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ABSTRACT

Understanding clay mineral transformation is of fundamental importance to grasping phyllosilicate
crystal chemistry and unraveling geochemical processes. In this study, hydrothermal experiments were
conducted on lizardite and antigorite, to investigate the possibility of the transformation from serpentine
to smectite, the effect of precursor minerals’ structure on the transformation and the transformation
mechanism involved. The reaction products were characterized using XRD, TG, HRTEM, and *’Al
MAS NMR. The results show that both lizardite and antigorite can be converted to smectite, but such
conversion is much more difficult than that of kaolinite group minerals. The successful transformation
is mainly evidenced by the occurrence of the characteristic (001) reflection of smectite at 1.2—1.3 nm
in the XRD patterns and smectite layers with a thickness of 1.2—1.3 nm in HRTEM images of hydro-
thermal products as well as the dehydroxylation of the newly formed smectite at a higher temperature
in comparison to that of the starting minerals. The difficulty for the transformation of serpentine to
smectite may be due to the lack of enough available Al in the reaction system, in which the substitution
of A** for Si*" in the neo-formed tetrahedral sheet is critical to control the size matching between the
neo-formed tetrahedral sheet and octahedral sheet in starting minerals. Since the neighboring layers
in antigorite are linked by the strong Si-O covalent bonds, the transformation only takes place at the
edges of an antigorite layer rather than the whole layer, and the neo-formed smectite is non-swelling
due to the inheritance of such Si-O covalent bonds. The conversion of lizardite to smectite is more
feasible than that of antigorite, accompanied by exfoliation. This leads to a prominent decrease of the
particle size in the hydrothermal products and the number of phyllosilicate layers contained therein.
Two dominant pathways were observed for the transformation of lizardite and antigorite into smec-
tite, i.e., conversion of one serpentine layer to one smectite layer via attachment of Si-O tetrahedra
onto the octahedral sheet surface of the starting minerals and two adjacent serpentine layers merging
into one smectite layer. In the case of the latter, dissolution of octahedra and inversion of tetrahedral
sheets took place during the transformation. Besides these two dominant pathways, precipitation and
epitaxial growth of smectite were also observed in the cases of lizardite and antigorite, respectively.
The present study suggests that solid-state transformation is the main mechanism for conversion of
serpentine minerals to smectite, similar to the transformation of kaolinite group minerals to beidellite.

Keywords: Clay transformation, solid-state transformation, hydrothermal condition, serpentine
mineral, smectite

INTRODUCTION

Clay minerals are ubiquitous on the Earth’s surface that can be
transformed into other phyllosilicates in various geological and
geochemical processes (e.g., weathering, diagenesis, and meta-
morphism) (Wildman et al. 1968; Dunoyer de Segonzac 1970;
Hower et al. 1976; Lanson et al. 1996; Stripp et al. 2006). Trans-
formation mechanisms and resulting products are controlled
by geochemical environments in which a transformation takes
place. Accordingly, chemical changes and mineralogical trans-
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formations can provide important constrains for the geochemi-
cal conditions that cause these processes. And, in turn, these
transformations can exert influences on the cycling of elements
in the related environments, due to the high surface-to-volume
ratio and surface reactivity of clay minerals (Cuadros 2012).
So far, mostly reported are the transformations among 2:1
type clay minerals (e.g., illitization of smectite, glauconitiza-
tion of smectite) (Weaver 1958; Boles and Franks 1979; Odin
1988; Lindgreen et al. 2000) and from 2:1 type to 1:1 type (e.g.,
kaolinization of smectite) (Altschuler et al. 1963; Righi et al.
1999; Ryan and Huertas 2013). Chloritization of 1:1 type clay
minerals (e.g., serpentine, berthierine) (Banfield and Bailey
1996; Xu and Veblen 1996; Ryan and Reynolds 1997), a conver-
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sion of 1:1 type to 2:1 type, mainly takes place in the subsurface
of geological systems (Beaufort et al. 2015). Based on the in-
vestigations of natural and synthetic samples, two mechanisms
have been proposed for clay transformations: (1) conversion
in solid state by atom rearrangement with the interlayer as the
main route for atom diffusion in and out of the structure; (2)
dissolution of the original mineral and recrystallization of the
new structure phase (Pollard 1971; Nadeau et al. 1985; Dudek
et al. 2006; He et al. 2017). The reported studies suggest that
the solid-state transformation mechanism prevails in weather-
ing environments (Mackumbi and Herbillon 1972; Banfield and
Murakami 1998; Wilson 2004), while in diagenetic and hydro-
thermal environments, the occurrence of either solid-state or
dissolution-recrystallization transformation appears to be largely
controlled by fluid-to-rock ratio (Altaner and Ylagan 1997).

