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The evolution of saponite: An experimental study based on crystal chemistry and crystal growth
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Element incorporation and partitioning during the evolution of clay minerals have significant implications for element cycling in geochemical processes. The main aim of this experimental study is to expand our understanding of element redistribution and crystal growth during smectite evolution under different physicochemical conditions. The precursors (i.e., pure Mg-and Ni-saponite) were separately prepared by hydrothermal syntheses at the same set of temperatures (i.e., RT, 50, 150, 180, 200, and 220 o C) for one day. Then the starting materials were obtained from the mechanical mixtures of the identical molar weight of Mg-and Ni-smectite precursors prepared at the same temperature. Subsequently, Series I samples were obtained by hydrothermally treating different starting materials at 220 o C for two weeks while Series II samples were hydrothermally synthesized under various temperatures (220, 300, 400, and 500 o C) for one week by using the starting materials prepared at 220 o C. Both the precursors and the resultant saponites were characterized by XRD, FTIR, TEM, and STEM. The FTIR spectra of the precursors only exhibit the vMg 3 OH and vNi 3 OH bands, corresponding to Mg-saponite and Ni-saponite, respectively. However, the occurrence of vMg 2 NiOH and vNi 2 MgOH bands in the resultant saponite indicates the dissolution of the corresponding Mg-and Ni-saponite precursors and recrystallization of Mg-Ni mixed saponite. The dissolution extents of Mg-and Ni-saponite precursors, which affect the degrees of random distribution of octahedral Ni and Mg in resultant Mg,Ni-saponite, are significantly controlled by the temperature gap (ΔT) between the precursors prepared and the resultant Mg,Ni-saponite obtained. In general, a larger ΔT leads to a higher dissolution extent of saponite precursors and a higher degree of random distribution of

octahedral Ni and Mg cations in the resultant Mg,Ni-saponite. Thus, the distribution mode of octahedral cations in saponite, which is not only relevant to a given hydrothermal temperature but also dependent on ΔT for final products, cannot be used as a geothermometer. TEM and STEM observations provide visual evidence that the particles of saponite coarsen when ΔT is higher than zero. Both the crystal-chemistry and morphological features during saponite evolution suggest that saponite particles coarsen mainly via partial/complete dissolution of precursors followed by recrystallization and growth of Mg,Ni-saponite, in which crystal growth by layer attachment cannot be excluded. This study presents an experimental model to evaluate the evolution of clay minerals by crystal-chemistry and crystal growth and offers a better understanding of the contributions of clay mineral evolution to the element cycling.

INTRODUCTION

Smectites, which are ubiquitous on Earth's surface, have received particular attention because of their geochemical significance and wide applications in industry (Brigatti et al., 2013). At and near the surface of the Earth, smectites can survive over a wide range of temperature, pressure, and solution concentration conditions [START_REF] Tardy | Stability fields of smectites and illites as a function of temperature and chemical composition[END_REF]. They can form via weathering as well as diagenesis and hydrothermal alteration of volcanic glass and other rocks [START_REF] Eberl | Clay mineral formation and transformation in rocks and soils[END_REF][START_REF] Merriman | Clay minerals and sedimentary basin history[END_REF][START_REF] Voigt | Magnesium isotope fractionation during hydrothermal seawater-basalt interaction[END_REF]. These formation pathways usually involve a crucial process, element incorporation and partitioning during smectite growth [START_REF] Christidis | Geological aspects and genesis of bentonites[END_REF][START_REF] Hazen | Clay mineral evolution[END_REF]. Thus, smectite is not only a reactive template but also a metastable component that will transform into other minerals in nature. Their evolution is of great importance in understanding geochemical behaviors of elements and related mineralization in hypergenic processes, as well as inferring paleo-environment changes in the Earth's history [START_REF] Galán | Chapter 3 -Genesis of Clay Minerals[END_REF].

Weathering usually yields non-crystalline or nanoparticle smectites, which tend to grow into larger smectite particles when exposed to diagenetic-hydrothermal environments or buried in sedimentary environments. These processes result in variations in crystal-chemistry and morphology of smectite, due to physicochemical condition changes that frequently occur in natural systems [START_REF] Eberl | Clay mineral formation and transformation in rocks and soils[END_REF][START_REF] Merriman | Clay minerals and sedimentary basin history[END_REF][START_REF] Galán | Chapter 3 -Genesis of Clay Minerals[END_REF]. Previous studies have reported that smectites evolve from poorly crystalline precursors in various environments [START_REF] Zhou | Palagonitization of basaltic glass from DSDP Site 335, Leg 37; textures, chemical composition, and mechanism of formation[END_REF]Banfield and Eqqleton, 1990;[START_REF] Kawano | Formation of allophane and beidellite during hydrothermal alteration of volcanic glass below 200 oC[END_REF][START_REF] Christidis | Formation and growth of smectites in bentonites: a case study from Kimolos Island, Aegean, Greece[END_REF][START_REF] Christidis | Geological aspects and genesis of bentonites[END_REF][START_REF] Baldermann | Substantial iron sequestration during green-clay authigenesis in modern deep-sea sediments[END_REF][START_REF] Cuadros | The mangrove reactor: fast clay transformation and potassium sink[END_REF][START_REF] Zhang | Crystal Growth of Smectite: A Study Based on the Change in Crystal Chemistry and Morphology of Saponites with Synthesis Time[END_REF], which is important for This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. DOI: https://doi.org/10.2138/am-2021-7625. http://www.minsocam.org/ Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld the geochemical budget for the elements such as Si, Al, Fe, and Mg. However, literature dedicated to such evolution mainly focused on the alterations of primary minerals into smectites instead of the evolution of smectites themselves. So far, very limited studies have been devoted to the cognition of smectite self-evolution [START_REF] Christidis | Formation and growth of smectites in bentonites: a case study from Kimolos Island, Aegean, Greece[END_REF][START_REF] Baldermann | Substantial iron sequestration during green-clay authigenesis in modern deep-sea sediments[END_REF][START_REF] Zhang | Crystal Growth of Smectite: A Study Based on the Change in Crystal Chemistry and Morphology of Saponites with Synthesis Time[END_REF]. [START_REF] Christidis | Formation and growth of smectites in bentonites: a case study from Kimolos Island, Aegean, Greece[END_REF] attempted to develop the growth patterns of natural smectite via morphological analyses. [START_REF] Baldermann | Substantial iron sequestration during green-clay authigenesis in modern deep-sea sediments[END_REF] have reported on the evolution of particle size and crystal chemistry of synthetic Fe/Mgsaponite. Recently, we highlighted the growth kinetics of smectite by investigating cation distribution and morphology evolution [START_REF] Zhang | Crystal Growth of Smectite: A Study Based on the Change in Crystal Chemistry and Morphology of Saponites with Synthesis Time[END_REF]. These studies have greatly enhanced our understanding of smectite evolution, but many questions remain unanswered. One of these questions is how the cation distribution and morphology of smectites evolve under different physicochemical conditions.

