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Abstract Equilibrium Si isotope fractionation factors
among orthosilicic acid (i.e.,H4SiO4(,q)), quartz and the
adsorption complexes of HySiO4(,q) on Fe(Ill)-oxyhydroxide
surface were calculated using the full-electron wave-function
quantum chemistry methods [i.e., B3LYP/6-311G(2df,p)]
with a new cluster-model-based treatment. Solvation effects
were carefully included in our calculations via water-droplet
method combined with implicit solvent models (e.g., PCM).
The results revealed that, if it is under equilibrium conditions,
heavy Si isotopes would be significantly enriched in quartz in
comparison to HySiOy4,q). However, most of the field obser-
vations suggested that quartz would have identical or even
depleted 5°°Si values compared to that of HySiOy4pq). To
explain this discrepancy between the equilibrium calculation
results and the field observations, the kinetic isotope effect
(KIE) associated with the formation of amorphous silica,
which usually is the precursor of crystalline quartz, was
investigated using quantum chemistry methods. The KIE
results showed that amorphous silica would be significantly
enriched in light Si isotopes during its formation. Our equi-
librium fractionation results, however, matched a special type
of quartz (i.e., Herkimer “diamond”) very well, due to its
nearly equilibrated precipitation condition. Opposite to the
case of precipitated quartz, a large equilibrium Si isotope
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fractionation (i.e., —3.0 %o) was found between the absorbed
bidentate Si surface complexes (i.e., 2C > Fe,0,Si(OH),) and
H4SiO4aq). This calculated equilibrium Si isotope fractiona-
tion factor largely differed from a previous experimental result
(ca. —1.08 %0). We found that the formation of transient or
temporary surface complexes [e.g., 'V > Fe,0Si(OH);] may
have accounted for the smaller net fractionation observed.
With the equilibrium and kinetic Si isotope fractionation
factors provided here, the distributions and changes of Si
isotope compositions in the Earth’s surface systems can be
better understood.

Keywords Si isotope - Equilibrium isotope
fractionation - Kinetic isotope fractionation - Adsorption
complexes - Fe(Ill)-oxyhydroxide - Quartz

1 Introduction

Silicon has a high crustal abundance, 27.72 %, which is
only second to that of oxygen (Clarke and Washington
1924) and extensively takes part in the material cycling of
spheres. Silicon has three stable isotope, **Si, *°Si and
0Si. Typically, the silicon isotope compositions of sam-
ples are expressed as the deviation (in terms of %o) of the
ratio of *°Si/**Si from the standard sample (NBS-28 or
Rose Quartz), noted as &°°Si {8°°Si = [(*SI/**Si)sumpic/
(°Si/*Si)sandara — 11) x 1000 %0}. Due to the recent
high precision of MC-ICP-MS (superior to 0.1 %o 5°°Si)
and its relatively large isotopic variations, 11.8 %o
(Opfergelt and Delmelle 2012), in Earth’s surface envi-
ronments, the Si isotope compositions in many of Earth’s
surface systems including soils, rivers, oceans, silicon-ac-
cumulating algae and high plants have been investigated
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(Basile-Doelsch et al. 2005; Ding et al. 2008, 2009; Georg
et al. 2007, 2009; Hughes et al. 2013; Ziegler et al. 2005a,
b). Comprehensive reviews of Si isotope geochemistry can
be found in Opfergelt and Delmelle (2012). In general,
river water and sea water have positive 8°°Si signals, but
ground water and secondary minerals have negative ones.

Previous studies suggested that the Si isotope distribution
in the Earth’s surface environments resulted from the prefer-
ential release of *Si during the mineral dissolution and the
preferential incorporation of 2*Si in the crystal lattices of
secondary minerals. In fact, although light Si isotopes will be
preferentially released during the dissolution, the left heavy Si
isotopes will also be released into the solution as the disso-
lution progresses. This can eventually cause the solution to
inherit the Si isotopic signals of the primary silicate minerals.
Ziegler et al. (2005a) conducted dissolution experiments on
basalt. The solution was initially expected to be enriched in
light Si isotopes, with the trace primary minerals having been
dissolved. The subsequent abrupt increase of 3*°Si in solution
substantiates the aforementioned diagnosis. Therefore, the
dissolution of primary silicate minerals probably does not
cause Si isotope fractionations.