In comparison to the transformation pathways among 2:1 type
clay minerals and from 2:1 type to 1:1 type, the conversion of 1:1
type clay minerals to 2:1 type ones is less commonly observed
on the Earth’s surface. As reported in literature (Coombe et al.
1956; Ducloux et al. 1976; Istok and Harward 1982; Graham et
al. 1990; Bonifacio et al. 1997; Lee et al. 2003), 2:1 type clay
minerals are mainly formed in the procedures of weathering and
pedogenesis, in which 1:1 type clay minerals were dissolved and
provided the elemental sources for recrystallization of 2:1 type
ones, i.e., a dissolution-recrystallization mechanism is involved
in the transformations. Recently, our hydrothermal experiments
show that both kaolinite and halloysite (i.e., 1:1 type clay miner-
als) can be converted to beidelite (i.e., 2:1 type clay minerals)
via a solid-state mechanism (He et al. 2017). In this procedure,
attachment of a newly formed Si-O tetrahedral sheet to the
1:1 layer of precursor mineral is a critical step for successful
transformation. Simultaneously, the substitution of AI** for Si**
in the neo-formed tetrahedral sheets can greatly improve the
size matching between the octahedral sheet of the precursor
mineral and the neo-formed tetrahedral sheet. However, a few
new insights and further clarifications are needed, including: (1)
whether other 1:1 type clay minerals (e.g., serpentine), besides
kaolinite and halloysite, can be converted to smectite under
hydrothermal condition? (2) What is the effect of the precursor
phase structure on the transformation? (3) Whether isomorphous
substitutions in the neo-formed tetrahedral sheets (e.g., AI** for
Si*") is essential for the conversion of serpentine to 2:1 type
clay minerals? (The Al content in serpentine minerals is much
lower than that in kaolinite group minerals.) Hence, this paper,
as a companion study of our recent work on the transformation
of kaolinite and halloysite to beidellite (He et al. 2017), reports
our latest investigations on the transformation of serpentines
(e.g., lizardite and antigorite) into smectite under identical
hydrothermal condition.

MATERIALS AND METHODS

Starting materials

Two kinds of serpentine minerals with different structures, lizardite and anti-
gorite, were used in the transformation experiments. The lizardite sample (L) was
collected from Taitung County, Taiwan Province, China, and the geological details
were summarized by Chang et al. (2000). The antigorite sample (A) was collected
from the serpentinized dolomitic marble, which belongs to Proterozoic carbonate
strata (Xiuyan County, Liaoning Province, China). Their chemical compositions

are presented in Table 1, determined by using X-ray fluorescence spectroscopy
(XRF) (He et al. 2014).

Lizardite has a flat crystal structure with the correct geometry of interlayer
H-bonds, which is favored by the coupled substitution of AI’* or Fe*" for Mg**
in octahedral sheets and Si* in tetrahedral sheets (Evans et al. 2013). Antigorite
displays curved, wavy layers similar to Roman tiles on a roof. The octahedral sheet
is continuous and wavy, whereas the tetrahedral sheet undergoes periodic reversals
along the a axis so that it connects to the concave half-waves of adjacent octahedral
sheets (Otten 1993; Grobéty 2003; Capitani and Mellini 2004; Evans et al. 2013).
The reversals allow serpentine layers to be bound through strong covalent Si-O
bonds (Evans et al. 2013). The large superstructure of antigorite along the [100]
direction is a result of this repeating wave structure (Zussman 1954; Kunze 1956,
1958, 1961; Uehara 1988). In this study, the supercell repeat-unit in antigorite is
approximately 3.1 nm, which is determined by the selected-area electron diffrac-
tion (SAED) patterns (see HRTEM observation and EDS analysis) (Whittaker
and Zussman 1956; Zussman et al. 1957; Kunze 1961; Uehara and Shirozu 1985;
Uehara 1988; Palacios-Lidon et al. 2010).

Sodium metasilicate (Na,SiO;-9H,0) of analytical grade was used as the Si
source for the transformation experiments.

