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Materials and Methods  
Derivation of solute production function (equations (1) and (3), main text) 

The present work presents a dimensional analysis of global chemical weathering 
rates and their response to tectonic and climatic changes at the Earth’s surface. At this 
scale, chemical weathering rates are typically represented in terms of the solute flux 
exiting a catchment, and are calculated as the product of the riverine concentration and 
runoff. To model weathering fluxes, it thus is necessary to first determine the solute 
concentration. The concentration depends on the amount of time that water spends in the 
subsurface, or the fluid travel time, because mineral dissolution is governed by kinetic 
reactions (5, 16, 33, 34). When the water exits the catchment, the concentration of the 
river records the amount of dissolution. However, catchments are characterized by a 
distribution of fluid travel times. Each flow path within the distribution has a unique 
travel time and concentration such that the final concentration in the river is weighted by 
the travel time distribution (Fig. S1). This mixing effect must be accounted for in 
describing the concentration.  

To explain how concentrations are linked to the fluid travel time distributions, we 
first review a one-dimensional model for solute production as a function of fluid travel 
time along a single flow path. This approach was previously applied to soils (34) and 
small catchments (16). To obtain equation (3) (main text), which accounts for the 
distribution of fluid travel times, we extend this earlier approach to three-dimensions 
using a stochastic representation of travel times pervasive in catchment hydrology (e.g., 
reviews by 35, 36).  Subsequently, we explain how the dissolution kinetics, that control 
the rate of increase in the concentration at a given flow rate, are factored into equation (3) 
through constitutive relationships (e.g., equations (1) and (2) main text).  

The solute production model represented by equation (3) is not aimed at predicting 
seasonal or storm-driven concentration-discharge relationships, but rather long-term 
variations in physical processes that impact the global distribution of Dw and runoff 
values. 

 

The basis for the solute production equation is the analytical solution to the 
advection-reaction equation for heterogeneous irreversible reactions where the 
concentration of a dissolving solute (c [µmol/L]) along a flow path (x) is a function of the 
flow rate or runoff (q [m/yr]), the effective porosity (φ), the initial concentration (co), the 
equilibrium concentration (ceq) and the net dissolution rate (Rn [µmol/L/yr])(16): 

c(x) = c0 exp
−Rnφxτ
qceq

⎛

⎝⎜
⎞

⎠⎟
+ ceq 1− exp

−Rnφxτ
qceq
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⎝
⎜

⎞

⎠
⎟   (S1) 

The equation predicts an increase in solute concentration until thermodynamic 
equilibrium (ceq) is reached (Fig. S1). The limit is assumed to reflect equilibrium between 
the secondary and primary mineral assemblage such that there is no additional increase in 
concentration with increasing distance. The scaling factor, τ = e2, allows for the 
concentration to reach 99.9% of ceq when the travel time equals the equilibrium time. 
Both ceq and Rn are a function of temperature, composition (including mineral, gasses and 
liquid saturation) and mineral concentrations (37) and a sensitivity analysis is provided in 
ref. (16), with further discussion in subsequent sections. The theoretical maximum solute 
flux is achieved when the water spends sufficient time in the subsurface to reach 
equilibrium among the primary and secondary minerals (Wmax = qceq).   
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As shown in Fig. S1, a river can be viewed as a plane that intercepts the flow paths 
at a given length scale, l, such that x = l. As the river is our plane of interest, the 
parameters in the exponential term in equation (S1) also constitute the Damköhler 
number (Da) for the flow path (15, 38): 

Da = Rnlφ
qceq

=
t f
Teq

                  (S2)  

where tf is the residence time of the fluid (tf = lφ/q [yr]) and lφ[m] is the reactive flow 
path length. The equilibrium timescale (Teq = ceq/Rn [yr]) is the time that the fluid needs 
to spend in the flowpath to reach thermodynamic equilibrium. 

 
Therefore, equation (S1) 

can also be expressed directly in terms of travel time (16): 

c(t f ) = c0 exp
−t fτ
Teq
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If travel time is sufficient to allow the fluid to reach equilibrium with the solids, the 
primary control on the solute flux is discharge— such systems are one example of 
“chemostatic” behavior (i.e., constant concentration with increasing discharge (24)).  If tf 
is short, increases in discharge result in dilution of the solute concentration (or a plateau 
in the solute flux) because the rate of solute supply cannot keep pace with the rate of fluid 
flow (Fig. 2). The Da is a measure of how efficiently a system produces solute—systems 
with high Da produce solute most efficiently.  A comparison among equation (S3) and 
the numerical solutions, along with a sensitivity analysis is presented in ref. (16), where 
equation (S3) was applied to individual concentration-discharge relationships for small 
catchments. 

Equation (S3) was developed to apply along a homogeneous flow path.  In reality, 
the water intercepted by the river represents an ensemble of water travel times that can be 
represented by a probability density function (pdf) (36, 39-44).  The travel time pdf 
describes the integrated movement of water through a catchment without the need to 
specify the exact spatial description of the hydrologic and morphological heterogeneity. 
Consequently, travel time pdfs are widely used to describe the movement of water and 
conservative solutes in catchments (e.g., 39, 40-44) and in aquifers (e.g., 36, 45, 46). The 
stochastic representation of travel times is known to have many advantages for describing 
solute transport in heterogeneous environments and consequently for upscaling (47), and 
thus we incorporate a stochastic representation to account for the importance of mixing in 
large catchments using a well established approach.  

As above, a fluid packet with a short travel time will be less evolved at the river 
channel, while the fluid packet with a longer residence time will approach steady state 
(Fig. S1). The mixing of these different water masses will always result in dilution of the 
concentration relative to the value computed using equation (S3) assuming a single flow 
path with tf = Tf (mean travel time) (16).  The distribution of travel times, g(tf), can be 
conceptually represented as the hypothetical breakthrough of a conservative tracer 
applied instantaneously over the entire catchment, such that the mean travel time (Tf) is 
the average arrival time of the tracer at the catchment outlet (36).  The outflow solute 
transport can be described according to a convolution integral, where the outflow 
concentration consists of the distributed tracer pulse lagged according to the travel time 
distribution, similar to unit hydrograph methods (35, 48). Often inverse methods using 
tracers are used to solve for the parameters associated with g(tf), which involves assuming 
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a particular form of the pdf, as the true distribution is unknown. The commonly assumed 
forms of the pdf include piston flow (which would be equivalent to equation (S3)) and 
exponential, gamma or beta distributions.   For a reactive solute, distributions skewed 
towards shorter travel times (e.g., gamma distribution) tend to result in greater dilution 
but the same general behavior as equation (S3) (see figure 7, ref. (16)). Below we 
develop equations to quantify this effect. 

To account for heterogeneity in travel times, we incorporate a mean travel time (Tf) 
approximation assuming an exponential distribution (36, 40): 

g(t f ) =
1
Tf

exp −
t f
Tf

⎛

⎝⎜
⎞

⎠⎟
, (S4) 

with mean, Tf, defined as the first moment of g(tf):   

Tf = t f
1
Tf0

∞

∫ exp
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⎛

⎝⎜
⎞

⎠⎟
dt f  .            (S5) 

To calculate the mean concentration (C) for Tf due to mixing of fluids from different 
flow paths we integrate the convolution integral for c(tf) and g(tf) as one would for a 
conservative tracer: 

C(Tf ) = c(t f )
1
Tf0

∞

∫ exp
−t f
Tf

⎛

⎝⎜
⎞

⎠⎟
dt f . (S6) 

The function describing the distributed solute production, c(tf), is a function of the time 
that the fluid contacts the minerals according to equation (S3) above, which is also the 
solution to the equation for the change in concentration as a function of tf: 

dc
dt

= Rn 1−
c
ceq

⎛

⎝⎜
⎞

⎠⎟
 .            (S7) 

We apply equation (S3) to the convolution integral and combine terms to yield:  

C(Tf ) = ceq −
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which can readily be integrated to yield the equation for the mean concentration, C, 
weighted by the travel time distribution as presented in  equation (3) in the  main text. We 
further distinguish concentrations (C0, Ceq) and length scales (Lφ) between the 1-D 
(lowercase) and effective 3-D equation (uppercase), as the values used for a catchment 
may not be the same as for a single one-dimensional flowpath.  