In view of uncontrollable compositions of natural smectites and mature researches about smectite synthesis [START_REF] Kloprogge | Synthesis of smectite clay minerals: a critical review[END_REF][START_REF] Zhang | Synthesis of clay minerals[END_REF][START_REF] Petit | Synthesis of nontronite and other Fe-rich smectites: a critical review[END_REF], we chose synthetic smectites as the research objects and focused on their crystal chemistry and morphology under different physicochemical conditions to answer the question mentioned above. Saponite is easy-synthesized tri-octahedral smectite, with

ideal structural formula Na x [Si 4-x Al x ][M 3 ]O 10 (OH) 2 •nH 2 O
, where M corresponds to divalent cations; x is the fraction of aluminum present in the tetrahedral sheet (generally 0.3≤x≤0.6); Na is the interlayer cation compensating the tetrahedral charge; and n is the number of interlayer water molecules (Brigatti et al., 2013). In the octahedral sheet, each OH group is linked to three neighboring M atoms, which allows systematically investigating the octahedral cations distribution in clay minerals via recording the stretching vibration of structural OH [START_REF] Petit | Chapter 2.7 -Fourier Transform Infrared Spectroscopy[END_REF]. Hence, the synthesis of saponite is advantageous to investigate smectite evolution, notably during the early-stage growth, which is scarcely observed in nature. Based on our previous study about morphology and crystal-chemistry of saponite with the change of hydrothermal time [START_REF] Zhang | Crystal Growth of Smectite: A Study Based on the Change in Crystal Chemistry and Morphology of Saponites with Synthesis Time[END_REF], we further expand on the evolution trend of saponite by using the , 50, 150, 180, 200, and 220 °C) for one day under equilibrium vapor pressure. The hydrothermal products, named as pMgx (x= gel, 50, 150, 180, 200, and 220), were obtained after filtration and dried at 45°C. Ni-saponite precursors were prepared by using the same method as above-mentioned with NiCl

MATERIALS AND METHODS

Synthesis of Mg-and Ni-saponite precursors

2 •6H 2 O added instead of MgCl 2 •6H 2 O.
The resultant products were named as pNix (x= gel, 50, 150, 180, 200, and 220). The chemical formulae for Mg-saponite and Ni-saponite precursors can be expressed as (Si 3.7 Al 0.3 ) IV (Mg 3 ) VI O 10 (OH) 2 •0.3Na + and (Si 3.7 Al 0.3 ) IV (Ni 3 ) VI O 10 (OH) 2 •0.3Na + , respectively, based on their chemical compositions [START_REF] He | Aluminum ion occupancy in the structure of synthetic saponites: Effect on crystallinity[END_REF].

Synthesis of Mg,Ni-saponite

In the syntheses of Mg,Ni-saponite samples, the starting material was prepared by mixing an identical molar weight of Mg-and Ni-saponite precursors synthesized at the same temperature (e.g., pMg150 and pNi150). The detailed experimental procedure is as follows: the mixture of 0.11g Mg-saponite precursor (pMgx) and 0.14 g Ni-saponite precursor (pNix) was added to 30 ml of deionized water at room temperature and kept continuous stirring for one day for complete dispersion. By using the same method, a set of mixtures were prepared, i.e., the mixtures of pMg-gel and pNi-gel, pMg50 and pNi50, pMg150 and pNi150, pMg180 and pNi180, pMg200 and pNi200, and pMg220 and pNi220. These mixtures were used as the starting materials for further syntheses of Mg,Ni-saponite under different hydrothermal conditions.

Syntheses of Series I samples. Every mixture was transferred to a polytetrafluoroethylene-lined autoclave and treated at 220 °C for two weeks (Table 1).

The products were washed by deionized water, collected by filtration, and dried at 45 °C.

The obtained samples were named as T-220, where T stands for the temperature in precursor preparation. For example, sample 150-220 means that the saponite was synthesized at 220 °C, using the Mg-and Ni-saponite precursors that were prepared at 150 °C as starting materials.

