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Abstract 

 

Although quartz is a stable mineral at Earth surface conditions, field samples have shown its rapid 

dissolution in combination with the precipitation of Mg-silicate phases. Atomic force microscopy (AFM) 

experiments were performed to investigate the dissolution of quartz and the precipitation of secondary 

phases in high-pH, Mg-rich solutions both in-situ and ex-situ. Experiments were conducted at room 

temperature with varying MgCl2 or MgSO4 concentrations (0.1-100 mM), pH (8.9-12) and ionic strength 

(<1-530 mM). The results suggest that quartz dissolves by the removal of nanoparticles on the time scale 

of minutes, and that a nm-scale gel-like layer of amorphous silica forms on the quartz surface and is 

thicker at higher pH. During the in-situ experiments, soft and poorly attached precipitates form on the 

surface when the Mg concentration is high (100 mM). After 20 hours in a high-pH, Mg-rich solution, 

solid Mg-rich precipitates can be observed at places on the surface where the gel-like silica layer is 

present, predominantly near surface edges where dissolution is enhanced. This suggests a coupling 

between the dissolution of quartz, that resulted in the gel-like layer, and the formation of secondary 

phases, indicating an interface-coupled dissolution-precipitation mechanism. The precipitates could not be 
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precisely identified but evidence suggests they are likely to be amorphous Mg-silicate phases.  Such a 

coupled reaction may provide a pathway for Mg-Si phase formation suitable as a new environmentally 

friendly cement. 

 

1. Introduction 

 

Quartz is known as one of the most stable minerals at Earth-surface conditions, and thus 

relatively resistant to chemical weathering. The dissolution rate of quartz has been established with 

extensive laboratory experiments1–5 and rate equations are proposed based on those results.6,7 Hence, it is 

well known that with an increase in pH the dissolution rate of quartz increases rapidly, especially when it 

rises above pH 10. Moreover, the presence of alkaline cations is known to enhance the dissolution rate of 

quartz.8,9 The experimentally obtained data on quartz dissolution do, however, not correspond to the 

recently described abnormally fast dissolution of quartz within natural rocks that have been weathered at 

high pH and Mg-rich conditions at the surface.10 Controversially, that means that the rates obtained from 

the field are faster than the rates obtained from laboratory experiments. For other silicate minerals such as 

feldspar, a discrepancy between laboratory and field results has widely been observed, where the 

laboratory results almost always indicate higher rates.11–17 In recent studies on the weathering of different 

silicate minerals, it has been suggested that interface-coupled dissolution-precipitation processes, leading 

to the formation of amorphous or crystalline products, are involved in the weathering process and greatly 

influence the dissolution rate.17–21 These results emphasise the formation of a fluid-mineral boundary 

layer, whose composition differs from the bulk solution and effectively controls the coupling of the 

dissolution and precipitation mechanism. Laboratory experiments to determine dissolution rates have 

traditionally been conducted using flow-through solution conditions to reach a steady state element 

release,22 whereas in nature, solutions are often relatively stagnant.19 In nature limited fluid flow is 

proposed to slow down the weathering process through the formation of a surface layer that inhibits 

further surface reaction,21,23 and is therefore likely to be involved in the discrepancy between dissolution 
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rates obtained from experiments and from field samples. Nanoscale analyses have also identified an 

amorphous layer around weathered quartz in field samples,24 that might act as a precursor for a secondary 

silicate phase.10 This secondary transformation possibly results in the removal of the amorphous layer 

hence enabling further dissolution of the underlying quartz, which may explain a higher field dissolution 

rate despite the initial formation of an amorphous layer. In this study, we aim to investigate the interplay 

between the dissolution of quartz and the formation of amorphous silica and the possibility of the 

formation of other secondary phases. To achieve this, we conducted atomic force microscopy (AFM) 

experiments at ambient conditions that allow us to observe dissolution and precipitation features in-situ 

on the nanoscale, from time sequences of images of the reaction progress. We used natural pure quartz to 

conduct the experiments with high-pH solutions to enhance the dissolution rate, and a high Mg 

concentration to promote the precipitation of a secondary Mg-phase.  

