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Abstract

Germanium is a useful tracer of silicate weathering and secondary mineral formation in the Critical Zone because Ge/Si
ratios are fractionated during incongruent weathering of silicates. We develop an estimate of the equilibrium fractionation
coefficient between germanium and silicon for the precipitation of kaolinite using a solid-solution model. Thermodynamic
properties and distribution coefficient were estimated using observations from natural systems, experimental data from analog
phyllo-germanate minerals (Shtenberg et al., 2017) and a parametric method based on a sum of oxides approach with site-
specific interaction parameters (Blanc et al., 2015). The estimated log D0

Ge�Si

� �
for the incorporation of Ge into kaolinite at

25 �C and 0.1 MPa is equal to �3.4 � 1.5. The estimated DG�
f for a fully Ge substituted kaolinite ðGe2Al2O5ðOHÞ4Þ equals

�3130 � 15 (kJ/mol) and the estimated log Ksp

� �
for Ge-kaolinite = 3.1 � 1.5. We further develop a series of batch reaction

models using a geochemical reactive transport code to test the estimated range of the Ge-Si equilibrium fractionation coef-
ficient. In these series of models, we also investigate how precipitation dynamics can impact the Ge/Si ratios observed both
in streams and soils. These models show that both precipitation kinetics and re-equilibration of the precipitated solid control
the behavior of Ge/Si ratios at far-from-equilibrium timescales. While the actual length of these timescales remains to be
determined by better constraints on kaolinite precipitation rates at environmental conditions; our models suggest that the low-
est groundwater measured Ge/Si ratios should represent this equilibrium timescale.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The potential for the trace element germanium to substi-
tute for silicon in silicate minerals and therefore provide
insight into the behavior of silicate systems was recognized
by Goldschmidt’s seminal work (Goldschmidt, 1926). In
natural waters unaffected by hydrothermal activity or coal
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ash contamination, germanium-silicon ratios (Ge/Si) are
lower than in their source rocks, implying a fractionation
of Ge from Si during the weathering process (Mortlock
and Froelich, 1987). Observations from various systems
indicate that igneous bedrocks have molar ratios of Ge/

Si � 1.5–2.5 � 10�6, while most streams and soil pore

waters show ðGe=SiÞfluid � 0:1� 1� 10�6. In some cases

streams can reach higher values due to coal ash contamina-
tion (Froelich et al., 1985) or hydrothermal activity (Evans
and Derry, 2002). The range in stream Ge/Si ratios has
been explained in terms of weathering intensity W, the ratio
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of Si transported from the weathering system in the dis-
solved and solid phases (Murnane and Stallard, 1990).
Based on this hypothesis, Froelich et al. (1992) derived an

empirical partition coefficient Kw ¼ ðGe=SiÞclay
ðGe=SiÞbedrock � 2:5 from

the limited solid-phase data of Murnane and Stallard
(1990) and showed that this was reasonably consistent with
observations of a Ge-enriched soil and Ge-depleted stream
water. The biological Si cycle can also influence the low Ge/
Si ratios in river systems (Derry et al., 2005). However, the
effect of the biogenic silica pool is typically limited by the
contributions of shallow hydrologic pathways (Cornelis
et al., 2010; Lugolobi et al., 2010; Ameijeiras-Marino
et al., 2018).

Subsequent studies have extended these initial observa-
tions with increasing evidence that sequestration of Ge in
secondary minerals is largely responsible for this fractiona-
tion, with clays enriched in Ge relative to coexisting solu-
tions (Murnane and Stallard, 1990; Froelich et al., 1992;
Kurtz et al., 2002; Lugolobi et al., 2010; Aguirre et al.,
2017; Aguirre, 2019). For many igneous rocks, it can be
argued that incongruent dissolution of feldspars to clays
is the reaction most responsible for Ge-Si fractionation.
The overall stoichiometry and mineralogy for this reaction
will depend on the composition of the rock. A common
example is the incongruent dissolution of plagioclase (in
this case albite) to form kaolinite:

2NaAlðSi1�xGexÞ3O8 þ 2Hþ þ 9H2O

¼ ðSi1�yGeyÞ2Al2O5ðOHÞ4 þ 4z GeðOHÞ4 þ 4ð1
� zÞSiðOHÞ4 þ 2Naþ ð1Þ

where, x < y based on observed Ge/Si ratios in weathering
systems (e.g. Froelich et al., 1992; Kurtz et al., 2002;
Baronas et al., 2018) and y ¼ 3x� 2z. A similar reaction
can be written for the reaction of K-feldspar to illite, where
the Si/Al ratio from the feldspar (� 3) changes to � 1 in the
clay—note that for different plagioclase compositions
1 6 ðSi=AlÞplag < 3. Moreover, an analogue can be estab-

lished for the non-crystalline phases dominating basaltic
systems with dissolution of glass and plagioclase to precip-
itate allophane and imogolite (Wada and Wada, 1982;
Kurtz et al., 2002). In granitoid weathering systems,
ðGe=SiÞkaolinite ratios are often �5–6 lmol/mol (Kurtz
et al., 2002; Lugolobi et al., 2010; Aguirre et al., 2017;
Aguirre, 2019) and for basaltic systems with poorly-
crystalline secondary aluminosilicates ðGe=SiÞsoil ratios can
reach >10 lmol/mol (Kurtz et al., 2002; Qi et al., 2019).
Because of the lack of thermodynamic constraints, despite
the increasing evidence of Ge-Si partitioning into secondary
clays, most of these studies continue to use the empirical
derivation for the distribution coefficient Kw by Froelich
et al. (1992). This empirically derived Kw represents a snap-
shot of the Ge-Si distribution in each system that can be
obscured by different processes that occur during weather-
ing, including biogenic Si cycling (Derry et al., 2005;
Opfergelt et al., 2010) and adsorption onto Fe-
oxyhydroxides (Anders et al., 2003; Scribner et al., 2006).
Therefore, it is necessary to have a framework that can be
used to reconcile the variance observed in Ge/Si ratios in
soils, pore waters and rivers, as reaction (1) is of importance
to understand the silicon global cycle. To date, there is only
a limited dataset of thermodynamic properties for ger-
manate minerals (Pokrovski and Schott, 1998; Shtenberg
et al., 2017) and there is no thermodynamic data available
for any type of aluminogermanate mineral.

Recent advances in models for estimating thermody-
namic properties of clays can be applied to Ge-bearing clays
(Blanc et al., 2015); while new developments in tracer-isotope
tracking in reaction path and reactive transport codes permit
testing the partitioning of germanium and silicon into clays
and waters using the synthetic thermodynamic data
(Druhan et al., 2013; Steefel et al., 2014). In this study, we cal-
culate the equilibrium fractionation coefficient for reaction
(1) using an ideal solid-solution model based on available
Ge/Si data and an independent method that predicts the
thermodynamic properties of clays. To evaluate our results,
we developed a series of simulations designed to test these
estimated solubility constants. The batch models treat Si
and Ge-kaolinite as an ideal solid-solution; while tracking
the partitioning of Ge and Si into the precipitated phase
and the reacting fluid. These experiments allow us to test
the effects of mineral precipitation equilibria and kinetics
on the far-from-equilibrium behavior of Ge/Si ratios in both
the fluid and mineral phases. We hypothesize that both the
Ge-Si partitioning coefficient determined here and the overall
precipitation rate of the newly formed Ge-Si kaolinite can
explain much of the abiotic behavior of Ge-Si fractionation
in soils and stream waters globally.