Syntheses of Series II samples. Four identical mixtures of pMg220 and pNi220

were prepared as the above-mentioned method. Each mixture containing 30 ml of deionized water was transferred to a 56 ml volume gold tube, sealed by using hightemperature flame. Then, these sealed gold tubes were put into the high-temperature heating jackets that were pre-set at different temperatures (220, 300, 400, and 500 °C) and were heated for one week. The obtained products were washed by filtration, dried at 45 °C, and named as 220-T (T stands for the hydrothermal temperature of the product). [START_REF] Petit | Chapter 2.7 -Fourier Transform Infrared Spectroscopy[END_REF]. Thus, the vOH bands in the middle infrared (MIR) region can be used to determine the crystal-chemistry associated with the evolution process of saponite. In this study, a Magna-IR 6700 Nicolet spectrometer was used for MIR spectra over the range 400-4000 cm -1 , with an EverGlo source, a CsI beam splitter, a DTGS-CsI detector and a resolution of 4 cm -1 with co-additions of 100 scans. MIR spectra were obtained in transmission through KBr pellets, prepared with 1 mg of sample and 150 mg of KBr salt. The mixture was pressed for 5 min at 8 kbar and dried overnight in an oven at 150 °C. Spectral manipulations were performed using the OMNIC software package.

To determine the octahedral cation distribution in the synthesized saponites, decomposition and curve-fitting have been used to obtain the integrated intensities (S) of the different OH-stretching bands. The S of the bands is proportional to the concentration of absorbing centers of the given OH types, assuming that the absorption coefficients are constant for all metal OH stretching vibration bands (e.g., [START_REF] Slonimskaya | Interpretation of the IR spectra of celadonites and glauconites in the region of OH-stretching frequencies[END_REF][START_REF] Petit | Crystal-chemistry of talc: A near infrared (NIR) spectroscopy study[END_REF][START_REF] Madejová | Chapter 5 -IR Spectra of Clay Minerals[END_REF]. The decomposition of the spectral envelop into bands was undertaken by the Peakfit software package, using four Gauss-Lorentz cross-product 

RESULTS

Mg-and Ni-saponite precursors

Powder XRD patterns of the Mg-and Ni-saponite precursors display characteristic reflections of trioctahedral smectites with the (001) reflection at ~1.25 nm, the (06,33) at 0.153 nm and asymmetric (hk) bands (Fig. 1) [START_REF] Brindley | Ethylene glycol and glycerol complexes of smectites and vermiculites[END_REF][START_REF] Borchardt | Chapter 14 -Smectites[END_REF]. The reflections of the saponite precursors became narrow and symmetric with the increase of hydrothermal temperatures. For the precursors synthesized below 50 °C, unrecognized reflections suggest that the products are non-crystalline. For the products synthesized between 50 and 180 °C, weak and broad reflections of (02,11), (13,20), and

(06,33) were recorded, whereas the (001) basal reflection was still not well recognized.

This suggests the formation of TOT layers of saponite but poor layer stacking along the c [START_REF] Decarreau | Hydrothermal synthesis, between 75 and 150 o C, of high-charge, ferric nontronites[END_REF][START_REF] Petit | Transformation of synthetic Zn-stevensite to Zn-talc induced by the Hofmann-Klemen effect[END_REF][START_REF] He | Aluminum ion occupancy in the structure of synthetic saponites: Effect on crystallinity[END_REF].

The FTIR spectra of the synthetic precursors are also similar to those reported in the literature for Ni-and Mg-saponites [START_REF] Zhang | Crystal Growth of Smectite: A Study Based on the Change in Crystal Chemistry and Morphology of Saponites with Synthesis Time[END_REF]. The band at 3678 cm -1 in all Mg-saponite precursors (Fig. 2a) and 3629 cm -1 in all Ni-saponite precursors (Fig. 2b) are assigned to the stretching vibrations of Mg 3 OH (vMg 3 OH) and Ni 3 OH (vNi 3 OH), respectively. Both the bands tend to become narrower and more intense with the increase of hydrothermal temperature. Concomitantly, the broad band (centered at ~ 3420 cm -1 ), corresponding to the OH stretching vibration of water molecules, decreases (Fig. 2). The evolution of the width and the intensity of the structural OH vibrations with the hydrothermal treatment temperature suggests that a high temperature favours the crystallization of saponite precursors, consistent with the XRD results. Note that the Al occupancy in the synthetic saponites has been delicately studied in a previous paper [START_REF] He | Aluminum ion occupancy in the structure of synthetic saponites: Effect on crystallinity[END_REF]. The results indicate that Al prefers to occupy tetrahedral sites rather than octahedral sites, and little Al occurs in the octahedral sheets of saponite precursors.