The Da coefficient can then be used in the resulting solution to equation (S8). If 
the effective Da is now = Tf/Teq, then discharge (q) can be factored out to obtain the 
dimensional coefficient, Dw, of equation (1) (main text): 

  Dw[m / yr] = Lφ
Teq

            (S9)  

When this equation is inserted into the solution to equation (S8), the result is:  

C = C0
1+τDw / q

+Ceq
τDw / q
1+τDw / q

 .                                                                (S10) 

This is the solute production equation represented by equation (3) (main text). The Da 
(=Dw/q) is now described in terms of Tf, and τ = e2. For modeling SiO2(aq) variations, we 
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also assume that Co is zero.  The stochastic treatment of travel times embedded in 
equation (S10)/equation (3) (main text), which is widely used in catchment and 
groundwater solute transport, effectively extends the equation for C to three-dimensions 
making it useful for predicting solute production in a catchment, without 
deterministically assigning heterogeneity.  Although other functions for g(t) have been 
proposed, the exponential is widely used, and we note that given the typical noise and 
poor temporal resolution in concentration-discharge data for solutes, it is often difficult to 
decipher the subtle differences among distributions (36).  

Fig. S1 presents a conceptual model comparing equation (S3) to equation (S10) 
(equation (3), main text) demonstrating that for the same value of tf (or flow path length, 
l) and Tf  (or mean flow path length, L), the concentration is lower using equation (S10) 
because of the dilution imparted by the fraction of shorter flow paths that experience less 
solute production.  In our model, the concentrations are weighted by the travel time 
distribution, which in turn imposes a distribution of fluxes based on the assumed mean 
value of Lφ.  The solute production model is not aimed at predicting seasonal 
concentration-discharge relationships, but rather long-term (ca. >1 kyr) variations in 
physical processes that impact the global distribution of Dw and runoff values. 
Nevertheless, it can be applied to interpret seasonal discharge-concentration variations as 
shown in ref. (16), although the approach warrants more detailed investigation at seasonal 
time scales because of the likely transience in the travel time pdf.

 
 

Derivation of reaction rate formulation and fw (equation (2), main text)   
In the conceptual model above, Dw describes the efficiency of solute production as a 

function of the dissolution kinetics (relative to Lφ). Thus, concentrations will increase 
more rapidly if the reaction rate is higher (see equation (S7)). To model concentration 
therefore requires the hydrologic component outlined above, and a description of how 
reaction rates change across different weathering environments. At the global scale, a key 
variable is erosion rate because erosion removes the previously weathered material, 
which in turn drives the conversion of fresh bedrock to regolith bringing fresh minerals 
into the weathering zone (19, 25, 26, 49-52). The effect of increasing reaction rates is 
shown schematically in Fig. 1 (main text), where the solid black line represents the solute 
production for rapid kinetics (short Teq and residence time of mineral in the weathering 
zone, Ts) and the stippled lines are effectively contours of decreasing reaction rates (i.e., 
longer Teq and Ts).   

The connection between soil production and mineral dissolution kinetics is driven 
primarily by two factors: (1) the total surface area of dissolving mineral, which 
determines the supply rate of ions to solution, and (2) the fluid to rock ratio, which 
determines the amount of surface area per volume of fluid. A third factor that impacts the 
dissolution rate is the approach to equilibrium, which is already included in the model as 
Ceq.  The maximum reaction rate occurs when the concentration of mineral in the soil (or 
weathering zone) equals that of the fresh bedrock, and is defined here as: 

Rn,max[µmol / L / yr]= ρsf keff AXr  (S11) 
where ρsf [g/L] is mass of solid to volume of fluid ratio, which is a function of the 
porosity and is calculated as ρ/φ, where ρ is the solid density and ρf the fluid density), keff 
[mol/m2/yr] is the dissolution rate constant (or the net dissolution rate if a secondary 
mineral is precipitating), A [m2/g] is the specific surface area and Xr [g/g] is the 
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concentration of reactive mineral in a soil composed entirely of fresh bedrock (see Table 
S1 for a list of parameter definitions and values). The product ρsfAXr [m2/L] reflects the 
total surface area per volume of fluid, while keff [mol/m2/yr] is an intrinsic constant that is 
specific to a given mineral. We assume that the primary influence of soil production is to 
alter ρsfAXr by controlling the ratio of the concentration of the mineral in the soil, Xs [g/g] 
to Xr, which we define as fw (=Xs/Xr). As soil production rates decrease, the residence time 
of material in the weathering zone increases and fw approaches zero. The Rn,max is reduced 
according to the value of fw:  

Rn = Rn,max fw = ρsf keff AXr fw          (S12) 
Soil production, which is linked to erosion, is not the only control on fw. In the absence of 
erosion, as a soil ages it also becomes depleted in fresh minerals such that fw decreases 
with increasing “soil age” (20, 25, 53, 54).  Effectively fw depends on the age of the 
material in the weathering zone, requiring a second set of equations that predict fw across 
a broad range of erosion rates, from zero (e.g., glacial deposits, floodplains and river 
terraces) to the very high rates associated with active mountain belts (e.g., hillslopes).  

Most models for fw (or for other similar parameters that reflect the amount of fresh 
mineral) assume geomorphic steady state where soil thickness is constant over time 
because the fresh mineral supplied to the weathering zone at flux (P) is balanced by 
erosion (E) and weathering (W) (e.g., refs. (27, 49, 50, 55)). The total denudation rate (D) 
is the sum of the E and W.  Under non-steady state conditions the top of the weathering 
zone becomes depleted in fresh mineral and weathering occurs deeper in the profile. 
These conditions of “supply-limitation” can result in highly weathered profiles with very 
low fw, and may be typical of cratons and other geomorphic provinces with low rates of 
sediment supply (25). In order to expand the range of conditions over which fw can be 
evaluated, we derive a new set of equations that do not require a steady state assumption 
and then simplify them to obtain the scaling relationship between fw and soil residence 
time (Ts) of equation (2) (main text). 

As above, the change in the mass of the soil reservoir and the concentration of 
mineral within that reservoir over time are a function of the balance between P (supply) 
and E and W (removal) according to the following equation:  

M dXs

dt
+ Xs

dM
dt

= PXr − EXs −Mmkeff AXs
 

(S13) 

where M is the total mass in the weathering zone and mkeffA [yr-1] is the product of the 
molar mass (m [g/mol]), the rate constant (keff [mol/m2/yr]) and the specific surface area 
(A[m2/g]). This equation is similar to previous formulations (e.g., ref. (49), except that 
the left hand side has been expanded to account for the change in both mass and mineral 
concentration. By solving the mass balance relationship for dM/dt only in terms of P-D, 
M can be expressed in terms of the initial mass (M0) plus the additional change in mass: 
(P-D)t: 

M (t) = M 0 + (P − D)t             (S14) 
This simple linear relationship assumes no first order dependence of P, E or W on M. 
Imposing such a dependence (i.e., W = kM) would create a negative feedback between 
weathering and M that is physically unrealistic as it would force soil thickness to 
converge on a constant value at a given P. However, other descriptions of dM/dt and M 
can be used. Mass (M) can subsequently be replaced by soil residence time (Ts) in the 
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final equation, at which point any model for soil residence time can be employed (see 
supplemental text S1). The above relationship for M is substituted into equation (S13): 

 
M 0 + (P − D)t[ ]dXs

dt
+ Xs (P − D) = PXr − EXs −mkeff AXs M 0 + (P − D)t[ ] .        (S15) 

After rearranging, the final equation predicts a decrease in fw with time: 
dXs

dt
= P(Xr − Xs )
M 0 + (P − D)t

−mkeff AXs
  

.                                                                       (S16) 