Furthermore, minerals with stronger bonds are expected
to be enriched in heavy isotopes (e.g., Schauble 2004). In this
case, quartz has a shorter average Si—O bond length com-
pared to that of an aqueous H4;SiO,4 solution (1.610 vs.
1.639 10\, Hazen et al. 1989; Rastsvetaeva et al. 2009).
Therefore, quartz should be enriched with 308i when it is in
equilibrium with the solution, in contrast to the field obser-
vations. There must be some unknown processes to change
the Si isotope compositions of quartz.

In addition, adsorption-driven Si isotope fractionation is
another effect that has not been seriously investigated and may
have a big impact on the Si isotope distribution in the Earth’s
surface environments. Because Fe(Ill)-oxyhydroxide is
ubiquitous on the Earth’s surface as a scavenger, Delstanche
et al. (2009) studied the Si isotope fractionations during the
adsorption of monosilicic acid onto Fe(Ill)-oxyhydroxide
surfaces and revealed that 2*Si was preferentially adsorbed to
the surfaces and caused about —1.08 %o fractionation in terms
of *¥28Si. Silicon and germanium (Ge) have similar chemical
properties. In the solution, they are both 4-coordinated species
(e.g., H4SiO,4 and H4GeQO,). Li and Liu (2010) calculated the
equilibrium Ge isotope fractionation during adsorption onto
Fe(Ill)-oxyhydroxide surfaces and suggested a preferential
adsorption of light Ge isotope with a larger isotopic frac-
tionation (—1.7 %o) than what was reported for the Si isotopes
(Delstanche et al. 2009). According to Johnson et al. (2004), Si
isotopes have larger relative mass differences than Ge isotopes
do. It is reasonable to expect larger Si equilibrium isotopic
fractionation during the adsorption of H4SiO, on Fe(II)-
oxyhydroxide.
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In the present study, we calculated the equilibrium Si
isotope fractionation factors and the possible Si kinetic iso-
tope fractionation factors during the precipitation of quartz.
Meanwhile, to check the magnitude of equilibrium Si isotopic
fractionation between monosilicic acid and the adsorbed Si
surface complexes on Fe(Ill)-oxyhydroxide surface, first-
principle quantum chemistry methods were also carried out.

2 Theory and calculations
2.1 Bigeleisen and Mayer equation

Bigeleisen and Mayer (1947) and Urey (1947) established
the theoretical framework of isotope geochemistry by
providing the calculation method for the equilibrium con-
stant for the isotopic exchange reaction. The central idea is
about the calculation of the reduced partition function ratio
(RPFR) based on the harmonic frequencies of the inter-
ested compound and its rare isotope substituted isotopo-
logue. RPFR is defined as
RPFR — TTe(e)(Ll=e” |
- () (=) "

e

where u = hcw/kT, with h denoting the Plank constant; k,
the Boltzmann constant; T, the absolute temperature in
Kelvin; c, the velocity of light; and ®, the harmonic fre-
quencies in cm™'. Readers are referred to Schauble (2004)
and Liu et al. (2010) for the details of such calculation.

Given the RPFRs of a pair of compounds or minerals in
equilibrium, the isotopic fractionation factor o can be
derived from the ratio of their RPFRs (or f§ factors) if there
is only one isotope substituted:

RPFR, P,
o= = —
RPFR;  Ps

(2)

where A and B denote different compounds or minerals.
When only one isotope has been exchanged, the RPFR
equals to the f§ isotope fractionation factor.

2.2 Kinetic isotope effect

Herein, the dimerization of the H,SiO, molecules was
designed to mimic the formation of amorphous silica in the
Earth’s surface environments. There was a large kinetic
isotope effect (KI/E) in the dimerization processes and
therefore must be evaluated carefully. According to Bige-
leisen and Wolfsberg (1958), KIE is formulated as the ratio
of the rate constants of light and the heavy isotopes in the
formation of the transition state complex:

kL RPFRreact
KIE =2 = —_—_—rad
ku  RPFR, (3)
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where k; and ky are rate constants for light and heavy
isotopes, respectively, and RPFR,...; and RPFR,; are the
reduced partition function ratios for the reactant and the
transition state complex. In the calculation of RPFR,,, one
of the vibrational degrees of freedom along the path of
decomposition was missing from the vibrational partition
function (i.e., becomes 3n—7). Accordingly, RPFR;, is in
this form:

_ u? /
RV s i G Y R (4)
e A AU
#

where v[ is the imaginary frequency along the path of
decomposition.

