ¢ (fig. S2H). Figure S2H
highlights the possibility that such discharge-
independent or “chemostatic” (21) concen-
trations in low-HI watersheds could reflect
smectite-kaolinite equilibration. This reaction
could also explain why low-HI SiO, fluxes do
not generally increase with temperature (fig.
S2F). Specifically, the stoichiometry and neg-
ative enthalpy of this reaction require that
concentrations of SiO, decrease as the equi-
librium shifts toward smectite with increasing
temperature.

To determine the temperature sensitivity of
weathering for the 45-soil dataset, we therefore
eliminated both runoff- and erosive-transport
limited sites by using HI and CDF criteria,
respectively, and focused on the 12 remain-
ing kinetic-limited soils (table S3C). We also
considered temperature correlations for MAP
and Dy ora for the 12 soils. Such correlations
occur because precipitation increases with
temperature over broad spatial scales [e.g.,
(40)] and because chemical weathering is
coupled to physical erosion (18). We used a
power-law treatment to explore if Qg total
should be corrected for such correlations. That
treatment (eq. S3c) had previously been used
to correct values of Q, cry for MAP and Degne
(18), yielding an Ea,pparen: €qual to 17kJ mol ™,
which is much lower than the Eag;issorution fOT
plagioclase (Table 1). However, with that “cor-
rection,” much of the temperature dependence
in Qa cry Was effectively attributed to denu-
dation because, counter to expectations for
kinetic limitation, CDFy, cry shows little var-
iation with denudation. We similarly observed
such a lack of variation in CDFy, cry With
Dy totar (fig. S4A), but we embraced the alter-
nate interpretation posed by the researchers
(18), namely, that Qy, cry correlates with
denudation because erodibility increases as
chemical weathering weakens and disaggre-
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gates rock [e.g., (41, 42)]. We also argue (35)
that error in CDF obscures variations with
denudation in some but not all fast-eroding
systems (18, 43).

Instead of following the earlier approach
(18), we therefore attributed the temperature
dependence of denudation to the Ea,pparent O
weathering and its effect on rock disintegra-
tion into blocks or particles. Without using the
power-law correction, E@apparent for the 12 soils
in table S3C equals 75 + 10 kJ mol* (Fig. 2D).
Corroborating this value are three other esti-
mates between 75 + 14 and 112 + 34 kJ mol ™’
from two additional kinetic-limited climose-
quences on loess and shale (table S1B), where
measurements of concentrations to depths of
meters removes some but not all ambiguities
in CDFy, (35). Corrections for MAP and Dy, total
are considered irrelevant on the loess and shale
because MAP and Dy tota1 Vary negligibly or
are temperature-independent. The weighted
average of all the estimates, 79.8 + 8 kJ mol™*
(Table 1), is considered our best estimate of
granitic soil-based Eaapparent-

Basaltic systems

No soil-based estimates of Ea describe the
weathering of basaltic soils based on CRNs.
Instead, 13 reports of weathering rind forma-
tion on basalts or the less Mg-rich andesites
were found with HI > 1.1 along with a few
measurements of pitting on naturally exposed
basaltic feldspars (tables S2B, S4, and S5). For
these, rind formation initiates as plagioclase
alters to clay. For HI > 1.1, the best estimate
of Ea,pparent for rind formation equals 54 +
12 kJ mol™! for basalts and 64 + 12 kJ mol ™
for basalts and andesites (35). These values
overlap with the range of Eaapparent that was
estimated for one study of porosity develop-
ment on naturally exposed basaltic plagioclase,
56 + 16 to 97 + 10 kJ mol ™" (table S2B).