High-pH, Mg-rich solutions occur in nature at ultramafic massifs due to the weathering of 

serpentinite which is typically associated with the dissolution of brucite, Mg(OH)2.25,26 In the specific 

example of the Feragen Ultramafic Body in SE Norway, quartz is present within glacial deposits that 

partly cover the serpentinized ultramafic rock, leading to the replacement of the quartz by a 

nanocrystalline hydrous Mg-silicate phase.10 This resulting phase formed from a reaction between 

dissolved brucite and quartz, has cementing properties and is in fact similar to man-made magnesium 

silicate hydrate cement, also known as M-S-H cement. An understanding of conditions leading to fast 

quartz dissolution and the replacement of quartz by amorphous silica and eventually hydrous Mg-silicate 

may be beneficial for the further development of M-S-H. Mg-based cements have been suggested as 

environmentally friendly cements with a much lower CO2 footprint than the widely used Portland 

cement.27 As the cement industry accounts for about 8% of the total anthropogenic CO2 emissions,28 and 

is therefore one of the largest sources of atmospheric CO2, there is an urgent need to find alternative 

cements.29,30 M-S-H cement is a potential low CO2 cement that is furthermore of interest for the 

encapsulation of nuclear waste due to its relatively low pH, that is, for example, beneficial for Al-

containing waste which causes corrosion problems when encapsulated in regular high-pH cements.31,32 
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However, M-S-H has not been produced on a large scale since substantial knowledge about the material is 

lacking and reactive Si-sources are thought to be too expensive. Using a geomimetic approach, we 

explore the formation of M-S-H from quartz (an abundant mineral), which may provide new insights from 

which the development of M-S-H could benefit.   

 

2. Experimental section 

 

2.1 Quartz sample and solution preparation for atomic force microscopy 

 

A natural transparent pure quartz crystal (from the mineral collection in the Institut für 

Mineralogie, University of Münster, Germany) was cut into squares of 3 x 3 x 1 mm with the 3 x 3 mm 

surfaces normal to the c-axis. These surfaces were polished with diamond paste until they were flat on a 

nm scale and appeared mirror-like to the naked eye. The in-situ experiments were performed in a fluid 

cell of a Bruker (originally Digital Instruments) Nanoscope III Multimode AFM working in contact mode 

at ambient temperature (22 ± 1 °C) using AFM tips (Bruker, tip model NP-S10) of silicon nitride with a 

gold coating. Fluid could be injected into the cell through a tube connected to a syringe on one side and 

flowed out through an outlet tube connected to the cell. The composition of the inflow solution is known, 

and the outflow could be measured later. The quartz surfaces were fixed on to a TeflonTM sample holder 

with non-reactive conductive carbon cement.  

The experimental solutions were prepared directly before the experiments from freshly prepared 

MgCl2, MgSO4, NaOH and NaCl solutions using reagent-grade salts (Sigma Aldrich) and deionized water 

(resistivity >18 mΩ cm−1). Either MgCl2 or MgSO4 was used as the Mg-source, NaCl was used in some 

solutions to control the ionic strength and NaOH was used to control the pH. All solutions had an MgCl2 

or MgSO4 and NaOH concentration on or below the solubility line of brucite to avoid its precipitation 

(Supporting Information Figure S-1). In total, 13 in-situ experiments were performed of which: 4 had 
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changing solution composition; 3 had one solution composition during the whole experiment; and 6 

initially had a high-pH solution (only NaOH + H2O) that was followed by a high-pH, Mg-rich solution 

(Table 1). Before the start of each experiment, an area of the surface was scanned in air. Subsequently, 

deionized water was injected into the fluid cell to clean the surface and adjust the AFM operating 

parameters. The fluid cell has a total volume of 50 μl (~40 μl with the crystal in place) and during most 

experiments, 2 ml of the solution were injected with a syringe after each scan (lasting ~70 s) giving an 

effective flow rate of approximately 100 ml h-1. After initial sequential scans of approximately half an 

hour, the AFM tip was lifted out of contact with the surface and the fluid kept stagnant to observe the 

dissolution process after approximately 30 min or 1 hour without the influence of the scanning tip. The 

area scanned with the AFM tip was typically 3 x 3, 5 x 5 or 10 x 10 μm. Occasionally smaller scan areas 

were chosen (2 x 2 or 1 x 1 μm) for closer observations. New scanning areas were frequently chosen since 

continuous scanning of one area influenced the soft material that formed on the surface. The obtained 

images were analysed with Bruker NanoScope Analysis software (version 1.50). 

