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ARTICLE INFO ABSTRACT

Conversion of smectite to chlorite (S—C conversion) is a common clay transformation reaction in a range of
geological settings. Yet, current models for S—C conversion are still under debate. This study systematically
investigated the mechanisms of S—C conversion and the influences of Mg?* and AI** supplies. Saponite (a
representative trioctahedral smectite) was reacted with Mg®* and AI** under 340 °C and autogenous pressure.
Reaction was found to reach steady state around 24 h, and either randomly mixed-layered chlorite/smectite (C/
S) or chlorite formed from saponite. Solution chemistry and mineralogical evidence suggested that the S—C
conversion occurred through solid-state transformation, characterized with gradual formation of hydroxide
layers from Mg—Al polymers via polymerization in interlayer and concomitant substitution of Al for Si in 2:1
layers. The formation of mixed-layered C/S or chlorite depended on Mg®* and AI** supplies. When Mg®* and
AI** were limited, mixed-layered C/S would form from saponite, and growing Mg?* and AI** supplies would
continuously increase the percentage of chlorite in mixed-layered C/S until chlorite formed (saponite — mixed-
layered C/S — chlorite). In contrast, chlorite could form directly from saponite under sufficient Mg?* and Al**
supplies (saponite — chlorite). This study contributed to an improved understanding of S—C conversion, and
provided a general methodology and knowledge basis for future studies involving this mineral conversion.
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1. Introduction

The conversion of trioctahedral smectite (e.g., saponite) to chlorite
is by far the most common transformation of trioctahedral clay minerals
(Beaufort et al., 2015), occurring in a wide range of geological settings,
such as diagenetic systems (e.g., April, 1981; Chang et al., 1986), low-
grade metamorphitic systems (e.g., Bettison and Schiffman, 1988; Inoue
and Utada, 1991; Shau et al., 1990), hydrothermal systems (e.g.,
Robinson and De Zamora, 1999; Schiffman and Staudigel, 1995), and
subduction zones (e.g., Schleicher et al., 2012). An in-depth under-
standing of the mechanisms of smectite-to-chlorite (S—C) conversion is
critical for accurate application of chlorite as a geothermometer to re-
construct thermal histories of basins and hydrothermal systems
(Beaufort et al., 2015), for better predictions of petroleum formation
process and reservoir quality associated with chlorite (Dowey et al.,
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2012), and for understanding the roles of clay transformations in
faulting processes (Meng et al., 2018).

Despite the above mentioned significances, the kinetics and me-
chanisms of S—C conversion is still under debate (reviewed in Beaufort
et al., 2015; Robinson et al., 2002). Three contrasting models have been
proposed based on field observation: (1) a continuous model, which
accommodates the transformation from smectite to randomly mixed-
layered chlorite/smectite (C/S), followed by chlorite (e.g., Chang et al.,
1986); (2) a discontinuous model, which is characterized with the oc-
currence of corrensite (regularly mixed-layered C/S) but in absence of
randomly mixed-layered C/S (e.g., Inoue and Utada, 1991; Shau and
Peacor, 1992); and (3) a direct model with direct transformation of
saponite to chlorite with no occurrence or only minor occurrence of C/S
(Robinson et al., 2002). In addition, a wide range of factors (such as
temperature, bulk-rock composition/mineralogy, fluid/rock ratio, etc)
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Table 1
Summary of hydrothermal experiments conducted in this study.
Series ALY (mM) Mg?* (mM) Mg/Al molar ratio Time Sample labels Notes Products
I 85 185 2.2 0-72h I-reaction time Reaction kinetics Chlorite
I 135 170 1.3 II-reaction time Chlorite & boehmite
I 185 135 0.7 II-reaction time Chlorite & boehmite
v 8 18 2.2 24h IV-Al Increasing Mg?* and AI** initial supplies C/S (10%C)”
16 36 2.2 IV-A2 C/S (21%C)
24 54 2.2 IV-A3 C/S (40%C)
32 72 2.2 IV-A4 C/S (48%C)
40 90 2.2 IV-A5 C/S (62%C)
48 108 2.2 IV-A6 C/S (70%C)
56 126 2.2 IV-A7 C/S (75%C)
64 144 2.2 IV-A8 C/S (80%C)
72 162 2.2 IV-A9 C/S (84%C)
100 180 1.8 IV-B1 Increasing AI>* but decreasing Mg?™ initial supplies Chlorite
120 170 1.4 IV-B2 Chlorite & boehmite
135 160 1.2 IV-B3 Chlorite & boehmite
170 145 0.9 IV-B4 Chlorite & boehmite
220 120 0.5 IV-B5 Chlorite & boehmite
0 0 - IvV-C1 Blank C/S (3%C)
0 185 - IvV-C2 Al-free control C/S (20%C)
185 0 - v-C3 Mg-free control Multiple phases

For all series, solution (mL)/saponite (g) = 30, initial pH within 9.0 + 0.1, and experimental temperature at 340 °C.
? Randomly mixed-layered chlorite/smectite with percentage of chlorite in parentheses. The percentage of chlorite was determined by the (001) reflection position

after ethylene glycol solvation (Reynolds, 1980).

may influence the conversion, but the effects of each factor are not clear
as well.