Watershed analysis
Granitic systems

In this section, we analyze watershed studies
that report E@apparent- The published studies
for granitic watersheds (table S1C) focus on Na,
Si, or base metal-cation release rates corrected
for nonsilicate-derived cations. As expected
for studies that mostly emphasize permanent
streams, almost all Ea,pparent €stimates are for
systems at relatively high HI. This partly ex-
plains why runoff limitation has not been de-
fined previously for watersheds [however, see
(4, 20, 21)]. Separation of runoff-limited water-
sheds is nonetheless important because only
the analysis of high-HI watersheds yields an
Ea,pparent Value that is significant (fig. S2F).
To calculate a best estimate of E@,pparent fOr
watersheds to compare with that of other spa-
tial scales, we focused on Na or carbonate-
corrected silicate cation release rates (Qxa totar
or Qcations,total, T€SPectively). Treating these
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fluxes together relies on the assumption that
their Ea,pparent Values are comparable because
feldspars dominate granitic cation release. We
did not include Qg;0, because Si-based Ed,pparent
is consistently lower for watersheds where re-
lease rates of cations and Si are both reported
(table S1C). As for soils, we also considered
potential temperature correlations for MAP
and D. In some cases, these correlations were
not observed. For example, in one compiled
dataset from >40 head catchments, values of
Qna total Were corrected for MAP but not de-
nudation because Qg tora1 Showed no varia-
tion with a proxy for erosion (relief) (44). Three
other studies targeted only a few neighboring
watersheds, negating the need for regional
corrections of MAP or denudation. The fifth
study (see Fig. 2, B and E) corrected Qcations total
for 13 alpine or montane watersheds for both
MAP and Digtq by fitting Qeations total t0 @ ver-
sion of power-law eq. S3c, yielding Eaapparent =
74 + 29 kJ mol * (4). The weighted average of
these watershed Ea,pparent Values for granites
equals 77.4 + 6 kKJ mol ™.

Before accepting this estimate, however,
we address an apparent contradiction. Specif-
ically, we used watershed values of Q that were
corrected for MAP and D (4) by fitting to the
same power-law equation (Z8) that we rejected
for soils. The fit [see also (45)] showed that the
chemical weathering correlation with total
denudation is weaker for watersheds (power-
law exponent a < 1) than soils (@ = 1) (4). But in
addition, the fits differ in that the correction
for D for soils lowers the Ea,pparent (compared
with its uncorrected value), whereas the cor-
rection for watersheds increases Eaapparent-
We explore this difference next using Fig. 1.

In Fig. 1A, we propose that kinetic-limited
watersheds are like kinetic-limited soils in
that they retain feldspar at the surface. How-
ever, in watersheds, the soils are not the only
factor that dictates stream chemistry. Concep-
tually, release rates of silicate-derived cations
such as Na are kinetic-limited only in water-
sheds that are small enough that ground waters
flowing from soil to stream cumulatively in-
teract with little feldspar. Short flow paths
and residence times preclude the attainment
of chemical equilibrium [see, for example,
(46)]. The result is that long-term average
stream concentrations in Kinetic-limited water-
sheds vary with discharge because each flow
path is limited by temperature-dependent
kinetics (E@pparent ~ 80 kJ mol™") and not by
equilibrium.

The other type of head catchment is char-
acterized by feldspar-absent topsoils (Fig. 1B)
and stream concentrations that are more likely
to be roughly constant (chemostatic) as a func-
tion of variable discharge when observed over
years to decades. Because water chemistry is
unlikely to equilibrate with feldspar at ambient
conditions even for long flow paths (47), this
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chemostasis could reflect a limiting reagent in
the dissolving waters, steady-state concentra-
tions that are dictated by the dissolution of
primary minerals balanced by precipitation of
secondary minerals, or equilibration among
secondary minerals [e.g., (5, 21, 48, 49)]. But
for small granitic watersheds similar to that
shown in Fig. 1B, it has been observed that their
weathering fluxes vary strongly with erosion
rate rather than temperature [e.g., (I5)]. For
this reason, we label them erosive transport-
limited and assume Ed,pparent ~ 0 kJ mol ™.