Experimental methods

The hydrothermal experiments were conducted in a stainless steel autoclave
at 300 °C under an autogenous water pressure. The Mg/Si ratios in the starting
mixture of sodium metasilicate and serpentine were fixed at 3:4, close to that of
saponite. The experiment procedure was as follows: 24 g of sodium metasilicate
was dissolved into 100 mL deionized water with continuous stirring. The pH of the
solution was adjusted to 8 by hydrochloric acid under vigorous stirring. Then, the
obtained sol-gel was transferred into a stainless steel autoclave and mixed with 3.5
g of serpentine. The mixture was hydrothermally treated in the autoclave at 300 °C
under an autogenous water pressure for one to two weeks. The obtained products
were washed 6 times using deionized water to remove electrolytes, and then dried
at 80 °C for 24 h and ground before characterization. The products were marked
as X-xw, in which X = L or A, standing for lizardite or antigorite, respectively,
and xw stands for the duration of the treatment time, i.e., 1w = 1 week and 2w =2
weeks. The experimental conditions adopted in this study are summarized in Table 2.

Characterization techniques

X-ray diffraction (XRD). XRD patterns were collected on a Bruker D8
Advance diffractometer with Ni-filtered CuKa radiation (A = 0.154 nm, 40 kV
and 40 mA) at a scanning rate of 1° (20) min™' between 3 and 30° (26). The
powder XRD patterns were used for the determination of mineral contents in the
hydrothermal products, where pure Si was selected as the internal standard. The

TABLE 1. Chemical composition of lizardite and antigorite

AlLO; CaO Fe,0; K,O0 MgO Na,O SiO, TiO, H,O Total (%)
Lizardite 059 0.02 778 - 375 0.13 3895 - 1419 99.16
Antigorite 0.09 0.04 060 - 420 0.13 4467 - 1233 99.86

TABLE 2. Experimental conditions and basal spacings (nm) of serpentine
and neo-formed smectite

t(w)® Sample T P XRD¢ TEM¢ %S¢
(°C) (MPa)®  Powdered Glycolated
Starting minerals
0 L - - 0.72 0.72 0.72 0
0 A - - 0.72 0.72 0.72 0
Products from lizardite
1 L-iw 300 ~8.6 1.27 1.70 1.24-130 ~43.7
2 L-2w 300 ~8.6 1.27 1.71 1.20-1.31 ~57.3
Products from antigorite

1 A-lw 300 ~8.6 1.26 1.25 1.22-1.26 ~274
2 A-2w 300 ~8.6 1.24 1.24 1.23-1.25 ~283

2t stands for the duration of the treatment time and w is short for week, i.e, 1w =
1 week and 2w = 2 weeks.

© Pis the autogenous water pressure at 300 °C.

< Only the basal spacings of neo-formed smectite are listed for the hydrothermal
products.

9The values are determined based on selected area electron diffractions.

¢ The ratio of the newly formed smectite (S) in the hydrothermal products, deter-
mined by the powder XRD patterns.
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methods for sample preparation and the mineral content analysis were described
by Brindley (1980b). The oriented samples were prepared by adding 15 mg solid
products into 1 mL deionized water, followed by ultrasonic dispersion for 2 min.
Then, the suspension was added onto a glass slide dropwise and dried at ambient
temperature. Glycolated samples were prepared by treating the oriented samples in
a glass desiccator with ethylene glycol at ambient temperature for 24 h.

Thermogravimetric analysis (TG). TG analyses were performed on a Netzsch
STA 409PC instrument. Approximately 15 mg ground sample was heated in a
corundum crucible from 30 to 1000 °C at a heating rate of 10 °C/min under a pure
N, atmosphere (60 cm*/min). The differential thermogravimetric (DTG) curve was
derived from the TG curve.

High-resolution transmission electron microscopy (HRTEM). To inves-
tigate the silicate layers of entire crystals or particles in the direction parallel to
the c axis, sample are oriented embedded in epoxy resin. Then, ultrathin sections
(~75 nm) were ultramicrotomed with a diamond knife using a Lecia EM UC7
and mounted on holey carbon-coated TEM copper grids. HRTEM images, X-ray
energy-dispersive spectroscopy (EDS), and selected-area electron diffraction
(SAED) analyses 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.

Magic-angle-spinning nuclear magnetic resonance spectroscopy (MAS
NMR). Al MAS NMR spectra were obtained on Bruker AVANCE III 600 spec-
trometer at resonance frequency of 156.4 MHz. A 4 mm HX double-resonance MAS
probe was used to measure 2’Al MAS NMR at a sample spinning rate of 14 kHz.
The spectra were recorded by a small-flip angle technique with a pulse length of
0.5 ps (<n/12) and a 1 s recycle delay. The chemical shift of ?’Al was referenced
to 1 M aqueous AI(NO3);.