To better understand the mechanisms and pathways of S—C con-
version, hydrothermal synthesis of chlorite under controlled conditions
has been employed. For example, transformation from saponite to
corrensite without occurrence of randomly mixed-layered C/S was
observed in hydrothermal reaction at 350 °C for 22 d or at 500 °C for 6 h
(Roberson et al., 1999). Chlorite and mixed-layered minerals (e.g.,
chlorite/vermiculite/saponite) have been synthesized using montmor-
illonite or vermiculite as precursor (Meng et al., 2018; Mosser-Ruck
et al., 2010; Mosser-Ruck et al., 2003). In a long term experiment
(9 years), the conversion of montmorillonite to chlorite was proposed to
take place via several steps involving the formation of mixed-layered C/
S and corrensite/chlorite (Mosser-Ruck et al., 2016).

Despite the previous experimental efforts, S—C conversion is still
not fully understood, because most previous studies used dioctahedral
smectite (such as montmorillonite) (e.g., Meng et al., 2018) rather than
trioctahedral smectite (such as saponite) as precursor. However, trioc-
tahedral smectite is the most common precursor of S—C conversion
observed in the fields (Beaufort et al., 2015). Additionally, those studies
focused on smectite stability in contact with Fe metal in nuclear waste
repository, which resulted in the formation of Fe-rich saponite and Fe-
chlorite (e.g., Guillaume et al., 2003; Mosser-Ruck et al., 2010). How-
ever, most chlorite in shallow hydrothermal and diagenetic systems has
an Fe/(Fe + Mg) ratio of < 0.5 (Beaufort et al., 2015). Thus, studies on
the conversion of Mg-rich saponite to Mg-chlorite are highly desired
towards better understandings of S—C conversion in hydrothermal and
diagenetic systems.

In this study, we systematically investigated the mechanisms of S—C
conversion. Saponite (a representative trioctahedral smectite) was re-
acted with Mg?* and AI** in NaCl solution at 340 °C, autogenous
pressure (14.5 bar), liquid/solid ratio of 30, and initial pH of 9.0 for up
to 72h. A suit of complementary techniques was employed to char-
acterize the composition, morphology, and structure of the reaction
products, including inductively coupled plasma optical emission spec-
trometry (ICP-OES), X-ray diffraction (XRD), thermogravimetric ana-
lysis and differential scanning calorimetry (TGA-DSC), scanning elec-
tron microscopy coupled with energy dispersive X-ray spectroscopy
(SEM-EDX), transmission electron microscopy (TEM), Fourier transform
infrared spectroscopy (FTIR), and nuclear magnetic resonance (NMR)
spectroscopy. The results revealed detailed mechanisms of S—C

conversion and roles of Mg®* and AI*" supplies in determining S—C
conversion pathways, and provided a general methodology and
knowledge basis for future studies on this mineral conversion.

2. Experimental procedure
2.1. Saponite preparation

All chemicals used for experiments were analytical grade or higher.
Saponite was synthesized according to well-established method (He
et al.,, 2014). Specifically, 27 g NaOH, 49.2g NaHCO;, and 72.8¢g
Na,Si039H,0 were dissolved in 350 mL deionized (DI) water to obtain
solution A. Solution B was prepared by dissolving 11.5g AlCl36H,0
and 46.2 g MgCl,-6H,0 in 50 mL DI water. Then, solution B was slowly
added to solution An under vigorous stirring for 15 min. The mixture
was then heated at 180 °C and autogenous pressure in a hydrothermal
reactor (Parr Instruments) for 24 h. At the end of reaction, solid pro-
ducts were collected by vacuum filtration, rinsed by 2 L DI water, dried
at 60 °C, and finely ground for further characterization. The successful
synthesis of saponite was confirmed by XRD and other analytic tech-
niques and discussed later.

2.2. Hydrothermal synthesis of chlorite from saponite

0.5 g saponite was added to 15mL 0.05M NacCl solution (liquid/
solid ratio = 30 mL/g), which contained different concentrations of
MgCl, and AlCl3. Saponite was dispersed in solution by stirring for 2 h,
during which pH of the suspension was slowly titrated to pH 9.0 using
NaOH solution. The suspension was transferred into hydrothermal re-
actors and heated at 340°C and autogenous pressure. After pre-
determined reaction time, reactors were quenched to room tempera-
ture. Then, the reacted suspension was transformed into 50 mL
centrifuge tubes, and pH was measured at room temperature. The so-
lution phase and solid products were separated by centrifugation at
5000 rpm for 10 min. Cation concentrations of the solution were mea-
sured by ICP-OES (see Section 2.3.1). The solid products were further
rinsed by DI water and dried at 60 °C. About 0.7 g solid products were
yielded for each experiment.

Overall, four series of experiments were conducted (Table 1). Series
L, I1, and IIT aimed to study the kinetics of S—C conversion with different
Mg/Al ratios. Hydrothermal reactors were quenched to room



P. Liu, et al.

temperature after different time intervals (0.08-72h). Series IV with 17
experiments aimed to investigate the effects of Mg®* and AI** supplies
on S—C conversion: IV-Al to IV-A2 had increasing Mg?* and AI®*
supplies but with a constant Mg/Al ratio; IV-B1 to IV-B5 were char-
acterized with decreasing Mg/Al ratios; and IV-C1, IV-C2, and IV-C3
were control experiments. Reactors in Series IV were quenched to room
temperature at 24 h based on the kinetics of Series I-III (see Section
3.2).

