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ABSTRACT
The mechanism of surface coating formation (the so-called surface altered layers [SALs] 

or leached layers) during weathering of silicate minerals is controversial and hinges on under-
standing the saturation state of the fluid at the dissolving mineral surface. Here we present 
in-situ data on the evolution of the interfacial fluid composition during dissolution of wol-
lastonite (CaSiO3), obtained using interferometry and micro pH and ion-selective electrodes. 
Steep concentration gradients develop at the mineral interface as soon as it makes contact 
with the solution. This interfacial fluid becomes supersaturated with respect to amorphous 
silica that forms a surface coating, limiting fluid access to the mineral surface and hence 
affecting the dissolution rate. The thickness of the supersaturated zone and the precipitated 
layer depends on the relative rates of mass transport and surface reaction in the system; this 
effect could contribute to the discrepancy between dissolution rates measured in the field and 
in the laboratory. As well, our results have implications for predictions of silicate weathering 
rates and hence climate evolution, as different assumptions on dissolution mechanisms affect 
calculations on CO2 drawdown during weathering and consequent effects on estimates of 
global mean temperatures.

INTRODUCTION
The observation that the dissolution of most 

silicate minerals is typically incongruent and 
results in the formation of silica-rich surface 
altered layers (SALs), also known as “leached” 
layers (Casey et al., 1993; Hellmann et al., 2003; 
Brantley, 2008; Daval et al., 2011), has created 
major problems in reconciling dissolution mod-
els and experimental data, and hence predictions 
of weathering rates in nature. There is still an 
open debate regarding the mechanism of SAL 
formation and its impact on the dissolution kinet-
ics of primary silicates and glasses (Ruiz-Agudo 
et al., 2012; Schott et al., 2012; Hellmann et al., 
2015). The traditionally accepted model sug-
gests that SALs form by the solid-state interdif-
fusion of protons from the solution and cations 
in the solid, i.e., a process of element exchange 
through an otherwise inert silicate structural 
framework (Casey et al., 1993). However, more 
recent experimental data challenge this model 
and support an interface-coupled dissolution-
precipitation (ICDP) mechanism as most prob-
able for SAL formation (Hellmann et al., 2003, 

2012; Ruiz-Agudo et al., 2012; Putnis, 2014). A 
common argument against an ICDP mechanism 
controlling SAL development was that the bulk 
solution remains undersaturated with respect 
to the phase forming the SAL (i.e., amorphous 
silica) (e.g., Brantley, 2008). The counterargu-
ment is that during weathering, dissolution of 
even a few monolayers of the parent surface 
may result in the fluid layer in contact with the 
mineral surface becoming supersaturated with 
respect to this secondary phase (Geisler et al., 
2010; Putnis, 2014). This mechanism does not 
require the bulk fluid to become supersaturated, 
but this has never been proven experimentally, 
thereby fueling the existing controversy on the 
mechanism of SAL formation.

To resolve this paradox, we have monitored 
the evolution of solution composition during 
the interaction of wollastonite (CaSiO3) with 
stagnant and flowing acidic aqueous solutions 
both qualitatively at a high spatial resolution 
using real-time Mach-Zehnder phase-shift inter-
ferometry and quantitatively using position-
sensitive pH and Ca-selective microelectrodes, 
to determine the saturation state of the fluid 
at the mineral surface. We have also used an 

18O-enriched solution as a tracer to test whether 
silica is released into solution prior to amor-
phous silica formation. Wollastonite has been 
traditionally considered as a model mineral that 
dissolves incongruently (e.g., Casey et al., 1993; 
Ruiz-Agudo et al., 2012; Schott et al., 2012). 
Low-pH conditions were selected to enable 
measurements in observable time.