This equation can be solved both numerically for Xs/Xr (i.e., fw) and evaluated using 
reactive transport approaches as discussed below (Fig. S2). A special case of equation 
(S12) would correspond to quasi-steady state mineral concentration (i.e., dXs/dt à 0). 
When the left-hand side of equation (S16) is set to zero, the residual fresh mineral content 
is inversely related to the ratio of the weathering rate to the soil production rate, times the 
mass of the material:

 Xs

Xr

= 1

1+
mkeff A
P

M 0 + (P − D)t( )
.                              (S17) 

To further simplify, we note that if (MO +(P-D)t)  is equal to the mass of the column, then 
the soil residence time or “soil age” (Ts) is the ratio M/P, or the average age of the soil, if 
known. The following simplified statement relates the mass of fresh mineral as the 
weathering fraction (fw) (i.e., Xs/Xr as per equation (2), main text) to the inverse of the 
product of the reaction rate and the “soil age” (equation (2), main text).  

fw =
Xs

Xr

= 1
1+ mkeff A( )Ts   (S18) 

Equation (S18) captures the 1/Ts dependence of reaction rates observed in studies of 
chronosequences (i.e., soils of different ages) developed on alluvial material and in 
marine sediments (34, 56, 57) (Fig. S2). This formulation differs from previous models 
that consider the supply of fresh mineral to the soil zone via erosion (49, 50) because it 
does not impose steady-state soil thickness.  However, similar to previous models it does 
predict a decrease in Xs/Xr with increasing soil age or residence time, resulting in a 
decrease in Rn via equation (S12); (Fig. S2). As the purpose of equation (S18) is to scale 
the equilibrium times associated with chemical weathering fluxes as a function of 
denudation rate, this simple relationship is appropriate for global solute fluxes, while 
more detailed models may be required for hillslope-scale studies. The parameterization of 
equation (S18), along with a comparison to numerical solutions of equation (S16) are 
presented in the following section on model parameterization, while the consequences of 
different Ts formulations are described in the supplemental text S1.  

When fw is thus incorporated into Dw, increasing soil production or decreasing Ts 
increases the Dw resulting in more efficient solute production according to equation 
(1)(main text): 

Dw[m / yr]= LφRn
Ceq

=
LφRn,max fw

Ceq

 (S19) 

The Dw is then used in equation (3) to compute solute concentrations and fluxes 
(parameter definitions and values are also provided in Table S1).  
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In the application of equation (S18) to equation (3), mixing among flowpaths with 
different extents of reaction progress is accounted for, but compositional heterogeneity 
(i.e. variation in fw) across flow paths is not explicitly accounted for. This is justified 
because mixing due to physical heterogeneity has been shown to overprint compositional 
heterogeneity when fluid travel times are sufficiently long (58, 59) (i.e. fluid composition 
is the same for both homogeneous and heterogeneous mineral distributions). Thus, the 
assumption of an average fw is reasonable for large systems where mixing is efficient. 
However, even if there was a systematic relationship between fw and flowpath length, 
concentrations would still increase towards equilibrium and thus the shape of the 
concentration-travel time curve might be altered from that of Fig. 1, but would maintain 
the same general behavior. In practice, such differences between concentration curves 
may be indistinguishable given the variability in actual data (16, 36).  In summary, 
although compositional variations around the average fw are certainly likely, mixing 
should result in fluids that reflect the average value of the solid. 
 
Evaluation of equations (1) - (3) and associated parameters using numerical methods 

In order to evaluate the application of equations (1-3) (main text), including the 
change in the mineral abundance (fw) and the thermodynamic limit (Ceq), we use two 
approaches:  
(1) A multi-component reactive transport model (RTM), CrunchFlow2007. The RTM 

uses the simulation conditions presented in ref. (16), including experimentally 
determined rate constants and rate laws. These simulations are expanded here to 
include variable erosion rates from 0 to 5 mm/yr and flow rates from 0.1 to 3 m/yr 
resulting in 80 numerical realizations. The RTM results are only used to estimate the 
maximum rate in equations (1)-(3) (main text) and to evaluate the scaling 
relationship between fw and Ts, along with a comparison to two data sets for large 
rivers are presented in the supplementary text. Figs. 2 and 3 (main text) are 
independent of the RTM results.  

(2) Equation (S16) was numerically integrated using a fourth-order Runge-Kutta routine 
implemented in MATLAB R2013a and compared to the results of the RTM 
approach and equation (2) (main text) (Fig. S2).  

 
Model parameterization and calculations 
 
Ceq: In our application of the model to calculate global Dw contours in Figs. 2 and 3 
(main text), the only parameter we assume is the global equilibrium concentration (Ceq) 
of 375 µmol/L, which is based on the maximum SiO2(aq) concentrations for global rivers 
(8) (95% confidence interval (60)) and is compared to theoretical calculations in Fig. S3, 
although the approach could be adapted to consider alkalinity or other cation fluxes 
(Table S1). Fluxes of SiO2(aq) have been used as a silicate weathering proxy in previous 
studies (49, 61) and are used here to reduce the dependence on the base cation 
stoichiometry of the rocks and uncertainty associated with correction of river data for 
carbonate or evaporite weathering. For the data sets evaluated here the correlation 
between SiO2(aq) and silicate cation denudation rate is reasonable (R2=0.50 (8), n= 70; 
R2=0.79 (62), n=20;).  The Ceq represents the endpoint for the metastable equilibrium 
between a dissolving (feldspar) and precipitating mineral (clay) and as such it depends on 
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the activities of ions in solution, and in particular on pH.  Our estimate, which is meant to 
represent a conservative global maximum value, clearly does not capture the individual 
value for each river. However, our calculations (Fig. S3) and phase equilibrium 
considerations (63) show that it is unlikely to be much lower: more crystalline secondary 
minerals (e.g., kaolinite) tend to increase Ceq, while variations between plagioclase(An20) 
and pure albite or K-spar generally result in <25% increase for the same conditions. 
Basaltic lithologies may also have greater Ceq values (as discussed in supplementary text 
S3). However, lithologic variations are more likely to result in greater variations in Rn 
because this term also depends on mineral volume and surface area. As a result, for 
calculating relative changes in weathering fluxes, the assumed value of Ceq is less 
important than the change in runoff or Ts, which can both vary by several orders of 
magnitude. A sensitivity analysis regarding the consequences of selecting a single global 
equilibrium endpoint is presented in Supplementary Text S5 and Fig. S8.   
 
Rn,max and fw:  To compute the effective reaction rate (Rn), the Rn,max value is scaled 
according to fw, which is a function of Ts.  The Rn, max represents the theoretical maximum 
for a column of fresh material (fw = 1) and is computed from the RTM simulations (using 
established kinetic rate constants) to be 1085 µmol SiO2/L/yr (see table S1 for all 
parameters, and for values of other components of interest, such as alkalinity).  The 
mkeffA is similarly computed to be 8.5 x 10-5 g/g/yr while Ts is treated as a variable. 
Although these values require assumptions that may not be applicable over all systems, 
for the present study it is the contours of Dw which do not depend on the assumed values, 
that represent the key feature of the model that predicts how weathering rates per unit 
area land surface vary in response to climatic and tectonic perturbations.   

A comparison of the results from the RTM simulations, the numerical solution of 
equation (S16) and the scaling relationship of equation (S18) (equation (2), main text) is 
shown in Fig. S2. We calculate Ts as M/P and set the mass equal to Mo+(P-E)t in solving 
equation (S16) numerically. The latter simplification turns out to be of little consequence 
as indicated by the agreement between the RTM model and the solution to equation 
(S18). The points from RTM simulations correspond to both steady and non-steady 
geomorphic conditions as a function of soil residence time. Mass is calculated as the 
depth of weathering.  The two numerical solutions (RTM and numerical solution to 
equation (S16)) and the scaling argument (equation (2) main text) show reasonable 
agreement over the four orders of magnitude in soil residence times given that fw changes 
non-linearly with Ts.  This result is consistent with the idea of supply-limitation (25, 27, 
62) where the increasing importance of mineral supply is apparent in the increase in slope 
of the model lines for Ts  > 1 kyr in Fig. S2. The reactive transport simulations also show 
more scatter at low erosion rate/low fw because of the increasing importance of flow rate, 
which controls the weathering advance rate.  More elaborate relationships among flow 
rate, erosion rate, mineral kinetics and soil residence time could be substituted for 
equation (2), but we conclude from this comparison that the scaling model is appropriate 
for large variations in Ts. 

