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Phyllosilicates are abundant materials both on Earth and Mars, and the weathering of these minerals is an essential part of a wide variety of geochemical cycles. Alteration mainly takes place at the solution-mineral interface and needs to be fully understood in order to correctly model global water-rock interactions. To directly link the physicochemical solution properties to the dominant surface processes controlling phyllosilicate alteration, we used a custom-built hydrothermal atomic force microscope to study in situ the surface reactivity of biotite, phlogopite, and muscovite in contact with aqueous solutions for a broad range of temperatures and pH values. On the basis of our microscopic observations correlated with previously obtained macroscopic dissolution rates, we have constructed a tentative weathering diagram for mica minerals connecting the dominant surface mechanisms and bulk dissolution behavior to the physicochemical solution properties (pH, T, and speciation). The resulting diagram can be divided into two main areas: low-grade weathering occurring at low temperatures and mildly acidic to neutral pH and highgrade weathering taking place at high temperatures and low pH, separated by a transition zone. Each of these areas is characterized by a series of chemical and physical surface processes, which can be related directly or indirectly to incongruent and congruent bulk dissolution. The transition temperatures and pH values depend on the type of mica, with biotite being the most reactive one and muscovite the least reactive one. It is noteworthy that for close to neutral pH conditions the presence of NH 4

+ shifts the transitions from low-to high-grade weathering to a significantly lower temperature.

INTRODUCTION

The weathering of phyllosilicates, e.g., clay minerals and micas, is a ubiquitous process on the (sub)surface of Earth 1,2 and Mars. [START_REF] Altheide | Mineralogical characterization of acid weathered phyllosilicates with implications for secondary martian deposits[END_REF] In the latter case, the presence of phyllosilicates is used as an important indicator of past climate. 4,5 On Earth, clay minerals (partially) determine many physicochemical properties such as porosity, ion exchange, and adsorption of sediments and soils that in turn control the circulation of fluids and availability of nutrients and contaminants. [START_REF] Dixon | Roles of clays in soils[END_REF][START_REF] Churchman | Game Changer in Soil Science. Functional role of clay minerals in soil[END_REF] Clay minerals are also important in engineered environments, where they are routinely used as binders for molding sands in foundries, [START_REF] Schiebel | Effects of heat and cyclic reuse on the properties of bentonite-bonded sand[END_REF][START_REF] Schiebel | Neutron radiographic study of the effect of heatdriven water transport on the tensile strength of bentonite bonded moulding sand[END_REF] sealing liners in landfills and water dams, [START_REF] Wolters | High-density bimodal bentonite blends for hydraulic sealings at the ibbenburen coalmine[END_REF] or as barriers in geological long-term nuclear waste disposal facilities, [START_REF] Mukherjee | The Science of Clays: Applications in Industry, Engineering, and Environment[END_REF] to name just a few. Accordingly, the reactivity of clay minerals has been studied in detail for a broad range of conditions probing the influence of pH, temperature, and salinity, among others. [START_REF] Zysset | The proton promoted dissolution kinetics of K-montmorillonite[END_REF][START_REF] Furrer | Weathering kinetics of montmorillonite: investigations in batch and mixed flow reactors[END_REF][14][15][16][17][18] Micas are important rock-forming minerals, whose dissolution directly influences soil and single-crystal experiments unveiled that dissolution mainly takes place at the crystal edges, while often the basal surface is more resistant to dissolution showing for certain experimental conditions hydration patterns, surface decomposition, and/or etch pit formation. [29][30][31][32] In situ and ex situ atomic force microscopy (AFM) studies at elevated temperatures (>80 °C) have shown that the reactivity of the basal surface increases significantly, 32,33 although it was observed that at temperatures above 120 °C the formation of secondary phases (e.g., gibbsite/kaolinite) coats the surface, blocking reactive sites and thus lowering the basal surface reactivity. 32 However, despite the insights gained from the previous studies, a general correlation between the physiochemical solution properties (e.g., pH, temperature, and salinities) and the nanoscale patterns at the mineral-solution interface that result from the various alteration processes (i.e., dissolution, hydration, ion exchange, and (re)precipitation) has not yet been established. Moreover, the link between surface processes and the measured bulk dissolution rates also warrants further clarification.