After each in-situ experiment, the quartz surface was removed and placed in a sealed plastic 

beaker with approximately 25 ml of the corresponding experimental solution. After 20 or 40 hours, the 

surfaces were recovered from the solution and carefully dried by placing filter paper in contact with the 

edge of the surface, in order to remove the surface drop of solution by capillarity as quickly as possible 

and hence avoiding precipitate formation due to evaporation. The surface was then examined ex-situ with 

the AFM in air.  

 

2.2. Scanning electron microscopy 

 

After the experiments, scanning electron microscopy (SEM) in both secondary electron (SE) and 

back-scatter electron (BSE) modes were performed to image the surfaces and the precipitates and to 

perform chemical analysis with energy-dispersive X-ray spectroscopy (EDX), using a Hitachi SU5000 

FESEM. A low acceleration voltage (8-10 kV) was used to perform EDX on the precipitates to lower the 
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interaction volume and subsequently limit the influence of the underlying quartz surface. The samples 

were coated with carbon before analysis.  

 

2.3. Raman Spectroscopy 

 

After the AFM experiments, Raman spectroscopy was used in an attempt to analyse reaction 

products. A WITec Alpha 300R confocal Raman spectrometer operating with the 488 nm line of a Nd-

YAG laser was used to collect Raman spectra at the sample surfaces using a 50x magnification optical lens 

(numerical aperture: 0.8). This set up is expected to produce a depth penetration of ~1 µm. To observe the 

surface, depth scans through the surface plane were taken with a 1 µm step size in Z and 2 µm in x. A 

grating of 600 grooves/mm was used to maximize the intensity of the backscattered Raman signal and to 

allow the entire spectrum, from 150 to 3700 cm-1, to be obtained during a single measurement.  An 

integration time of 20 seconds was used during the maps. Single spectra with improved signal to noise ratio 

in comparison to the depth scans were taken at the sample surface 20 times using a counting time of 5 

seconds and averaged.  Background removal and peak fitting to identify any additional contributions from 

amorphous silica-rich phases was conducted using the WITec Project Plus software (version 4.0). 

 

2.4. Geochemical modelling 

 

The hydro-geochemical software PHREEQC (version 3.4.0-12927)33 was used to calculate the 

chemical speciation of the initial solutions used in the AFM experiments as well as to simulate the reactions 

with quartz and assess the saturation state of the solutions with respect to possible precipitates. All 

calculations were done using the llnl.dat database. 
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3. Results and discussion 

 

3.1. In-situ AFM observations of quartz in water at high pH  

 

Observations in air show that before the quartz surface is in contact with water, it is smooth and 

only reveals randomly-placed transverse scratches (average depth 1 nm) that originate from sample 

preparation (Figure 1a). The scratches are thin and sharp and therefore clearly visible. When deionized 

water comes in contact with the surface, the surface exhibits rounded forms and the scratches are less 

distinct, indicating surface structural rearrangements (Figure 1b). The rounded surface features consist of 

small mounds with a diameter of 50 to 150 nm and a height of about 1 nm. This change occurs 

immediately on contact with water (neutral pH), and no further changes can be observed in deionized 

water within the experimental observation time of several minutes.  

 

 

Figure 1. AFM deflection images of quartz surfaces at the beginning of the experiment scanned in air (a) and in 

deionized water (b). Note the small mounds or round particles over the surface that appear on the surface after contact 

with water and possibly indicate surface-structural rearrangement. Elongated straight lines are scratches and the result 

of sample preparation. The images are not from the same location on the surface. 
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The influence of high-pH water, containing only deionized water and NaOH, on the surface was 

investigated in order to compare any reaction with and without magnesium. Table 1 gives the details for 

the experimental runs. During the in-situ experiment with water at pH 10.2, the appearance of the rounded 

surface features becomes more pronounced, and some of the mounds that were present on initial contact 

with water (Figure 1) appear to be nanoparticles or nanoparticle clusters (Figure 2a-d). The changes 

become apparent within a few minutes of scanning. These particles have a diameter of 100-200 nm, a 

height of 3 to 4 nm and are often aligned along the polishing scratches (Figure 2c-d). With continuous 

flow of the pH 10.2 water, the particles become more pronounced and slightly larger and higher (Figure 