METHODS
Batch and flow-through (0–2 mL min–1) 

wollastonite dissolution experiments were per-
formed at room temperature in open Teflon 
reactors (30 mL volume) under acidic condi-
tions (pH 1.5). Microelectrodes from Lazar 
Laboratories (Los Angeles, California, USA) 
were used for online measurement of pH and 
free calcium concentration, [Ca], at different 
distances (0–3.8 mm) from the mineral surface 
during dissolution experiments. From these data, 
the time evolution of the maximum saturation 
state of the solution with respect to wollaston-
ite and amorphous silica was calculated. After 
the experiments, wollastonite crystals were 
recovered and observed under a field emission 
scanning electron microscope (FESEM; Zeiss 
Supra 40VP) equipped with EDS microanaly-
sis. A Mach-Zehnder phase-shift inter ferome-
ter was employed for in situ high-resolution 
qualitative analysis of solution concentration 
variations during similar dissolution experi-
ments. This technique allows measurement of 
the refractive index of the solution, which is 
proportional to its concentration in a particular 
solute. Finally, batch isotopic tracer experiments 
during wollastonite reaction in acidic solutions 
were run at 90 °C for 3 days in 0.1 M HCl solu-
tions. Two experiments, one with water enriched 
in 18O (67 at% 18O) and one with natural 18O 
concentrations, were run in parallel to exam-
ine the 18O uptake into the amorphous silica. 
After the experiments, dry wollastonite grains 
were embedded in epoxy and cross-sectioned *E-mail: encaruiz@ ugr .es
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for SEM and Raman spectroscopic measure-
ments using a Horiba Scientific LabRam HR800 
confocal micro-Raman spectrometer. Further 
experimental details are provided in the GSA 
Data Repository1.

RESULTS AND DISCUSSION
Phase-shift interferometry data and pH and 

Ca-selective microelectrode measurements 
(Figs. 1 and 2; Fig. DR1a in the Data Reposi-
tory) demonstrate that during wollastonite dis-
solution, large compositional gradients (between 
1.2 and 3 mm in thickness) that evolve during 
the dissolution process are established between 
fluid at the mineral surface and bulk acidic solu-
tions (pH 1.5) in contact with the mineral. Inter-
estingly, while in batch reactor experiments the 
gradient increases continuously over time, in 
flow-through experiments the gradients display 
periodic variations pointing to time-dependent 

changes in dissolution rates, consistent with pub-
lished results (Ruiz-Agudo et al., 2012). Contour 
maps in Figures 2A and 2B and in Figures DR1a 
and DR1b depict the time-dependent evolution 
of pH and [Ca] as a function of distance from the 
mineral surface. It can be seen that (1) indepen-
dent of distance from the mineral-fluid interface, 
[Ca] decreases with reaction time, and (2) [Ca] 
is highest at the mineral surface. Our previous 
in situ atomic force microscopy observations 
(Ruiz-Agudo et al., 2012) strongly suggest con-
gruent dissolution of wollastonite, and thus the 
initial gradient in [Ca] measured here should 
also reflect the initial Si concentration gradi-
ent. In this study, the formation of etch pits was 
accompanied by the precipitation of a new phase 
on the wollastonite surface. This observation 
demonstrates that silicate dissolution may be 
transport controlled even though etch pits form 
on the dissolving surface.

Raman spectra of the SALs confirm that the 
precipitate is amorphous silica (Fig. 3), charac-
terized by an intense band at 485 cm–1 (D1 band) 
(Fig. 3B) that reflects the stretching modes of 
four-membered silicate rings in amorphous SiO2. 
All locations within the rim produced during 
the 18O-enriched experiments showed a 10 
cm–1 red shift in the D1 peak in comparison to 
the 16O-rich experiment, which was confirmed 
by the same shift of the SiO4–SiO4 peak (Fig. 
3B). This shift is consistent with 18O incorpo-
ration into the amorphous silica structure. By 

assuming a simple linear relationship between 
the 18O content and frequency shift we calculate 
that the observed shift is caused by ~34 at% 
18O within the amorphous silica structure. Such 
high 18O enrichment in the SALs is not consis-
tent with a model involving isotopic exchange 
between water and silanol and siloxane groups 
of SALs that formed by solid-state reconstruc-
tion of a Ca-leached wollastonite network 
(Westrich et al., 1989). Hydroxylation of the 
silica chain during dissolution will lead to an 
O atom from the water being incorporated into 
each silica unit. Based on the original solution 
enrichment of 67 at%, the hydroxylation should 
thus enrich the silica by 17 at%. Therefore the 
calculated enrichment indicates that silica was 
also released into solution where it was free to 
exchange O atoms with the surrounding water 
molecules (King et al., 2011).