2. CALCULATION OF THERMODYNAMIC

PROPERTIES OF ALUMINOGERMANATE CLAYS

Assuming ideal substitution of Si by Ge in the tetrahe-
dral site (Martin et al., 1992; Martin et al., 1996) the equi-
librium fractionation of Ge/Si ratios during chemical
weathering and precipitation of secondary minerals
requires that the incorporation of Ge into the clay structure
be much more thermodynamically favorable than Si. Ger-
manium concentrations in rocks are typically 1–3 ppm
and most natural waters range from 10 to 100 pmol/kg.
Ge/Si ratios in rocks and minerals are between 0.5 and
5 lmol/mol; while most waters are 0.1–1 lmol/mol
(Bernstein, 1985; Froelich et al., 1985; Kurtz et al., 2002;
Evans and Derry, 2002). The six orders of magnitude differ-
ence between Ge and Si in most natural materials implies
that the equilibrium concentration of GeðOHÞ4ðaqÞ for most

phyllo-germanate phases should be much lower than for
SiðOHÞ4ðaqÞ for precipitation of analogous phyllosilicates

(Prieto, 2009). To investigate equilibrium fractionation of
Ge-Si during precipitation of secondary clays using geo-
chemical reaction path and reactive transport codes, we
need thermodynamic data for the formation and hydrolysis
of an aluminogermanate phase. To our knowledge, thermo-
dynamic data for Ge-bearing aluminosilicate clays have not
been reported and data for only three synthetic phylloger-
manates are available (Shtenberg et al., 2017). For our
modeling purposes we have decided to calculate solubility
coefficients for an aluminogermanate clay analog to
kaolinite to investigate the partitioning of Ge and Si in
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weathering environments where precipitation of secondary
clays—such as kaolinite—occurs. We have calculated the
equilibrium constant for the dissolution (or precipitation)
of a completely Ge-substituted kaolinite Ge2Al2O5ðOHÞ4—
from now on ‘‘Ge-kaolinite”—based on two different
methods: (1) using new Ge/Si data from springs and
groundwaters (baseflow) in equilibrium with kaolinite
(Aguirre, 2019) and Ge/Si ratios measured in kaolinite crys-
tals (Kurtz et al., 2002; Lugolobi et al., 2010; Aguirre et al.,
2017); and (2) we have also used an independent method to
derive thermodynamic properties of clays—including
DH �

f ; S
�
f and DG�

f (Blanc et al., 2015). We then compare

both results with the only data available for phylloger-
manates (Shtenberg et al., 2017).

2.1. Solid-solution model to estimate of the equilibrium

fractionation of Ge and Si in kaolinite precipitation

For the equilibrium calculation the existence of an ideal
solid solution between kaolinite and its Ge analogue is
assumed. This relationship has been shown to exist in alka-
line feldspar (Capobianco and Navrotsky, 1982) and has
been assumed for other types of silicate minerals including
wollastonite and quartz given the 6-orders of magnitude
difference in Ge and Si concentrations (Pokrovski and
Schott, 1998; Evans and Derry, 2002). In the case of phyl-
losilicates, Martin et al. (1992, 1996) showed that Ge and Si
atoms are randomly distributed in the tetrahedral sheet of
synthetic talc. Thus, despite the differences in ionic radii
between Si and Ge, it is safe to assume that non-ideal
behavior in phyllosilicates is minimal. The hydrolysis reac-
tions for both Ge and Si end-members are described as:

Ge2Al2O5ðOHÞ4 þ 6Hþ ! 2GeðOHÞ4ðaqÞ þ 2Al3þ

þH2OðlÞ ð2Þ
Si2Al2O5ðOHÞ4 þ 6Hþ ! 2SiðOHÞ4ðaqÞ þ 2Al3þ

þH2OðlÞ ð3Þ
Using reactions (2) and (3) the equilibrium constant for the
hydrolysis of Ge-kaolinite can be written in terms of the
Ge/Si ratio in the fluid and the clay, plus the kaolinite equi-

librium constant SiKsp for reaction (3):

GeKsp ¼
a2GeðOHÞ4
a2SiðOHÞ4

� aSi�kaolinite

aGe�kaolinite
� SiKsp ð4Þ

where, aGeðOHÞ4 and aSiðOHÞ4 are the activity coefficients of

germanic and silicic acids in aqueous solutions respectively,
and aGe�kaolinite and aSi�kaolinite are the activity coefficients of
Ge2Al2O5ðOHÞ4 and Si2Al2O5ðOHÞ4 in the mineral solid
solution. Given the ideal solution behavior, the activities
of each component in the mineral are represented by their
mole fractions XGe and XSi:

aGe�kaolinite ¼ XGeð Þ2 ¼ ðnGeÞ2
ðnGe þ nSiÞ2

ð5Þ

here nGe and nSi are respectively the number of moles of Ge
and Si in the clay. Therefore, the distribution coefficient (or
equilibrium fractionation factor) D0

Ge�Si is given by:
GeKsp

SiKsp
¼ Ge=Sið Þ2fluid

Ge=Sið Þ2clay
¼ D0

Ge�Si ð6Þ

note that we have defined the distribution coefficient D0
Ge�Si

as the inverse of the squared partitioning coefficient, which

would be: K2
D ¼ Rsolid

Rfluid
¼ 1

D0
Ge�Si

(where R represents the Ge/Si

ratio). Also, the activity coefficients of germanic acid
GeðOHÞ4 and silicic acids SiðOHÞ4 are almost identical
and that neither acid is significantly dissociated.

The equilibrium constant for the hydrolysis of kaolinite
was obtained from the Thermoddem database (Blanc et al.,
2012) (Table 3). We favor the use of this database because is
internally consistent and it is the most updated compilation
of classical databases (e.g. Delany and Wolery, 1989) con-
structed from software packages (e.g. Johnson et al.,
1992; Zimmer et al., 2016) and experimental data. We take
the average Ge concentration in kaolinite to be 2.7 ppm
(n ¼ 4, Kurtz et al. (2002, 2010)). Thus, in the ideal
solid solution Al2ðSið1�xÞGexÞ2O5ðOHÞ4, the

ðGe=SiÞclay � 4:8 lmol/mol. Ge/Si ratios from clean rivers

range between ðGe=SiÞfluid ¼ 0:1 to 1 lmol/mol (Froelich

et al., 1985; Mortlock and Froelich, 1987; Murnane and
Stallard, 1990; Froelich et al., 1992; Chillrud et al., 1994;
Kurtz et al., 2002; Anders et al., 2003; Lugolobi et al.,
2010; Aguirre et al., 2017; Ameijeiras-Marino et al.,
2018). However, new data from groundwater and springs
in the Southern Sierra Critical Zone Observatory within
the Kings River Experimental watershed (e.g. Bales et al.,
2011; Liu et al., 2013) show consistently lower Ge/Si ratios.
The lowest Ge/Si ratios are recorded during the autumn
and winter, when the streams are supplied only by ground-
water (Liu et al., 2013; Hunsaker and Johnson, 2017).
ðGe=SiÞfluid ratios during baseflow discharge are

<0.1 lmol/mol, plus these waters are in equilibrium with
kaolinite (Aguirre, 2019). This baseflow component has
been interpreted to have long residence times based on geo-
physical surveys (Holbrook et al., 2014) and water balance
models (Bales et al., 2011; Safeeq and Hunsaker, 2016).
Thus, we interpret these low Ge/Si ratios from groundwater
and springs to represent near-equilibrium conditions.