2e-g). After about 60 min they reach diameters of 200-500 nm, and heights of up to 10 nm. The 

developed particles are subsequently partly or completely removed (Figure 2e-g). This indicates that they 

are weakly attached to the surface enabling them to be dislodged between scans (~70 sec), probably due 

to movement of the AFM tip. Particles start moving approximately 20 minutes after they appeared clearly 

on the surface, although this time varies, and some particles remain attached to the surface during the 

whole period of scanning. It is suggested that this process of nanoparticle removal is a form of dissolution 

whereby the quartz crystal loses surface nanoparticles to the solution. This random particle removal 

precludes a determination of a dissolution rate from successive AFM images. The implication could be 

that the original quartz crystal was formed by nanocluster aggregation where forces within the particles 

are stronger than forces between particles. This possible explanation needs further investigation but seems 

highly likely given our observations, and to our knowledge has not previously been reported as a 

dissolution mechanism. 

In the experiments with water at pH 10.7 and 12, besides the appearance of the nanoparticles, the 

surface is covered by a soft layer, as scanning the same area on the surface for a longer time makes the 

surface flatter and the surface features less pronounced due to removal of material by the tip (Figure 3a). 

When subsequently zooming out to scan a larger area, the previously scanned area is clearly visible as it 

is around 1.5 nm lower than the surrounding area (Figure 3b). This possibly indicates the presence of a 

soft gel-like layer on the surface that is weakly attached. Probably, at higher pH, the layer is thicker, and 
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the influence of the scanning forces is stronger, as this effect was not observed during the pH 10.2 

experiments. 

Only in the experiments at the highest pH (12) were possible etch pits or deeper dissolution sites 

occasionally observed. These were elongated and up to approximately 90 nm deep. 

 

 

 

Figure 2. (a-d) Time sequence in-situ AFM deflection images of a quartz surface in pH 10.2 solution (deionised water 

+ NaOH), without Mg. Nanoparticles with a diameter of 150 to 350 nm and a height up to 8 nm appear on all images. 

(e-g) Cross-sections showing the development of the height of some nanoparticles. They all indicate that the particles 

first become larger, and then appear smaller or completely disappear. The locations of the sections are indicated on 

(a-d) with corresponding colours. The particle removal is probably enforced by the AFM tip scanning the surface and 

the weak attachment of the particles. 
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Figure 3. (a) In-situ AFM deflection image showing that a gel-like soft layer is present on the quartz surface in a 

solution at pH 12 (deionised water + NaOH), without Mg. The layer is removed after a sequence of scans (black 

square). The image is captured about 10 minutes after the injection of a pH 12 solution after which 9 scans were made 

within the area delineated by the black square. The red line indicates the location of the cross-section (b), showing 

that the previously scanned area is about 1.5 nm lower than the freshly scanned area. 
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3.2. In-situ AFM observations of quartz in Mg-rich solutions at high pH 

 

When high-pH and Mg-rich fluids come in contact with the quartz surface, the images show 

significant interference consistent with the movement of newly formed surface precipitates (Figure 4). 

The precipitates do not have a definite shape and lack any epitaxial relationship with the quartz surface as 

they are weakly attached, indicating that they are probably amorphous and gel-like. Precipitates stay 

absent or scarce in experiments where the Mg concentration is below 100 mM (Table 1), although 

occasionally they occur in small amounts at a Mg concentration as low as 1 mM. However, at a Mg 

concentration of 100 mM, they are abundant and cover the surface (Figure 4a) but typically only on 

scanning after the fluid was stagnant for at least 30 min. When scanning several times on one area, the 

AFM tip removes these precipitates (Figure 4b). The removal of the precipitates during scanning might 

be the reason why they are only abundant after a certain time without scanning and a stagnant fluid. It is 

thus possible that they form during flow but are not observed as they are directly removed due to 

continuous scanning, although it is also possible that the precipitates do not form or settle on the surface 

during flow. When increasing the Mg-concentration by one order of magnitude every 5 minutes, a clear 

boundary when the precipitates start growing is not apparent. Nevertheless, it is clear that a higher Mg 

concentration leads to more gel-like precipitates. The experiments with high (0.3 M) and low (0.03 M) 

ionic strength do not indicate a clear difference in amount of soft precipitates so no relationship between 

ionic strength and quartz dissolution or formation of precipitates can be defined.  