RPFR

2.3 Calculation methods
2.3.1 Geometry optimization of crystalline quartz

In this study, the volume variable cluster model (VVCM)
method was employed in the geometry optimization and
frequency calculation (Liu 2013). This method is similar to
the one proposed by Rustad and co-workers (e.g., Rustad
et al. 2010), but modified to improve the isotope fraction-
ation predictions between the solids and solutions. Com-
pared to Rustad et al.”s method, the whole cluster model of
mineral now is freely optimized and the same theoretical
level is used for both the solid and the solution.

To describe it in detail, the cluster model is built from
three dimensional crystal structures established by X-ray
diffraction or neutron diffraction data. The interested atom
is located at the center of the cluster model. The dangling
bonds at the edges (cutting places) is neutralized by adding
virtual point charges. For example, if an O-Si bond is cut
and the Si atom is removed, several positive virtual charge
points will be used to substitute the Si. Their total charge
will equal the charge that the removed Si had used when
bonding with O (e.g., +1). Hundreds of virtual charge
points were placed by surrounding the cluster model this
way. Then, the cluster model’s volume and geometry can
be adjusted by changing the positions of the virtual charge
points to search for its energy minima. All geometry
optimization was implemented with the GAUSSIANO9
software package (Frisch et al. 2010). For the notoriously
soft silicate structures, due to the presence of large tetra-
hedral member rings, geometry optimization necessitated
the addition of extra polarization functions. Therefore, we
employed the hybrid DFT method at the B3LYP/6-
311G(2df) level to optimize the 3-dimensional structures of
silicate minerals (Becke 1993). As for the hydrogen-con-
taining minerals and orthosilicic acid solution, an extra set
of p functions was added to this level. Finally, among
cluster structures whose volumes were adjustable, the one

with the lowest energy after optimization was selected for
the RPFR calculation.

The variations of the calculated average Si—O bond
lengths by the VVCM method in comparison to the
experimental results are given in Table 4. Specifically, the
bond length errors compared to the experimental results are
less than 0.5 %, while the errors of the average bond angle
are less than 5 %, considerably better than other calcula-
tion methods, such as the pseudopotential based plane-
wave function DFT methods.

2.3.2 Solvation effect calculation

We used a hybrid “explicit plus implicit” solvent model to
simulate the solvation effects of aqueous species (e.g.,
orthosilicic acid) according to the suggestions from Rustad
et al. (2010), i.e. a continuum solvent model was built
outside the inner explicit solvent model. To construct the
inner explicit solvent model, we followed the “water-dro-
plet” method used in Liu and Tossell (2005) and Li et al.
(2009) to precisely evaluate the solvation effects. An
optimized initial cluster consisting of H4;SiO,4 and six water
molecules continued to be optimized with an extra six
water molecules until the RPFR converged to a certain
value. Frequency analyses were taken to confirm that final
structures of those “water-droplets” at least corresponded
to the local minima of the energy. To address the effect of
the different local configurations, four parallel simulations
with different configurations were designed. We used this
method to successfully evaluate the solvation effects in the
calculation of the B, Ge and Se isotope fractionation fac-
tors (e.g., Liu and Tossell 2005; Li et al. 2009; Li and Liu
2010, 2011). Finally, water-droplet clusters with twenty-
four H,O molecules embedded in PCM-simulated solution
were chosen to estimate the solvation effects of this study.

2.3.3 The structure of adsorbed Si complex on Fe(Ill)-
oxyhydroxide surface

The results of X-ray absorption fine structure spectroscopy
(XAFS) (Pokrovski et al. 2003) and ATR-IR Spectra
(Swedlund et al. 2010) both indicated that the H4;SiO,4
adsorbed on the Fe(Ill)-oxyhydroxide was corner-sharing
bidentate, i.e., °C > Fe>0,Si(OH),. In this study, we re-
built an edge-sharing Fe(IIl) octahedral dimer [Fe,(-
OH)2(H20)8]4Jr according to previous studies (Li and Liu
2010 and references therein) for its excellent predicting
abilities of the Ge isotopic fractionation during orthosilicic
acid adsorption on Fe(Ill)-oxyhydroxide surfaces. The
structure of this dominant edge-sharing Fe(II) octahedral
dimer was experimentally confirmed by Pokrovski et al.
(2003). The structure of the adsorbed Si surface complex is
shown in Fig. 1 and the ground state structure has been
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searched out. Comparisons of different spin multiplicity
energies optimized by two bases are listed in Table 1.