2.3. Characterization of reaction products

2.3.1. Solution characterization

Cation concentrations (Mg, Al, and Fe) in solution phase were
measured by ICP-OES using iCAP 6500 DUO (Thermo Fisher Scientific).
Fe concentration was monitored during reaction because of concern on
reactor corrosion during reaction. Solution was filtrated, diluted, and
acidified to 2% HNOj3 (vol%) prior to measurement. A series of cali-
bration standards with known concentrations (0-500 ppm) was pre-
pared using certified standard solution (TraceCERT). Calibration stan-
dards were measured every 10 samples to ensure accuracy.

2.3.2. Solid characterization

2.3.2.1. Cation exchange capacity (CEC). CEC of the saponite and solid
products was obtained following standard procedures (Chapman,
1965). Briefly, about 100 mg sample was dispersed in 10 mL of 1M
ammonium acetate (NH4CH3CO,, pH7.0) and stirred overnight to
reach cation exchange equilibrium, followed by centrifugation at
5000 rpm for 10 min to separate the solids and supernatant. Cation
exchange was repeated for three times, and the accumulative
supernatant was prepared for ICP-OES measurement with the same
procedure as mentioned above (see Section 2.3.1). The main cations
detected in the supernatant were Na™ and Mg?*.

2.3.2.2. X-ray diffraction (XRD). Oriented XRD patterns were recorded
on a Rigaku D/max Illa diffractometer (Cu Ka, A = 0.154 nm) at 40 kV
and 40 mA. Oriented samples after different treatments, including air-
dried (AD), ethylene glycol-solvated (EG), Mg>*-saturated (Mg>*), and
heated at 350 or 550 °C for 2 h (H-350 or H-550), were scanned from 2
to 40°26 with a step of 0.01°26 and a rate of 1°20/min. The percentage
of chlorite (%C) in mixed-layered C/S was estimated based on the (001)
reflection position after EG solvation (Reynolds, 1980).

2.3.2.3. Scanning electron microscopy coupled with energy dispersive X-ray
spectroscopy (SEM-EDX). Solid samples were first dusted on carbon
tapes and coated with platinum. SEM imaging (Carl Zeiss Supra 55) was
performed at 5kV and 10 pA with a working distance of 5 mm. As for
chemical analysis, EDX spectra were collected at 15 kV and 30 pA with
a working distance of 15mm using Oxford Aztec X-Max 150. Each
spectra were collected for > 1 min to get higher signal/noise ratios. For
each sample, 6-15 spectra were collected for each mineral phase
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identified (e.g., mixed-layered C/S, chlorite, and boehmite, see
Section 3.2.2). Averaged element contents of each mineral phase
were reported in Table S1 (Supplementary Data).

2.3.2.4. Transmission Electron Microscopy (TEM). Selected samples
were ultrasonically dispersed in an ethanol-water solution. One drop
of the suspension was placed on a copper grid and dried at room
temperature. Samples were coated by carbon, and then examined by
FEI Tecnai F20 at 200 kV. TEM analysis included selected area electron
diffraction (SAED) (recorded normal to the clay layer) and 00l lattice
fringe imaging (parallel to the clay layer).

2.3.2.5. Thermogravimetric analysis and differential scanning calorimetry
(TGA-DSC). The simultaneous TGA and DSC analyses were conducted
on a thermogravimetric analyzer (TGA/DSC 1, Mettler Toledo), which
was calibrated using certified standards before sample measurements.
About 10 mg samples were loaded in an alumina pan and heated from
room temperature to 1000 °C at a heating rate of 20 °C/min with N,
flow of 100 mL/min.

2.3.2.6. Fourier transform infrared spectroscopy (FTIR). Selected samples
were mixed with KBr at a clay/KBr mass ratio of 1/100 and ground in
an agate mortar for > 15min, after which samples were dried in an
oven at 105°C for 24h to minimize water adsorption. After drying,
samples were packed into a cylindrical cup and FTIR spectra were
obtained using a Thermo Nicolet FTIR 6700 spectrometer. All spectra
were collected at room temperature over the range of 400-4000 cm ~!
with a resolution of 4 cm ~*. Each sample was scanned 128 times to get
optimal spectral quality.

2.3.2.7. Nuclear magnetic resonance spectroscopy (NMR). Solid-state 2°Si
and ?’Al magic angle spinning (MAS) NMR measurements were carried
out on a Bruker Avance 400 spectrometer at >°Si resonance frequency of
79.5 MHz and %”Al frequency of 104.3 MHz, respectively. Samples were
packed in a 4mm ZrO, rotor. Direct polarization (DP) MAS NMR
spectra of 2°Si were recorded with an acquisition time of 32 ms and a
recycle delay of 4 s at 10 kHz. The 2°Si chemical shifts were externally
referenced to tetramethylsilane. Al DP MAS NMR spectra were
collected with an acquisition time of 8 ms and a recycle delay of 4s
at 12 kHz. The %Al chemical shift was externally referenced to 1.0 M Al
(NO3)3 solution.