The gel-like precipitates only formed when Mg was present in the solution, suggesting that they 

are a Mg phase. At present, AFM does not easily allow for phase identification and therefore the 

composition of the gel-like phase cannot be ascertained. However, thermodynamic considerations allow 

the determination of possible speciation and saturation states of the solutions with respect to potential 

precipitates.  Here, we used PHREEQC to simulate the dissolution of quartz in our experimental 

solutions. The simulation results indicate that long before equilibrium with respect to quartz is reached the 

solutions will become supersaturated (SI > 0) with respect to multiple possible Mg-silicate phases such as 
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sepiolite (Mg4Si6O15(OH)2·6H2O), talc (Mg3Si4O10(OH)2) and chrysotile (Mg3Si2O5(OH)4) (Supporting 

Information Table S-1 and Figure S-2).  This supports the hypothesis that the precipitates that formed in 

our AFM experiments are potential Mg-silicate phases.   

 

 

Table 1. Experimental solutions and results of AFM experiments 

* b is performed directly after a (which lasted 1 hour) on the same surface  

† pH and Mg2+ concentration is always on the solubility curve of brucite  

‡ Ex-situ experiments are performed with the last solution of the in-situ experiment 

 

 

 

 

 

Exp.* pH† 
MgCl2 

(mM)† 

MgSO4 

(mM)† 

NaCl 

(mM) 
Results in-situ  Results ex-situ (20–40 h)‡ 

0.0 7.0 - - - Round surface features - 

1.3 10.2 - - - Nanoparticles No precipitates 
       

1.1 10.2–8.9 0.1–100 - - Soft precipitates (at ~100 mM) Solid precipitates 

1.2 10.2–8.9 0.1–100 - - Soft precipitates (at ~100 mM) Solid precipitates 

1.4 9.3 10 - 0–500 No changes Few solid precipitates 

1.5 9.7–8.9 1–100 - 0–270 Soft precipitates (at ~100 mM) Solid precipitates 

1.6 9.3 10 - - No changes Few solid precipitates 

1.7 9.3 10 - 270 No changes Few solid precipitates 
       

2.1a 10.7 - - - Nanoparticles and soft layer - 

2.1b 9.3 10 - - No changes Solid precipitates 
       

2.2a 10.7 - - - Nanoparticles and soft layer - 

2.2b 9.3 - 10 - No changes Solid precipitates 
       

2.3a 10.7 - - - Nanoparticles and soft layer - 

2.3b 8.9 - 100 - Soft precipitates Solid precipitates 
       

2.4a 10.7 - - - Nanoparticles and soft layer - 

2.4b 8.9 100 - - Soft precipitates Solid precipitates 
       

2.5a 12.0 - - - Nanoparticles and soft layer - 

2.5b 8.9 100 - - No changes Solid precipitates and soft layer 
       

2.6a 12.0 - - - Nanoparticles and soft layer - 

2.6b 8.9 - 100 - No changes Solid precipitates and soft layer 
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Figure 4. (a) In-situ AFM deflection image of the quartz surface that was in contact with a solution with 100 mM 

MgCl2 and a pH of 8.9 for 2 hours. The image is captured after the fluid was stagnant for 2 hours on an area that has 

not been scanned previously. The image shows the high presence of a soft gel-like material that is moved by the tip. 

(b) A zoomed-out scan showing that after scanning the surface several times over the gel-like precipitates, the 

precipitates are removed and the quartz surface becomes visible again (middle of image), while the precipitates are 

still present around the previously un-scanned area (outer part of image).  

 

3.3. Ex-situ AFM observations of solid precipitates and non-solid layers  

 

After the quartz surfaces were in the high pH, Mg-rich experimental solutions for 20 or 40 hours 

and then studied in air in the AFM, larger and solid precipitates are present, where the largest are 3 μm in 

diameter and 300 nm thick (Figure 5a-b). There is no significant difference between samples that were in 

solution for 20 and 40 hours. The precipitates are not affected by the AFM tip and can therefore be 

considered as well attached to the surface and solid. When the solution had a higher Mg concentration 

(100 mM), many large precipitates were present. The surfaces that were in a solution with a lower Mg 

concentration (10 mM) typically show less and smaller precipitates (< 0.5 μm and only 30 nm thick), with 

the exception of the surfaces that were previously in contact with high pH (10.7) water (Table 1), that 

apparently enhances the formation of precipitates presumably by enhancing quartz dissolution. No 

discreet precipitates could be observed on the surface that was in high pH water without Mg. The 
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precipitates are distributed over the surface in discreet clusters rather than as a single layer (Figure 5a), 

have a rounded shape without any crystalline features (such as straight edges) and typically consist of 

clusters of smaller rounded particles (150-200 nm in diameter) (Figure 5b). The scratches that were the 

result of the polishing during sample preparation are typically still visible between the precipitates 

(Figure 5a-b). Since AFM cannot be used to identify the phase or analyse the precipitates chemically, 

they were analysed with SEM (EDX) and Raman spectroscopy.  