Finally, we chose a corner-sharing bidentate,
’C > Fe,0,Si(OH), with a multiplicity of eleven to
quantify the equilibrium Si isotopic fractionation factor
between the orthosilicic acid and the adsorbed Si surface
complex on the Fe(Ill)-oxyhydroxide.

3 Results
3.1 Determination of scaling factor

Due to the existence of anharmonicity in the experimental
fundamental frequencies, we determined the scaling factor
of the harmonic frequencies by comparing them with those
calculated at a much higher theoretical level, such as at the
B3LYP/aug-cc-PVTZ level. Table 2 shows the harmonic
frequency results of several important modes of H;SiO4
6H,0 at different theoretical levels. Since the central sili-
con atom hardly moves in symmetric stretching modes, the
corresponding harmonic frequencies usually do not change
after the Si isotopes substitution, which means symmetric
stretching modes will not contribute to the RPFR value.
Therefore, we chooe bending and antisymmetric stretching
vibrational frequencies to determine the scaling factor.
Cluster models using B3LYP/6-311G(2df,p) method can
successfully predict the mid range IR adsorption frequen-
cies, which are sensitive to the vibrational modes of Si. The
calculated results are comparable to Mclntosh et al. (2011)
experimental data (939 cm™ ! for antisymmetric v(SiO)
stretching mode and 787 cm™' for bending mode). Herein,
a method of minimizing root-mean-square error (RMSE)

Fig. 1 The optimal structure (S = 11) optimized by B3LYP/6-311G
(2df, p)

@ Springer

Table 1 The relative electronic energy differences among different
spin multiplicities of C> Fe,>0,Si(OH),

S=9 S=11 S =13 (kJ/mol)
B3LYP/6-311G(d) 71 kJ/mol 0 538
B3LYP/6-311G(2df, p) 60 kJ/mol O 554

was employed to find the best scaling factor fit (http://en.
wikipedia.org/wiki/Root-mean-square_deviation; ~ Wong
1996).

2
N 6-311G(2df p c—pVIZ
i(,l-wi (f>—coj'”g “ )

RMSE =
N

where X is the frequency scaling factor, @' P) s the

ith frequency calculated at B3LYP/6-311G(2df, p) level,
& PVTZ ig the ith frequency calculated at B3LYP/aug-
cc-pVTZ level and N is the number of normal vibrational
modes involved. Finally, a scaling factor of 0.98 was
obtained using this method.

3.2 RPFRs of aqueous H,SiO, solution

Table 3 shows the calculated RPFRs of the aqueous
H,SiO, of different methods. The fluctuation of RPFRs is
delineated as the consequence of varied solvation effects
due to the different amounts of water molecules added into
the outer coordination shell (Table 3). With the increase of
water molecules, the RPFR values eventually converged to
a certain value (Fig. 2). Also, the hybrid method showed its
effectiveness in simulating the solvation effects, evidenced
by the identical RPFR value with the result of the “water
droplet” method (i.e., 1.0718 vs. 1.0717) and the good
results in the geometry optimization and vibrational fre-
quency modeling (Tables 4, 5). Lastly, we used the average

RPFR value (1.0718) obtained by the “water-dro-
plet + PCM” method in later isotope fractionation
calculations.

3.3 Equilibrium Si isotope fractionation
between quartz and solution

Based on the calculated RPFRs, the Si isotope equilibrium
fractionation between the quartz and the orthosilicic acid
solution at ambient temperatures was not zero (Douthitt
1982) or a large negative value, —1.5 %o (Basile-Doelsch
et al. 2005), but a larger positive value about 3.3 %o at
298.15 K, as depicted in Fig. 3. The theoretical curve
matches the observed Si isotope fractionation of euhedral
quartz precipitated from the hydrothermal fluids (Dai et al.
2004, 2005; Douthitt 1982).
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Table 2 Bending and
antisymmetirc stretching
harmonic frequencies calculated
by different theoretical levels

Table 3 Calculated RPFRs of
aqueous H4SiOy4 of different
methods

. . —1
Bases Harmonic frequencies (cm™ ")