Recently, it was reported that mica minerals could act as an important carbon reservoir. Detailed AFM observations of phlogophite and muscovite revealed that nanoprotusions, i.e., bulges, located at the basal surfaces trapped significant quantities of hydrocarbons 34 and supercritical CO 2 , [START_REF] Wan | Supercritical CO2 uptake by nonswelling phyllosilicates[END_REF] respectively. At present, it remains unclear if these inclusions are primary, i.e. syngenetic with the rock formation, or secondary, i.e. related to weathering phenomena, and how the hydrocarbons/scCO 2 entered the interlayer of these nonswelling phyllosilicates. Only the reaction with wet-scCO 2 caused the formation of bulges, whereas scN 2 , dry-scCO 2 , and scCO 2 -saturated brine did not. This suggests that a scCO 2acidified water film between bulk scCO 2 and muscovite is needed for CO 2 molecules to enter the interlayers. These observations further highlight the crucial role of surface processes during phyllosilicate weathering.

To further our understanding of the complex interplay between the physicochemical solution properties and the process controlling mica alteration we directly observed the surface reactivity of biotite, phlogopite, and muscovite in contact with aqueous solutions for a broad range of pH values (1-6.8) and temperatures (23-120 °C), making use of hydrothermal atomic force microscopy (HAFM). These shortterm (up to ∼8 h) in situ experiments were complemented with ex situ characterization of long-term (up to 50 days) and high-temperature (up to 200 °C) experiments conducted in hydrothermal batch reactors. In ammonium-rich environments (e.g., crustal rocks, diagenetic sediments), potassium of Kbearing minerals is commonly substituted by ammonium because of the similar charge and ionic radius. [START_REF] Pironon | Characterization of smectite and Illite by FTIR spectroscopy of interlayer NH 4 + cations[END_REF] Despite this abundant occurrence of mica with NH 4 + fixed in its interlayer, and its capacity to act as a significant source of protons at circumneutral pH, the potential influence of this ion on phyllosilicate weathering has been largely overlooked. Therefore, in this study we have also conducted experiments at pH 6.8 using solutions containing 0.1 M NH 4 + .

The obtained microscopic data were analyzed in detail and correlated with previously obtained macroscopic dissolution rates. On the basis of these insights we constructed a tentative weathering diagram, linking the surface mechanism and bulk dissolution behavior to the main physicochemical solution properties. 174 Measurements were done at room temperature (∼23 °C) in 175 contact mode using nonconductive silicon nitride uncoated 176 tips (Bruker). For chemical characterization of the altered 177 surfaces, reacted samples were imaged using a scanning 178 electron microscope equipped with an energy-dispersive X-179 ray spectroscope (SEM, CIC -University of Granada).

MATERIALS AND METHODS

RESULTS

180 3.1. Hydration Processes. With our experimental setup, 181 two main features of mica hydration were observed: (I) 182 swelling f ronts, i.e., the fronts of more or less uniformly swelled 183 layers spreading laterally on the surface; the increase of the 184 layer height ranged between ∼0.5 nm and a few nanometers 185 and affected large areas of the basal surface. [START_REF] Banfield | Atomic-resolution transmission electron microscope evidence for the mechanism by which chlorite weathers to 1:1 semi-regular chlorite-vermiculite[END_REF][START_REF] Aldushin | On the kinetics of ion exchange in phlogopite. An in situ AFM study[END_REF][START_REF] Sańchez-Pastor | K + -Na + exchange in phlogopite on the scale of a single layer[END_REF] (II) bulges, 186 i.e., abrupt and laterally confined swelling of the surface in a 187 round or an elongated and partially branched shape. Bulges can 188 migrate on the surface and most likely result from an excessive 189 but spatially confined hydration. 28,[START_REF] Higgins | A hydrothermal atomic force microscope for imaging in aqueous solution up to 150 °C[END_REF][START_REF] Jordan | In situ HAFM study of the thermal dehydration on gypsum (010) surfaces[END_REF] and an expansion of 28-30 nm/layer at pH ≤ 2 (Figure S1), due to complete disruption of the mica layered structure.