 

 

Figure 5. Ex-situ AFM deflection images of precipitates on a quartz surface, scanned in air, (a) after 40 hours in a 

100 mM MgCl2 and pH 8.9 solution, (b) after 20 hours in a 100 mM MgCl2 and pH 8.9 solution and (c) after 1 hour 

in a pH 12 solution plus 20 hours in a 100 mM MgCl2, pH 8.9 solution. Note that the precipitates in (a) and (b) occur 

as clusters and that the surface around them is similar to the quartz surface prior to the experiment, showing scratches 

from the sample preparation. The precipitates are 250 nm and 350 nm high. The wavy pattern in (c) indicates 

interference from the presence of a soft gel-like layer that is moved by the tip but is well enough attached to be present 

after the sample has been dried. Note that on the surface of (c), precipitates similar to (a) and (b) are also present. 

 

At some places on the surface that was in pH 12 solution before the Mg-rich solution, images 

show, besides the solid precipitates, wavy interference patterns and the polishing scratches are not visible 

(Figure 5c), indicating the occurrence of a layer of material that covers the surface. Repeated scanning 

partly removes the layer and reveals the scratches. This layer is likely similar to that observed during the 

in-situ experiments with solution of pH 10.7 and 12 (Figure 3). Ex situ, this feature can only be observed 
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at the surfaces that have been in contact with the highest pH (12) solution (Table 1). Probably the higher 

pH allowed for enhanced dissolution of the quartz, hence faster release of Si, supersaturating the fluid-

mineral boundary layer to such an extent that a silica phase thick enough to be observed ex-situ was 

formed. This also implies that the dissolution rate was faster than diffusion through the fluid away from 

the reaction interface. However any further consideration of a quantification of reaction rates involving 

the coupling between dissolution and precipitation is difficult given the complex energy landscape of a 

mineral surface, where dissolution will be influenced by potential higher energy surface sites, such as 

kinks and defects and growth will only be possible where supersaturation with respect to the precipitating 

phase is reached. This will vary heterogeneously both spatially and temporally across a mineral surface, 

resulting in a complex feed-back mechanism. Any attempt at modelling or quantification has yet to be 

achieved. See Luttge et al.34 for a recent review of kinetic concepts towards an understanding of fluid-

solid interactions. 

 

3.4. Identification of the precipitates 

 

SEM analyses of the surfaces reveals precipitates (Figure 6a) covering parts of the surface and 

appear as ‘blobs’ that correspond in size (0.5 and 4 μm in diameter) and shape with the precipitates that 

can be observed during the ex-situ AFM experiments (Figure 5). As also observed in AFM, the 

precipitates do not have crystalline features, such as straight edges. EDX analysis shows that the 

precipitates contain Mg (Figure 6b). Si is also detected in these precipitates, although it is not possible to 

verify that the detected Si originates from the precipitates or from the quartz surface below, which might 

be possible due to the interaction volume of the electron beam. However in the precipitates where Mg is 

strongly detected, Si is relatively lower indicating that here the ratio of Mg:Si gives a lower Si count 

compared with the quartz surface. Brucite is thermodynamically unstable and there is no other element 

available to combine to form a stable Mg phase under the experimental conditions and so we suggest the 

particles analysed are highly likely to be a new Mg-Si phase, which is supported by PHREEQC 
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calculations (See Supporting Information Table S-1 and Figure S-2). On the surface for which MgCl2 was 

used as the source of Mg, traces of Cl were detected in some precipitates, while when using MgSO4 

solutions, some Mg-sulphate precipitates were found. There is however no clear difference in the Si- and 

Mg-rich precipitates that are shown in Figure 6 between MgCl2 and MgSO4 experiments. 