We have calculated the equilibrium constant for Ge-
kaolinite considering a range of values for both Ge/Si ratios
in the fluid and in the clay. The computed values are shown
in Fig. 1 and Table 1. Here, we have only considered Ge/Si
fluid ratios between 0.01 and 0.3 lmol/mol, because Ge/Si
ratios from springs and groundwater are well constrained
within this range (Lugolobi et al., 2010; Aguirre et al.,
2017; Aguirre, 2019). Values >0.3 in uncontaminated rivers
reflect dissolution of secondary clays (Froelich et al., 1992;
Kurtz et al., 2002) or additional Ge-enriched sources such
as dissolution of phases with higher Ge/Si such as sulfides
or amphiboles (Anders et al., 2003; Lugolobi et al., 2010).
Increasing weathering intensity can result in dissolution of
Ge-rich secondary clays (Lugolobi et al., 2010) and drive
stream waters to higher Ge/Si (Froelich et al., 1992). Con-
sequently the lowest ðGe=SiÞstream values are likely to be the
best estimate of the equilibrium fractionation resulting
from kaolinite neoformation.



Fig. 1. (a) Equilibrium constants as a function of Ge/Si ratios in the fluid in the 0.01–0.3 lmol/mol range. The colored curves show the
trajectories for given ðGe=SiÞclay ratios. Fractionation between the fluid and the solid is larger as Ksp becomes smaller. For example, a
ðGe=SiÞclay ¼ 5:5 and ðGe=SiÞfluid ¼ 0:1 lmol/mol, imply a logðKspÞ for Ge-kaolinite = 3. (b) Calculated Gibbs energy of formation for Ge-
kaolinite as a function of ðGe=SiÞfluid based in the hydrolysis of Ge-kaolinite. Thermodynamic data for the aqueous species used for this
reaction—GeðOHÞ4, SiðOHÞ4 and Al3þ—are from the Thermoddem database and references therein (Blanc et al., 2012) (Table S1).

Table 1
Recommended thermodynamic properties for Ge2Al2O5ðOHÞ4
from the equilibrium fractionation model. Equilibrium constant
is for the reaction 2. The G�

f and
GeKsp were calculated assuming an

equilibrium fractionation factor D0
Ge�Si ¼ 4� 10�4.

Recommended DG�
f and GeKsp values for Ge2Al2O5ðOHÞ4

DG�
f �3130.40 � 15 (kJ/mol)

log GeKsp
� �

a 3.1 � 1.5

a Aqueous species data Blanc et al. (2012).
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Fig. 1 shows that the calculated equilibrium constant for

Ge-kaolinite is in the range of 102 to 104:5 for ðGe=SiÞfluid
ratios between 0.02 and 0.3 lmol/mol. The different curves
show the trajectories for a range of Ge/Si ratios in the clay.
It is worth noting that once ðGe=SiÞfluid ratios are less than

0.1, they become less sensitive to changes in the equilibrium
constant. The results from Fig. 1 demonstrate that Ge-
kaolinite is necessarily a much less soluble phase compared
to Si-kaolinite. Considering that the equilibrium for the

hydrolysis of kaolinite (Eq. (3)) is equal to 106:47 (Thermod-
dem), the calculated solubility for Ge-kaolinite is smaller by
2–4 orders ofmagnitude, consistent with expectations. Based
on the solid-solution model for Ge and Si equilibrium frac-
tionation in kaolinite, the recommended values for theGibbs
energy of formation for Ge-kaolinite DG�

f and its hydrolysis

constant GeKsp are summarized in Table 1.
The predicted Gibbs energy of formation for Ge-

kaolinite for that same interval ranges between �3145
and �3120 kJ/mol. The difference between the DG�

f for
Ge-kaolinite and kaolinite—which equals �3793.9 kJ/mol

(Blanc et al., 2012), is constrained to GeDG�
f � SiDG�

f =

650–670 kJ/mol. It is important to note that the sign and
difference is comparable to measured and predicted values
for other phyllogermanates and their corresponding phyl-
losilicate phases (Medvedev et al., 1981; Shtenberg et al.,

2017). These authors reported the difference for Ge2O
2�
5

type germanates with respect to Si2O
2�
5 silicates ranges

between 603 and 667 kJ/mol. Although the relationship
between the available thermodynamic data for this type
of phyllogermanates and the aluminogermanate clays—like
Ge-kaolinite—might not be identical, the sign and range for
the difference between these and their silicate counterparts
is systematic: mean DGeG�SiG � 620 kJ for 2 atoms of Ge in
the structure and DGeG�SiG � 340 kJ for 1 atom of Ge. These
data indicate that overall the phyllogermanate phases have
a formation Gibbs energy that is 300–350 kJ larger for each
mole of Ge in the mineral structure. Assuming that the
most representative value for the ðGe=SiÞkaolinite is � 5:4
(Lugolobi et al., 2010; Aguirre et al., 2017) and for
ðGe=SiÞfluid ¼ 0:1 lmol/mol (Aguirre, 2019), the
GeKsp � 103:071 and GeDG�

f � �3132 kJ/mol. Thus, the pre-

dicted equilibrium and DG�
f results from ðGe=SiÞfluid in

Fig. 1 are consistent with available data for phylloger-
manates given the uncertainties.

2.2. Parametric estimation of Ge-kaolinite DH�
f ;S

�
f and

DG�
f

The parametric method proposed by Blanc et al. (2015)
to estimate clay thermodynamic data is based on two



Table 2
Estimated thermodynamic properties for Ge2Al2O5ðOHÞ4 using the
parametric model developed by Blanc et al. (2015). Equilibrium
constant is for the reaction 2.