3. Results and discussion
3.1. Characteristics of saponite

In order to show the S—C conversion, results of saponite were re-
ported along with solid products in Tables 1-2 and Figs. 1-7. Saponite
was characterized with a strong (001) reflection at 12.6 A (7.0°20)
(Moore and Reynolds, 1989) (Fig. 2). As indicated by the position of
(001) reflection, saponite expanded to 17.3 A (5.1°26) as solvated by EG

Table 2

Chemical formulae of saponite and chlorite based on EDX analysis.
Sample AR* (mM) Mg?* (mM) Na Mg VAl VIAL Si Fe
Saponite / / 0.57 (0.10) 2.86 (0.23) 0.58 (0.13) 0.09 (0.14) 3.42 (0.13) 0.02 (0.02)
1-24h 85 185 0.02 (0.03) 4.96 (0.10) 0.84 (0.07) 0.89 (0.04) 3.16 (0.07) 0.11 (0.03)
IV-B1 100 180 0.00 (0.00) 4.85 (0.06) 0.93 (0.04) 1.01 (0.03) 3.07 (0.04) 0.09 (0.02)
IV-B2 120 170 0.01 (0.02) 4.72 (0.06) 1.01 (0.02) 1.12 (0.04) 2.99 (0.02) 0.11 (0.01)
11-24h 135 170 0.01 (0.03) 4.65 (0.08) 1.04 (0.05) 1.15 (0.06) 2.96 (0.05) 0.14 (0.02)
IV-B3 135 160 0.01 (0.02) 4.46 (0.06) 1.00 (0.07) 1.26 (0.05) 3.00 (0.07) 0.15 (0.03)
IV-B4 170 145 0.00 (0.01) 4.23 (0.09) 1.11 (0.07) 1.44 (0.08) 2.89 (0.07) 0.16 (0.02)
111-24h 185 135 0.00 (0.00) 4.03 (0.17) 1.13 (0.12) 1.50 (0.14) 2.87 (0.12) 0.29 (0.10)
IV-B5 220 120 0.01 (0.03) 3.98 (0.07) 1.08 (0.04) 1.49 (0.06) 2.92 (0.04) 0.32 (0.03)

Saponite formula was calculated on the scale of O;,(OH), and chlorite on the scale of O,o(OH)s. All Fe in the structure were assumed to be divalent. Numbers in

parentheses represent standard deviation.
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Fig. 2. Oriented XRD patterns of air-dried saponite and solid products from Series I-IV.
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a) saponite b) Series I ¢) Series I1 d) Series I11 e) Series IV
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Fig. 3. Oriented XRD patterns of saponite and solid products from Series I-IV after different treatments. AD: air-dried; EG: ethylene glycol-solvated; Mg: Mg>*-
saturated; H-350 or H-550: heated at 350 or 550 °C for 2 h; Boe: boehmite. In (e), XRD intensity of IV-A1l and IV-A3 was plotted with scale bar of 5000 cps, while the
rest were plotted with scale bar of 2500 cps for visualization. See Figs. S4 and S5 for more XRD patterns of solid products from Series IV.

and collapsed to 11.3 A (7.8°20) after heat treatment (Fig. 3a). In SEM
images, flaky structure of saponite was clearly observed, and there were
no other amorphous or crystalline phases (Fig. 4a). Based on EDX re-
sults (Table S1), the chemical formula of saponite was
Nag.57(Mg2.86Alo.00F€0.02)(Alo 585i3.42)010(0OH)2 on the scale of
010(OH), (Table 2). Based on analysis of CEC, Na* was the main

Na,0: 4.7%
MgO: 30.8%
ALO,:9.1%
SiO,: 54.9%

interlayer cation of saponite, and the CEC of saponite was
130.7 = 5.3meq/100g (Table S2). After saturated by Mg“, (001)
reflection of saponite expanded to 14.9A (5.9°20) (Fig. 3a), and sapo-
nite is known to contain two layers of interlayer H,O in this case
(Paterson and Swaffield, 1987). On the other hand, TGA-DSC results
showed a large weight loss (~20%) and two endothermic peaks at

S
MgO: 33.1%
ALO,: 27.3%
SiO,: 35.2%
FeO: 4.3%

Fig. 4. Example SEM images and EDX spectra of saponite and solid products. a) saponite; b) amorphous materials at the beginning of reaction (III-0.33h); c) presence
of boehmite in II-24h; d) chlorite in III-24h. Yellow cross indicates the location for EDX analysis. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 5. TEM analysis of chlorite from (a) Series I at 24 h (I-24h) and (b) Series III at 24 h (III-24h). (c) and (d) are SAED images of I-24h and III-24h, respectively; e),
(f), and d) show the 001 lattice fringes of chlorite, with the yellow numbers indicating average layer distance measured by TEM. (For interpretation of the references
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Fig. 6. (a) TGA and (b) DSC measurements of saponite after Mg2+ saturation and solid products from Series I-IV.
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a) 295 NMR b) Al NMR
Q3 Si(1Al) VAl
'+ Q3 Si(0Al) )
saponite
saponite
VIAl
IV-A2
IV-A4
IV-A9
1-24h
1V-B1
-50 -75  -100 -125 -150 80 40 0 -40
ppm ppm

Fig. 7. (a) 2°Si and (b) >’Al MAS NMR spectra of saponite and solid products from Series I-IV. Samples from top to bottom were listed with increasing AI** supply.