Within the pH range tested here, no bulge formation was observed on muscovite and phlogopite. Previous studies of cation exchange in phlogopite (using octylammonium and NaCl solutions), however, did report the formation and migration of bulges. [START_REF] Aldushin | On the kinetics of ion exchange in phlogopite. An in situ AFM study[END_REF][START_REF] Sańchez-Pastor | K + -Na + exchange in phlogopite on the scale of a single layer[END_REF] Recently, bulges (referred to as To further unravel the influence of pH on the hydration 230 patterns, experiments were carried out with several sequential 231 in situ changes of solution pH. Three different solution 232 sequences were tested: (I) pH 5.8 → 6.8, (II) pH 5.8 → 6.8 → 233 2.0 → 5.8 → 6.8, and (III) pH 4.0 → 6.8. The most noticeable 234 surface process during these runs was the collapse of previously 235 formed swelled layers when an ammonium solution (pH 6.8) 236 was introduced (Figures 3D andS2). Experiments using 237 sequence I repeatedly allowed observation of the swelling and 238 flattening of the surface (Figure S3). As a consequence of this 239 repeated sequence, swelling and collapse networks resulted on 240 the surface (Figure S4). A common structure associated with 241 the collapse of swelling fronts and bulges is the formation of 242 relict areas (circles in Figure 3D). Relict areas (also termed 243 engulfed areas [START_REF] Sańchez-Pastor | K + -Na + exchange in phlogopite on the scale of a single layer[END_REF] ) are small swelled remnants of previously 244 large swelled or bulged surface areas. Thus, the relict areas 245 likely represent isolated vertically expanded areas on the 246 surface in which water molecules from a previous large-scale 247 hydration event are trapped. Dissolution (ss) usually initiated after the above-described hydration processes. With decreasing pH and increasing temperature, however, delay of dissolution decreased and both processes occurred increasingly contemporaneous. At pH 1 the surface reactivity is high and was best observed at room temperature (23 °C). For these conditions, dissolution is dominated by step retreat (∼0.01 μm/min), which often advanced more rapidly in a specific direction as a consequence of coalescensing pits concentrated along that direction and f4 eventually created dissolution channels (Figure 4 A,B). Also the nucleation of monolayer (∼1 nm) etch pits was frequently observed (data not shown). At higher temperatures (80 °C), the formation of etch pits was very abundant and rapidly led to a rough surface, i.e., HGD (Figure 4 C,D). At pH 2 and 100 °C, the surface reactivity was lower compared to pH 1 and dominated by step retreat. This corresponds well with previous in situ confocal microscopy observations of biotite flakes reacting with nitric acid solutions at pH 1. [START_REF] Cappelli | In Situ Observation of Biotite Dissolution at pH 1 Using Advanced Optical Microscopy[END_REF] We also detected the development of fusiform-shaped swelled areas (see previous section), which in some cases cracked open and collapsed. Cracking of the swelled layers resulted in steps with subsequent retreat (Figure S5). Starting from 120 °C etch pit formation became the dominant dissolution process (Figure 4G,H). Thus, at low pH, etch pit formation and step retreat are the most common dissolution processes taking place on the (001) surface of biotite, with temperature being the parameter controlling which process will be dominant.

At pH 4, the reactivity of biotite is dominated by partial and unordered destruction of the top TOT-layer (characterized by <1 nm height fluctuations of the surface layer), which weakened the surface, and which we define as low-grade surface weathering. Importantly, for these solution conditions f5 heterogeneous surface reactivity was observed. Figure 5 shows how certain areas of a layer were dissolved because of etch pit nucleation, while other areas of the same layer were less reactive, remaining virtually unaltered for the duration of the observation. These more reactive areas were previously affected by bulging that did not fully collapse afterward. This suggests that not fully collapsed layers are more prone to dissolve, i.e. the bulging process weakened the structure of the top layers.

Because of the low surface reactivity at pH 5.8, dissolution patterns could not be observed during HAFM experiments. To obtain information about the surface reactivity for these solutions, mineral alteration was carried out in batch reactors at 200 °C and characterized ex situ. After 3 days of reaction, mainly low-grade surface weathering was observed but no etch pits could be detected.