As watersheds become larger (Fig. 1C), they
are increasingly dominated by lowlands [e.g.,
(20)] and by chemostatic behavior because
groundwater flow paths become deeper, long-
er, and more likely to interact with feldspar
for extended residence times [e.g., (#6)]. But
large watersheds are similar to the watersheds
in Fig. 1B in that their weathering fluxes are
observed to depend strongly on erosion rate and
not temperature [e.g., (20)]. The fluxes of these
large watersheds are thus considered erosive
transport-limited: The average product of flow-
weighted C and g depends on erosion rate (20).

Returning to the power-law corrections
for Q, we argue that fitting watersheds using
eq. S3c adjusts for the fraction of soil land-
scapes and flow paths that are kinetic-limited
(Eapparent * 80 kJ mol™") versus erosive
transport-limited (~0 kJ mol™). Although the
large watersheds may contain Kinetic-limited
headwater catchments, these do not dominate
mainstem chemistry downstream. The power-
law correction to calculate temperature sensi-
tivity of weathering thus yields a higher, rather
than lower, Eaapparent: TWO corollaries to this
argument can be tested. First, if this argument
is defensible, then the maximum weathering
fluxes for aggregated datasets for soils and
watersheds should be similar. This has been
documented (4, 50) (see also Fig. 2). The second
corollary is that virtually all kinetic-limited
watersheds should be small, whereas erosive
transport-limited watersheds should be both
large and small. This has also been observed
(4, 50).

But, why should averaged fluxes (= C-q)
from erosive transport-limited watersheds
tend toward values dictated by erosion rate?
The most likely answer is feedbacks that couple
water chemistry, subsurface flow paths, frac-
turing, and erosion at the watershed scale.
For example, permeability changes driven by
weathering and fracturing [e.g., (23, 51)] could
comprise feedbacks that couple weathering
flux to erosion. Some aspects of such feed-
backs have been explored for pyrite weather-
ing (24, 25). Processes related to vegetation
are also potential feedbacks [e.g., (52)].

Basaltic systems

The reported values of Ea,pparent for basaltic
watersheds ranged as high as 89.6 kJ mol ™
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(table S2B). That value derives from an Ea,pparent
for Icelandic volcanic watersheds after correc-
tion for runoff and glacial melting (53). Con-
versely, the Icelandic fluxes were not corrected
for issues related to carbonates formed from
volcanic CO, (54). Those types of complica-
tions, including deep subsurface weathering
and volcanic degassing [e.g., (565)], led one
set of researchers to estimate global CO, con-
sumption for basalts by focusing only on 22
inactive volcanic systems (table S2B). Their
calculated Ea@apparent; Which was much lower
than the Icelandic value, was similar in mag-
nitude to an earlier estimate based on 10 sys-
tems (table S2B). No evidence requiring a
correction for runoff, MAP, or denudation rate
was reported in either study. Weighting and
averaging the two lower values yields 42.5 +
1.3 kJ mol ! (table S2B).

To reconcile these high and low values, we
propose, by analogy to granitic watersheds,
that the higher Ea,pparent, 89-6 + 7 kJ mol ™,
for the Icelandic systems (19, 53) is the best
estimate for Kinetic-limited basaltic landscapes
and the lower value, 42.5 + 1.3 kJ mol ™, reflects
contributions from both kinetic- and erosive
transport-limited soils within transition-
regime watersheds (Fig. 1). As summarized in
table S2B, the higher Ea,pparent COrroborates
previous treatments of cross-scale weathering
that yielded 70 + 20 kJ mol ™~ (26) and seafloor
basalt weathering based on inverse modeling
that yielded 75 + 22 to 92 + 7 kJ mol ™ (6, 12).
Likewise, values of Ea,pparent that range as high
as 109 kJ mol * have been reported from the
pitting of naturally exposed plagioclase grains
(table S2B).

Cross-scale comparison

Many additional lines of evidence confirm
aspects of these interpretations. For example,
molecular calculations of Ea of hydrolysis of
Si tetrahedral networks at edges or corners
on Na feldspar surfaces, 74 to 120 kJ mol !
(56), are slightly higher than the laboratory
Eagissomtion Values (43 to 67 kJ mol ™), probably
because of proton sorption (57). If we invoke
arguments related to differences in Al content
(56), molecular calculations are also consis-
tent with the laboratory-based conclusion that
Eagissolution Values for the dominant granitic
feldspars are higher (67 kJ mol™*) than those
for basaltic feldspars (43 kJ mol ™).