Structural parameters to estimate DH�
f and S�f

DHO¼Ge4þðaqÞ �223.52 � � 0 (kJ/mol)
DSO¼Ge4þðaqÞ 276.59 � 0.32 (J/mol/K)

Estimated thermodynamic properties for Ge2Al2O5ðOHÞ4
DG�

f �3094.03 � 40 (kJ/mol)
DH�

f �3422.46 � 30 (kJ/mol)
S�f 201.89 � 91 (J/mol/K)

log GeKsp
� �

a 9.30 � 7.00

a Aqueous species data Blanc et al. (2012). See Table S1 for
GeO2ðhexÞ and Ge4þ data.
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independent calculations for DH �
f and S�

f . Formation
enthalpies of phyllosilicates are calculated as the sum of
the enthalpies of constituent oxides—classical approach
by Tardy and Garrels (1977)—corrected by a specific term
accounting for the interactions of cations with the oxygen
atoms in each crystallographic site (Vieillard, 1994). The
correction term is based on the empirical parameter
DHO

¼Mzþ
iðsiteÞ , which is derived from known enthalpies of for-

mation of the constituent oxides and crystallographic prop-
erties of cations within each mineral group (Vieillard and
Tardy, 1988) and has been developed for different types
of clays (1:1, 2:1 and 2:1:1). The parameter DHO

¼Mzþ
iðsiteÞ

has been determined for several cations occupying a specific
clay site (i.e. interlayer, tetrahedral, octahedral and brucitic
sheets). For elements not considered in the parametrization,
this parameter is extrapolated by a linear regression (Blanc
et al., 2015). Thus, DHO

¼Mzþ
iðsiteÞ can be extrapolated for ele-

ments such as Ge in tetrahedral sites. Formation entropies
and heat capacity functions are calculated similarly using a
correction parameter. However, the DSO

¼Mzþ
iðsiteÞ and

DCpO
¼Mzþ

iðsiteÞ parameters are obtained by polyhedral decom-

position instead of directly from crystallographic proper-
ties, but can be extrapolated to other elements by a linear
regression as well. The capacity to include other uncommon
elements—usually present as traces—is an advantage of the
method proposed by Blanc et al. (2015) compared to other
commonly used predictive methods (e.g. Tardy and
Garrels, 1977; Helgeson et al., 1978; Chermak and
Rimstidt, 1989; Holland, 1989).

Here we have estimated the formation enthalpy and
entropy for Ge2Al2O5ðOHÞ4 using the regressions obtained
by Blanc et al. (2015) (their equations 30 and 34) to extrap-

olate the structural DHO
¼ and DSO

¼ parameters for Ge4þ.
Using GeO2ðhexÞ and Ge4þðaqÞ thermodynamic data

(Pokrovski and Schott, 1998; Arnorsson, 1984) we have cal-
culated both enthalpy and entropy correction parameters

for Ge in the tetrahedral site (DHO
¼Ge4þðIV Þ and

DSO
¼Ge4þðIV Þ) to estimate the formation enthalpy and

entropy of Ge-kaolinite (Table S1). The Gibbs free energy
of formation for Ge-kaolinite was estimated combining
the formation enthalpy and entropy calculated previously
at standard state (T = 298.15 K, P = 0.1 MPa) and the
equilibrium constant for Ge-kaolinite hydrolysis (Eq. (2))
is calculated using DG�

f for Ge-kaolinite and the same data

for aqueous species as above (Pokrovski and Schott, 1998;
Blanc et al., 2012). Note that the calculation of the Gibbs
free energy of formation (DG�

f ) follows the convention

adopted by frequently used databases—such as
SUPCRT92, SUPCRTBL and Thermoddem (Johnson
et al., 1992; Blanc et al., 2012; Zimmer et al., 2016)—in
which it differs in scale from the so called ”apparent” Gibbs
energy by a constant given by the entropies of the con-
stituent elements (Berman, 1988; Dolejs, 2013). The free
aqueous species and constituent oxides data used here is
from Thermoddem and it is consistent with the values used
by Blanc et al. (2015) for their parametrization. The results
for DH �

f ; S
�
f and DG�

f are displayed in Table 2.
To assess the uncertainty of our thermodynamic results,
we have conducted a Monte Carlo simulation (n ¼ 10; 000)
considering the error in the thermodynamic data for
GeO2ðhexÞ and GeðOHÞ4ðaqÞ reported by Pokrovski and

Schott (1998) and assuming an error in the regression coef-
ficients to calculate the D¼ parameters. The residuals for
these regression coefficients are very small because they
have been optimized to minimize the difference between
predictions and calorimetric data (Blanc et al., 2015). This
makes it difficult to assess the uncertainty in the regressed
DHO

¼ and DSO
¼ parameters for enthalpy and entropy.

According to Blanc et al. (2015) the parametric method
overestimates DH �

f while it underestimates S�
f and thus

these uncertainties tend to decrease the overall uncertainty
of the computed DG�

f . Therefore, to evaluate the error pro-

duced by the uncertainty in the regression coefficients for
both DHO

¼ and DSO
¼ we have assumed a 0.7% error in

the linear model coefficients. This approach aims to assess
the overall uncertainty on the regressed parameters for
Ge, since the parametrization of Blanc et al. (2015) did
not include Ge-bearing aluminosilicates for obvious rea-
sons—lack of data—which can have an important effect
in the determined DG�

f values and Ksp.

The estimated thermodynamic properties for Ge-
kaolinite yield a higher DG�

f ¼ �3094:03 value by 1% than

the predicted range from natural samples (Fig. 1). For this
estimated thermodynamic data, the modeled equilibrium

for Ge-kaolinite hydrolysis (Eq. (2)) is equal to 109:30, i.e.
predicting a more soluble phase than Si-kaolinite, conse-
quently reversing the observed sense of fractionation. It is
important to emphasize that although the GeKsp remains
experimentally undetermined, this value cannot be larger

than SiKsp, as it would reverse the partitioning sense, contra-
dicting the large body of evidence that Ge is preferentially
fractionated into secondary minerals during weathering.
This result reflects an overestimation of DG�

f , and therefore
GeKsp, that is within the uncertainty of the original thermo-
dynamic data and the DHO

¼ and DSO
¼ parameters for Ge

in the parametric method—that we have assumed to be
0.7%. Note that it is hard to assess whether this is an over-
estimation of DH �

f or underestimation of S�
f . Alternatively,

it is possible that there is no equilibrium partitioning
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between both elements in kaolinite and that observed ratios
are just a result of favorable kinetics for incorporation of
Ge into secondary clays—thus, implying that a solid-
solution between Ge and Si does not exist. This might be
possible, since the dissociation energy of GeðOHÞ4ðaqÞ is

lower than for silicic acid (Pokrovski and Schott, 1998).
However, the observation that the lowest observed Ge/Si
fluids are found in groundwaters with long residence times
argues against such an interpretation.