 

Figure 6. SEM analysis of the quartz surface after the AFM experiments, showing (a) the precipitates that formed on 

the quartz surface after it had been first in a 10.7 pH solution for 1 hour during an in-situ AFM experiment and 2 hours 

in a 0.01 M MgCl2 solution at pH 9.2, after which is was in a beaker for 20 hours in the latter solution. The ‘blobs’ on 

the surface contain Mg and probably also Si. The precipitates are typically 1 to 5 μm in diameter and are more abundant 

at the edge of the sample surface. (b) An SEM image showing the Mg precipitates with an EDX element map of the 

same area showing the localization of Mg in the precipitates. (c) SEM image showing that a gel-like amorphous layer 

is present on the surface as it is damaged by the SEM beam. Mg-rich precipitates are present within the layer. Note 

that this can also be observed around some of the precipitates on the lower left in (a). 
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In the high pH experiments, the precipitates predominantly occur along the outer 50 μm of the 

crystal edges, with only a few precipitates found in the middle of the crystal. Similarly, on the surfaces 

exposed to lower pH solutions precipitates are found mainly along the outer 10 μm of the crystal edges. 

The correlation between precipitate formation and the edge of the crystal sheds light on the controlling 

processes active within the system. If precipitate formation was only dependent on the availability of Mg 

they should be homogeneously distributed across the surface. In contrast, the edges of the surface contain 

enhanced kink site positions allowing for preferential dissolution35 and thus have higher Si release. This 

indicates that conditions that promote more quartz dissolution lead to more extensive precipitation. 

Hence, the formation of the precipitates must be coupled to quartz dissolution. This is also reflected in the 

experiments that were in contact with high pH water (10.7 or 12) before the Mg-rich solutions, where the 

precipitates are significantly more abundant than on the surfaces that were only in contact with the Mg-

rich solutions of pH 8.9. 

For the Raman spectroscopic analysis, we chose a laser with the smallest depth penetration, <1 

µm with the small pinhole used, and highest Raman scattering efficiency to enhance the probability of 

generating peaks from the precipitate. Despite this no peaks other than those produced by quartz were 

observed in the Raman spectra with the exception of a broad band in the OH stretching region of the 

spectrum (Supporting Information Figure S-3). This is likely due to the overlap between the quartz 

spectrum and that expected for the precipitates based on the SEM and AFM observations. The new 

precipitates had a maximum height of <400 nm, thus the laser spot would have probed both the 

underlying quartz and the newly precipitated phase. Quartz has its most intense Raman band in our 

spectra at 468 cm-1, consistent with previous work.36 Unfortunately, this large peak overlaps the spectral 

area of silica ring bands in amorphous silica, the most intense band of which is observed at 488 cm-1 in 

Mg-rich systems.37 The low Raman scattering efficiency of an amorphous silica-like phase in comparison 

to quartz would thus result in the newly formed phase being swamped by the large quartz signal. 

However, crystalline chain or sheet Mg-silicate phases such as talc or sepiolite produce Si-O-Si stretching 

modes in the region close to 650 cm-1, 38,39 which would be distinct from the quartz bands. Similarly, OH 
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and water molecules within a specific site within a crystalline material produces sharp OH stretching 

bands. Therefore, the absence of a band close to 700 cm-1 as well as a large OH stretching peak implies 

that the precipitates probably have a hydrated and amorphous structure, as predicted by the AFM images.   

 

3.5. Identification of the gel-like layer  

 

When zooming in onto the precipitates during SEM analysis, a surface layer can be observed that 

is damaged by the SEM beam (Figure 6c). The damage usually starts around the precipitates, where it 

disintegrates and retreats away from this position upon longer exposure to the beam (Figure 6a). Such 

sensitivity is indicative of an amorphous layer that might have been aqueous gel-like in texture. EDX 

does not show any sign of elements other than Si and O, suggesting a silica layer. This corresponds to the 

findings of the soft layer in both the in-situ (Figure 3) and ex-situ (Figure 5c) AFM experiments. The 

round nanoparticles that were observed in-situ are too small to observe with SEM, so it is not evident 

from the SEM images that the layer consists of these particles. In the SEM the layer can also clearly be 

observed on the surfaces that only were in contact with a solution of pH 10.7, while during the ex-situ 

AFM experiments, it could only be observed on the surfaces that were in contact with a solution of pH 12. 