Mg,Ni-saponites in Series I

The XRD patterns of the oriented samples display the characteristic reflections of saponites with a basal spacing at ~ 1.24 nm, which shifts to 1.72 nm after exposure to ethylene glycol (Fig. 3a) [START_REF] Suquet | Variation du paramètre b et de la distance basale d 001 dans une série de saponites à charge croissante: I. Etats hydratés[END_REF][START_REF] Borchardt | Chapter 14 -Smectites[END_REF]. The ethylene glycolated samples exhibit rational 00l reflections, representative of the periodic structure of (dis)order of saponite (Fig. 5). The precursors prepared at different temperatures display a prominent variation in particle size. For pMg50 and pNi50 precursors, no well-ordered layer stacking was observed, which is consistent with the unresolved (001) reflections in their XRD patterns (Fig. 5a andb). For the precursors synthesized at higher temperatures (e.g., 150 and 180 °C), the layer structure is recognizable. For example, in the case of the precursors synthesized at 150 o C (Fig. 5d ande), the lengths of particles along the aor baxis are approximately 5 -30 nm, while the heights along c-axis is about 1 -6 nm (i.e., 1 -4 layers). The few numbers of stacking layers and widespread monolayers of such precursors may lead to the absence of ( 001 A summarization of the Mg/(Mg + Ni) ratios at different positions within a sample can provide evidence for the statistical distribution of Mg and Ni cations. In such cases, the more the number of points measured, the more reliable the statistical information of cation distribution will be. Figure 6 shows our STEM-EDS analyses that were conducted on a randomly selected particle in the ultrathin section of sample gel-220 (Fig. 6a) and the Mg/(Mg+Ni) ratios obtained from different positions (Fig. 6b). Our measurements show that, in general, the Mg/(Mg+Ni) ratios obtained from different points of one sample were located within a certain value. For instance, the Mg/(Mg+Ni) ratios of sample gel-220 were located around 0.5 (Fig. 6), suggesting a random distribution of both Mg and Ni within the saponite. In the same way, a ratio of 1 for Mg/(Mg+Ni) means that all the octahedral sites in the measured saponite are occupied by Mg (i.e., Mg-saponite) while a ratio of 0 reflects that all the octahedral sites are occupied by Ni (i.e., Ni-saponite). Figure 7 exhibits a summary of the Mg/(Mg+Ni) ratios for saponites prepared from different precursors. For sample gel-220 that was synthesized at 220 o C by using Mg-and Ni-bearing gel, the Mg/(Mg+Ni) ratios well locate around 0.5 (Fig. 7a), indicating that both Mg and Ni are randomly distributed within the saponite. In the case of sample 150-220 (Fig. 7b), the Mg/(Mg + Ni) ratios slightly deviate from 0.5 but lower than 0.75, implying that the distribution of most Ni and Mg cations is random but small clusters of Mg-and Ni-saponite may occur in the sample. Note that Figure 7c displays the (Mg/Mg+Ni) ratios measured on fifteen randomly selected particles in sample 180-220, and for each particle, at least five points were measured along layer direction. For this sample, the Mg/(Mg+Ni) ratios obviously deviate from the value of 0.5 and shift to 0 or 1 (Fig. 7c). Such Mg/(Mg+Ni) ratios suggest that domains of Mg-and Ni-saponite occur in the resultant saponite.

Mg,Ni-saponites in Series II

XRD patterns of the resultant saponites in Series II display characteristic (001) reflections at 1.20 nm, which shifts to ~1.72 nm upon ethylene glycolation (Fig. 3b). For the oriented samples, the width of the basal reflections tends to decrease with the increase of the synthesis temperature. For the case of sample 220-500, broad and weak reflections with a d-value of 2.58 nm and 3.07 nm occur before and after ethylene glycolation (Fig. 3b), respectively. The difference between these two values is ~0.5 nm, close to the difference between 1.20 nm and 1.72 nm, presumably due to the occurrence of interstratified non-swelling layers [START_REF] Whitney | Hydrothermal reactivity of saponite[END_REF]. In the present experimental system, the non-swelling layers are probably low-charged saponite which has a talc-like behaviour favored by the low pre-setted charge of saponite (0.3 per half unit cell) [START_REF] Christidis | A new Ni-rich stevensite from the ophiolite complex of Othrys, Central Greece[END_REF][START_REF] Petit | Transformation of synthetic Zn-stevensite to Zn-talc induced by the Hofmann-Klemen effect[END_REF][START_REF] Fonteneau | Swelling capacity of mixed talc-like/stevensite layers in white/green clay infillings ('deweylite'/'garnierite') from serpentine veins of faulted peridotites[END_REF].

The FTIR spectrum of sample 220-220 (Fig. 4b) only displays the vMg 3 OH and vNi 3 OH vibrations at 3675 and 3628 cm -1 , respectively. From sample 220-300 to 220-500, with an increase of ΔT, the intensity and resolution of vMg 2 NiOH and vMgNi 2 OH dramatically increase, and those of vMg 3 OH and vNi 3 OH decrease concomitantly (Fig. 4b). In the case of 220-500, the intensities of vMg 2 NiOH and vMgNi 2 OH are much stronger than those of vMg 3 OH and vNi 3 OH, indicating a more random distribution of octahedral Mg and Ni.

HAADF-STEM images of the samples in Series II display prominent morphological evolution with increasing ΔT (Fig. 8). Some big particles with a size of ~100 nm and small shapeless particles are observed in sample 220-220 (Fig. 8a) and 220-300 (Fig. 8b). The particle size in sample 220-300 seems more uniform than that in sample 220-220. As the hydrothermal temperature increases, the particle size dramatically increases. In sample 220-400, the size of most particles reaches 200 nm inplane, and there are less small particles overlying in comparison to samples 220-220 and 220-300 (Fig. 8c). For sample 220-500, most particles approach 400 nm in size, and particles less than 50 nm are scarcely observed (Fig. 8d). In the samples 220-400 and 220-500, euhedral elongated particles occur with high frequency (Fig. 8c andd). Note that the HAADF-STEM images of saponite layers in sample 220-400 show the evidence of micro-phase segregation, with a typical surrounding structure (Fig. 9a) and irregular patchworks of micro-regions (Fig. 9b). In addition, HRTEM images of ultrathin sections of the samples in Series II also provide supplementary information about particle size, as well as dis(order) of layer stacking (Fig. 10). With the increase of hydrothermal temperature (from sample 220-220 to 220-500), saponite layers along aor b-axis extend and the order of layer stacking along c-axis increases. For example, in sample 220-220, lattice fringe images show most of particles have a length of 50-150 nm and height of 3-10 layers (Fig. 10a), similar to other samples synthesized at 220 o C (e.g., gel-220, 150-220, and 180-220), while for sample 220-500, particles more than 250 nm in length and 6-15 layers in height were observed (Fig. 10d). Such results indicate the prominent increase of particle size with hydrothermal temperature increasing.

DISCUSSION

Crystal-chemistry features of saponite

As shown by FTIR spectra (Fig. 4), the occurrence of vMg [START_REF] Zhang | Crystal Growth of Smectite: A Study Based on the Change in Crystal Chemistry and Morphology of Saponites with Synthesis Time[END_REF]. Figure 11 is an example (sample 220-400) for the spectral deconvolution, and the corresponding R (IR) value (0.44) and estimated dissolution extent (0.59) were obtained by using the method described in Materials and Methods. The calculated R (IR) values for all the synthetic saponites and dissolution extent indexes of the corresponding precursors were summarized in Table 2.