The difference between the predicted DG�
f for Ge-kaolinite

with its Si counterpart is 700 kJ/mol, compared with the
664� 10 kJ/mol derived from the empirical approach. This dif-
ference is also larger by >30 kJ than differences observed in the
only published values for phyllogermanates with respect to their
Si-counterparts (603–667 kJ/mol). The apparent 30–40 kJ over-
estimation in the DG�

f of Ge-kaolinite from the parametric

method is important, as the equilibrium constant for Ge-
kaolinite hydrolysis can change up to 2 orders of magnitude
by every 10 kJ difference in the Gibbs energy of the reaction.
Blanc et al. (2015) point out that the extrapolation with their
model becomes less accurate for extreme compositions and ele-
ments outside the parametrization, such as the case of Ge-
kaolinite ðGe2Al2O5ðOHÞ4Þ calculated here. This implies that
a �0.7% uncertainty in both DHO

¼ and DSO
¼ can account

for the error in DG�
f . We argue that 30–40 kJ overestimation

of the DG�
f for Ge-kaolinite from the parametric method

(�3094.03 kJ/mol) compared to values obtained for groundwa-
ter samples (�3140 to �3125 kJ/mol) is within the uncertainty
of the thermodynamic data and the extrapolation of the DHO

¼

and DSO
¼ parameters. Finally, it should be stated that the con-

figurational entropy (Sconf ) of Ge-kaolinite has been assumed
equal to zero—i.e. there is no disorder in the tetrahedral site
and thus it is an ideal solid-solution. However, if Sconf > 0, then
the DG�

f of Ge-kaolinite should be < �3094:03, which would

be consistent with the results obtained in Section 2.1. We note
that this case would imply some degree of non-ideal mixing;
however, this has not been observed in phyllosilicates (Martin
et al., 1992; Martin et al., 1996). Additional thermodynamic
data could resolve the discrepancy between the results of the
parametric model and the empirical results, as well as enable
a wide range of compositions to be treated effectively.
3. NUMERICAL EXPERIMENTS ON GE/SI

FRACTIONATION DURING PRECIPITATION OF

KAOLINITE

3.1. Batch dissolution and precipitation model for Ge/Si

fractionation

We can use the modeled equilibrium partitioning data
calculated in Section 2 to understand the dynamics of Ge/
Si fractionation in natural systems. We first evaluate the
role of re-equilibration of Ge/Si ratios between the fluid
and the precipitated solid. Our second goal is to test how
the kinetics of feldspar dissolution—supplying Ge and Si
to solution—and kaolinite precipitation could impact Ge/
Si ratios in real systems. There are a number of different
rate laws for kaolinite dissolution and precipitation with
different reaction orders and linear or non-linear depen-
dence on affinity (logðQ=KeqÞ) (Carrollwebb and Walther,
1988; Carroll and Walther, 1990; Nagy et al., 1991; Chin
and Mills, 1991; Ganor et al., 1995; Devidal et al., 1997;
Huertas et al., 1998; Huertas et al., 1999; Metz and
Ganor, 2001; Cama et al., 2002; Yang and Steefel, 2008).
Some of them suggest that kaolinite dissolution/precipita-
tion can be modeled by a reversible reaction as a function
of the rate constant, surface area and the affinity term. This
type of rate law formulation has been derived by Lasaga
(1981) and it is often referred as ‘‘TST” formulation
because is a derivation from Transition State Theory (e.g.
Aagaard and Helgeson, 1982; Steefel et al., 2015). Other
suggest that kaolinite precipitation should be described by
non-reversible (or ‘‘non-TST”) formulations (e.g. Yang
and Steefel, 2008). The heterogeneity of rate laws probably
arises from the difficulty of carrying out suitable low-
temperature clay precipitation experiments particularly
when the system is close to saturation (e.g. Zhu et al.,
2020). In this section we seek to determine which type of
formulation can predict results that are in plausible agree-
ment with observations from natural systems.

We have set up a batch dissolution and precipitation
model using the geochemical reactive transport code
CrunchFlow (Steefel et al., 2015). The model is initialized
with a single-mineral porous media consisting of a solid
solution between albite ðNaAlSi3O8Þ and Ge-albite
ðNaAlGe3O8Þ, represented by NaAlðSið1�xÞGexÞ3O8 with a

Ge/Si ratio of 1.5 lmol/mol (Lugolobi et al., 2010), thus

with a Ge activity aGe ¼ 4:5� 10�6. Note here, that by
using a single mineral solid-solution for the dissolving
phase, we have assumed that Ge-Si fractionation during
dissolution of feldspars does not occur, which is consistent
with allophane precipitation experiments (Kurtz et al.,
2002) and the general observation that Ge/Si in streams
are controlled by precipitation and dissolution of secondary
minerals (e.g. Murnane and Stallard, 1990; Froelich et al.,
1992; Kurtz et al., 2002). Additionally, the amount of Ge
released by rock weathering should only depend on the con-
centration of Ge in the rock, which is determined by its
mineral assemblage (Evans and Derry, 2002).

The initial mineral volume fraction is 35%, implying a
W/R = 2. The fluid velocity and diffusion coefficient are
set equal to zero in the batch reactor. The initial composi-
tion of the fluid has a Ge/Si = 1 (lmol/mol) and the initial
pH set to 6 (Table S2). In our model, dissolution and pre-
cipitation of minerals are described by reversible reactions
with a linear or non-linear dependence on the saturation
state (TST-type). Thus, the dissolution and precipitation
of the minerals in the system follows:

Rðmol=m3=sÞ ¼ �Abulk � k 1� Q
Ksp

� �n1� �n2
ð7Þ

where A is the surface area, k is the rate constant and Q=Ksp

is the saturation index. In this simulation albite dissolution
only follows a linear dependence (n1 and n2 ¼ 1, where n1 is
the inverse of the Temkin coefficient) on the affinity term, as
the fluid is undersaturated with respect to albite
ðlogðQ=KeqÞ � �10Þ (Table 5 in Marty et al., 2015). Zhu
et al. (2020) suggested that albite dissolution can also be
represented with an irreversible linear rate law; and the



A. Perez-Fodich, L.A. Derry /Geochimica et Cosmochimica Acta 288 (2020) 199–213 205
approach here—given the degree of undersaturation
(Fig. 3)—provides the same results. For the purpose of
studying a formulation that agrees with Ge/Si observations
from natural systems, we had to make several assumptions
about the precipitation kinetics of kaolinite. For both the Si
and Ge end-members of kaolinite we use both linear-TST
(e.g. Carrollwebb and Walther, 1988; Carroll and
Walther, 1990; Ganor et al., 1995; Cama et al., 2002;
Marty et al., 2015) and non-linear-TST with n1 ¼ 0:5 for-
mulations for dissolution with a weaker dependence on
the affinity term (Nagy et al., 1991; Devidal et al., 1997;
Yang and Steefel, 2008) and assumed these are valid for
precipitation (Table 5 in Marty et al., 2015). Additionally,
we also compare these results with rate laws derived explic-
itly for kaolinite precipitation: the first is a the parametriza-
tion derived from experimental data (Nagy et al., 1991;
Yang and Steefel, 2008) by Marty et al. (2015) (their
Table 8) and the second is the experimental formulation
by Yang and Steefel (2008), which describes no back-
reaction close to equilibrium. The rate constants (kf ) used
here were obtained directly from Marty et al. (2015) or as
distributed with the CrunchFlow package for those from
Yang and Steefel (2008). These values are summarized in
Table 3, including details on rate-law parameters and sur-
face areas used for this modeling experiment. Abulk is
updated for each mineral in terms of their volume fraction,
molar volume and molar weight.