RESULTS
XRD patterns

XRD patterns of both lizardite and antigorite display char-
acteristic basal spacings at 0.72 nm (Mellini 1982; Uehara and
Shirozu 1985) without any reflections from impurity minerals
(Fig. 1), indicating that the starting minerals are of high purity. In
the case of lizardite, the intensity of (001) reflection dramatically
decreases after hydrothermal treatment, which is accompanied
by the occurrence of three new reflections at 0.33, 0.42, and
1.27 nm, respectively (Fig. 1a). The intense reflections at 0.33
and 0.42 nm correspond well to (101) and (100) planes of quartz,
which are formed by the polymerization of metasilicate (Wooster
and Wooster 1946). Upon ethylene glycolation, the reflection at
approximately 1.27 nm shifts to 1.70 nm, displaying a swelling
property of the corresponding mineral. This suggests the newly
formed mineral should be smectite (Mosser-Ruck et al. 2005; He
etal. 2017). As one of the starting materials is Na,SiO;-9H,0, the
resultant smectite may have Na" as its interlayer cation, consistent
with the dj, of 1.27 nm (Suquet et al. 1975; Ferrage et al. 2010).

It is noteworthy that the characteristic reflections of the
neo-formed smectite is very weak and broad, implying poor
crystallinity as well as low layer-stacking order (He et al. 2014).
Meanwhile, as indicated by XRD patterns (Fig. 1), the reflection
intensity of quartz increases with the extension of hydrothermal
reaction duration from one week (L-1w) to two weeks (L-2w).
Since the stoichiometric ratios of Mg/Si in the starting materi-
als are 3:4, close to that of saponite, the formation of quartz
suggests that only part of the added metasilicate involves in
the transformation and the conversion of lizardite to smectite
(i.e., saponite in this study) is more difficult than halloysite and
kaolinite (He et al. 2017).

The transformation of antigorite seems to be different from
that of lizardite, indicated by XRD patterns (Figs. 1d-1f). After
hydrothermal treatment, the reflections of antigorite are still
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prominent with a slight decrease of the reflection intensity [e.g.,
the (001) reflection at 0.72 nm]. Simultaneously, the characteristic
reflections of newly formed quartz and smectite are observed at
0.33 and 1.24 nm, respectively (Fig. 1d). It is noteworthy that an
intense (001) reflection of neo-formed smectite at 1.24 nm was
recorded in the oriented XRD pattern of the two weeks’ hydrother-
mal product (A-2w-0O). More importantly, this basal spacing does
not have any change upon ethylene glycolation (Fig. 1f), implying
that the microstructure of hydrothermal products is different from
the ones transformed from lizardite in this study and those from
kaolinite group minerals (Ryu et al. 2006; He et al. 2017).

Thermal analysis

The TG and DTG curves of samples are presented in Figure 2.
A prominent mass loss of lizardite, corresponding to dehydrox-
ylation, occurs at approximately 608 °C, while the mass loss of
adsorbed water was recorded at around 100 °C (Fig. 2a). The de-
hydroxylation temperature of lizardite in this study is obviously
lower than that of serpentine minerals (i.e., lizardite, antigorite,
and chrysotile) reported by Viti (2010). After hydrothermal treat-
ment, the mass loss of dehydroxylation dramatically decreases
and a new mass loss occurs at approximately 750 °C (Figs. 2b
and 2c¢). The significant decrease of the dehydroxylation mass
loss is attributed to the consumption of inner-surface hydroxyls
in starting minerals during the transformation of 1:1 type clay
minerals into 2:1 type ones (He et al. 2017). Theoretically, about
two-thirds of inner-surface hydroxyls in 1:1 type precursor min-
erals will be consumed during the transformation, through the
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FIGURE 1. XRD patterns of lizardite, antigorite, and their
hydrothermal products with sodium metasilicate. (a) Randomly oriented
lizardite (L) and its hydrothermal products (L-1w and L-2w). (b)
Oriented lizardite and its hydrothermal products (L-1w-O and L-2w-O).
(¢) Glycolated lizardite and its hydrothermal products (L-1w-G and
L-2w-G). (d—f) Randomly oriented, oriented, and glycolated samples
of antigorite and its hydrothermal products. (S = smectite, L = lizardite,
Q = quartz, O = oriented sample, G = glycolated sample.)
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FIGURE 2. Thermal analyses of serpentine and their hydrothermal

products in N, atmosphere (wt%, TG and %, DTG). (a) Lizardite and (b and
¢) its hydrothermal products treated with sodium metasilicate, (d) antigorite
and (e and f) its hydrothermal products treated with sodium metasilicate.

condensation between inner-surface hydroxyls and hydrolyzed
metasilicate (He et al. 2017).