In the solutions containing NH 4 + (pH 6.8) at T ≤ 120 °C, hydration, dissolution, and precipitation processes occurred During the initial stages of the mica surface 358 alteration, both bulges and swelling fronts were the most 359 common surface features. Crystalline swelling (intercalation 360 between individual 2:1 layers) is a process controlled by a 361 balance between attractive forces (i.e., Coulombic attraction 362 between the negative TOT-layers and the interlayer cations 363 and van der Waals interactions between adjacent layers) and 364 repulsive forces (mainly due to the hydration potential energy 365 of the interlayer cations [START_REF] Laird | Influence of layer charge on swelling of smectites[END_REF] ). At acidic pH, a rapid K + -H 3 O + ion 366 exchange likely takes place and an increase of interlayer space 367 occurs because of the readjustment between attraction and 368 repulsion forces and the entrance of water molecules (e.g., 41). 369 When ammonium is added to the solution, a general collapse 370 of the swelled layers occurred, most likely because strong 371 hydrogen bonds form among NH 4 + , H 2 O, and the negatively 372 charged mineral surface recreating a tight interlayer structure. 47 373 In the case of bulges (i.e., nanoprotrusions or blistering), the 374 precise formation mechanism is still unclear, but it seems to be 375 related to the excess water uptake due to local variations of the 376 layer charge. 31 Indeed, the local decrease of negative layer 377 charge leads to a decrease of the Coulombic attraction between 378 the interlayer cations and the surface charge sites 47 likely 379 causing a higher cation hydration. Bulges also have the capacity 380 to migrate across the surface until they reach a location where 381 the negative charge is high enough to stop them from moving 382 (Figures 3 andS2). However, this behavior has been observed 383 only between pH 4 and 5.8. At lower pH values, the 384 hydronium concentration is high enough to favor the exchange 385 between interlayer cations and hydronium (K + -H 3 O + ) and the 386 mica structure alteration by reactive sites protonation (proton-387 promoted dissolution). Our observations during both fixed and variable pH experiments showed that the development of bulges is mainly linked to previous mineral features such as swelling fronts (e.g., Figures S2 andS3), cracks or layer edges where charge imbalance and bond strain could exist. Importantly, our observations also show that bulges play a key role in the development of softened areas, which show increased dissolution dynamics (see e.g. Figure 5).

The morphology of bulges changes as a function of pH, i.e. at acidic pH they have a sharp profile and are usually cracked open along their axial plain, while the profile of bulges formed in near neutral conditions tends to be rounded. This might be the result of the higher capacity of hydronium to attack the Si-O-Si and Si-O-Al groups of the tetrahedral sheet than water molecules. This agrees with our measurements of the surface topography of bulges; these expanded ∼2 nm per layer between pH 4 and 6.8 and ∼16 nm per layer in acidic media (pH < 4). The 2 nm per layer ratio can be linked to the expansion capacity of phyllosilicates of low charge while the much higher ratio in acidic media points to a generalized destabilization of the crystalline structure, which eventually leads to its disruption, e.g., cracking of the surface layers. Also In addition, the results show that ammonium promotes the dissolution of micas at circumneutral pH conditions. This can be explained by the NH 4 + capacity to dissociate into H + + NH 3 (e.g., up to 22% at 200 °C), increasing locally the concentration of protons in the medium, [START_REF] Bates | Acidic Dissociation Constant of Ammonium Ion at 0 to 50 °C and the Base Strength of Ammonia[END_REF][START_REF] Stone | The reaction of ammonia with vermiculite and hydrobiotite[END_REF][53][54] and precipitate as a new phase. This can even take place when the bulk solution is undersaturated with respect to the secondary phase, which is usually termed reprecipitation. [START_REF] Hellmann | An EFTEM/HRTEM high-resolution study of the near surface of labradorite feldspar altered at acid pH: evidence for Article I interfacial dissolution-reprecipitation[END_REF] The precipitation of secondary phases during mica alteration has been observed for a broad range of pH values and temperatures (25-200 °C) using different experimental techniques. 32,[START_REF] Johnsson | Direct observation of muscovite basal-plane dissolution and secondary phase formation: An XPS, LEED and SFM study[END_REF][START_REF] Hu | Biotite-Brine Interactions under Acidic Hydrothermal Conditions: Fibrous Illite, Goethite, and Kaolinite Formation and Biotite Surface Cracking[END_REF] In this work, our goal was to constrain the physicochemical solution parameters that promote the formation of secondary phases; to observe the initial stages of this process; and if possible, to identify the precipitates.