The layer is likely to be more visible with the SEM due to the damage by the SEM beam as that creates 

clear edges (Figure 6c). The layer can also be observed with the SEM on the surfaces that were in contact 

only with the Mg-rich solution of pH 8.9 but not as pronounced, probably indicating the layer is thinner, 

and only present on some parts on the surface. On these surfaces, no such layer could be observed during 

the in-situ or ex-situ AFM experiments (Table 1). The thickness of this layer cannot be analysed with 

SEM, but the combined observations of AFM and SEM suggest that a layer of amorphous silica forms at 

high pH conditions, and that an increase in pH results in a thicker layer. The layer is only visible at places 

where the Mg precipitates are present, suggesting that their presence is related. Like the precipitates, this 

layer is predominantly present at the edge of the surfaces. As quartz dissolution enhances significantly 

with increasing pH, it is suggested that the layer forms due the supersaturation of the fluid-mineral 
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boundary layer as a result of quartz dissolution. This is in agreement with other experiments that showed 

the formation of amorphous silica layers upon dissolution. Hellmann et al.40 recognised the formation of 

so-called ‘leached layers’ on feldspar surfaces under hydrothermal conditions. More recent experimental 

studies also confirm the presence of surface silica layers on wollastonite (CaSiO3)18,20 and field studies 

show such a layer on weathered K-feldspar,13 weathered alkali feldspar21 and on weathered quartz.24 On 

the surfaces treated with the pH 12 solution, producing the thickest layer (Figure 6), no soft precipitates 

could be observed during the in-situ experiments after a Mg solution was injected into the AFM cell 

(Table 1). This indicates that the presence of a thick layer at the sample surface might begin to passivate 

the surface and slow down the formation of a Mg phase in comparison to equivalent experiments at lower 

pH. Nevertheless after 20 hours in a stagnant solution the solid Mg containing precipitates were present, 

as observed with the AFM ex-situ experiments and the SEM analyses. Amorphous silica is also expected 

to dissolve in high pH water,41 therefore the outer part of the newly-formed layer might also dissolve 

allowing the Si to become incorporated into the Mg-precipitates. As can be observed in Figure 6a and c, 

the Mg containing solid precipitates are embedded within the gel-like silica layer, and as mentioned above 

the precipitates are only present where the layer is present. It is also known that the formation of Mg-

silicates typically involves gel-like precursors consisting of nanoparticles,42,43 which can transform into 

more crystalline products.44,45 Experiments have shown that Mg-silicates can precipitate directly from 

water with MgCl2(aq) and SiO2(aq) at room temperature if the conditions are sufficiently alkaline.44 

Furthermore, it has been shown that silica fume (amorphous silica) mixed with water and MgO, which 

hydrates first to brucite, forms magnesium silicate hydrate.32 This is in agreement with the results of this 

study, which suggest that gel-like amorphous silica is required for Mg-containing solid precipitates (likely 

Mg-silicate) to form if enough soluble Mg is present, and that their abundance is related to the thickness 

of the silica layer. Quartz dissolution by the release of nanoparticles could be observed within minutes in 

the AFM, and the formation of soft precipitates in the presence of Mg after 30 minutes. Therefore, it is 

suggested that the dissolution and precipitation reactions are fast, but that in order to develop solid 
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precipitates, more time and stagnant solutions are required to first form a significant amorphous silica 

layer from which solid Mg particles can form.  

 

3.6. Implications for the environment 

 

The mineral-fluid interface is where minerals react with the environment46 and is central to 

reactions occurring in the Earth. The results of experiments discussed here indicate the coupling between 

the dissolution of a quartz surface and the precipitation of a new Mg-containing phase. This reaction 

coupling occurs from within a boundary layer at the mineral-fluid interface where the fluid can become 

supersaturated with a new phase that can then precipitate.47 Such interface-coupled dissolution-precipitation 

reactions have been previously described from AFM experiments19 as well as larger scale hydrothermal 

experiments48–50 and often with reference to potential environmental remediation, such as sequestration of 

atmospheric CO2
51,52 or removal of excess PO4 from eutrophic waters resulting from the overuse of 

phosphate fertilizers in agriculture,53 as well as toxic element sequestration.54–56 M-S-H, a Mg-silicate 

cement, is a practical environmentally friendly cement that furthermore could be highly suitable for the 

encapsulation of nuclear waste,31,32 but whose development is limited by the need for cost-inefficient and 

limited silica fume. The new direct observations presented here, which show the formation of Mg-silicates 

as a result of the dissolution of widely available quartz (in the form of sand) at ambient temperatures, may 

therefore be fundamental knowledge leading to the production of Mg-silicate cement. 
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