The general agreement between the scaling relationship and the two models of 
varying complexity is reasonable, and supports the use of the fw parameter to scale the 
reaction times as proposed in equation (2). Although this approach is simplified to extend 
over a large range of conditions, it is generally consistent with other models and field 
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studies that have examined soil mineralogy during weathering (cf. 19, 20) and captures 
the apparent decrease in weathering rates with increasing soil age (cf. 34, 56).  
 
Dw: To compute the curves in Figs. 1-3 we calculate the maximum and minimum Dw 
coefficients using the concentration and discharge data (8) and the Ceq value above. We 
show the contours of Dw, which do not depend on the chosen values of Rn, fw or Ts, to 
illustrate how systems respond in a relative sense to climatic and tectonic variations. 
Then, using the range of Dw coefficients we partition the Dw coefficients between the 
Lφ  and Teq assuming Rn,max = 1085 µmol/L/yr. For example, a Dw of 0.3 (global 
maximum) requires an Lφ of 0.1 m for Ts of < 1 kyr. If we hold Lφ constant, this results in 
a soil residence time of 1 Myr at Dw = 0.003 (~global minimum). Values of Ts between 
5000-200 kyr in regions of low uplift (10-3 mm/yr to 10-2 mm/yr) and between 200 kyr 
and 0.2 kyr in regions of high uplift (10-2 to 10 mm/yr) are typical of large river systems 
(49).  In Figs. 2-3, reactive length scale (Lφ)  is held constant consistent with the 
suggestion of minimal variation in L (27), but in reality this parameter is likely to cause 
variations in Dw. This assumption is further discussed in Supplementary Text S1. 
Importantly, the global Dw contours are independent of these assumptions—their purpose 
is to provide physical context. Ultimately, because the Dw is the ratio Lφ/Teq, relative 
changes in this ratio drive global shifts in solute fluxes and therefore parameters chosen 
for Ceq, Rn, keff, Lφ  and Ts are not critical for predicting relative changes in solute fluxes 
shown in Fig. 3. A sensitivity analysis is presented in supplementary text S4. 

All parameters are not perfectly known and key assumptions (such as the stochastic 
representation of travel time) require further evaluation. To further test this approach will 
require independently calculating Dw coefficients for the large river systems and 
comparing them to Dw coefficients and Ceq values calculated from concentration and 
discharge data. This will require abundant spatially and temporally resolved 
concentration-discharge and erosion rate data from large rivers to support robust inverse 
methods. At present, sufficient data for large rivers is not available. 

Supplementary Text 
S.1 Model evaluation I: Relationship between erosion rate, water flux and solute flux 
 

The final parameters for the solute production model consist of the weathering Dw 
coefficient, the equilibrium concentration and the runoff. The Dw coefficient reflects the 
ratio between the reactive flowpath length (Lφ), which determines Tf at a given flux, and 
the timescale associated with the chemical reactions, and thus higher Dw values indicate 
a more rapid approach to the thermodynamic limit at a given Tf because the flowpath is 
more reactive, Lφ is large, or both. The consequences of variations in Rd, Ts and Ceq and 
the corresponding Dw values are shown in Fig. S4.  The Ceq becomes increasingly 
important to the concentration at long fluid travel times, while the importance of the 
reaction rate decreases at long fluid travel times.  

The Dw is also linked to surface age and/or soil production rate through fw as 
demonstrated in Fig. S2.  Thus, to estimate solute production using equations (1)-(3) 
requires either knowledge of (a) soil residence time as in Figs. 1, S2, etc. or (b) soil 
production rate and a constitutive relationship for regolith thickness (h). An additional 
consideration surrounds whether (1) L is equal to h, implying that mean fluid travel time 
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is also linked to regolith thickness, or (2) whether L varies independent of h.  There is 
currently insufficient data to determine whether travel time is directly linked to regolith 
thickness, although most studies assume that weathering predominantly occurs within the 
region defined by h. However, in large basins solute exchange with floodplains/hyporheic 
zones and groundwater inputs may result in decoupling of h and L, where the latter 
defines Tf. Below we assess the consequences of these assumptions on predicted 
weathering fluxes.  

We assume below geomorphic steady state such that P is correlated with E. There 
are numerous models proposed to link erosion rate to h or Ts. A simple empirical 
relationship for h as a function of E is used here to illustrate how the coupling between 
solute production and erosion is implemented through Dw and q, and to provide a 
comparison to previous literature approaches as a means to evaluate the scaling of the 
model. We then further assess the implications of assuming L= h.  

The relationship between E and h (50) applied here was used previously to relate 
chemical weathering fluxes to erosion rates: 

h[km]= ln(E[t / km
2 / yr] /104.01[t / km2 / yr]
2300[km−1]

 (S20) 

From this, soil residence time, Ts [yr-] (50) is: 
Ts[yr]= ρ[t / km3]h[km] / E[t / km2 / yr]   (S21) 

where  the soil density, ρ, is assumed to be 1.3 x 109 t/km3 (50). Additionally, we compute 
the model of ref. (50) (GM2009 hereafter), which also links erosion rates to chemical 
weathering fluxes, using the the published parameters (note that the value for the 
empirical constant kh = 104.01 t/km2/yr) in equation (S20) is the value used in the GM2009 
calculations, although a different value is provided in the text, E. Gabet, personal 
communication). A functional difference between the two models is that the solute 
production model (equations 1-3, main text) includes the dependence on fluid travel time.  

We consider two scenarios: scenario 1 where L is independent of h and scenario 2 
where L =  h. For scenario 1, L is set to 2 m in calculation of Dw. For scenario 2, because 
Tf is represented here by a pdf, setting L= h assigns an exponential distribution to regolith 
thickness with a mean h. We use the same porosity (0.52) between both scenarios as 
defined by the ρ assumed in GM2009. To convert to chemical weathering fluxes, we 
assume a value for m of 270 g/mol and a stoichiometric ratio of 1.67 mol Si/mol 
plagioclase, which accounts for the consumption of Si by halloysite. Both models are 
compared to the data of ref. (62), which was also used in GM2009 (where the data at high 
erosion rate was corrected for climate in their comparison). Here we show only original 
data. This ensemble constitutes data from small catchments (< 103 km2) at high erosion 
rates, and larger catchments from stable cratonic settings.  The catchment data of ref. (62) 
and GM2009 model were not used in the model development, and thus represent an 
independent means of evaluating the solute production model.  

Fig. S5 presents the comparison between the model of GM2009 and the solute 
production model for scenarios (1) and (2) at a range of q values. For scenario 1, the 
solute production model predicts plateaus in chemical weathering fluxes associated with 
thermodynamic limitation. This occurs because although h approaches zero at high 
erosion rates, by decoupling L this scenario effectively assumes that the water contacts 
fresh mineral beyond the weathering zone, with a composition (fw) that is still determined 
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by Ts. This scenario may be reasonable for large basins where eroded material is 
contained in downstream floodplains and Tf can reach tens of years (40). 

For scenario 2, both models predict a similar maximum in weathering rates at a 
particular soil thickness, although the maximums occur at different soil thicknesses: in 
the solute production model this maximum occurs where fluid travel times are balanced 
by high fw, allowing for the Ceq to be reached. The plateau captures the apparent plateau 
in solute fluxes at high erosion rates (often called “kinetically-limited” weathering). At 
very high erosion rates, weathering rates decline because of the decrease in travel time 
(i.e., Ceq can longer be obtained).  Although the “humped” behavior of both models is 
generally similar, another clear difference between the models is the variation in flux at 
different runoff values predicted by the solute production model. The data of ref. (62) is 
also color scaled according to runoff for comparison to the solute production contours. 
Although the solute production model does not perfectly match the runoff values, the 
general agreement is reasonable given that no additional parameter fitting was done here 
in order to provide a direct assessment of the model behavior. The agreement between the 
model and measured chemical weathering fluxes, erosional fluxes and runoff is better for 
the large rivers (Fig. S6).   

