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Text S1 Derivation of ke f f and CLIM

Beginning with Eq. 1 in the main body of the paper, we choose to represent two reactive pathways with rate
constants k1 and k2 and maximum concentrationsClim1 and Clim2. Nominally, the first parameter set applies to a
set of mineral-water reactions representing primary mineral dissolution, while the second parameter set applies
to a set of secondary minerals than can form from soluton and potentially resolubilize:
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which can be expanded as
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Applying separation of variables to the first order linear differential equation,
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by allowing u = 1 − AC such that du = −AdC, we can obtain the equality of integrals
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Performing the integral,
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where C is a constant of integration that can be evaluated for the initial condition C(0) = C0 to reach:
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A
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reinserting A (Eq. S4) yields an expanded form of the solution
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which can be recast in a compact form using the following relationships:

CLIM =
k1 + k2

k1/Clim1 + k2/Clim2
(S9)

ke f f = k1 + k2 (S10)

to obtain Eq. 2 in the main body of text:
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(S11)
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Text S2 The Water Age Balance Equation

The water age balance formulated in terms of rank storage (ST ) reads (Harman, 2015; Benettin & Bertuzzo,
2018):

∂ST (T, t)
∂t

+
∂ST (T, t)
∂T

= J(t) −Q(t)ΩQ(ST (T, t), t) (S12)

with Initial Condition ST (T, t = 0) = ST0 and Boundary Condition ST (T = 0, t) = 0. In Equation (S12), J is
rainfall, Q is streamflow, T is age, t is time andΩQ(ST , t) is the StorAge Selection (SAS) function for streamflow.
The equation is solved by using the method of characteristics and a Euler Forward discretization (see Benettin
& Bertuzzo, 2018). The hydrologic fluxes in Equation (S12) are shown in section Text S6 and the SAS function
parameterization is presented in the main text.

Text S3 Recovery of Rayleigh distillation under simplifying conditions

Here we illustrate recovery of Rayleigh distillation in our model framework under the simplifying condition
that the dissolution of primary minerals are entirely omitted, and instead we use an initial condition that is
oversaturated with respect to Clim2, e.g C0/Clim2 = 4.0 (Figure S1). In this case, the SiO2(aq) concentration
decreases through time, and eventually reaches Clim2, at which point the reaction has reached completion. Using
a fractionation factor of α2 = 0.998, the resulting evolution in fluid δ30Si produces classic Rayleigh distillation
in the approach to Clim2.
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Figure S1: Demonstration of isotopic fractionation in a system subject only to clay precipitation (no primary
mineral dissolution) and starting from an initially oversaturated fluid SiO2(aq) value such that C0/Clim2 = 4.0.
As the reaction proceeds to completion, C → CLIM and the model returns classic Rayleigh distillation.
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Text S4 Constraint of solubility limits from CrunchFlow multi-component model

We first extract the assemblage of primary minerals used in the CrunchFlow model for the Santa Cruz
chronosquence (Maher, Steefel, White, & Stonestrom, 2009; Lawrence, Harden, & Maher, 2014; Druhan
& Lawrence, 2021), which include a potassium feldspar:

K AlSi3O8 → K+ + AlO−2 + 3SiO2(aq) (S13)

as well as an albite-anorthite solid solution:

Na0.9Ca0.1 Al1.1Si2.9O8 → 0.9Na+ + 1.1AlO−2 + 0.1Ca++ + 2.9SiO2(aq) (S14)

we use the same rate laws for these minerals given in Maher et al. (2009) with rate constant of 10−14.9mol/m2− s

and starting surface areas of 1.14 and 1.94 m2/g, respectively, and simply allow these reactions to proceed to
completion in the absence of any fluid flow or solute transport. From this result we extract a maximum SiO2(aq)

concentration of 800 uM for a temperature of 13.5°C.

Next, these primary minerals are removed and replaced by kaolinite, again following the stoichiometry given
by Maher et al. (2009):

Al2Si2O5(OH)4 + 8H+ ↔ 2Al3+ + 2SiO2(aq) + 5H2O (S15)

following a reversible rate law with rate constant of 10−19.8mol/m2 − s and starting surface areas of 10 m2/g.
The result is a maximum SiO2(aq) concentration of 150 uM for a temperature of 13.5°C.

All mineral volume fractions and starting solute concentrations as reported in Maher et al. (2009) and
Lawrence et al. (2014). Importantly, the kinetic parameters and mineral surface areas used in these prior models
are only indirectly incorporated into the present study in that the balance of individual mineral weathering rates
for Eq. (S13 & S14) contributes to the final steady state concentration of SiO2(aq). Essentially we rely on
the rigorous thermodynamics and stoichiometry developed in these prior models to produce appropriate values
of Clim for our present purposes and proceed by utilizing these values in combination with an appropriate
representation of Rp/Rd .