Bending modes

Antisymmetric stretching modes

B3LYP/6-311G(2df,p) (original) ~ 410.10  435.00  447.38  880.81 951.27 989.28
B3LYP/6-311G(2df,p) (0.98) 401.90 42630 43843  863.20 932.25 969.50
B3LYP/aug-cc-pVTZ 403.00  408.44  442.89  901.50 920.62 967.36

Clusters

RPFR* (298.15 K)

RPFR® (298.15 K)

Conformer_A_H;Si04-(H,0)¢
Conformer_B_H4Si04-(H,O)q
Conformer_C_H,4Si04-(H;0)¢
Conformer_D_H,SiO4-(H,0)¢

Average
Conformer_A_H;Si04-(H,0),,_C
Conformer_B_H4Si04-(H,0),_C
Conformer_C_H4Si04-(H,0);,_B
Conformer_D_H,;Si04-(H,0);,_B
Average
Conformer_A_H;Si04-(H,0),5_C
Conformer_B_H,;Si0,4-(H,0),5_B
Conformer_C_H,4Si04-(H,0),5_C
Conformer_D_H4Si04-(H,0),5_B
Average
Conformer_A_H;Si04-(H,0),4_C
Conformer_B_H4Si04-(H>0),4_B
Conformer_C_H4Si04-(H>0),4_C
Conformer_D_H,;SiO4-(H,0),4_B
Average

Preferred value
Conformer_A_H,;Si04-(H,0),4_C_PCM
Conformer_B_H4Si04-(H,0),4_B_PCM
Conformer_C_H4Si04-(H,0),4_C_PCM
Conformer_D_H;Si04-(H,0),4_B_PCM
Average

1.07446 1.07198
1.07438 1.07191
1.07456 1.07208
1.07429 1.07182
1.07442 1.07195
1.07351 1.07107
1.07401 1.07155
1.07394 1.07148
1.07385 1.07139
1.07383 1.07137
1.07428 1.07181
1.07416 1.07169
1.07368 1.07123
1.07447 1.07200
1.07415 1.07168
1.07405 1.07159
1.07394 1.07148
1.07420 1.07174
1.07429 1.07182
1.07412 1.07166
1.0741 1.0717
1.07173

1.07153

1.07201

1.07207

1.0718

The bold values are preferred ones

# Data were calculated at B3BLYP/6-311 g(2df, p) level

" Data were calculated at B3LYP/6-311 g(2df, p) level, with a scaling factor 0.98

3.4 KIE in the dimerization process of orthosilicic
acid

The stable reactant and product are depicted in Fig. 4. A
transition-state complex with a five-coordinated Si was
identified using the synchronization transition quasi-New-
ton searching methods (i.e., the QST3 method in Gaussian
09). Our previous study showed that either the polymer-
ization or the depolymerization processes of quartz would
be extremely difficult, even with the help of electrolytes
and H" or OH" ion (Zhang and Liu 2014). The activation
energy calculation here shows a higher energy barrier of

135 kJ/mol for the dimerization of H,SiO, molecules,
which is in agreement with previous works (Mclntosh
2012; Nangia and Garrison 2008; Zhang and Liu 2014)
(Fig. 4). Moreover, the calculated KIE value of 1.005
suggests that the light Si isotopes were enriched in the
transition-state complex, then in the product.

3.5 Si isotope fractionation during H;SiO4
adsorption on Fe(III)-oxyhydroxide surface

The optimized structures of aqueous 2C > Fe,0,Si(OH),
are shown in Fig. 5 and Table 4. Equilibrium Si isotope
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fractionations predicted by the models with two or four
water molecules are slightly different (Table 6). However,
their average results are the same. It means the change of
solvation effects will be small if there are already four
water molecules around the adsoption complex (Fig. 5).
Therefore, our Si equilibrium isotope fractionation results

1.0745

1.0744

1.0743 ¢

1.0742

1.0741

1.0740

1.0739 1

RPFR of orthosilicic acid solution

1.0738
6 12 18 24

Number of water molecules

Fig. 2 RPFR values of aqueous H4SiO, calculated at B3LYP/6-311G
(2df, p) level

should be close to the true value. The average 1000In(o) is
—3.0 %0, about three times of the value (—1.08 %) as
determined by Delstanche et al. (2009).