The TG and DTG curves of antigorite and its hydrothermal
products display prominent differences in comparison to those
of lizardite and its hydrothermal products (Figs. 2d-2f). The TG
curve of antigorite only shows one main mass loss around 740 °C,
corresponding to dehydroxylation, and no obvious mass loss of
adsorbed water was observed at approximately 100 °C (Fig. 2e).
Dehydroxylation temperature of antigorite is different from those
reported in literature (Viti 2010), in which the main mass loss of
dehydroxylation occurs at 713—720 °C, coupled with a mass loss
at higher temperature (e.g., 743-760 °C) and a shoulder at lower
temperature (e.g., 636-645 °C). For the hydrothermally treated
products, the starting and end temperatures of the dominant
mass loss, corresponding to the dehydroxylation of antigorite,
are almost identical to those of the precursor mineral while the
center of corresponding DTG peak shifts to 720 °C (Figs. 2e and
2f). Simultaneously, a minor mass loss occurs at approximately
830 °C (Figs. 2e and 2f), attributed to the dehydroxylation of
the newly formed smectite. The thermal analysis results suggest
that most of the antigorite precursor remains unchanged with a
minor part converted to smectite, in agreement with the XRD
results (Fig. 1d).

HRTEM observation and EDS analysis

HRTEM images of both lizardite and antigorite before
and after hydrothermal treatments clearly display prominent
morphological changes and structural evolution of clay min-
eral layers (Figs. 3-6). Generally, both newly formed smectite

FIGURE 3. HRTEM images of (a) lizardite, and (b—f) its hydrothermal products with sodium metasilicate. Smectite layers with a thickness of
approximately 1.3 nm was observed in the hydrothermal products. (b) Hydrothermal products after treatment for one week (L-1w). Layer distortion
occurs within lizardite domains. (¢) Hydrothermal products after treatment for two weeks (L-2w). Fifteen lizardite layers are observed in the red
rectangle at the central part of the particle, while there are only eight smectite layers in the red rectangle at the edge. (d and e) Enlarged areas of the
outlined areas (the white rectangles) in b. The lizardite layers are directly transformed into smectite layers at the left part, while two lizardite layers
merge into one smectite layer at the right part. (f) Higher magnification of the selected area (the white square) in e. (L = lizardite, S = smectite).
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FIGURE 4. HRTEM images of the hydrothermal products from
lizardite. (a and b) Pure smectite particles with a layer thickness of
approximately 1.3 nm, without any lizardite layers.

layers with a thickness of 1.2-1.3 nm (Schumann et al. 2013)
and the serpentine layers of the starting minerals with a thick-
ness of approximately 0.7 nm are observed in all hydrothermal
products. X-ray EDS analyses reveal that the Si/Mg ratios of
the newly formed smectite layers are almost identical with the
reported values in smectite (Fig. 7) (Bergaya and Lagaly 2013).
These results demonstrate that both lizardite and antigorite can
be successfully transformed into smectite, consistent with the
XRD results.

In the case of lizardite, smectite layers occur not only at the
edge of the lizardite layers, but also within lizardite domains after
hydrothermal treatment (Fig. 3). The starting mineral displays
regular stacking layers with a thickness of 0.7 nm (Fig. 3a).
However, after hydrothermal treatment, distorted phyllosilicate
layers are extensively observed within lizardite domains, where
the transformation of lizardite into smectite takes place (indicated
by the white arrows in Fig. 3b). The layer-stacking order of
lizardite was destroyed by these distortions, and large lizardite
particles were split into several smaller ones. Meanwhile, the
particle size in Sample L-2w (Fig. 3c) is smaller than that in
Sample L-1w (Fig. 3b), implying that the particle size and the
number of phyllosilicate layers contained therein deceases with
an extension of hydrothermal treatment time. This may lead to
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the weak (001) reflections of the hydrothermal products from
lizardite (Figs. la—1c) (Brindley 1980a).