Although we cannot resolve which scenario is most applicable, we suggest that 
scenario 2 may be more applicable to hillslopes and small catchments, while perhaps 
scenario 1 is more likely to apply to large basins. The solute production model also 
directly includes a dependence on runoff, which is shown here to be important. 

A key conclusion from this comparison is that if h also controls Tf (scenario 1) that 
the solute production model captures the “humped” behavior of solute fluxes predicted by 
other models, even those derived at the scale of soil profile (e.g., refs. (19, 64). The 
comparison also demonstrates that the model passes a critical scaling test by matching 
observed relationships from soils/hillslopes and small catchments.  

 
S.2 Model evaluation II: scaling and comparative analysis  

The basin-scale solute production model builds primarily on observations and 
paradigms developed at the hillslope to small catchment scale, respectively. If the 
dominant processes change with scale, then the use of the effective parameters is 
unreasonable. Our analysis is in part a dimensional technique based on the Da, wherein 
the utility rests in the concept of dynamic similarity. In upscaling the model from 
equation (S3), distribution is accomplished stochastically through the travel time pdf, 
which is then aggregated to provide a single value, Tf. This stochastic approach is 
advantageous in that although the detailed pattern is not known, the distribution can be 
inferred. We did not upscale the reaction rate parameters (aside from the scaling function, 
fw) because of the agreement between the RTM model predictions and the global river 
data (Figs. S4 and S6).  

A critical question is thus model performance at the scale of interest, which is 
challenging as some of the key data has not been collected. Below we provide several 
lines of evidence to suggest that the model is scale-appropriate. We demonstrate that: (1) 
the solute production model incorporates key features of weathering processes generally 
observed at smaller scales, and hence the derived model produces reasonable agreement 
with observations at smaller scales, a critical scaling test (i.e., downward approach); and 
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(2) when compared to data sets not employed for calibration, the model reproduces the 
key features of the data.  

(1) Model-theory intercomparison: In developing the solute production model, three 
key features of weathering processes that have emerged from decades of detailed study 
were included. These three key features are: (1) Solute concentrations must increase 
along a flow path until thermodynamic equilibrium is achieved (53, 54, 63, 65-72). This 
is shown conceptually in Fig. 1 (main text). (2) Some rivers show relatively constant 
concentration with discharge while others do not, indicating that the efficiency of dilution 
and thermodynamic equilibrium varies in importance from catchment to catchment (16, 
24, 73-75). The importance of dilution is shown in Fig. 2A (main text), where rivers with 
high Dw values show relatively less dilution at high runoff compared to rivers with low 
Dw. (3) The total amount of fresh mineral in the weathering zone is a function of the 
erosion rate, and this in turn impacts the weathering rate (19, 25, 26, 49-52). The ultimate 
response to increased weathering kinetics is to impact the rate of approach to 
thermodynamic equilibrium (20, 34, 54, 70). This response is shown clearly in Figs. 1, 2, 
S3, S5, where higher Dw values correspond to a more rapid increase in solute 
concentrations along a flow path. Our model mathematically reproduces these key 
observations, which originally formed the basis for the derivation, but does not imply that 
it has predictive power. 

(2) Model-data intercomparison: As shown in the previous section and Fig. S5, the 
solute production function produces results comparable to the model of GM2009 under 
certain conditions. A second test of the model is provided in Fig. S6A, where we show 
the results from the RTM simulations, and the global dataset of ref. (8) relative to the 
model predictions from scenario 2 (i.e., assuming h = L as in  Fig. S5E)).  We draw this 
comparison for several reasons. First, the agreement with measured runoff is 
considerably improved when the model is compared to larger rivers, and shows that the 
contours reflecting different runoff values are capturing both the total denudation rate and 
the effect of increased runoff on the solute flux, despite the independent assignment of a 
relationship between soil residence time and erosion rate.  Second, the RTM simulations 
represent geomorphic steady-state conditions associated with thermodynamic limitation, 
which is consistent with the “hump” in the solute production model. The RTM 
realizations and solute production descriptions here are independent of one another, aside 
from the net reaction rate term.  

Fig. S6B shows the relationship between calculated riverine Dw values and 
weathering fluxes. As the Dw is calculated from the measured concentrations and runoff 
using equation (3) main text, the two are not entirely independent. However, the strength 
of the relationship shows the ultimate utility of the Dw for calculating weathering flux, 
especially if Dw can be independently evaluated. The plateaus in SiO2(aq) flux with 
increasing Dw represent the humps or plateaus in Fig. S6A and indicate the importance 
of thermodynamic limitation. This decoupling of Dw and weathering flux occurs because 
SiO2(aq) flux becomes independent of Dw and more dependent on runoff and Ceq as the 
thermodynamic limit is approached. The distribution off points along the plateaus 
indicates the importance of both Ceq and dilution.  

Fig. S6C shows an alternative test of the solute production model relative to the 
global data set. Here, Dw values are calculated for each river from equation (3) (main 
text) using the Ceq value and measured concentrations and discharge, and compared to 
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erosion rates represented by total suspended sediment (TSS) flux (8) and from a 
combination of TSS fluxes and cosmogenic nuclides (62). The model relationships 
predicted from scenarios 1 and 2 (Fig. S5) are also shown representing the Dw imposed 
by equations (S18) and (S19). First, because the calculated Dw values and the TSS fluxes 
are calculated entirely independent of one another, the observed correlation supports the 
premise that higher Dw values reflect more efficient solute generation associated with 
more reactive flowpaths. However, the correlation is weak, most likely because the 
relationship between erosion rate and Dw is more complex than presented in our 
simplified description. The horizontal array of rivers with similar SiO2(aq) flux with 
increasing erosion indicates again that runoff is important in evaluating the weathering 
flux.  Finally, the range of erosion rates spans approximately three orders of magnitude, 
as does the range of Dw numbers, which suggests that at a given runoff value, the Dw 
coefficients are of the correct scale.    

(3) Future evaluation: Approaches for evaluating the model in the future could 
include large scale modeling studies where catchment hydrologic models are integrated 
with geochemical models to evaluate how the travel time pdf is related to solute flux 
under different assumptions regarding physical and chemical heterogeneity. Assessment 
of how systematic catchment scale variation in fw impacts these results may further 
indicate at what scale lithological, climatic (temperature or runoff) or geomorphic 
variations dominate the signal and guide sampling efforts, while a better overall 
understanding of the relationship between topography and Tf would further constrain the 
link between erosion rate and chemical weathering fluxes. Ultimately, the relationships 
between Ts, fw and temperature/runoff require further evaluation as they constitute the 
weakest part of the model.  Collection of field data to support these endeavors is an 
integral requirement. More studies that couple the soil gas and water dynamics to mineral 
dissolution rates, and more studies that partition between the kinetic, thermodynamic and 
hydrologic controls (e.g., ref. (76)) are still needed to fully address the temperature 
dependence of weathering fluxes. Ultimately, an independent assessment of the Dw 
coefficient and Ceq for a given catchment should be compared to values calculated from 
concentration-discharge measurements.  
 