For the synthetic saponites in Series I, the R (IR) values increase with an increase in ΔT, i.e., from ~0.00 for sample 220-220 to 0.63 for sample gel-220. A maximum of R (IR) value, 0.63, was obtained from the sample gel-220, while that of sample 50-220 is 0.60.

The R (IR) values of samples gel-220 and 50-220 are close to the theoretical one (0.75) for saponite in which the distribution of Mg and Ni is totally random. The above-mentioned deviations are probably due to the inevitable imprecision of the decomposition [START_REF] Zhang | Crystal Growth of Smectite: A Study Based on the Change in Crystal Chemistry and Morphology of Saponites with Synthesis Time[END_REF]. Meanwhile, the residual interlayer water may also generate a small band in the region of structural-OH stretching vibration in FTIR spectra of smectite [START_REF] Johnston | Chapter 9 -Infrared Studies of Clay Mineral-Water Interactions[END_REF].

Thus, it can be inferred that the cation distribution in samples gel-220 and 50-220 is highly random, resulted from the almost complete dissolution of saponite precursors and subsequent recrystallization taking place during the hydrothermal processes. Our calculations show that more than 80% of precursors were dissolved, followed by the recrystallization of Mg,Ni-saponite in samples gel-220 and 50-220 (Table 2). With a decrease of ΔT, the R (IR) value decreases prominently (Table 2) and that of the sample typical surrounding structure within one layer (Fig. 9a) and some layers from the stitched micro-regions (Fig. 9b) are observed. Theoretically, the brighter regions could contain more Ni than the darker ones. According to the FTIR results, the high dissolution extent (0.59) in this sample indicates most of its precursor dissolve. The micro-regions with mixed Mg and Ni (i.e., Mg-Ni mixed saponite) from dissolution-recrystallization are overwhelming, and the relatively small regions could be undissolved precursor units (Mg-saponite or Ni-saponite). Thus, the lighter rim and the darker inner region correspond to Mg-Ni mixed saponite and Mg-saponite, respectively (Fig. 9a). Meanwhile, residual Ni-saponite units attach along the rim of Mg-Ni mixed saponite (Fig. 9b). Here is the most visible evidence for the heterogeneous distribution of Mg and Ni within one layer, resulted from the partial dissolution of precursors and recrystallization and growth of Mg,Ni-saponite. Importantly, such heterogeneity within nano-scale layers offers visual interpretations for the results from FTIR spectra and EDS results.

Crystal growth processes

The morphological evolution of saponites from Series I (Fig. 5) and Series II (Figs. 8 and 10) indicates that the crystal particles of saponites coarsen as long as the hydrothermal temperatures of samples are higher than that of their precursors. In general, the saponite particles from a higher temperature have a larger size compared to those from a lower temperature. In addition, the shapes of crystal size distributions (CSDs) of clay minerals (e.g., smectite, illite/smectite, and illite) are approximately lognormal, and the overall increase of crystal size can result in a right shift of CSD [START_REF] Eberl | Ostwald ripening of clays and metamorphic minerals[END_REF][START_REF] Eberl | Deducing growth mechanisms for minerals from the shapes of crystal size distributions[END_REF][START_REF] Zhang | Crystal Growth of Smectite: A Study Based on the Change in Crystal Chemistry and Morphology of Saponites with Synthesis Time[END_REF]. Hence, we assume the ideal CSDs of saponites synthesized at different temperatures (Fig. 12), in which the dissolution extents are This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. DOI: https://doi.org/10.2138/am-2021-7625. http://www.minsocam.org/ derived from the R (IR) (Table 2) and the critical size is based on the theory of crystal growth (i.e., the hydrothermal system with a higher temperature requiring a larger critical size of particles). When the precursors exposed to a given physicochemical condition, the particles smaller than the critical size would tend to dissolve to decrease the Gibbs free energy of the system (e.g., [START_REF] Kelton | Crystal Nucleation in Liquids and Glasses[END_REF]. As shown in Figure 12, for the specific condition of 220 o C, the assumed critical size of saponites is c220. The precursors synthesized at 50 o C completely dissolve when they are hydrothermally treated at 220 o C, suggesting that the particle size of the precursors prepared at 50 o C is smaller than c220.

For Series I samples, with the increase of hydrothermal temperature of precursors, the dissolution extents decreases. This indicates that the precursors synthesized at a higher temperature have a lower percentage of particles smaller than the critical size (c220), leading to a lower dissolution (Fig. 12). In Series II, all the samples are synthesized from the same precursors (i.e., a mixture of pMg220 and pNi220) with identical CSD (CSD220). Thus, from sample 220-220 to 220-500, the rise of dissolution extents (i.e., ~0.00 to 0.77) is related to the subsequent hydrothermal temperatures. The subsequent hydrothermal system with a higher temperature demands a larger critical size of saponites.

Thus, with an increase of subsequent temperature, the precursors with CSD220 have a higher percentage of particles smaller than the critical size of the corresponding hydrothermal system. As a result, the higher the subsequent temperature is, the more the precursors with CSD220 dissolve (Fig. 12). Meanwhile, the undissolved particles can grow into stable phases with a larger size and a chemical composition different from that of the initial phase [START_REF] Steefel | A new kinetic approach to modeling water-rock interaction: The role of nucleation, precursors, and Ostwald ripening[END_REF].
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The kinetic growth process demonstrated that the saponite layers grow with the dissolution of small-size saponite layers [START_REF] Zhang | Crystal Growth of Smectite: A Study Based on the Change in Crystal Chemistry and Morphology of Saponites with Synthesis Time[END_REF]. The growth rate of Mg,Nisaponite could be limited by the concentration of growth species on the edges of particles.