4 Discussion

4.1 Si isotope fractionation between quartz
and solution

The equilibrium Si isotope fractionation between the quartz
and the orthosilicic acid solution predicted here is largely
different from the field observations (e.g., Basile-Doelsch
et al. 2005; Heck et al. 2011; van den Boorn et al. 2010).
Because the average Si—O bond length in quartz is much
shorter than that in aqueous Hy;SiO, (i.e., 1.610 vs.
1.639 10\) (Hazen et al. 1989; Rastsvetaeva et al. 2009), the
equilibrium Si isotope fractionation between these two
compounds should not be as most of the field observations
suggested. The kinetic isotope effect during the formation
of quartz may be the cause of such offset.

Usually, an amorphous silica precursor is formed before
the formation of final crystalline quartz. In the above KIE

Table 4 Average Si—O bond

o ; Configurations
length of optimized H4SiO4

Aver. Sio—O bond
length (A)

Exp. Si-O bond
length;k (A)

solution, adsorbed Si surface
complexes and quartz

Quartz

Conformer_A_H,;SiO4-(H,0),4_C_PCM
Conformer_B_H,Si04-(H,0),4,_B_PCM
Conformer_C_H4Si04-(H,0),4_C_PCM
Conformer_D_H,;Si04-(H,0),4_B_PCM
Aver. Si—O bond length in H,SiO,4 solution
>Fe,0,Si(0H),(*C)-(H,0),_pcm_a
>Fe,0,Si(OH),(*C)-(H,0),_pcm_b
>Fe,0,8i(OH),(*C)-(H,0),_pcm_a
>Fe,0,8i1(0H),(*C)-(H,0),_pcm_b
Aver. Si—O bond length of bidentate
>Fe,08i(OH)3('V)-(H,0)s_a_pcm
>Fe,08i(OH)5('V)-(H,0)s_b_pcm
Aver. Si—O bond length of monodentate

1.637 -
1.638 -
1.635 -
1.635 -
1.636
1.638 -
1.640 -
1.637 -
1.640 -
1.639 -
1.634 -
1.639 -
1.637
1.610

Experimental data are from Hazen et al. (1989) and Rastsvetaeva et al. (2009)

Table 5 Comparison§ of . Configurations Antisymmetric v Symmetric v
modeled antisymmetric v (SiO) (Si0) (cmfl) (Si0) (cm*l)
stretching mode and symmetric
v (Si0) stretching mode with Conformer_A_H,Si0,-(H,0),,_C_PCM 942 781
Z‘if‘;ﬁ“lt)al data (McIntosh Conformer_B_H,Si04-(H,0),, B_PCM 938 776
Conformer_C_H4Si04-(H>0),4_C_PCM 930 792
Conformer_D_H,;Si0,4-(H,0),4B_PCM 928 781
Aver. 935 783
Exp. 939 787
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20T
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30Q; ()
A Slquanz-aqueous H4Si04 (/00)

0.0 * . * . * . * .
0 100 200 300 400
T (°C)

Fig. 3 Theoretical Si isotope equilibrium fractionation between
quartz and aqueous H;SiO, solution. Experimental data are from
Douthitt (1982) (star), Dai et al. (2004, 2005) (diamond). The curve is
the results of this study

®
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Fig. 4 The transition state complex and activation energy for Hy.
SiO4 + Hy4Si04 dimerization process, at B3LYP/6-311 + G(2df,p)
level and with solvation effects of PCM method

calculation, we find that the KIE associated with the for-
mation of a dimer of HySiOy, i.e., an amorphous silica
precursor analogue, can let its 3°°Si decrease about 5 %o at
room temperature, suggesting that the final crystalline
quartz can have very light Si isotope compositions, if it
inherits light Si isotope signals from its amorphous pre-
cursor. Note that the 5 %o enrichment of light Si isotope is
just for the KIE of a single-step polymerization process.
The field observations are the final results of multi-steps
and multi-causes. It is not reasonable to expect a perfect
match between them.

However, a special kind of quartz, the so-called Herki-
mer “diamond,” which is extremely pure, is thought to be
precipitated under an equilibrium condition. Okamoto and
Tsuchiya (2009) suggested that this kind of quartz must be
slowly grown in an upward fluid flow to form such a
special double-terminated crystal. This also implies a huge
solution reservoir for it (e.g., ruling out isotope reservoir
effect). The known Si isotopic composition of the

Herkimer diamond is very “heavy” and its 6°°Si value is
+1.4 %0 (Rose Quartz as standard sample), which is
+1.8 %o heavier than the coexisting hydrothermal fluid
(Douthitt, 1982). Our equilibrium fractionation result is in
good consistence with the result of this special type of
quartz (Fig. 2). Another line of evidence is that the veined
quartzes in the two coal seams precipitated from the low-
temperature hydrothermal fluids had positive a Si isotopic
composition: 5%°Si = +0.4 %o and +0.6 %o (Dai et al.,
2004, 2005). Their results are in line with our equilibrium
isotope fractionation calculation (Fig. 3). Therefore, if
quartz is precipitated at equilibrium or near equilibrium
conditions, its Si isotope signals will be close to our pre-
diction. Otherwise, the kinetic isotope effects in the
amorphous quartz formation processes play the role.