The solid-solution model for ðSi1�xGexÞ2Al2O5ðOHÞ4 is
represented in CrunchFlow as two different minerals with
end-member compositions with separate rate laws
(Druhan et al., 2013; Steefel et al., 2014):

GeRnet ¼ X 2
Ge

Gekf GeKsp

a2GeðOHÞ4a
2
Al3þ

a6
HþX 2

Ge

1
GeKsp

 !n1

� 1

" #
ð8Þ

SiRnet ¼ X 2
Si
Sikf SiKsp

a2SiðOHÞ4a
2
Al3þ

a6
HþX 2

Si

1
SiKsp

 !n1

� 1

" #
ð9Þ

where Gekf and Sikf are the precipitation (forward) rate con-

stants, GeKsp and
SiKsp the solubility constants, XGe ¼ x and
Table 3
Model parameters for the batch dissolution numerical experiments in C
(1)), Si-kaolinite (Eq. (3)) and Ge-kaolinite (Eq. (2)). Specific surface are
Specific surface area (SSA) can be multiplied by molar mass and volume fr
The rate constants from Marty et al. (2015) are regressed from experime
Kaolinite and Ge-kaolinite is provided to start precipitation with an init

Mineral logKsp V ASSA
a log kf n1

m3/m3 m2/g mol/m2/s

Albite 2.996a 0.3 0.0091 �11.89 –
Kaolinite 6.471a 10�8 0.64 �13.66 –

�12.94 0.5
�12.26 1.68
�13.47 2.07

Ge-kaolinite 3.073b 10�14 0.64 �13.96 –
�12.94 0.5
�12.26 1.68
�13.47 2.07

a Blanc et al. (2012).
b This study.
XSi ¼ 1� x are the mole fractions of Ge-kaolinite and
kaolinite respectively, an is the activity of the species n,
and n1 is the dependence on affinity. Note that to use
CrunchFlow’s solid-solution model (Eqs. 8 and 9) all rate
laws have to be assumed of the TST-type. The rates describ-
ing each mineral are coupled by the activity of each min-
eral—i.e. through the mole fraction term. Equilibrium
fractionation is directly implied by the different solubity
constants (Eq. (6)) and kinetic fractionation can be repre-
sented by a kinetic fractionation factor equal to the ratio
between the rate constants for the Ge and Si kaolinite

end-members: ak ¼ Gekf =Sikf . Eqs. 8 and 9 imply that re-
equilibration of the bulk solid and the fluid occurs; i.e.
the composition of the solid phase will affect the affinity
term (Q=Ksp) and both Ge and Si can continue to exchange
between the fluid and the solid despite reaching mineral sat-
uration for kaolinite—i.e. Rnet ¼ 0 (Druhan et al., 2013).
However, re-equilibration of Ge/Si ratios between fluid
and kaolinite in natural systems has not been shown to
occur to the same extent and at sufficiently fast rates as
observed for divalent cations in carbonates (Gabitov and
Watson, 2006; Gabitov et al., 2014) and sulfates (Putnis
et al., 1992; Prieto et al., 1997). This is given the progres-
sively more depleted values found in groundwater
(Aguirre, 2019) and the elevated Ge/Si ratios found in
kaolinite (Kurtz et al., 2002; Lugolobi et al., 2010;
Aguirre et al., 2017). Moreover, Evans and Derry (2002)
modeled Ge-Si partitioning in quartz precipitation as Ray-
leigh fractionation, suggesting that re-equilibration between
both phases does not take place. If re-equilibration does not
occur, the saturation states corrected by the ratio of the
equilibrium constants are equal for the Ge and Si end-
members (Steefel et al., 2014). This is equivalent to:

1
GeKsp

a2GeðOHÞ4a
2
Al3þ

a6
HþX 2

Ge

¼ 1
SiKsp

a2SiðOHÞ4a
2
Al3þ

a6
HþX 2

Si

ð10Þ

in which case the activity of Ge and Si in the solid-solution
does not affect the net rate and the rate controlling equation
can be re-written just in terms of the fluid Ge/Si ratio:
runchFlow. Equilibrium constants for the hydrolysis of albite (Eq.
a (SSA), volume fraction, rate constants and coefficients (Eq. (7)).
action and divided by the molar volume to obtain Abulk as in Eq. (7).
ntal data, see references therein. Note that the volume fraction for
ial Ge=Si ¼ 1 (lmol/mol).

n2 Rate-law Type Reference

– Linear TST Marty et al. (2015)
– Linear TST Marty et al. (2015)
– non-linear TST Yang and Steefel (2008)

0.06 Non-linear non-TST Marty et al. (2015)
�1.00 Non-linear non-TST Yang and Steefel (2008)

– Linear TST Marty et al. (2015)
– non-linear TST Yang and Steefel (2008)

0.06 Non-linear non-TST Marty et al. (2015)
�1.00 Non-linear non-TST Yang and Steefel (2008)
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GeRnet ¼ ðGe=SiÞ2fluidGekf GeKsp
Qkaolinite
GeKsp

� 1

� �
ð11Þ

using the substitution
aGeðOHÞ4
aSiðOHÞ4

¼ ðGe=SiÞfluid . Here, Qkaolinite is

the ion solubility product for Al2Si2O5ðOHÞ4, XSi � 1 and
for simplicity we used n1 ¼ 1.

This formulation is similar to the one obtained by
DePaolo (2011) by assuming an steady-state mineral sur-
face composition for Sr/Ca partitioning in calcite. It is
implied that Eq. (11) is only valid until the fluid becomes

saturated with respect to kaolinite—i.e. Qkaolinite ¼ SiKsp.
Equilibrium constants (Ksp) used for albite and kaolinite
are from the Thermoddem database (Table 3). For
Ge-kaolinite, the equilibrium constant was determined in
Section 2.1 for DGf

�ðGe�kaoliniteÞ ¼ �3130 kJ/mol, which

corresponds to an equilibrium fractionation coefficient

D0
Ge�Si ¼ 4� 10�4 (Fig. 2).

3.2. Equilibrium partitioning for a linear TST reaction rate

law

The batch simulations are constructed from a base

model for which D0
Ge�Si ¼ 4� 10�4, a linear TST precipita-

tion rate with no kinetic fractionation, no re-equilibration
(Eq. (11)) and with initial fluid composition in Table S2.
The simulation is run for 1–50 years to keep track of the
evolution of Ge/Si ratios in the fluid and in the newly pre-
cipitated mineral solid-solution. The batch reactor with ini-
tial ðGe=SiÞfluid ¼ 1 (lmol/mol) reacting with a Ge-albite

solid solution shows that Ge is preferentially incorporated
into kaolinite, while the fluid becomes depleted in Ge
(Fig. 4). The Ge/Si ratios in the fluid initially increase up
to 1.2 lmol/mol and decrease as precipitation of the solid
starts at � 10 days. The strong Ge/Si partitioning results
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Fig. 2. (a) Distribution coefficient D0
Ge�Si as a function of ðGe=SiÞfluid ra

ratios. (b) Partition coefficient D0
Ge�Si as a function of calculated Gibbs e
in an initial solid with high Ge/Si (� 60 lmol/mol) in this
period. As the reaction progresses Ge/Si ratios in the fluid
rapidly decrease to � 0:04 (lmol/mol); while the Ge/Si
ratio in kaolinite settles to � 5:2 lmol/mol after 1 year.
Steady-state is obtained after sufficiently long time—more
than 10 years— when the solid reaches at � 4:5 lmol/mol
(Fig. S1) and the fluid is at � 0:05 lmol/mol.