In such systems, surface free energy tends toward a minimum by the dissolution of small layers and the growth of large layers as the matter is transferred from the former to the latter through the solution. As a result, the small particles gradually disappear, and the mean crystallite size increases [START_REF] Lifshitz | The kinetics of precipitation from supersaturated solid solutions[END_REF][START_REF] Wagner | Theorie der alterung von niederschlägen durch umlösen (Ostwald-reifung)[END_REF]. In addition to the traditional growth pattern, i.e., the dissolution of small layers and the growth of large layers, the attachment of saponite nanoparticles was also involved in the growth pathway to reduce the free energy of the system based on numerous studies about other minerals [START_REF] De Yoreo | Crystallization by particle attachment in synthetic, biogenic, and geologic environments[END_REF]. Several clues support the existence of nanoparticle attachment during the kinetic growth process. For example, in sample 150-220, the rate of R (IR) slightly rises, but the mean particle size dramatically increases from 3 to 14 days, suggesting saponite growth accompanied by particle attachment [START_REF] Zhang | Crystal Growth of Smectite: A Study Based on the Change in Crystal Chemistry and Morphology of Saponites with Synthesis Time[END_REF].

Another very important feature, micro-phase segregation, was found in the resultant saponite (Fig. 9), which confirms the simultaneous occurrence of dissolutionrecrystallization pathway and crystallization of particle attachment. Sample 220-400 is a typical example with a dissolution extent of its precursors of 0.59 (Table 2), implying that the dissolution-recrystallization pathway should be the dominant growth mechanism.

These micro-phase distributions within one layer indicate the co-existence of Mg-, Niand Mg-Ni mixed domains, probably resulting from layer attachment. Thus, for all saponites synthesized through partial dissolution and recrystallization of precursors, their growth processes may accompany with layer attachment.

Evolutionary features of saponite and controlling factors

The changes in temperature will significantly affect the solubility of saponite, pH and chemistry of solution, which could lead to the evolutions of compositions and morphology of saponite. In nature, smectites are stable or metastable over geological time in an unchanged environment but will be destabilized due to the changes in physicochemical conditions (e.g., chemistry, temperature, pressure, etc.). Changes running into smectite's environment would bring about the compositional variability and crystal growth of smectite. Records of these changes could provide a useful framework for interpreting the geochemistry and long-term stability of clay minerals [START_REF] Tardy | Stability fields of smectites and illites as a function of temperature and chemical composition[END_REF]. Present experiments were conducted in a sealed hydrothermal system at different temperatures. Dissolution and recrystallization are the principal driving forces for all reequilibration reactions in the presence of a fluid phase [START_REF] Putnis | Mineral replacement reactions[END_REF]. Thus, when the saponite precursors that form at a lower temperature are exposed to a higher temperature fluid, solid-solution reactions tend to take place to reduce the free energy of the whole system. The neoformed saponite particles are the products of re-equilibration reactions of the hydrothermal system.

In addition to the change of physicochemical conditions, the presence of kinetic factors (e.g., reaction time, size driven force) may contribute to the smectite evolution. R (IR) in Series I and II have been expressed in terms of the variations of temperature and pressure of hydrothermal systems (Table 2, Fig. 13). Interestingly, R (IR) is probably not only affected by the changes in physicochemical conditions. For instance, sample 220-300 (ΔT=80 o C) necessitates much higher activation energy than sample 150-220 (ΔT=70 o C) during the hydrothermal processes. In contrast, the former case has a lower R (IR) (0.24) than that (0.55) of the latter. In comparison to the samples in Series II, the samples in Series I have a smaller particle size of starting materials and longer reaction time so that the kinetic factors contribute more to the dissolution degree. As nano-scale minerals, the particle size is a key point in determining the energetics and stability of smectite. The smaller particles with higher surface energy correspond to a higher reactivity and lower stability as observed for other nano-scale minerals like Fe(III)-[oxi(hydr)] oxide minerals [START_REF] Anschutz | Reduction of crystalline iron (III) oxyhydroxides using hydroquinone: Influence of phase and particle size[END_REF][START_REF] Madden | A test of geochemical reactivity as a function of mineral size: Manganese oxidation promoted by hematite nanoparticles[END_REF][START_REF] Hochella | Nanominerals, mineral nanoparticles, and earth systems[END_REF]Navrotsky et al., 2008). Therefore, the size driving force may induce the evolution of smectite, even if there is no change of physicochemical conditions.

IMPLICATIONS

Our study indicates that the distribution mode of octahedral cations in saponite is not only relevant to a given hydrothermal temperature but also dependent on ΔT for final products. In nature, large Ni clusters were systematically observed in natural (Ni-Mg)phyllosilicates formed at a low temperature in lateritic weathering profiles [START_REF] Gérard | Infrared studies of Ni-bearing clay minerals of the kerolite-pimelite series[END_REF][START_REF] Manceau | Heterogeneous distribution of nickel in hydrous silicates from New Caledonia ore deposits[END_REF][START_REF] Decarreau | Domain segregation in Ni-Fe-Mg-smectites[END_REF]. During the synthesis of clay minerals, when the temperature of synthesis decreases, a tendency to clustering was also observed and specially marked for Ni atoms [START_REF] Decarreau | The actual distribution of octahedral cations in 2: 1 clay minerals: results from clay synthesis[END_REF]. These previous results indicated that segregation is frequently observed in clay minerals formed at low temperatures, thereby the distribution type could be temperature-dependent.

However, our experiments give information that the element distributions within clay minerals are also related to the synthesis temperature gap between starting materials and resultant products. Larger Mg-or Ni-clusters can form when the respective synthesis temperatures of the starting materials and the resultant products are close (i.e., low ΔT).