Our calculations indicate that in the initial 
stages of the reaction in an unstirred solution, 
only the solution at the mineral-fluid interface 
(up to ~1.8 mm from the mineral surface) is 
supersaturated with respect to amorphous silica 
(Fig. 2D; Fig. DR2), confirming that its precipi-
tation within this fluid layer is thermodynami-
cally possible and likely, as the nucleation  barrier 
for amorphous silica nucleation is very low. In 
fact, FESEM-EDS analyses show a porous, 
homogeneous Si-rich coating on all surfaces of 
weathered wollastonite crystals (Fig. 3D). For 
flow-through experiments (1 mL min–1), our 

1GSA Data Repository item 2016188, materials 
and methods, and effect of surface-altered layers on 
modeling of global temperature and atmospheric CO2, 
is available online at www .geosociety .org /pubs /ft2016 
.htm, or on request from editing@ geosociety .org or 
Documents Secretary, GSA, P.O. Box 9140, Boulder, 
CO 80301, USA.
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Figure 1. Real-time Mach-Zehnder phase-
shift interferometry analysis of wollastonite 
(CaSiO3) dissolution. A: X-Y image of wol-
lastonite crystal and interference fringes in 
acidic aqueous solution (pH 1.5, HCl). B,C: 
Contour maps showing time evolution of 
solution refractive index in u (units) as func-
tion of distance from mineral surface, along 
profile shown by green line in A, for stagnant 
and flowing solution, respectively.

Figure 2. Contour maps showing time evolution of solution free Ca2+ concentration ([Ca]) (A), pH 
(B), and saturation index (SI) with respect to wollastonite (CaSiO3) (C) and amorphous (am) silica 
(D) during wollastonite batch dissolution experiments in acidic aqueous solution (pH 1.5, HCl).
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calculations indicate that the solution remains 
undersaturated with respect to amorphous silica 
at any reaction time and distance from the sur-
face (Fig. DR1d), and hence an amorphous silica 
layer would not form. This is consistent with 
FESEM observations showing intensive disso-
lution on {100} surfaces via the formation of 
wide pits with sharp “sawtooth” margins (Fig. 
3C) similar to those observed following pyrox-
ene and amphibole weathering under reaction-
controlled kinetics (Berner et al., 1980). This 
provides an explanation for observations that 
in mixed-flow reactor experiments, dissolution 
of wollastonite at acidic pH was congruent and 
SALs did not form (Rimstidt and Dove, 1986).

Our data thus suggest that apparent incongru-
ent dissolution arises when a concentration gra-
dient develops at the mineral interface, allowing 
supersaturation with respect to the precipitating 
phase to be reached. This ultimately depends on 
the relative rates of mass transport and surface 
reaction in the system, and compositional gra-
dients are generally achieved when the dissolu-
tion rate is fast relative to diffusion of dissolved 
species into the bulk solution. Under conditions 
of low flow rate–to–solid mass ratio, SALs are 
thus more likely to develop. Additionally, in our 
batch experiments the solution remains highly 
undersaturated with respect to wollastonite after 

6500 s of reaction, despite the fact that [Ca] 
and pH values seem to have reached steady 
values (Fig. 2). This is interpreted to be due to 
progressive coverage of the dissolving wollas-
tonite surface by the SAL (Schott et al., 2012), 
which isolates the unreacted wollastonite sur-
face from “free” fluid. Within the pore system of 
the SAL, diffusivities are expected to be signifi-
cantly reduced with respect to the bulk aqueous 
medium (Daval et al., 2015).

In summary, we propose an ICDP mecha-
nism (Putnis, 2009)—initially controlled by the 
establishment of a steep compositional gradient 
at the mineral fluid-interface, and in later stages 
governed by solute transport through the fluid 
within the SAL (e.g., Geisler et al., 2015)—as a 
model for SAL formation. Initially, the diffusion 
length scale within the SAL is so short that the 
system is close to surface reaction (stoichiomet-
ric dissolution) control. With the development of 
the SAL, solute transport becomes slower due to 
an increase in the thickness of the SAL, result-
ing in a decrease in the overall weathering rate. 
Steep concentration gradients can initially result 
when dissolution takes place far from equilib-
rium at low-pH conditions and/or at low fluid 
flow rates. Thus thicker silica SALs can form 
in batch experiments and under acidic condi-
tions compared to those formed in flow-through 

experiments and under circum-neutral condi-
tions (Brantley, 2008; Daval et al., 2009). During 
natural weathering, the ratio of effective sur-
face area to fluid flow rate is commonly lower 
than in laboratory experiments (Velbel, 1993), 
which could explain the common occurrence 
of SALs on naturally weathered silicates (e.g., 
Nugent et al., 1998; Zhu et al., 2006; Nesbitt 
and Muir, 1988; Banfield and Eggleton, 1990). 
This would contribute to the apparent discrep-
ancy between weathering rates measured in the 
laboratory compared to those in nature (Velbel, 
1993; Nugent et al., 1998; Zhu et al., 2006).