The predicted equilibrium ðGe=SiÞfluid ratios are lower

than most values measured from rivers (i.e. Mortlock and
Froelich, 1987). However, these are equivalent to values
obtained from groundwater in a granitic catchment show-
ing sufficiently long transit times (Aguirre, 2019). The mod-
eled equilibrium ðGe=SiÞkaolinite values are comparable to
those measured by many studies (Kurtz et al., 2002;
Lugolobi et al., 2010; Qi et al., 2019). Higher Ge/Si ratios
in the solids will result from higher initial concentrations
of Ge in the parent materials—e.g. basalts and other
igneous rocks with higher contents of hornblende and bio-
tite—and reacting fluids with higher Ge concentrations. We
have shown how kaolinite can produce fractionation of Ge
from fluids, however the timescales at which this process
occurs can depend on several intrinsic or extrinsic factors
in natural systems.
3.3. Discrepancy between riverine and predicted Ge/Si fluid

ratios

Ge/Si ratios from unpolluted rivers are usually higher
(� 0:35 lmol/mol, Mortlock and Froelich, 1987; Baronas
et al., 2018) than the predicted values from our equilibrium
fractionation batch reactor model. There are several expla-
nations for this discrepancy including extrinsic and intrinsic
factors to the secondary-clay precipitation system. First,
elemental concentrations in rivers often represent the
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nergy of formation for Ge-kaolinite.



Fig. 3. Saturation indexes for albite (dotted-line) and kaolinite
(solid-line) as a function of time during the base batch-reactor
model of plagioclase dissolution and kaolinite precipitation.
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mixing of several sources and water parcels with different
transit times and multiple pathways. Dissolution of primary
minerals phases with variable Ge/Si, colloidal transport,
dissolution of secondary clays and oxides and biogenic
cycling of Ge and Si can all impact Ge/Si ratios in soil
and waters in the vadose zone (e.g. Anders et al., 2003;
Derry et al., 2005; Cornelis et al., 2010; Lugolobi et al.,
2010; Aguirre et al., 2017; Ameijeiras-Marino et al.,
2018). This implies that the fraction of water carrying low
Ge/Si ratios representing secondary clay formation that is
supplied to streams will vary depending on hydrologic con-
ditions, resulting in time- and discharge-related variation in
stream Ge/Si ratios (Kurtz et al., 2011).
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Fig. 4. (a) Evolution of Ge/Si ratios in the fluid (lmol/mol) for the bat
Evolution of the bulk Ge/Si ratio in the precipitated kaolinite solid
timestep = 1 year are indicated in the figure. The inserts show the transie
much higher Ge/Si ratio.
On the other hand, intrinsic factors controlling kaolin-
ite—or other secondary clay—precipitation can also
explain to some degree the variability observed in natural
systems. For example the base model does not account
the effect of re-equilibration of the precipitated solid with
the fluid. Moreover, the nature of dissolution and precipita-
tion kinetics, including controlling rate laws and effective
surface areas, can play a strong influence in the transient
or ”short-term” behavior of Ge/Si ratios in fluids and
solids. The precipitation dynamics of kaolinite will likely
influence the function of Ge/Si ratios in the environment.
Both intrinsic (precipitation dynamics, kinetics and parti-
tioning coefficients) and extrinsic (pH, W/R ratios) factors
have direct control on the net precipitation rate of kaolin-
ite. In the next section we will discuss the effects of the re-
equilibration and kinetic rate law controls and their rele-
vance to observations from weathering systems including
soils and streams.

3.3.1. The effect of re-equilibration on Ge/Si ratios

The models above do not consider re-equilibration of
Ge/Si ratios between the fluid and the precipitated solid.
Trace element exchange at low temperatures has been
shown to occur in carbonates between Ca and other diva-
lent cations such as Sr (Gabitov and Watson, 2006;
Gabitov et al., 2014) or Cd (e.g. Prieto et al., 1997). This
phenomena has also been observed for Ra during re-
crystallization of barite (Curti et al., 2010). Thus, it is plau-
sible to consider that Ge and Si continue to exchange
between the fluid and the mineral at longer timescales in
pseudo-closed systems. When re-equilibration is allowed
in this batch model, the mineral mole fractions of Ge and
Si influence the affinity term and the precipitation of the
solid follows Eq. (8). The continuous exchange of Ge and
Si between the mineral solid-solution and the fluid results
in higher ðGe=SiÞfluid ratios that reach 0.44 lmol/mol, with

a more depleted solid at ðGe=SiÞsolid � 4:2 lmol/mol (Fig. 5)
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after 1 year of reaction. At steady-state (Fig. S2), the Ge/Si
ratios in the fluid and solid are considerably different
between the models with and without re-equilibration: after
50 years of reaction the fluid reaches a ðGe=SiÞfluid ¼
0:5 lmol/mol with ðGe=SiÞsolid ¼ 3:5 lmol/mol. Note here
that re-equilibration is calculated with respect to the bulk
solid, which probably overstimates the extent to which this
mechanism occurs (Druhan et al., 2013; Steefel et al., 2014).
Mineral zonation between Ge and Si from re-equilibration
in silicate minerals likely occurs, much like in the
Ca-carbonate and Ba-sulfate systems (Prieto, 2009; Prieto
et al., 2016). For example, Fernandez et al. (2019) showed
that Si-isotopes undergo re-equilibration in neoformed opal
crystals, but the depth-extent of this interaction is limited
by reaction rates, leading to a zoned crystal. Thus, we
hypothesize that re-equilibration of Ge/Si ratios in kaolin-
ite must occur, but this effect is rather limited given the slow
kinetics of kaolinite precipitation in surface environments
in comparison to carbonate or sulfate systems. Given the
substantially lower values found in groundwater and
springs (Aguirre, 2019) and the overall evidence of lower
ðGe=SiÞfluid < 0.35 lmol/mol from in unpolluted rivers

(Mortlock and Froelich, 1987; Baronas et al., 2018) it seems
that re-equilibration is a limited process during Ge/Si
partitioning, potentially analogous to that observed for Si
isotopes in amorphous silica precipitation experiments
(Fernandez et al., 2019).