Thus, the clustering is not only related to given temperature conditions but also to the characteristics of the starting materials in terms of crystallinity and particle size.

Consequently, the distribution mode of octahedral cations in saponite can not be used as a geothermometer. Such results also indicate the various isomorphous substitutions or solid solutions in natural clay minerals are probably related to the properties of raw materials.

Weathering may yield clay minerals with poor crystalline and small particles, which could transport into sedimentary environments [START_REF] Wilson | Lichen weathering of minerals: implications for pedogenesis[END_REF][START_REF] Galán | Chapter 3 -Genesis of Clay Minerals[END_REF] [START_REF] Eberl | Clay mineral formation and transformation in rocks and soils[END_REF][START_REF] Merriman | Clay minerals and sedimentary basin history[END_REF]. As the environment changes, the most important reactions are phase transformation and crystal growth, accompanied by cation redistribution. Crystal-chemistry and crystal growth could be used to predict the environmental transition and element migration. The experimental system used here was very simple compared to natural systems that are far much complex. However, it was possible to describe smectite evolution by element redistribution and growth. In nature, such evolutions of clay minerals are difficult to capture in the early geological stage.

Similar experiments with more complexities could offer potentials to predict the mineral geochemistry and better understand and parametrize natural processes. cT stands for the required critical size in corresponding physicochemical system, e.g., c220 is the critical size of saponite in the hydrothermal system at 220 o C. 

  parameters of crystal-chemistry and crystal growth of saponite with the change of hydrothermal temperature in present study. The Mg-and Ni-saponite system was chosen as the study of object because they can be easily synthesized. Meanwhile, Mg-saponite and Ni-saponite have very similar structure due to the similar radii of Ni 2+ and Mg 2+ whereas the different atomic mass of Mg and Ni are meaningful to perform crystalchemistry analysis. Two series of saponites were hydrothermally synthesized. Series I was obtained by hydrothermal treating different starting materials previously formed at various temperatures (RT, 50, 150, 180, 200, and 220 °C) at 220 °C for two weeks. Whereas the Series II was obtained by hydrothermal treating the same starting material synthesized at 220 o C for one week at various temperatures (220, 300, 400, and 500 o C).The crystal-chemistry, including chemical composition and ions distribution, was characterized by Fourier Transform Infrared (FTIR), X-ray energy-dispersive spectroscopy (EDS), and High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM). The morphology related to the crystal growth was investigated by transmission electron microscopy (TEM).

  functions corresponding to the four possible environments associated with structural OH stretching vibrations (Mg 3 OH, Mg 2 NiOH, MgNi 2 OH, and Ni 3 OH). The experimental spectra were iteratively fitted by fixing the four central positions of four frequencies of structural OH stretching vibrations until the squared correlation coefficients r 2 ≥ 0.995. Then, the band positions and area were extracted. The degree of random distribution of octahedral cations in octahedral sheet of the synthesized saponites (R (IR) ) was measured by the ratio of the S of the bands that involve neighboring Mg and Ni cations to the total S of the structural OH stretching vibrations, i.e., R (IR) = (SvMg 2 NiOH + SvNi 2 MgOH) / (SvMg 3 OH + SvMg 2 NiOH + SvNi 2 MgOH + SvNi 3 OH). When the same number of Mg and Ni randomly distributes in three vacancies around structural OH, the corresponding theoretical ratio is 0.125 for Mg 3 OH and 0.125 for Ni 3 OH, 0.375 for Mg 2 NiOH and 0.375 for Ni 2 MgOH; thus R (theory) equals 0.75[START_REF] Zhang | Crystal Growth of Smectite: A Study Based on the Change in Crystal Chemistry and Morphology of Saponites with Synthesis Time[END_REF]. Correspondingly, the dissolution extent (i.e., the dissolution ratio of precursors) can be estimated by R (IR) /R (theory) .STEM-EDS.High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) observations were performed to investigate the morphology in the ab direction of the saponite particles. 1 mg sample was soaked into 10 ml deionized water with slightly stirring for one week to obtain a dilute colloidal suspension. Specimens were prepared by dispersing the colloidal suspension in 40 ml ethanol and ultrasonically treating for 30 min. A drop of the resultant suspension was placed on a porous carbon film supported by a copper grid, then the water and ethanol were evaporated. STEM images were obtained using a FEI Talos F200S high-resolution transmission electron microscope (HRTEM) operated at 200 kV. For the HRTEM This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. DOI: https://doi.org/10.2138/am-2021-7625. http://www.minsocam.org/ investigation of the particle size and the lattice fringe along the [001] direction, oriented samples were embedded in epoxy resin for the preparation of ultrathin sections.Subsequently, ultrathin sections (~50 nm) were obtained using an ultramicrotome (Lecia EM UC7) with a diamond knife and transferred onto holey carbon-coated TEM copper grids. HRTEM images and X-ray energy-dispersive spectroscopy (EDS) were carried out using a FEI Talos F200S high-resolution transmission electron microscope equipped with Super-X X-ray spectroscopy and operated at 200 kV. The beam diameter for EDS analyses is about 5 nm. The relative contents of Mg and Ni were collected from ultrathinsection samples by STEM-EDS as follows: the contents of Mg and Ni at different positions within one particle was measured, plotting the corresponding Mg/(Mg + Ni) value on the graph to obtain a variation trend. Then variation trends of Mg/(Mg + Ni) of numerous randomly selected particles from one sample were summarized into one graph.