Text S5 Geochemical model evolution to steady state

Here we demonstrate the behavior of the silicate weathering model described in sections (2.2–2.3) in a simplified
system in which fluid SiO2(aq) concentrations are allowed to evolve from an initial value of zero to a final steady
state CLIM value through time (Figure S2A). Rate constants of k1 = 1 µM/d and k2 = 0.5 µM/d yield an
Rp/Rd = 0.5 and result in a CLIM = 327 µM. In comparison, adjusting k2 to allow for an Rp/Rd = 1.0
essentially speeds up the rate of clay formation, resulting in a lower CLIM value that reaches steady state faster.
Alternatively, an Rp/Rd = 0.25 slows down the clay formation rate, creating a larger CLIM that takes longer to
stabilize. All three of these simulations use the same fixed values of Clim1 and Clim2, highlighting the dynamic

S–5



nature of the effective CLIM that may be established through the balance in these two components of the overall
reaction rate.

As noted in the main text (section 2.3) an Rp/Rd = 0.5 was suggested as an appropriate ratio for SiO2(aq)

during contemporaneous weathering of feldspars and accumulation of kaolinites by (Maher, 2011). Using this
ratio and our specific values of k1 and k2, we are able to achieve close agreement with the comparable model
for SiO2(aq) developed by Maher (2011, 2010) in the absence of any fluid residence time distributions.

For parameters appropriate to describe δ30Si partitioning during silicate weathering (Table 1) the model
achieves an enrichment in the fluid phase on the order of 1.2h as the system reaches steady state for an
Rp/Rd = 0.5 (Figure S2B). A larger Rp/Rd value drives more clay precipitation relative to primary mineral
dissolution, and hence achieves a larger enrichment, whereas the opposite effect is observed for a lower Rp/Rd

ratio. The subtle behavior at early time noted in the main text is clearly illustrated here, specifically before the
fluid SiO2(aq) concentration has crossed the Clim2 threshold.
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Figure S2: (A) Application of Eq. 12–13 in a closed system advancing through time from an initial condition of
zero SiO2(aq) using parameter values given in section 2.3. The initial increase in SiO2(aq) is due to dissolution
of both group 1 (k1(1 − C/Clim1)) and group 2 (k2(1 − C/Clim2)) components of the reaction rate. After
approximately 140 days the Clim2 threshold is exceeded and this component of the reaction rate begins to remove
SiO2(aq) from solution, ultimately establishing a steady stateCLIM of 327 uM. Close agreement is noted between
the simulation using an Rp/Rd = 0.5 and the model developed by Maher (2011, 2010). Two alternate values of
Rp/Rd are illustrated by adjustment of the k2 rate constant. (B) Corresponding aqueous δ30Si time series is also
shown.
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Text S6 Hydrologic time series

The hydrologic used to develop and test the model were generated numerically. The virtual timeseries lasts 2
years and it was repeated 4 times for the simulations (where the first 6 years were used as spinup). Rainfall
was generated as a Poisson process with annual rainfall depth of 1200 mm and mean inter-arrival of 10 days.
No evapotranspiration or deep losses are considered and all rainfall eventually forms runoff. Streamflow was
generated using a series of 2 non-linear bucket models (see e.g. Kirchner, 2016) of the type:

Qi(t) = ai

(
Si(t)

Smaxi

)bi

(S16)

where i denotes either of the two buckets, Qi(t) and Si(t) are the outflow and storage of the bucket, respectively,
and ai , Smaxi and bi are parameters. Additionally, a parameter fp regulates the fraction of outflow that goes
from one bucket to the next. By changing these parameters, one can get a large range of different hydrologic
behaviors. We selected the parameters such that one bucket had a more reactive, smaller storage (and we
interpret this bucket as a soil water storage), while the other had a slower and larger storage (and we interpret
it as a shallow groundwater storage). Through the combination of these two runoff components, the simulated
streamflow responds quickly to rainfall events (mainly due to soil water contributions) but flow is sustained
during dry periods (thanks to the slower and more persistent groundwater contributions). The ratio between soil
water and groundwater flow contributions is termed w in the main paper and it is used to control the temporal
variability of the SAS function. Timeseries of J, Q and w are shown in Figure S3.
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Figure S3: Timeseries of the virtual hydrologic fluxes used in the simulations. Top: rainfall (J), middle:
streamflow (Q), bottom: ratio soil to groundwater contribution (w) used to control the variability in the SAS
function shape.
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Text S7 Additional supplementary figures

Additional supplementary figures S4–S5 are shown below.
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Figure S4: Selected hydrologic events 1,2 and 5. The figure on the top-left shows the full 2-year timeseries and
marks 5 different events. Events 3–4 are reported and discussed in the main paper.
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Figure S5: Timeseries of four definitions of Fyw . These timeseries are strongly correlated to streamflow and
to each other. The youngest fraction (corresponding to ywt = 14 days) is more irregular and occasionally null
because the availability of water younger than 14 days depends on the erratic cycles of precipitation. The curves
are less variable for older fractions and approximately 60% of streamflow is made of water younger than 1 year.
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