3.3.2. Kaolinite precipitation rate controls the short-term Ge/

Si response in fluids

Since partitioning of Ge from a fluid is controlled by its
incorporation into secondary clays, the precipitation rate of
minerals like kaolinite will influence the speed at which Ge
is removed from the fluid. Therefore, when the kinetics of
precipitation are not efficient, Ge can build up in the fluid
before it starts to precipitate in (pseudo)-closed systems.
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Fig. 5. The effect of mineral and fluid re-equilibration on Ge/Si ratios. (a
Eq. (11) (dark blue dash-dot) and with re-equilibration with the bulk sol
ratios in the solid (solid lines), legend colors is the same as in (a). The Ge/
the figure for both cases. Inserts show the first 30 days. (For interpretation
to the web version of this article.)
There has been a long debate about discrepancies between
laboratory versus field measured weathering rates and often
field rates are 2–5 orders of magnitude slower than labora-
tory experiments (White and Brantley, 2003; Maher et al.,
2006). For the idealized system modeled here, kaolinite
supersaturation (Fig. 3) can have a strong effect on the pre-
cipitation rate. However, close-to-equilibrium systems can
be best described by a rate law with a non-linear depen-
dence on the reaction affinity term (Maher et al., 2009)
and/or by a non-TST rate law (Yang and Steefel, 2008).
We evaluated the effects of different rate formulations
(Table 3) including non-linear TST and non-TST formula-
tions (Figs. 6 and S3). The non-linear TST formulation
assumes the rate constant and n1 and n2 coefficients (Eq.
(7)) for kaolinite dissolution based on Yang and Steefel
(2008). We also used formulations derived exclusively for
precipitation: (1) The non-linear regressed parameters by
Marty et al. (2015)—which are in turn, based on the exper-
iments by Nagy et al. (1991),Devidal et al. (1997) and Yang
and Steefel (2008); and (2) the formulation derived directly
from the experiment by Yang and Steefel (2008). As we said
before, a limitation of CrunchFlow’s isotope block is that it
can only be used with reversible (TST) rate laws. This
means that for the non-TST numerical experiment, we have
assumed it behaves as TST, but we called it non-TST model
to identify this formulation consistently.

The non-linear and non-TST precipitation rate laws
imply that the precipitation kinetics are less dependant on
the reaction affinity, and thus, ðGe=SiÞfluid ratios can build

up before precipitation begins. Using the non-linear—and
non-TST—rate laws for the precipitation of kaolinite, Ge/
Si ratios in the fluid can reach above 0.8 lmol/mol after
one year (Figs. 6). The Ge/Si ratios in the solid show almost
no fractionation—ðGe=SiÞsolid � 1 lmol/mol—for the two
precipitation formulations; whereas the non-linear TST by
Yang and Steefel (2008) shows high ðGe=SiÞsolid above
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Fig. 6. (a) The effect of precipitation rate with a non-linear dependence on the affinity term for TST (Yang and Steefel, 2008; Marty et al.,
2015) and non-TST (Yang and Steefel, 2008) in Ge/Si fluid ratios at 1-year timescales (b) Evolution of Ge/Si ratios in the precipitated mineral
solid solution for the same rate laws. The Ge/Si ratios in the fluid and solid at time-step = 1 year are indicated in the figure for each rate-law.
Note that in (a) the result for the non-linear (Marty et al., 2015) formulation is nearly identical with the non-TST formulation of Yang and
Steefel (2008), so the two curves plot on top of one another. This is expected because the rate law by Marty et al. (2015) is a parametrization of
the data used by Nagy et al. (1991) and Yang and Steefel (2008).
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10 lmol/mol. This appears to be a delayed response com-
pared to the linear-TST rate law, i.e. high initial
ðGe=SiÞsolid ratios. At longer timescales (>50 years), the
non-linear TST rate formulation of Yang and Steefel
(2008) shows the expected partitioning behavior of Ge/Si
ratios between the fluid and kaolinite (Fig. S3), with Ge/
Si ratios within those predicted by the linear-TST. How-
ever, both precipitation non-linear and non-TST formula-
tions are too slow to show significant partitioning, and
thus, cannot reproduce the observations from weathering
systems (e.g. Froelich et al., 1992; Kurtz et al., 2002;
Lugolobi et al., 2010; Baronas et al., 2018).

Although the timescales of our batch-reaction models
are hypothetical, the fact is that Ge/Si fractionation during
secondary clay precipitation is observed in natural systems
governed by the timescale of water residence times
(Aguirre, 2019). Thus, we hypothesize that slow precipita-
tion dynamics cannot capture the behavior of Ge/Si parti-
tioning, as it would require disproportionately long water
residence times, even in systems dominated by large frac-
tions of these older water parcels (Rademacher et al.,
2005). Recent advances on the hydrology of natural systems
indicate that in most catchments and the whole critical zone
the fraction of water parcels older than 1 year is small,
according to models of water transit times distribution
and age tracer data (e.g. Jasechko et al., 2016; Benettin
et al., 2017; Sprenger et al., 2019). The apparent contradic-
tion between observed Ge/Si ratios in natural systems and
the ”slow-precipitation”models highlights the need of using
isotopic or trace element tracers in clay precipitation exper-
iments to better constrain precipitation mechanisms, an
approach that has shown promising results in close-to-
equilibrium dissolution experiments (Zhu et al., 2020).
4. CONCLUDING REMARKS

Our model results provide a consistent framework that
describes Ge-Si partitioning during chemical weathering,
represented here by plagioclase dissolution and kaolinite
precipitation. We have determined the Gibbs free energy
and solubility constant for a theoretical Ge-bearing kaolin-
ite (Ge-kaolinite) using an ideal solid-solution model and a
direct calculation from field-measured Ge/Si ratios found in
kaolinite and Ge-depleted groundwaters in equilibrium
with kaolinite. We also estimated Ge-kaolinite thermody-
namic properties using a parameterization approach that
rendered higher DG�

f and Ksp values which reversed the

fractionation sense, contradicting the evidence available
from field observations. This contradiction reflects the
inherent uncertainty in this method, but additional thermo-
dynamic data could resolve this issue. Although the actual
value of the germanium partitioning coefficient for kaolinite
and weathering fluids remains uncertain, we have provided
an estimated range for the distribution coefficient of

10�4 < D0
Ge�Si < 10�2 based on Ge/Si ratios measured in

kaolinites from several locations and in groundwaters that
have long residence times. This refines the partition coeffi-
cient determined by Froelich et al. (1992) based on overall
higher Ge/Si ratios in rivers and bulk soil data. Our results
provide a consistent framework that should be widely
applicable. Geochemical models and reactive transport
codes can use the Ge-kaolinite solubility constant derived
here directly, or use it to calculate the Ksp for specific Ge/
Si compositions based on the solid-solution model. Since
Ge/Si ratios have proven to be a unique tracer of the terres-
trial Si-cycle, our study stresses the need for future experi-
mental studies to synthesize Ge-bearing clays, such as
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Ge2Al2O5ðOHÞ4, for calorimetric studies, or to use natural
samples for aqueous solubility experiments (Gaboreau
et al., 2020) to further determine their thermodynamic
properties and get better constraints on the Ge-Si system.

Our Ge-Si solid solution model can be used to study the
effect of weathering in the global Si cycle. The batch disso-
lution and precipitation numerical experiments show how
mineral precipitation dynamics can influence the partition-
ing of Ge and Si in fluids and secondary minerals. These
models show that both precipitation rate laws for kaolinite,
as well as re-equilibration control the far-from-equilibrium
behavior of Ge/Si ratios at short to middle timescales.
Given the uncertainties in kaolinite precipitation dynamics
in natural systems, it remains to be explored what these
timescales might be. We suggest that further studies should
combine groundwater dating methods with Ge/Si ratios to
elucidate these answers.
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