4.2 Si isotope fractionation during H;SiO,
adsorption on Fe(III)-oxyhydroxide surface

It is suspected that the equilibrium Si isotope fractionation
during the adsorption on Fe(Ill)-oxyhydroxide surfaces
determined by experiments possibly cannot represent the
equilibrium fractionation value. The experimental results
may be affected by the adsorption of instable Si-surface
complexes. To verify our speculation, the Si isotope frac-
tionation between aqueous monodentate 'V > Fe,08i(OH)s
(Fig. 6) and aqueous H,Si0, was carefully investigated. We
found a relatively smaller Si equilibrium isotope fractiona-
tion —1.1 %o (Table 7) compared to the stable bidentate
surface complexes. This much smaller fractionation matched
the experimental results very well. Therefore, the Si isotope
fractionation results obtained in Delstanche et al. (2009) and
Geilert et al. (2014) could possibly represent a result for
those transient Si isotope exchanges, where the adsorbed Si
complexes were only monodentates, instead of stable
bidentates. A longer experiment time is definitely needed to
clarify this issue in future.

5 Conclusion

The newly proposed VVCM method is used to calculate
several important equilibrium Si isotope fractionation
factors among quartz, adsorbed Si on Fe(III)-oxyhydroxide
surface and the H,SiO,4 solution at a decent theoretical
level [i.e., B3LYP/6-311G(2df,p)]. The quartz can be
enriched with heavier Si isotopes than the H4SiO,4 solution
if it is at equilibrium, up to 3.3 %o. Most of the field
observations, except euhedral quartz of hydrothermal ori-
gin, did not match our calculations for the equilibrium
conditions. On the contrary, our KIE calculation results
suggested that the light Si isotope enrichment of the field
observed quartz was caused by the large kinetic isotope
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Fig. 5 Optimized structures of aqueous 2C > Fe,0,Si(OH), at B3LYP/6-311G (2df, p) level

Table 6 Sili.COH eqlnhbrlum Absorbates RPFR (25 OC) ]OOOIH(u)absorbalc—solulion (%0)

isotope fractionation between

aqueous *C > Fe,0,Si(OH), >Fe,0,Si1(0H),(*C)-(H,0),_pcm_a 1.06900 —2.6

and H4SiO4 solution with two or . 26 _

four water molecules nearby >F6202SI(OH)2(2C) (H20)2_pcm_b 1.06815 34
>Fe,0,Si(OH),(“C)-(H,0)4_pcm_a 1.06881 —2.8
>Fe,0,Si(OH),(*C)-(H,0),_pcm_b 1.06842 —-32
Average 1.06860 -3.0

effect associated with the formation of amorphous quartz ~ determined and a large equilibrium Si isotope fractionation
precursor. Meanwhile, the stable absorption surface com- (~—3.0 %0) was found between the adsorbates and the
plexes of H4SiO4(.q) on Fe(IlD-oxyhydroxide surfaces were H4SiO,4 solution, which considerably differed from the
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Fig. 6 Optimized structures of aqueous v > Fe,OSi( OH); at B3ALYP/6-311G (2df, p) level
Table 7 RPFR Vall'leS and Absorbates RPFR (25 °C) 1000In(00)apsorbate-solution (%60)
silicon equilibrium isotope
fractionation between aqueous >Fe,08i(OH)3('V)-(H,0)s_a_pcm 1.07107 —0.7
S(\)’l;i:rfzosl(OH)»“ and HiSi0s e 08i(OH)s('V)-(H,0)s_b_pem 1.07022 ~15
Average 1.07065 —1.1

experimental results. Because the transient monodentate
adsorption complexes have a Si isotope fractionation very
close to the experimental results, we doubt that the
experiments were conducted in a quick way, so that the
stable bidentate adsorbates even did not have time to form.
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