Chemical weathering and SAL formation 
under acidic conditions similar to those used in 
this study take place in many terrestrial environ-
ments, including geological CO2 capture and 
storage, acid mine drainage, hydrothermal vol-
canic terrains, or acidic soils (Hellmann et al., 
2012). Additionally, SALs can form on naturally 
weathered minerals under a wide range of pH 
values (Nugent et al., 1998; Zhu et al., 2006; 
Nesbitt and Muir, 1988; Banfield and Eggle-
ton, 1990) but are thinner at neutral to basic pH 
(Hellmann et al., 2012). Thin layers may also 
eventually show “passivating” effects with the 
progression of the weathering reaction, due to 
changes in the compactness of the SAL or its 
tortuosity. In this respect, Daval et al. (2015) 
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Figure 3. A: Backscattered electron image of cross-section through wollastonite (CaSiO3) crystal reacted with 0.1 M HCl at 90 °C for 3 d. 
Center corresponds to unreacted wollastonite core, while darker rim corresponds to amorphous silica layer. B: Raman spectra of amorphous 
silica rim formed in 18O-rich (red) and 16O-rich (black) 0.1 M solution. Δω shows the shift in the 485 cm–1 (D1) band. C,D: Secondary electron 
images of weathered wollastonite surfaces showing crystals dissolved in solution at pH 1.5 and flow rate 2.5 mL min–1 (C) and 0 mL min–1 (D).
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have shown that diffusivity within SALs formed 
on wollastonite decreases with dissolution time. 
Finally, experimental studies on the dissolu-
tion of minerals such as forsterite have also 
reported low activation energy values (Brady, 
1991), suggesting transport-controlled  kinetics 
in these cases as well. We thus propose that 
our model applies to silicate weathering under 
most physicochemical conditions prevailing on 
Earth’s surface.

IMPLICATIONS
The dependence of SAL formation on flow 

rate can be easily explained considering ICDP 
but would be difficult to predict if SALs were 
formed by a solid-state interdiffusion process. 
Moreover, solid-state reactions are much slower 
than dissolution-precipitation reactions, and 
thus different rate laws should be considered 
when modeling silicate weathering. The fact 
that SALs do represent a diffusional barrier has 
to be taken into account when considering the 
rate-controlling step during silicate weathering 
(surface reaction versus transport) for climate 
modeling purposes. These findings open new 
ways to better understand the complex interplay 
between geochemical processes and Earth’s cli-
mate evolution over geologic time. In particular, 
we propose that under high-pCO2 and high-tem-
perature conditions, enhanced vertical drainage 
associated with a warmer climate should favor 
reaction-controlled silicate weathering (i.e., 
absence of SALs) and rapid CO2 drawdown. 
Conversely, as CO2 drawdown progresses after a 
greenhouse event, the lower pCO2 and tempera-
ture and associated lower runoff and plant pro-
ductivity should foster the development of SALs 
(i.e., transport-controlled kinetics), dampening 
the negative feedback between chemical weath-
ering, pCO2 and Earth’s global temperature.

Finally, quantitative extrapolation of labora-
tory rates to natural systems is not straight-
forward, mostly due to differences in the rate- 
limiting processes controlling weathering. Under 
fast fluid flow rates, dissolution may be rate lim-
ited by the interfacial reaction, thereby displaying 
a relatively high activation energy, Ea, while lower 
flow rates or stagnant solutions may result in SAL 
formation where dissolution is rate limited by 
transport, thus showing a low Ea. When low Ea 
is input into existing models that calculate paleo-
temperature and atmospheric CO2 levels, the 
result is higher CO2 levels and warmer tempera-
tures than those estimated by assuming higher Ea 
determined in congruent dissolution experiments 
(Brady, 1991; see the Data Repository).
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