The laboratory values of Eagissolution fOr
the Na- and Ca-feldspars are within error of
the values for granite and basalt whole-rock
dissolution, respectively, but the Ea,pparent
values increase by at least 10 kJ mol 'or as
much as 50 kJ mol * for soils formed on gran-
ite and for watersheds formed on basalts, re-
spectively (Table 1 and Fig. 3). Biota might
cause this lab-field difference because we
know very little about the biotic effects on Ea
(tables S1 and S2). However, where biotic ef-
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fects have been measured, they sometimes de-
crease rather than increase the Ea,pparent
(tables S1A and S2, A and B), and neither biota
nor types of land cover are reported in recent
studies as major factors that control weather-
ing rates in watersheds (7, 58). The biotic ef-
fect may be small and largely caused by pH
because organic acids are low in concentration
in soils (59). We averaged Ea values across pH
ranges where measurements were made.

Instead, we argue that this ~10 kJ mol ™!
(granite) or 50 kJ mol " (basalt) laboratory-
field discrepancy arises because feldspar weath-
ering in the laboratory is studied far from
equilibrium and depends strictly on dissolu-
tion, whereas the mechanism in natural sys-
tems includes contributions from processes
that enter at higher spatial scales and that
cannot be entirely separated, including trans-
port, precipitation of clays, rock disaggregation,
and fracturing (25). For example, theoretical
predictions for dissolution-precipitation cou-
pling (egs. S11, S17, and S18) may explain the
value for both granites and basalts (Table 1).
Likewise, researchers have argued that the
high Ea,pparent for Icelandic basalts reflects dis-
solution and secondary mineral precipitation
(53). The inextricable coupling of erosion and
chemical weathering [e.g., (15, 18, 20)] also
points to temperature-sensitive processes such
as disaggregation or subsurface flow parti-
tioning that contribute to soil- or watershed-
based Ea,pparent Values.

Global integration

Assuming that these approaches to treating
chemical weathering, physical denudation,
and hydrology are defensible, we now upscale
to the global system by calculating the frac-
tional change in silicate weathering flux with
each degree increase in temperature, oy, for
the Kinetic-limited regime using the approxi-
mation that ogy = % (2, 3), where R is the
universal gas constant. After setting 7}, to the
global mean temperature of 288 K, the values of
Osw equal 11.2 and 13% K for kinetic-limited
granitic and basaltic catchments (Table 1),
respectively.

To upscale requires assessing o, for global
distributions of lithology and weathering re-
gime. Instead of upscaling for lithology by area,
however, we instead upscaled using propor-
tions of CO, consumption flux as a function of
lithology. This strategy reflects that the frac-
tional areas for each lithology do not translate
directly to the proportion of flux because of
uneven geographic distributions of lithology
and MAP [e.g., (32, 60)]. To upscale, we note
that the CO, consumption flux from basaltic
weathering is estimated based on rivers as 16.5
to 35% (average = 26%) of the total global sili-
cate CO, consumption flux (20, 32, 61). Based on
this, we calculated the lithologic flux-weighted
Ogw Of 11.7% K ! from the sum of the granitic
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[(100% — 26%) x (11.2% K™")] and basaltic terms
[26% x (13% K™)1.