VAl denotes Al at tetrahedral sites, and V'Al represents Al at octahedral sites.

temperature < 200°C due to loss of two-layered interlayer H,O
(Fig. 6).

3.2. Reaction processes of S—C conversion

3.2.1. Evolution of solution phase

pH changes and cation concentrations of the solution phases in
Series I-1II were plotted in Fig. 1. In the first 6 h, pH quickly decreased
by 1-2units, and then gradually approached steady state over 24 h
(Fig. 1a). The final pH was around 7.6 in Series I, 7.0 in Series II, and
6.5 in Series III. Meanwhile, Mg concentration decreased from 20 mM
to 10-5mM for all series, while Al concentration was typically < 0.5
mM during the whole reaction (Fig. 1b and Table S3).

3.2.2. Evolution of solid products

Oriented XRD patterns of the air-dried solid products and saponite
were shown in Fig. 2. Compared to saponite, the solid products from
Series I-III displayed distinct XRD patterns with small reflections at
~5.9, 12.2, 18.4, 24.5, and 30.9°20 and corresponding d values at
around 15, 7.2, 4.8, 3.6, and 2.88 }o\, respectively. These reflections
gradually increased in intensity and shifted to lower d-spacing (e.g., 15
to 14.4 A) as reaction proceeded, steadily showing a XRD pattern si-
milar to chlorite. Oriented XRD patterns of the solid products after
different treatments were plotted in Fig. 3. Unlike saponite, the (001)
reflection of the solid products from Series I-III barely changed position
after EG-salvation, and only slightly collapsed to 13.9 A (6.4°20) after
heat treatment at 350 °C. After 24 h, the (001) reflection persisted at
14.4 A (6.1°20) after EG-salvation and heat treatment at 350 °C, and
only collapsed to 13.9 A (6.4°20) after heat treatment at 550 °C (Fig. 3).
Such properties clearly indicated formation of chlorite after 24h
(Moore and Reynolds, 1989).

Based on EDX analysis, the synthesized chlorite at 24 h was more
enriched in MgO and Al,O3; and depleted in Na;O and SiO, than sa-
ponite (Fig. 4d and Table S1). There was a minor increase of Fe (as FeO)
in the synthesized chlorite, which probably was from the hydrothermal
reactors due to corrosion at high temperature (Table S3). The FeO
content (wt%) in all solid products, however, was well below 5% (Table

S1).

Selected solid products (I-24h and I1I-24h) were further examined
by TEM to confirm the formation of chlorite from saponite (Fig. 5). The
SAED patterns recorded normal to clay layers showed clear (hkO) re-
flections with calculated lattice distance at 4.60, 2.61, and 1.54 /O\,
which are consistent with the (02,11), (200), and (060) reflections of
chlorite, respectively (Figs. 5c and d) (Bailey, 1988; Brown and Bailey,
1962). The discrete reflection spots with different intensities in Fig. 5d
were likely due to small coherent domains poorly extended along c*. On
the other hand, (00I) lattice fringes with layer spacing of ~14 A were
extensively observed (Figs. 5Se, f, and g), while no “saponite-like” layers
were present, i.e., 10-A layer spacing due to collapse in high vacuum
environment (Robinson and De Zamora, 1999). Thus, chlorite was
successfully synthesized from saponite over 24 h.

There are other phases observed during S—C conversion. Reflections
at 14.5, 28.2, and 38.4°26 (corresponding d values at 6.1, 3.16, and
2.35 1°\) indicated the presence of boehmite (AlIOOH) (Fig. 2). Based on
the intensity of its reflections, boehmite was negligible in Series I but
abundant in Series II and III. During reaction, boehmite first appeared
at 1 h, and continuously decreased in amount with reaction proceeding
(Fig. 2). Observed by SEM, plenty of cubic particles with particle size of
200 nm distributed among flaky chlorite particles (Fig. 4c). They might
be boehmite particles as shown by XRD. Additionally, considerable
amounts of spherical materials were present at the beginning of reac-
tion (Fig. 4b), which were mainly composed of Al and O. Since there
were no reflections of this phase shown in XRD (Fig. 2), it might be an
X-ray amorphous phase (e.g., amorphous Al-hydroxides). This amor-
phous phase disappeared quickly after 1 h of reaction and was not ob-
served after 24 h (Fig. S1).

The solid products were characterized by CEC, TGA-DSC, and FTIR
as well in order to trace the S—C conversion. The CEC of solid products
at 0.08 h (100-120 meq/100 g) was similar to that of saponite, although
Mg2+ became the main cation in interlayer (Table S2). The CEC of solid
products gradually decreased from 120meq/100g to 20 meq/100 g
over 24 h (Fig. 1c). At the same time, TGA-DSC measurements showed
that the weight loss from dehydration and the intensity of corre-
sponding endothermic peak at temperature < 200 °C continuously
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decreased as reaction proceeded (Fig. 6). On the other hand, a new
weight loss and endothermic peak developed at 450-550 °C, which
were likely from dehydroxylation of hydroxide layers (Paterson and
Swaffield, 1987). Thus, the original interlayer of saponite with H,O and
cations was gradually occupied by newly-formed hydroxide layers
during S—C conversion. As for the FTIR, its results were consistent with
other complementary techniques. Therefore, FTIR results were detailed
in Text S1 and Figs. S2 and S3 to avoid redundancy.