S3. Sensitivity of Ceq to temperature and composition  

Previous studies have noted the weak dependence of chemical weathering fluxes on 
temperature (8, 10, 77) while other studies have noted a strong dependence (76, 78).  The 
effect of temperature on weathering fluxes to first order depends on whether the fluids are 
near or at thermodynamic equilibrium and thus less sensitive to temperature, or far from 
equilibrium and thus kinetically-controlled and highly sensitive to temperature. Although 
temperature directly affects mineral solubility (79), the equilibrium constants (K) for most 
of the net weathering reactions change minimally with temperature because of attendant 
changes in CO2(aq) and secondary mineral solubility. This effect is shown in Fig. S7 for 
both the primary mineral dissolution reactions and the net reactions, where the log K 
values for the net reactions show minimal change with temperature. For example, 
assuming constant soil PCO2, the Ceq values for the simple reaction:  
2 albite + 2 CO2(g) + 3 H2O à halloysite + 4 SiO2(aq) + 2 Na+ + 2 HCO3

-           (S20) 
would increase slightly from 0 and 20˚C and then remain fairly constant to 50˚C.  Fig. S7 
also suggests that Ceq in basaltic provinces should have a greater sensitivity to 
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temperature. The composition of the system also controls the thermodynamic limit (Ceq), 
as indicated in Fig. S7 and discussed in ref. (63). System composition includes both the 
types and amounts of minerals, but also CO2 or other biologically-derived components, 
such as organic acids. Because the thermodynamic limit controls the extent of dilution 
(Fig. 2A (main text)), even in systems far-from-equilibrium the value of Ceq is an 
important consideration for evaluating solute fluxes. 

Mineral paragenesis also places constraints on Ceq. The secondary mineral 
assemblage in regions receiving more than about 500 mm/yr of precipitation (where most 
runoff is generated) is dominated by halloysite and kaolinite (where halloysite is the more 
soluble precursor phase)(80). Equilibrium with kaolinite results in high SiO2(aq) 
concentrations (Fig.  S4), in excess of what is observed for most rivers at reasonable pH 
values. Variations in the relative proportions of the feldspars or the plagioclase 
composition (An0 to An20) have minimal impact. An increase in the initial volumes of 
minerals increases the overall reaction rate, but does not change the Ceq. Increases in soil 
PCO2 tend to increase the SiO2 concentration as indicated by the reactions in Fig. S6. 
Given that our sensitivity analysis of the thermodynamic endpoint results in values that 
are above the majority of global rivers (which dominantly represent granitic 
compositions), the value of 375 µmol/L SiO2(aq) as a global maximum appears 
reasonable (Figs. S4 and S8). The value is unlikely to be any lower. However, depending 
on the lithology of individual catchments, Ceq could vary for individual rivers and may be 
higher for basaltic lithologies. Analysis of concentration-discharge relationships in large 
rivers could be used to constrain the Ceq for each river, but for many of the rivers in Fig. 
2 sufficient data is not yet available.   

The second important assumption we make based on this analysis is that the global 
Ceq does not vary substantially with temperature. The above assumptions could be 
relaxed in a more sophisticated model that includes lithologic and ecosystem processes. 
We discuss the consequences of these assumptions for the simplified model presented 
here in the following section.  
 
S4. Sensitivity of Rn,max to temperature and composition 

Temperature also impacts reaction kinetics encompassed by keff and this can be 
assessed through the Arrhenius relationship (5, 81). To account for the temperature (T) 
effect on kinetics, an assumed activation energy can be used to correct the rate constant 
(keff) accordingly: 

keff (T ˚C) = keff (15˚C)
Ea
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(S23) 

where Ea is the activation energy [kJ/mol] for the reaction and R is the gas constant.   For 
example, assuming an activation energy of 38 kJ/mol (82, 83), an increase from 15˚C to 
20˚C would increase the net reaction rate by 27%. This increase will decrease Teq, but to 
a lesser extent than changes in soil residence time—soil residence time changes can result 
in two orders of magnitude change in the equilibrium time here. The consequences of 
variations in keff for predicting relative changes in W are presented in Fig. S8B and D. 

 
S5. Sensitivity of weathering fluxes to variations in Ceq, keff and A 
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The present work presents a dimensional analysis of global solute fluxes and their 
response to tectonic and climatic changes that perturb the Earth’s surface. The use of a 
global maximum Ceq as a thermodynamic limit is justified because the goal of our 
analysis is to place constraints on how one river system would move across or along the 
various contours on Fig. 2 (main text) over geologic timescales (ca. ~Myr).  Although the 
effects of temperature and composition on phase equilibria and reaction kinetics are 
complex, we show in Fig. S8 that temperature and the Ceq value have a less substantial 
effect on the relative change in weathering fluxes as computed in Fig. 3 (main text), 
compared to changes in hydrologic and tectonic conditions.  

First, we show how a 50% increase in the equilibrium concentration at the global (or 
local scale) would impact the results of our calculations (Fig. S8A).  A 50% increase in 
Ceq corresponds to the maximum SiO2(aq) concentrations (95% confidence interval) 
observed in rivers draining basaltic provinces (84, 85).  Fig. S8A illustrates that increases 
in Ceq will change the location of the contour line corresponding to a particular Dw 
coefficient, but it will not change the shape of the contour lines. Therefore, the relative 
response to changes in runoff would not be impacted even if an individual river has a 
different Ceq value than assumed. For example, if the Dw is calculated for a river using 
measured concentration, runoff and an assumed Ceq, the relative change in weathering 
flux for an increase in runoff would be the same regardless of the actual Ceq value as 
changes in solute fluxes must follow the Dw contours. An increase in Dw due to a 
decrease in Ts, for example, would shift the river to a new Dw and higher solute flux, but 
the solute flux will again respond to runoff in a relative sense along the new Dw contour.  
As shown above, temperature is not likely to impact the equilibrium concentration 
directly and thus temperature and the choice of Ceq does not factor into the calculations of 
Fig. 3. However, if Ceq were to change for an individual river due to changes in 
ecosystem productivity, Ts or changes in runoff, this would provide another means to 
change solute fluxes, and hence more sophisticated models for Ceq would improve the 
model presented here.  

In Fig S8B, we show the change in Dw contours for large changes in temperature 
from 15˚C to 30 ˚C, 40 ˚C and 75 ˚C, assuming that temperature only impacts kinetic 
rates through the keff term according to equation (S23). Note that changing keff is 
equivalent to changing the specific surface area (A), as the overall weathering rate is the 
product of the two. The results of this calculation show that variation in Akeff has a 
minimal effect in areas of low erosion rate, and only a small effect at high erosion rates. 
Our model predicts a minimal sensitivity to temperature because the increase in keff at 
higher temperatures both increases Rn,max and decreases fw resulting in minimal change in 
the overall rate, Rn (i.e., keff appears in both the numerator and denominator of equation 
(2)). Conceptually the lack of dependence on temperature (or surface area) occurs 
because increased reaction rates reduce the concentration of fresh minerals for a given 
soil residence time.  According to our analysis, for there to be a strong direct dependence 
of solute fluxes on temperature would require that soil residence times are also sensitive 
to temperature. This may be the case in dynamic landscapes where erosion is a strong 
function of precipitation (86). Transient temperature changes may also have a 
substantially different impact than depicted here because the fluids respond more quickly 
than the solids and consequently the relaxation time of the solids must be factored in if 
applying the model to shorter time intervals (e.g., < ~105 yrs). Hence, the relationships 
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between Ts, fw and temperature/runoff need further evaluation as they constitute the 
weakest part of the model.   

Many recent studies suggest the importance of basaltic terrains in the global 
weathering flux (e.g., 8, 14, 84, 87, 88), while our model is calibrated based on rivers 
draining a mixture of lithologies, with a potential bias towards granitic rocks. Figs. S8C 
and S8D show a compilation of river data from dominantly basaltic terrains (84) 
compared to the global  data (8). To compare between the existing model, the solute 
production model is converted into units of chemical weathering flux assuming a value 
for m of 270 g/mol and a stoichiometric ratio of 1.67 mol Si/mol plagioclase, which 
accounts for the consumption of Si by halloysite. We expect that basaltic provinces 
should in general follow the behavior of the solute production model, as shown in ref. 
(16), which applied the 1-D solute production model to both granitic and basaltic 
catchments. Although the basaltic terrains of Fig. 8CD have high chemical weathering 
fluxes, they are also characterized by high runoff, such that the overall chemical 
weathering fluxes per unit surface area are not appreciably different from the global 
rivers. This results in similar Dw coefficients to the global rivers. The actual CO2 
consumption rates may differ depending on the Ca + Mg content of the rocks but the 
pattern is the same as that shown in Fig. 8CD. The basalt-dominated rivers tend to be 
associated with higher Dw values, consistent with the efficient solute generation observed 
by other studies (e.g., 84, 87, 88), which implies a high runoff sensitivity for basalt 
weathering (76, 89). This high runoff sensitivity, similar to that of topographic provinces 
with high erosion rates and/or short Ts, may allow basaltic regions to also respond more 
effectively to changes in runoff compared to cratonic settings.   