A second aspect of the upscaling is assess-
ing the proportions of fluxes for soils in the
three weathering regimes. A recent analysis
(30) suggests that the fraction of global land-
scape with an HI less than the threshold we
defined for runoff limitation is 0.496 (35). This
means that half the land surface is wet and
half dry or that half is fast-weathering and half
is slow-weathering [see, for example, figure 6
of (32)]. To subdivide the fast-weathering wet
half into kinetic- and erosive transport-limited
fractions, we note that only about 9 to 14%
(average =~ 12%) of the exorheic land surface
contributes 38 to 50% (average = 44 + 6%) of the
total global chemical denudation (32, 45, 62).
This global CO, consumption flux from ~12%
of the continental area is considered here
to represent kinetic limitation because such
watersheds tend to weather at the fastest rates
(e.g., Fig. 2C) (50). However, only 63% of the
global flux is from silicates, whereas the rest is
from carbonates (32). Therefore, although the
global fractions of land areas that are kinetic-,
runoff-, and erosive transport-limited are about
12, 50, and 38%, respectively, the global frac-
tions of flux from silicates in each regime are
about 28(+4)% [= 0.63 - (0.44 + 0.06)], 0%, and
72% respectively (Fig. 3, B and C). A simple
estimate for RET‘:2 for global CO, consumption
flux from silicate weathering based on the
global lithology-weighted average oy, of 11.7%
therefore equals ~3.2% K™ [= 28(24)% - 0.117].
Allowing the fraction of kinetic-limited flux to
vary from 38 to 50% yields an Ea,pparent Value
of 22 + 3 kJ mol ™. We have assumed that (i)
weathering of erosive transport-limited land-
scape depends only on erosion rate, (i) the
weathering flux from runoff-limited landscape
is a negligible fraction of the global CO, con-
sumption flux, and (iii) weathering of kinetic-
limited landscape depends only on temperature.
This latter assumption emphasizes that varia-
tions of chemical weathering (€2) with MAP or
runoff can be poorly handled by simple regres-
sion equations (e.g., eq. S3), given the threshold
behavior we identified for chemical weather-
ing versus HI. In that regard, our estimate is
probably a lower limit. For example, if we as-
sume that the flux from the kinetic-limited
landscape responds to temperature by 11.7% K*
but also to runoff increases driven by regional
rises in temperature at 2.7% K (40), then the
Eapparent increases to 28 kJ mol ™.

Our model emphasizes that high proportions
of the globe are soil-shielded or very dry, where
weathering is temperature-insensitive or neg-
ligible, respectively. Even though weathering
of drylands could increase with increases in
MAP from warming, their minimal weathering
fluxes preclude large contributions to global
weathering. Our estimate of 22 + 3 kJ mol ™ is
within the range of values inferred from inverse
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arguments based on recent global paleoclimate
models (table S1C) [e.g., (12, 63)]. Those low
sensitivities were required within the paleo-
reconstruction models to reproduce reason-
able atmospheric Pco, levels. Our model is
also consistent with previous assertions about
mountain-building episodes, where uplift can
simultaneously focus precipitation on and
exhume previously runoff-limited or shielded
landscape [e.g., (64)]. After the India-Asia
collision during the Tertiary, for example, the
Himalayan uplift not only exposed new min-
eral surface and source rocks [e.g., (65)] to
weathering but also redistributed precipita-
tion locally. With such “teleconnections,” CO,
consumption fluxes could have remained near-
constant globally, maintaining a balanced
carbon budget (76). But if newly uplifted land-
scape was no longer dry or soil-shielded and
instead became kinetic-limited, then the net
global sensitivity of weathering to temperature
could have increased, leading to a more stable
climate system [see also (5)].

However, our treatment mostly explains
some contradictions in the literature while
emphasizing the importance of scale and run-
off limitation. These factors of scale and runoff
highlight a need for paleogeographic recon-
structions in assessing long-term temperature
sensitivity [e.g., (60)]. We also need to consider
such factors if we try to enhance weathering
for atmospheric CO, drawdown. Mining, grind-
ing, and amending global soils with basalt (66)
might accelerate weathering into the future but
will be most successful if water flow is high
enough and pathways short enough to remain
in the regime of kinetic limitation. More at-
tention should also focus on understanding
factors such as pore-water chemistries, clays,
particle sizes, fractures, biotic effects, and sub-
surface flow paths that couple physical and
chemical weathering during natural or en-
hanced weathering.
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