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Introduction  

A fundamental understanding of the aqueous reactivity of silicate minerals is required to model a wide variety of 

(bio)geochemical processes occurring on the Earth’s surface. Upscaling mineral dissolution kinetics experiments to 

geological timescales has frequently been challenged by the observation that mineral dissolution rates decrease with 

time. A possible mechanism that may account for such a decrease is the formation of amorphous silica-rich surface 

layers (ASSLs), whose transport properties may control the reactivity of the underlying dissolving silicate. In a 

recent study[1], we combined the characterization of the temporal evolution of ASSL diffusivity, thickness, chemical 

composition, and density together with time-resolved measurements of the wollastonite face-specific dissolution rate 

as a function of crystallographic orientation to propose a conceptual framework for the formation and structural 

evolution of ASSLs as a function of the reaction progress. In the present contribution, we provide an overview of 

these characterizations, discuss the elementary mechanisms that may account for the spontaneous evolution of ASSL 

transport properties, and finally envision the implications for modeling the weathering rate of silicates. 

Materials and methods 

The crystallographic orientation of euhedral, cm-sized wollastonite single crystals from Wakefield (Quebec, Canada) 

was determined by electron backscatter diffraction (EBSD).  Four natural faces were selected for the dissolution 

experiments and subsequent surface characterization: (100), (010), (001), and (101). 

Oriented samples were cut, encapsulated in resin, and polished in ethanol. The dissolution experiments were carried 

out at room temperature in continuously stirred Teflon reactors at pH 2 or 4. The time-resolved dissolution rate was 

monitored based on the Ca and Si concentrations measured by ICP-AES. 

At the end of the experiments, the samples were immediately immersed without drying in a methylene blue solution 

(0.15 wt %) for 5 minutes. Methylene blue (MB) was used as a conservative tracer; its penetration into the porosity 

of the ASSL provides information about the latter’s diffusivity. Depth-profiling analyses were carried out by 

NanoSIMS, using the 32S-/28Si- ratio (hereafter referred to as “S/Si”) as a proxy for the MB penetration. 

Because NanoSIMS profiles do not provide a direct measure of the ASSL thickness, the samples that were prepared 

for NanoSIMS investigations were subsequently analyzed by SEM. The samples covered with thinner and/or poorly 

consolidated ASSLs were prepared by focused ion beam (FIB) milling and analyzed for chemical composition and 

thickness using transmission electron microscopy (TEM). 

A dozen of additional samples were prepared for in situ time-resolved X-ray reflectivity (XRR) experiments to 

evaluate the evolution of the thickness and density of the ASSLs that developed on the four selected faces. The 

measurements were performed at the European Synchrotron Radiation Facility (ESRF) at the French BM32 beamline 

(CRG-IF). The experiments started with the filling of the reaction cell with acidic solutions (pH = 2 or pH = 4). The 

obtained XRR patterns were fitted to match the scattering length density (SLD) profile across the direction 

perpendicular to the mineral/water interface. Refined parameters included the interfacial roughness, layer density, 

and layer thickness. Detailed methods can be found in [1]. 



Results and discussion 

Wollastonite dissolution was found to be non-stoichiometric, and the release of Ca decreases as a function of time. 

The initial face-specific dissolution rates show the following trend, independent of the pH: R(010) ≈ R(100) > R(101) > 

R(001). The elevated dissolution rate of the (010) face can be explained by the crystallographic bonding structure: the 

release of Si from the (010) face to the solution requires the cleavage of one Si-O-Si bond only, while it requires the 

(less likely) simultaneous cleavage of two Si-O-Si bonds on the (h0l) faces. Among the (h0l) faces, the low reactivity 

of the (001) face may be explained by the fact that screw dislocations with [010] or [100] Burgers vectors, which are 

primary drivers of the dissolution process, do not outcrop at the surface of the (001) face. 

The SEM and TEM observations revealed the formation of ASSLs on all samples. The ASSL thickness strongly 

depends on the face orientation (e.g., 40–70 nm for the ASSL covering the (001) face at pH 4 to 1–5 µm for the 

ASSL covering the (100) face at pH 4). 

The MB penetration was shown to be more pervasive for some faces (e.g. the (100) and (010) faces) than others. The 

estimated diffusion coefficients of MB into the ASSLs span over more than eight orders of magnitude and vary 

between ≥ 2.0×10-10 cm²/s for the most permissive to ≤ 7×10-18 cm²/s for the most passivating layers. The apparent 

MB diffusion coefficients in ASSLs have the following trend: Dapp
(010) ≥ Dapp

(100) > Dapp
(101) ≫ Dapp

(001). The trend is 

similar to that of the initial face-specific dissolution rates. 

The modeling of XRR patterns can be summarized as follows: The XRR patterns of the dissolving (010) face are 

satisfactorily fitted using a single layer with a constant and low electron density. The modeled density remains 

constant, while the thickness of the ASSL increases linearly with time. In contrast, the time-resolved XRR patterns 

measured for the dissolving (001) face can only be fitted by implementing a progressive temporal densification. 
Regarding the (100) and (101) faces, the fast roughening of the water/ASSL and ASSL/wollastonite interfaces 

prevents the determination of a unique set of parameters that could account for the evolution of the XRR patterns. 

Overall, the dissolution of the (010) face is only slightly affected by the formation of an ASSL with a low and 

constant density; the diffusivity is so high that it is only possible to determine a lower bound for the apparent 

diffusion coefficient of MB. In contrast, the reactivity of the (001) face is characterized by a low and decreasing 

dissolution rate and the development of thin and dense layers that hinder the transport of ions from and to the 

dissolving wollastonite surface. The properties of the layers developed on the other faces seem to be intermediate. 
Therefore, the densification of the ASSL appears to be a mechanism that can explain the low diffusivity measured by 

NanoSIMS, leading to the increasingly slow release rate of Ca that is ultimately controlled by the (much slower) 

dissolution of the passivating ASSL. 

A conceptual model to account for the densification of ASSLs relies on the intrinsic dissolution rate of the pristine 

faces: if Si is released from wollastonite at a very slow rate, the dissolved Si atom may have enough time to explore 

its local environment, forming and breaking bonds on the various reactive sites prior to be “trapped” at the most 

irreversible site. The expected final microstructure of the ASSL should consist of a thin, packed, and dense 

assemblage of silica, similar to the features observed for the ASSL formed on the slowest dissolving (001) face. In 

contrast, Si atoms released at a much faster rate may be trapped in a metastable configuration, so that the ultimate 

ASSL microstructure should be less dense, more porous, and less passivating. These latter features correspond to 

those observed for the dissolution of the (010) face. It therefore appears that ASSLs are not simply passivating or 

non-passivating. In fact, the diffusivity of ASSLs decreases with time, and a gradual switch from a non-passivating 

to a passivating texture of ASSL can occur. From a kinetic standpoint, this modification translates into: 

Rmin = kmin→ASSL(ξ).f(∆Gr,min→ASSL(ξ)) 

where kmin→ASSL(ξ) denotes the modification of the rate constant from kmin to kASSL as a function of the reaction 

progress (ξ), and ∆Gr,min→ASSL(ξ) accounts for the modification of the driving force of the reaction with ξ, which 

switches from ∆Gr,min to ∆Gr,ASSL. Therefore, accounting for the ASSL “maturation” appears essential for accurately 

modeling the dissolution rate of silicates over long durations.                  
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