  saponite without any interstratified talc-like layers. The intensity of the basal reflections of samples gel-220, 50-220, and 150-220 is higher than that of samples180-220, 200-220, and 220-220, suggesting the layer stacking in the former (i.e., samples gel-220, 50-220, and 150-220) is more ordered than that in the latter(i.e., samples 180-220, 200-220, and 220-220).In clay minerals, the OH stretching vibrations are closely associated with the octahedral cations that are coordinated to the hydroxyl groups. For the Mg,Ni-saponite synthesized in the present study, up to four OH stretching vibrations with different wavenumbers (i.e., 3675, 3663, 3648, and 3628 cm -1 ) can be distinguished, depending on the distribution of Mg 2+ and Ni 2+ in octahedral sites. These vibrations correspond to the four possible combinations of the two different cations distributed in the three octahedral sites within one structural unit, i.e., Mg 3 OH, Mg 2 NiOH, MgNi 2 OH, and Ni 3 OH[START_REF] Zhang | Crystal Growth of Smectite: A Study Based on the Change in Crystal Chemistry and Morphology of Saponites with Synthesis Time[END_REF]. In the FTIR spectrum of sample 220-220 of which the temperatures for the precursors' syntheses and subsequent hydrothermal treatment are the same (i.e., the temperature gap, ΔT, is zero), only two prominent vibrations are recorded at 3675 and 3628 cm -1 , attributed to vMg 3 OH and vNi 3 OH, respectively (Fig.4a). However, with an increase of the temperature gap (ΔT) from sample 200-220 to gel-220, four OH stretching vibrations at 3675, 3663, 3648, and 3628 cm -1 were displayed with a prominent intensity decrease of vMg 3 OH and vNi 3 OH and a simultaneous intensity increase of vMg 2 NiOH and vMgNi 2 OH. For samples 50-220 and gel-220, the band intensities of vMg 2 NiOH and vMgNi 2 OH are much stronger than those of vMg 3 OH and vNi 3 OH. HRTEM images of ultrathin sections of both the precursors and the corresponding synthetic Mg,Ni-saponites provide information about particle size and layer stacking

  ) reflections in their XRD patterns. The height/length refer mainly to the size of bundles of saponite particles rather than truly the size of individual particles because the dispersion of the samples was not complete. With the rise of hydrothermal temperature, both the height and length of precursor particles increase (Fig.5g and h). Note that, after hydrothermally treated at 220 o C for all the precursors prepared at a low temperature (e.g., gel-220, 150-220 and 180-220), latticefringe images show that the resultant Mg,Ni-saponites consist of bulk crystals with 5 -15 layers along the c-axis and 40 -150 nm in length (Fig.4c, f and i). The crystal size of the resultant saponite is much larger than that of their corresponding precursors, which indicates crystal growth taking place during the hydrothermal treatment.

2

  NiOH and vMgNi 2 OH suggests the distribution of Mg and Ni in neighboring octahedral sites in the synthetic saponites, implying dissolution of Mg-and Ni-saponite precursors and recrystallization of Mg-Ni mixed saponite (Zhang et al., 2020). Both the distribution feature of Mg and Ni cations in the Mg,Ni-saponite (i.e., mixing degree of Mg and Ni in octahedral sites) and the dissolution of Mg-and Ni-saponite precursors can be revealed by R (IR) that is usually obtained via decomposition of the structural OH stretching vibrations in FTIR spectra

  220-220 almost reaches zero. The low R (IR) values suggest the occurrence of clusters of octahedral Mg and Ni (i.e., Mg-and Ni-domains/layers), instead of a totally random distribution. The occurrence of Mg-and Ni-domains/layers should be attributed to the low dissolution extent of Mg-and Ni-saponite precursors.
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Table 2 .

 2 R (IR) for all synthetic Mg,Ni-saponites and calculated dissolution extents for the corresponding precursors.

		Samples	R (IR)	Dissolution extent	ΔT ( o C)
		Gel-220	0.63	0.84	~200
		50-220	0.60	0.80	170
	Series I	150-220 180-220	0.55 0.30	0.73 0.40	70 40
		200-220	0.17	0.23	20
		220-220	~0.00	~0.00	0
		220-220	~0.00	~0.00	0
	Series II	220-300 220-400	0.24 0.44	0.32 0.59	80 180
		220-500	0.58	0.77	
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Such variations in the distribution of Mg and Ni are also found in the saponites in Series II. For example, the R (IR) of sample 220-500 is 0.58, corresponding to a random distribution of Mg and Ni in the Mg,Ni-saponite. This should be attributed to a high precursors' dissolution extent that is about 0.77 (Table 2). For samples 220-300 and 220-400, partial dissolution of precursors took place during the hydrothermal processes, resulting in a prominent decrease of R (IR) . This reflects that the distribution of cations in octahedral sites is less random in comparison to sample 220-500.

Thus, a statistic distribution of cations in the resultant saponites is provided by FTIR spectra. The STEM-EDS analyses provide local information about the cation distribution (Figs. 6 and7). For example, as shown in Figure 6, the ratios of Mg/Mg+Ni in different locations are fixed at ca. 0.5, showing a relatively homogenous distribution of Mg and Ni within saponite layers/particles. Similar cation distribution is further evidenced by STEM-EDS analyses on a large number of randomly selected particles within the same sample, corresponding to an almost complete dissolution of precursors.

The plot for Mg/Mg+Ni ratios of sample 180-220 seems more 'scattered' with more points approaching to 1 or 0 in comparison to those of samples gel-220 and 150-220 (Fig. 7a andb). This suggests that the distribution of Mg and Ni in sample 180-220 is not as homogeneous as that in samples gel-220 and 150-220. The Mg/Mg+Ni value of 1 represent the occurrence of Mg-rich locations while the ratio of 0 correspond to Ni-rich locations within layers/particles. Mg-or Ni-rich locations in the resultant saponite, are possibly due to the undissolved Mg-or Ni-saponite precursor units, respectively. HAADF-STEM images of the resultant saponites give further evidence for segregations of Mg and Ni cations within one single layer. In the case of 220-400, a