3.3. Influence of Mg?* and AI®* supplies on S—C conversion

A variety of solid products was obtained in Series IV. With in-
creasing Mg>* and AI** supplies but a constant Mg/Al ratio (IV-A1 to
IV-A9), the (001) reflection of the air-dried solid products progressively
increased from 13.9 A (6.4°20) to 14.4 A (6.1°26), while the (001) re-
flection after EG solvation gradually decreased from 16.8 A (5.3°20) to
14.4 A (6.1°20) (Figs. 3e and S4). TGA-DSC results showed growing
amounts of hydroxide layers and decreasing interlayer H,O from IV-Al
to IV-A9 (Fig. 6), and meanwhile, the CEC declined continuously (Table
S2). These properties suggested that the solid products from IV-Al to
IV-A9 were randomly mixed-layered C/S (Moore and Reynolds, 1989).
Based on the (001) reflection position after EG-solvation (Reynolds,
1980), the percentage of chlorite (%C) in IV-Al to IV-A9 were esti-
mated to progressively increase from 10 to 84% (Table 1). However,
corrensite, the regularly mixed-layered C/S (with diagnostic super-
lattice at around 29 A(3.0°29)) was not observed.

Based on XRD, the solid products in IV-B1 to B5 were chlorite with
or without boehmite, and the amount of boehmite increased with de-
creasing Mg/Al ratios (Figs. 2 and S5). With systematic changes of Mg/
Al ratios, the chemical composition of synthesized chlorite of I-24h, II-
24h, III-24h, and IV-B1 to IV-B5 altered as well. Formulae of chlorite
were calculated on the scale of O;o(OH)g and reported in Table 2.
Compared to saponite, the amounts of Al at tetrahedral sites ("Al) and
octahedral sites (Y'Al) and Mg at octahedral sites of chlorite were found
to increase after S—C conversion. The increase of Y'Al and Mg at octa-
hedral sites was due to formation of hydroxide layers, while the in-
creasing "VAl suggested substitution of Al for Si in 2:1 layers.

In order to cross-validate the increasing VAl and Y'Al during S—C
conversion, 2°Si and %Al MAS NMR spectra were collected (Fig. 7). For
the 2°Si NMR spectra (Fig. 7a), saponite displayed two well-resolved
peaks centered at —95 and — 91 ppm, corresponding to Q* Si(0Al) and
Q® Si(1Al), respectively (He et al., 2014). With increasing AI** supply,
the Q% Si(1AD) signal of solid products became more dominant, while Q3
Si(0Al) signal became a shoulder (Fig. 7a), suggesting an increasing
amount of VAl via substitution of Al for Si (He et al., 2014). On the
other hand, a single peak at around 65 ppm was recorded in the 2”Al
NMR spectrum of saponite (Fig. 7b), corresponding to VAl in 2:1 layers
(He et al., 2017). With increasing AI** supply, another peak gradually
developed at around 9 ppm, which arose from the Y'Al (Tao et al.,
2018). This peak intensity continuously increased compared to "Al,
confirming the increasing Y'Al during S—C conversion.

Control experiments were also conducted to better constrain the
mechanisms of S—C conversion. The XRD pattern of the blank (IV-C1)
showed a strong (001) reflection at 13.0A (6.8°20) (Fig. 2d), and after
EG solvation, (001) reflection expanded to 17.0A (5.2°20) (Fig. S5).
Thus, the blank was mixed-layered C/S and the C% was estimated to be
3%. Similarly, the Al-free control (IV-C2) was also identified as mixed-
layered C/S and the C% was about 20% (Figs. 2d and S5). The Mg-free
control (IV-C3), however, contained phases with a series of reflections
at7.0, 9.0, 12.4, 25.4, and 27.8°26 (corresponding d values at 12.6, 9.8,
7.1, 3.5, and 3.2 1°\), which were not identified (Fig. 2d). Nevertheless,
there were no reflections indicating formation of mixed-layered C/S or
chlorite.
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4. Mechanisms of S—C conversion and effects of Mg>* and AI®*
supplies

4.1. Mechanisms of S—C conversion: solid-state transformation

Two mechanisms have been invoked to explain the S—C conversion
(Beaufort et al., 2015). Solid-state transformation (SST) mechanism
assumes that chloritic layers are formed by alteration of smectite in-
terlayer, along with necessary modification of surrounding portion of
layers (Bettison-Varga and MacKinnon, 1997; Inoue et al., 1984). Dis-
solution-crystallization (DC) mechanism describes dissolution of smec-
tite followed by nucleation and growth of chloritic layers in response to
prevailing chemistry conditions (Meunier et al., 1991).