Only in neutral media containing NH 4 + we observed the formation of secondary Al-Fe phases on the mica surface (in situ and ex situ). VP-SEM imaging combined with EDX analysis also showed that step edges are preferential sites for Each area is characterized by a series of surface processes (CD, congruent dissolution; ID, incongruent dissolution). In the presence of NH 4+ , the enhancement of mica dissolution promotes the precipitation of secondary phases and formation of etch pits, and as such the high-grade weathering zone is shifted to lower temperatures.
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 211 Natural Samples. The materials used in this study are 125 Bancroft biotite, (2) Templeton phlogopite, and (3) 126 Madras muscovite. Their chemical bulk composition was 127 determined by X-ray fluorescence spectrometry (XRF), and an 128 estimation of Fe 2+ and Fe 3+ was obtained based on literature 129 data.
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 8 For the pH 2 and 4 solutions, the ionic strength was keep constant, with respect to the pH 1 solution, by adding a corresponding amount of KCl. 0Always used as initial solution during pressurization and heating of the HAFM system. °C (±3 °C) for 1, 2, 3, and 50 days. Mica samples 171 were recovered from the reactors and washed three times with 172 deionized water. Then, the basal surface topography of the 173 reacted mica flakes was immediately characterized using AFM.
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 311 Bulge Formation. At pH 1 and T > 80 °C, the 191 reactivity of biotite was too high for evaluable AFM 192 observations for a sufficiently long period of time. At pH 1 and 20-80 °C, the formation of point-shaped bulges (up to 25 f1 nm in height) was observed after ∼30 min (Figure 1A,B), which eventually broke open at the top. Similar observations were made at pH 2 in the temperature range of 80-100 °C (data not shown). At pH 4 (80 and 100 °C), the top of the bulges became more rounded and remained unbroken. It is worth noting that at pH 4-5.8, bulges still migrated across the surface (Figure 1C-F). In NH 4 + -solutions (pH 6.8), bulges were less abundant but were also round-shaped and did not break open. f2 At pH 4-6.8 and all temperatures, bulges branched (Figure f2 2A) following directions that roughly corresponded to the main PBC directions ⟨110⟩, ⟨11̅ 0⟩, and ⟨100⟩. 44 This indicates a certain degree of structural control over the formation and migration of bulges. Occasionally, bulges showed an open side at steps (Figure 2B) and allowed comparison of the spacing between the swelled and nonswelled layers revealing a roughly doubled spacing of the altered layer (Figure 2C) at pH ≥ 4

Figure 1 .

 1 Figure 1. In situ HAFM images of initial surface patterns formed on biotite basal faces in contact with acidic solutions. (A) Typical bulges observed after 35 min at pH 1 and 80 °C. (B) Cross sections of the bulge structures observed in image A, showing sharp profiles, indicating the initial stage of fracturing. (C) Cross sections and (D-F) time-lapse images of bulge formation and migration at pH 4 and 100 °C. After 5 h and 20 min bulges of 30 nm developed. These structures moved at a rate of ∼0.85 μm/min toward the upper right corner of the image, leaving behind two elongated relict areas.

Figure 2 .

 2 Figure 2. (A) Optical microscope image of a (001) surface of biotite reacted for 16 days at 50 °C and pH 6.8, showing the regular alignment of the bulges, and (B) AFM deflection image of (001) face of biotite reacted for 3 days at 200 °C and pH 6.8, (C) showing a ∼200 nm high broken bulge(1) and a ∼100 nm high nonswelled area(2). This points to a ratio of about 2 nm/layer (1 nm of swelling).

  Article C 218 nanoprotrusions) containing hydrocarbons were detected on 219 phlogopite from Ugandan kamafugite rock samples. 34 220 Furthermore, bulges (referred to as blistering) were observed 221 on muscovite exposed to water-saturated scCO 2 at 12 MPa and 222 90 °C. 35 223 3.1.2. Swelling Front Formation and Collapse Structures. 224 The second hydration process frequently observed during the 225 initial stages of biotite alteration is the development of swelling 226 fronts. At pH 1-2, the swelling fronts appeared static (by the 227 time AFM imaging started). However, at pH 4-5.8 and T = f3 228 25-120 °C, swelling fronts were moving still (Figure 3).
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 2 Dissolution Patterns. Given the dissolution dynamics and the overall observed surface roughness, we have differentiated two levels of surface alteration occurring during the reaction of aqueous solutions with mica minerals: (I) lowgrade decomposition (LGD), which is characterized by roughening (<1 nm height fluctuations) and weakening of the given surface layers (which decompose by the mechanical impact of the AFM-tip), rather than by mono or multilayer etch pit formation and subsequent step retreat, and (II) highgrade decomposition (HGD), which is characterized by a roughening of the surface due to the formation of a high mono-or multilayer step density (via a high etch pit nucleation rate).

Figure 3 . 46 3. 3 .