Despite similar Dw coefficients between basaltic and the global rivers, there may be 
some key differences between basaltic and granitic provinces that require adjustment to 
Rn and the relationship between Ts and fw.  However, for large-scale predictions such as 
those suggested here, these differences appear to be small (Figs. S8CD), such that when 
the land surface area is accounted for, chemical weathering rates from basaltic provinces 
would be well described by the solute production model.  In addition, although Ceq may 
vary with lithology, based purely on solubility considerations for end-member rock-
forming silicates (e.g., K-feldspar, albite, anorthite) and typical surface water pH values, 
calculated Ceq (in terms of moles mineral per volume fluid) is not likely to vary by more 
than about a factor of 3 or 4, while our dependent variables show orders of magnitude 
variability.  This also does not account for less abundant but more reactive silicate 
minerals, such as olivine.  

Finally, the model does not include a direct biological feedback. The direct effect of 
atmospheric CO2 on weathering rates is extremely small because the concentrations in the 
soil zone (~0.1 to 10%) far exceed the atmospheric levels (100’s of ppm). Long-term 
changes in biological productivity may impact keff, Ceq and Ts. The GEOCARB III 
biological feedback mainly accounts for the rise of vascular plants (3), which probably 
resulted in thicker soils, more fresh mineral and longer travel times and thus a similar 
relationship could be applied to our model to capture the biological dependence. Our 
sensitivity analysis here suggests that changes in keff will have minimal impact, while 
global shifts in Ceq or Ts may be more important once ecosystems are at steady state and 
may result in a slightly stronger temperature dependence than predicted in Fig. S8. 
Because the acceleration of weathering and runoff due to changes in biological 
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productivity in response to increasing CO2 are highly uncertain (3), we do not include 
this effect in our calculations yet. The biogeochemical feedbacks are thus under-
represented in our model and we suggest that this is an additional weakness that could be 
evaluated through a combination of modeling and field studies.  
 
S6. Sensitivity of weathering fluxes to runoff   
 

We used the maximum runoff sensitivity for high-latitudes of 6.8%/˚C GMT(31) to 
estimate the maximum changes in solute flux for global mean temperature increases of 
5˚C and 10˚C (within the range expected for a doubling of CO2 (90, 91)), and 15˚C (Fig. 
3). Many of the river basins considered in the study correspond to the rivers presented 
ref. (8). A key point is that increases in runoff are not distributed evenly in space, and 
runoff increases by a disproportionate amount at high latitudes. High-latitude rivers show 
the greatest increase in discharge of between 26% (Lena) and 47% (Yukon), with a 
discharge-weighted total increase of 34%. Mid-latitude changes were more variable 
ranging from -7%  (Mississippi) to 59% (Volga) with a total increase of 24% (31). Low-
latitude rivers, which represent the majority of the discharge also showed variable 
response, ranging from -18% (Nile) to 49% (Ganges/Brahamputra) and a total increase in 
runoff of 13% (31). High-, mid- and low- latitude temperature sensitivities are: 6.8%/˚C, 
4.8%/˚C and 3.2%/˚C, respectively. We used the maximum runoff sensitivity for high-
latitudes of 6.8%/˚C GMT (31) to estimate the maximum changes in solute flux for 
global mean temperature increases of 5˚C and 10˚C. To do so, we calculated a Dw for 
each river using the runoff and SiO2(aq) values according to equation (3). Then, using the 
updated runoff values we calculate the new solute flux. Over the small change in runoff, 
the solute fluxes are approximately linear, so we assume a linear relationship and 
calculate the percent change in solute flux per degree temperature increase. However, 
changes would be non-linear over larger temperature changes.  As a lower bound, we also 
computed the sensitivity of solute fluxes to temperature for the global average runoff 
sensitivity of 3.2%/˚C which is similar to that of GEOCARB III(3). The resulting range 
of percent changes in SiO2(aq) flux/˚C are: Mountains (Dw = 0.3): 5 to 2%/˚C; Global 
Average (Dw = 0.03): 1.2 to 0.7 %/˚C; Cratons (Dw = 0.01): 0.48 to 0.3 %/˚C.  The 
results of these calculations suggest an order of magnitude difference between mountains 
and cratons in terms of sensitivity to changes in runoff. This finding is in agreement with 
a recent study (27) that suggested weathering fluxes in zones of high erosion are more 
sensitive to climate.  