The S—C conversion in this study likely took place through SST
based on the following reasons. Firstly, occurrence of DC would pre-
sumably result in, for example, increasing Mg>* concentration from
saponite dissolution, followed by a gradual decrease of Mg®* due to
formation of chlorite. However, Mg®* concentration continuously de-
creased from 20 to 5mM in Series [-III, along with progressive decrease
of pH by 1.5-3 units throughout the reaction (Fig. 1). These features
argued against the occurrence of DC. Secondly, the blank (IV-C1) was
identified as mixed-layered C/S with only 3% chloritic layers (Figs. 2d
and S5). Such a result suggested that the dissolution of saponite did
occur under the experimental condition but was not significant in the
short-term experiments (72 h). Previous studies also proposed that SST
was the dominant mechanism in short-duration experiments (Meng
et al., 2018; Mosser-Ruck et al., 2016). Therefore, the SST was, at least,
the dominant mechanism in this study.

4.2. Mechanisms of S—C conversion: formation of hydroxide layers

The XRD patterns of the solid products at 0.08 h from Series I-III
were totally different from that of saponite: the (001) reflection shifted
from 12.6 to 15.0 A and its intensity sharply decreased (Fig. 2). This
alteration can be explained by the formation of incomplete hydroxide
layers or island-like Mg—Al polymers in interlayer. Mg—Al polymers
were commonly found in the interlayer of natural smectite and ver-
miculite (Barnhisel and Bertsch, 1989). The presence of Mg—Al poly-
meric islands can strongly modify the expansion or collapse properties,
leading to minor shift of (001) reflection after heat treatment and EG-
solvation (Meunier, 2007), as observed in Series I-III (Fig. 3). Mean-
while, because the hydroxide layers were incomplete, interlayer H>O
coexisted with hydroxide layers, resulting in weight loss both from
dehydration and dehydroxylation (Fig. 6).

Incomplete hydroxide layers or Mg—Al polymers tend to form more
complete hydroxide layers through polymerization (Meunier, 2007;
Meunier et al., 1991) (Fig. 8). Based on TGA-DSC results, the en-
dothermic peak of dehydroxylation increased as reaction proceeded in
Series I-III (Fig. 6), suggesting the growth of hydroxide layers. The
exact process of polymerization in interlayer remained unknown. Pos-
sible pathways might include migration of polymers in interlayer, for-
mation of chemical bonds, and rejection of impurities (Meunier, 2007).
In Series I-III, amorphous Al-hydroxide disappeared (Fig. S1) and
boehmite decreased in amount during reaction (Fig. 2), which processes
might continuously provide Al** for the formation of hydroxide layers.
Mg?" in solution, on the other hand, might be consumed by the poly-
merization process, leading to decreasing amount of Mg?™ (Fig. 1b).
Thus, formation of hydroxide layers would directly depend on the
availability of Mg—Al polymers. This might explain the successful for-
mation of chlorite when Mg?* and Al** were abundant (Series I-IIl and
IV-B1 to B5) and the yield of mixed-layered C/S when Mg®* and AI**
were limited (IV-Al to IV-A9) or absent (the blank of IV-C1).

4.3. Mechanisms of S—C conversion: substitution of Al for Si in 2:1 layers

In the Al-free control (IV-C2), although Mg®** was abundant
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randomly mixed-layered C/S

increasing
(1)}) Mg&Al supplies

(2) direct pathway:
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Fig. 8. Schematic figure showing the proposed solid-state transformation of smectite to chlorite. Mg—Al polymers replace Na* and H,O in the interlayer of saponite,
and gradually form hydroxide layers through polymerization, coupling with substitution of AI** for Si** in the 2:1 layers. When Mg®* and AI** are limited, mixed-
layered C/S would form from saponite, and growing Mg?* and AI** supplies would continuously increase the percentage of chlorite in mixed-layered C/S until
chlorite form (saponite — mixed-layered C/S — chlorite). In contrast, chlorite could form directly from saponite under sufficient Mg®* and AI** supplies (saponite —

chlorite).

(185 mM), saponite only transformed to mixed-layered C/S with 20%
chloritic layers. The combined NMR (Fig. 7) and chlorite formula cal-
culation (Table 2) showed increasing substitution of Al for Si in 2:1
layers during S—C conversion. These observations might indicate cri-
tical roles of Al substitution for Si in S—C conversion (Fig. 8). The roles
might include (1) reducing crystallographic constraints between sapo-
nite and chlorite and (2) enhancing formation of hydroxide layers from
Mg—Al polymers. The b-dimension of chlorite (9.25-9.30 A, Bailey,
1988) is slightly larger than that of saponite (9.23 A, Suquet et al.,
1975), which might hinder the S—C conversion (Meunier et al., 1991).
However, this crystallographic constraint would be reduced by sub-
stitution of larger AI** (ionic radius 0.39 10\) for Si** (0.26 A) (Suquet
et al., 1981). Secondly, increasing substitution of Al for Si resulted in
more negatively charged 2:1 layers, which would facilitate the fixation
and polymerization of Mg—Al polymers. Al-polymers were suggested to
be more retained in interlayer with increasing layer charge (Hsu, 1992).
Our results also showed that, for Al-free control (IV-C2), 147 mM Mngr
out of 185 mM initial Mg?* supply remained in solution after reaction,
instead of being fixed in interlayer (Table S3).