 3463 Figure 3. In situ HAFM observation (6.3 h) of the interaction of a pH 4 solution at 100 °C with a biotite surface: (A) initial biotite surface topography after reaching 100 °C and (B) formation of swelling fronts (white arrows) of 5 nm in height after 340 min. (C) Subsequently, bulges evolved during the following 25 min (white arrows). This bulging network was approximately 60 nm in height. (D) General collapse after 10 min of ammonium solution treatment. Several relict areas remained on the surface (white circles), and overall increase of the surface roughness is observed.

Figure 4 .

 4 Figure 4. In situ (H)AFM observation of biotite dissolution at low pH. (A and B) At pH 1 and 23 °C, surface dissolution is dominated by step retreat and etch pit development (black arrows); (C and D) pH 1 and 80 °C. Abundant surface swelling was observed 38 min after the onset of the experiment, and after 51 min, the roughness increased because of the formation of numerous small etch pits (inset E (deflection channel) and F (height channel) indicated by a black arrow), (G and H) pH 2 and 120 °C. After 47 min of reaction, abundant etch pits have developed (black arrow) and step retreat has occurred.

Figure 5 .

 5 Figure 5. In situ HAFM images of the biotite surface reactivity at pH 4 and 120 °C, which shows the link between hydration and dissolution dynamics. (A and B) Migration of bulges (b) and swelling fronts (s) on the (001) face of biotite. Once the bulges disappeared (C), the remaining layer was "weakened" in areas that are not completely collapsed and dissolved more readily than the rest of the surface; (D) a zoomed-in view of the dotted rectangular area of images A-C. Abundant etch pits (1-3 nm deep) developed in the area that was previously affected by two bulges. The area unaffected by bulges, or affected by bulges that totally collapsed in a second step, shows only <1 nm height fluctuations of the surface layer (no ≥1 nm etch pits are observed).
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 41 Hydration.

  important to consider is the role of Fe 2+ oxidation in the expansion of mica layers. During mica dissolution, Fe 2+ will oxidize (even in very acidic HCl solutions), which should reduce the TOT-layer charge and favor the release of interlayer cations, making the structure unstable and favoring volume expansion and cracking of the top layers. This process has been observed in field studies, where during the weathering of quartz diorites Fe(II) oxidation in biotite led to volume expansion and produced fractures which accelerated further reactions.[START_REF] Buss | Weathering of the Rio Blanco quartz diorite, Luquillo mountains, Puerto Rico: Coupling oxidation, dissolution, and fracturing[END_REF] 

Figure 6 .

 6 Figure 6. (A) Ex situ AFM characterization of a biotite surface reacted with a pH 6.8 solution for 1 day at 200 °C. Dendritic-shaped precipitates with a thickness of ∼1.2 nm covered the basal surface of biotite. Height profile at the right side is that of the white dotted line shown in the 3D AFM image representing the black dotted square area in the 2D image. (B) AFM and SEM images of basal biotite surface reacted for 50 days at 200 °C and pH 6.8, showing (upper) plate-shaped precipitates composed of Fe-Al oxy-hydroxides and (lower) pseudohexagonal to rounded precipitates composed of a Fe-Al rich planar base and a Ti-rich core. Chemical analysis of the different points are (1) 39.3% Al; (2) 1.9% Al and 58.4% Fe; (3) 2.4% Al and 59.5 Fe; and (4) 4.7% Al, 17.1% Fe, and 38.4 Ti.
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 43 which are in turn responsible for the attack of Si-O-Si and Al-O-Si bonds. Precipitates. During mineral weathering, it is not uncommon to observe the formation of amorphous and/or crystalline secondary phases on the dissolving surface. This occurs because the ions that are released form the mineral can interact with each other, or with ions already in the solution,

Figure 7 .

 7 Figure 7. Schematic representation of the different processes detected for biotite weathering as a function of pH, temperature, and solution speciation. Two main areas, separated by a transition zone (gray), can be distinguished, i.e. high-grade (purple) and low-grade (pink) weathering.Each area is characterized by a series of surface processes (CD, congruent dissolution; ID, incongruent dissolution). In the presence of NH 4+ , the enhancement of mica dissolution promotes the precipitation of secondary phases and formation of etch pits, and as such the high-grade weathering zone is shifted to lower temperatures.

■ ASSOCIATED CONTENT * S Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsearthspacechem.9b00219.

Supporting Table S1 and Figures S1-S9 (PDF)

■ AUTHOR INFORMATION Corresponding Author *E-mail: alexander.van-driessche@univ-grenoble-alpes.fr.