According to the solute production model, silicate weathering fluxes per unit land 
surface area are driven by the intersection between hydrologic and tectonic/surface 
processes. The fluid transit time and reaction rates determine the concentration, while the 
weathering flux is determined by the product of the runoff and concentration. Therefore, 
for a particular land surface type, the relationship between Dw and runoff determines 
both the concentration and the climate sensitivity, while the value of Dw at a given runoff 
determines the magnitude of the weathering flux (see Fig. 3 (main text)). As a result of 
the relationship between runoff and concentration imposed by the Dw contours, the 
climate sensitivity of chemical weathering rates is a non-linear function of runoff. For 
example, systems with the average global average Dw value (0.03 m/yr) but low runoff 
(<1 m/yr) will have a higher climate sensitivity than systems characterized by higher 
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runoff (3 m/yr). This strong coupling to the hydrologic cycle is the basis for the 
“hydrologic thermostat” and is different from other formulations in that both the 
magnitude and sensitivity of weathering rates are coupled and hence the sensitivity is a 
non-linear function of runoff. As a consequence, this formulation predicts that for a given 
land surface area, the Dw completely contour defines the strength of the negative 
feedback between weathering rates and atmospheric CO2 and may thus provide a useful 
alternative approach for modeling the weathering component of the geologic carbon 
cycle.  
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Fig. S1: Effect of mixing on solute generation. (A) Schematic hillslope section from 
within a catchment. Parameters are as in Fig. 1 (main text). L1, L2, L3 indicate 
hypothetical flowpaths to the stream. (B) Individual lines show the evolution of solute 
concentration as a function of distance down slope (or tf) for each flow path using 
equation (S1) and assuming constant water flux.  The solid circle shows the calculated 
concentration using equation (3) (main text) and assuming a mean residence time (Tf) 
equal to that of L2.  The difference in concentrations between equation (S1) and equation 
(3) arises from the dilution associated with the fraction of the flow paths with fluid 
residence times less than the mean.   
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Fig. S2: Model results showing the relationship between material age or soil residence 
time (calculated here as M/P) and fresh mineral concentration (Xs/Xr) using several 
different relationships. The bold stippled blue line is the numerical solution to equation 
(S16) using keff from the reactive transport simulations (Table S1), light stippled lines 
show a sensitivity analysis for the assumed value of keff. The semi-analytical 
representation (equation (S18) or equation (2), main text) is bold grey line. The RTM 
results for steady state (open circles) and non-steady state (NSS) (filled symbols) at a 
range of flow rates are shown for comparison.  Corresponding Teq values are calculated 
using Ceq/Rn,maxfw. 
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Fig. S3: Comparison of data compilations from ref. (8) (circles) and ref. (62) (squares) to 
steady state reactive transport simulations (diamonds) for concentrations as a function of 
runoff. Lines indicate calculated maximum concentrations (Ceq) for both data sets, and 
theoretical calculations from RTM simulations (green diamonds) for plag(An20), K-spar 
and halloysite, black line is for plag(An20) and kaolinite.  
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Fig. S4: (A) Changes in solute generation for different values of Rn with fw = 1 and Ceq = 
380 µmol/L using equation (S10) or (3, main text). A change Rn without a corresponding 
change in Ceq is equivalent to changing the Dw coefficient. The Dw values for 
corresponding lines are in m/yr. The solid bold line is the same condition in each panel. 
(B) Effect of changes in Ceq at constant Dw values (achieved by varying Rn by a 
corresponding amount). A doubling of concentration is close to the maximum estimate 
from Fig. S3. Changing Ceq would also alter the Teq value and consequently the Dw value, 
unless there is a corresponding change in Rn. Note change of concentration scale in (B). 
(C) Model for SiO2(aq) evolution at different Ts (kyr) and Dw (m/yr) values compared to 
(D) model for Ca dissolution associated with silicate weathering (Ts countours are the 
same because Teq is equivalent). As Ts increases, the Dw values decrease resulting in 
lower concentrations for the same residence time. 
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Fig. S5: Comparison between solute production model (equations 1-3 (main text) (red 
line: scenario 1 with L = 1; dashed red line: scenario 2 with L = h), the model of ref. (50) 
(GM2009) (blue stippled line) and catchment data of ref. (62) (squares). (A) Regolith 
thickness (h) and fraction of fresh mineral (fw) as a function of denudation rate (D), where 
fw is multiplied by 4 to show on the same scale as h. The h values are used in all model 
calculations, while the fw are included only in the solute production model calculations. 
(B) Calculated chemical weathering fluxes for scenario 1 and GM2009 as a function of 
regolith thickness. (C) Calculated chemical weathering fluxes for scenario 2 and 
GM2009 as a function of regolith thickness. (D) Chemical weathering fluxes for scenario 
1 and GM2009 as a function of total denudation rate compared to catchment data is color 
scaled by reported runoff.  (E) Chemical weathering fluxes for scenario 2 and GM2009 
as a function of denudation rate.  In both panels, the contours for the solute production 
model correspond to different values of runoff.  
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Fig. S6: (A) SiO2(aq) flux as a function of total denudation flux for the data of ref. (8) 
and the steady state RTM simulations (green shaded region), which represent the 
maximum flux. The data is compared to scenario 1 from Fig. S5, which imposes a 
relationship between h, erosion rate and L. This demonstrates reasonable correspondence 
between maximum calculated SiO2 and rates used in RTM of Fig. S2 and measured 
fluxes and illustrates the agreement between the runoff contours of the model and the 
actual data. (B) Dw as a function of SiO2(aq) flux for rivers compared to scenarios 1 and 
2 from Fig. S5 with contours corresponding to different runoff values. (C) Dw values 
calculated for each river are compared to erosional fluxes based on total suspended solid 
flux (ref. (8)) and both total suspended and cosmogenic nuclides for rivers of ref. (62), 
where Dw is calculated independent of erosion rate using equation (3) (main text). The 
rivers are color scaled by the SiO2(aq) flux. For the river data, the weak correlation 
between erosion rate and Dw, assuming a power law relationship (not shown), is Dw [yr] 
= 0.0018E[t/km2/yr]0.56 (R² = 0.40, P<0.0001).  
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Kaolinite + 6H+ —> 2Al3+ + 2SiO2(aq) + 5H2OAnorthite +2CO2 +3H2O —> Ca2+ + Kaolinite +2HCO3
-

Albite + 4H+ —> Na+ + Al3+ + 3SiO2(aq) + 2H2O

K-spar + 4H+ —> K+ + Al3+ + 3SiO2(aq) + 2H2O

CO2(g) + H2O --> H+ + HCO3
-

2Albite + 2CO2(g)+ 3H2O —> Kaolinite + 4SiO2(aq) + 2Na+ + 2HCO3
-

2Albite + 2CO2(g) + 3H2O--> Halloysite + 4SiO2(aq) + 2Na+ + 2HCO3
-
 

Plag(An20) + 4.8H +—> 1.2Al3+ + 0.8Na ++ 0.2Ca2+ + 2.8SiO2(aq) + 2.4H2O

1.67Plag(An20) + 2CO2(g) + 3H2O—>Halloysite + 2.47Na ++ 0.33Ca2+ + 2.8SiO2(aq) + 2HCO3
-
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Fig. S7: Temperature sensitivity of weathering reactions.  The primary mineral 
dissolution reactions and CO2 dissociation reactions are show in solid lines, while the net 
reactions are shown in light stippled lines.  The starred reaction in bold represents a 
simplified version of the one of the net reaction considered in the RTM simulation. 
Thermodynamic data is from ref. (92). 
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Fig. S8: Sensitivity analysis of solute production model to changes in Ceq and Teq due to 
lithology or temperature, respectively.  (A) A 50% increase in the global maximum 
equilibrium concentration, Ceq (blue stippled lines) shown relative to the original model 
(black lines).  (B) Increases in keff by a factor of 2, 5 and 10 (see legend) corresponding to 
temperature increases of 15 to 30˚C and 15 to 40˚C and 15 to 75˚C, respectively. Because 
keff appears in both the Rn term and the fw term (i.e., in the numerator and the denominator 
of Dw) the effects of temperature are minimal at small Dw, but increase with increasing 
Dw as the numerator becomes larger. (C) and (D) Sensitivity analysis is shown in 
comparison to basalt data from ref. (84) where model calculations are converted to 
chemical weathering rate as in Fig. S5. 
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Table S1: Definition of model parameters along with units and formulae. The parameter 
values assumed in calculations are provided in italics within parentheses, while variables 
are indicated as such. Lower case values provided in the text for ceq, c0, l and tf correspond 
to the 1-D case are not used outside of the derivation. 
 
Parameter Definition Units Formula (Value) 
W Chemical denudation t/km2/yr Variable 
E Physical denudation t/km2/yr Variable 
D Total denudation t/km2/yr D = E + W 
P Soil production t/km2/yr Variable 
Ceq Thermodynamic limit 

(global maximum) 
µmol/L Theoretical (RTM model): 

(380 µmol/L SiO2) 
95% Conf. (Table 1): 
     (375 µmol/L SiO2)a 
     (327 µmol/L SiO2) b 

C0 Initial concentration µmol /L (0 µmol /L) 
L Flow path length meters Variable 
Ls Soil/weathering 

thickness 
meters Variable 

φ Porosity [-] Variable (0.175 in RTM) 
q Flow rate m/yr Variable 
τ Scaling parameter (en) [-] en, n = 2  
ρsf Mass mineral/fluid 

volume ratio 
g/L = 1000*ρb/φ (12728 g/L in RTM) 

where ρb = 2.23 g/cm3 
M Mass of soil profile g Variable 
m Molar mass g/mol (270 g/mol) 
keff Net rate constant mol/m2/yr (8.7 x 10-6 mol/m2/yr) 
A Specific surface area m2/g (0.1 m2/ g in RTM) 
Xr Mineral concentration 

in fresh rock (reactive 
only) 

gmin/gsoil (0.36 in RTM) (17.8 wt% K-spar 
and 18.2 wt % Plag (An20)) 

Xs Mineral concentration 
in soil (reactive only) 

gmin/gsoil =Xr/(1+(mkeffATs)) 

fw Mass depletion fraction [-] = Xs/Xr =1/ (1+mkeffATs) 
Rn, max Maximum net reaction 

rate 
µmol /L/yr Theoretical  (RTM model): 

= ρsf keffAXr  
(1085 µmol/L/yr SiO2) 

Rn,  Net reaction rate µmol /L/yr = Rn, max * fw 
Ts Soil residence time yr Soil age, or:  Ls/P  
Tf Mean fluid residence 

time 
yr ≈ L φ /q 

Teq Equilibrium Time yr ≈  Ceq/(Rn,max*fw) 
a For rivers from ref. (8), value used in main text for Figs. 1, 2, 3.  

b For rivers from from ref. (60). 
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