4.4. Mg®* and AP™ supplies determining S—C conversion models

This study succeeded in hydrothermal synthesis of chlorite from
saponite, and for the first time, it experimentally demonstrated that
either randomly mixed-layered C/S or chlorite could form from sapo-
nite depending on the availability of Mg®* and AI** (Fig. 8). When
Mg?" and AI*" were limited, mixed-layered C/S would form from sa-
ponite, and growing Mg2* and AI** supplies would progressively in-
crease the C% in mixed-layered C/S until chlorite formed (IV-Al to IV-
A9). This case corresponded to the continuous model introduced pre-
viously. In contrast, chlorite could form directly from saponite without
presence of mixed-layered C/S under sufficient Mg>* and AI** supplies
(Series I-III and IV-B1 to IV-B5), which corresponded to the direct
model.

Thus, we hypothesize that the long-standing debate on the S—C
conversion models (continuous vs. direct) could be solved by con-
sidering the availability of elements. In natural environments, pore
water and dissolution of Mg- or Al-containing minerals (e.g., dolomite
and feldspar) are possible sources of Mg and Al for S—C conversion. The
availability of Mg and Al, thus, would be closely associated with the
intensity of fluid/rock interaction. Fluid/rock interaction has been

regarded as the controlling factor in regulating S—C conversion path-
ways in previous studies (e.g., Robinson and De Zamora, 1999;
Schiffman and Staudigel, 1995; Shau and Peacor, 1992; Shau et al.,
1990). For example, in the Chipilapa (El Salvador), direct conversion of
smectite into chlorite with rare occurrence of mixed-layered C/S or
corrensite was observed (Robinson and De Zamora, 1999; Robinson
et al., 2002). This geothermal system was typical of high fluid/rock
interaction, characterized with extensive secondary mineralization and
high permeability (Robinson and De Zamora, 1999). In marked con-
trast, randomly mixed-layered C/S might form in micro-environments
under lower fluid/rock ratio with insufficient element supplies
(Bettison-Varga and MacKinnon, 1997). Thus, sufficient, time-in-
tegrated supplies of critical elements for S—C conversion due to high
fluid/rock interaction might give rise to the direct formation of chlorite,
while limited nutrient supplies would result in the presence of ran-
domly mixed-layered C/S (Beaufort et al., 2015; Robinson et al., 2002).

The discontinuous model was not observed in this study, which
involves formation of corrensite. Corrensite has been suggested to be
better regarded as a unique phase rather than regularly mixed-layered
C/S due to its distinct crystallographic properties of stacking sequence
and the distribution of Fe, Mg, and layer charges (Beaufort et al., 1997;
Murakami et al., 1999; Shau et al., 1990). Because of above difference,
corrensite was suggested to form from smectite through DC, rather than
SST (Inoue et al., 1984; Roberson et al., 1999). Since SST was the
dominant mechanism of S—C conversion in this study, the absence of
corrensite, in return, likely suggested that corrensite might only form
from smectite via DC.

Finally, it is worth to noting that the hydrothermal temperature in
this study (340 °C) was slightly higher than the commonly observed
temperature range of chlorite in natural environments (200-300 °C)
(Beaufort et al., 2015), and in addition to temperature, other para-
meters (e.g., fluid/rock ratio and pH) might also influence the S—C
conversion to some degrees (Robinson et al., 2002). The current study
focused on the kinetics and mechanisms of S—C conversion and only
examined the influence of Mg—Al supplies on S—C conversion pathways
with no examination on other experimental parameters (e.g., tem-
perature, fluid/rock ratio, and pH). However, further studies could be
conducted to examine the effects of each parameter using the hydro-
thermal method established in this study, in order to further constrain
the S—C conversion under environmentally relevant conditions and
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explore potential applications of this common clay transformation re-
action.

5. Conclusions

S—C conversion is an important reaction of clay mineral transfor-
mations, but current models and mechanisms of S—C conversion are
still under debate. In this study, saponite was reacted with Mg®* and
AI** in NaCl solution at 340 °C, autogenous pressure, liquid/solid ratio
of 30, and initial pH of 9.0. Reaction products were characterized by
ICP-OES, XRD, TGA-DSC, SEM-EDX, TEM, FTIR, and NMR. The results
showed:

(1) saponite could transform to mixed-layered C/S or chlorite via SST
at 24 h;

(2) Mg?* and AI*™ supplies are important for formation of hydroxide
layers, and the concomitant substitution of Al for Si might play
important roles in driving S—C conversion;

(3) the formation of mixed-layered C/S or chlorite depended on Mg?*
and AI®* supplies. When Mg?* and AI** were limited, mixed-
layered C/S would form from saponite, and growing Mg>* and
AI®* supplies would continuously increase the percentage of
chlorite in mixed-layered C/S until chlorite formed (saponite —
mixed-layered C/S — chlorite). In marked contrast, chlorite could
form directly from saponite under sufficient Mg?* and AI** sup-
plies (saponite — chlorite).

This study contributed to an improved understanding of the S—C
conversion mechanisms and roles of Mg>* and AI** supplies in de-
termining S—C conversion pathways, and provided a general metho-
dology and knowledge basis for future studies on this mineral conver-
sion.
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