Two different pathways are observed in the transformation of
lizardite into smectite. As shown by the HRTEM images of L-1w
(Figs. 3d and 3e, enlarged areas of the outlined areas in Fig. 3b),
the lizardite layers were directly converted to the same number
of smectite layers at the left part, while two smectite layers were
formed from three lizardite layers at the right part. More inter-
estingly, the HRTEM images (the right part in Figs. 3d and 3e)
clearly show that one of the three lizardite layers was converted
to one smectite layer while the other two lizardite layers merged
into one smectite layer. Similar transformation pathways are also
observed in Sample L-2w, in which four lizardite layers were
transformed into three smectite layers (Fig. 3f, enlarged area of
the outlined area in Fig. 3c). These observations suggest that
the smectite layers can be formed through different pathways
from lizardite layers. Besides the dominant particles with coex-
istence of lizardite and smectite layers, a small amount of pure
smectite particles without any lizardite layers are also observed
in the hydrothermal products (Fig. 4). Most of these particles
consist of only 3-20 smectite layers, and the size is significantly
smaller than that of the particles with a coexistence of lizardite
and smectite layers.

For the hydrothermal products from antigorite, neo-formed
smectite layers only occur at the edges of antigorite particles (i.e.,
the neo-formed smectite layers are only formed at the edges of
antigorite layers) (Figs. 5 and 6). Simultaneously, no significant
decrease of particle size and distortion of antigorite layers is
observed. These morphological characteristics are very different
from the products from lizardite and can well explain the intense
(001) reflection of antigorite in the hydrothermal products (Figs.
1d-1f). The length of the newly formed smectite layers at the
edges of antigorite particles is approximately 5 nm in Sample
A-1w, with poor crystallinity as well as low layer-stacking order
(Fig. 5b), resulting in the weak basal reflections of smectite
in the XRD patterns (Figs. 1d and le). With an extension of
hydrothermal treatment time, the length of the smectite layers
becomes slightly longer (5—-10 nm) and the layer-stacking order

FIGURE 5. HRTEM images of (a) antigorite and (b and ¢) its hydrothermal products after treatment with sodium metasilicate. (a) SAED pattern
of antigorite in #k0. The supercell repeat-unit in antigorite is approximately 3.1 nm, determined by SAED pattern. (b and ¢) Smectite layers with
a thickness of approximately 1.3 nm occur only at the edge of the antigorite particles, and no layer distortion is observed. Two antigorite layers
merge into one smectite layer. (A = antigorite, S = smectite.)
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FIGURE 6. HRTEM images of hydrothermal products from antigorite
after treatment with sodium metasilicate for two weeks. (S = smectite).

is increased. A small amount of smectite layers with several tens
of nanometers in length can also be observed (Fig. 6). Since
one end of the newly formed smectite layers, connecting with
antigorite layers, is linked by the strong covalent Si—O bonds
and they are very short in length as shown by HRTEM images
(Figs. 5-6), the resulting smectite may not show swelling prop-
erty. This is evidenced by the XRD measurements in which
the basal reflection of smectite did not shift to 1.70 nm upon
ethylene glycolation (Fig. 1f). Due to the very low Al content
in the starting antigorite (Table 1), the newly formed smectite
might be of low charge density.

Similar to the case of lizardite, both the merging of two an-
tigorite layers into one smectite layer and the conversion of one
antigorite layer to one smectite layer are observed. The former
will lead to the number of neo-formed smectite layers obviously
less than that of the neighboring antigorite layers (Fig. 5c). It
is noteworthy that the length of a half supercell repeat-unit in
antigorite is approximately 1.6 nm (i.e., the length of a supercell
periodicity is ~3.1 nm), which is shorter than the length of the
neo-formed smectite layers. This implies that the epitaxial growth
of smectite layers might be also involved in the transformation
procedure. These observations suggest that the structural differ-
ence between lizardite and antigorite has significant effects on
the transformation and the mechanism involved.

EDS analyses supply supporting evidences for the success-
ful transformation of lizardite and antigorite into smectite. The
Si/Mg ratios of the neo-formed smectite layers are located in
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the range of 1.1-1.4 (Fig. 7), which is almost identical with
the values of reported smectite. The Al/Mg ratios of the newly
formed smectite are slightly higher than that of the corresponding
lizardite and antigorite. This implies that the substitution of AI**
for Si** may occur in the transformation of serpentine minerals
into smectite, which is identified by A1 MAS NMR spectra.

27A1 MAS NMR spectra

27Al MAS NMR spectrum of lizardite (Fig. 8a) displays a
very weak and broad signal centered at 7.7 ppm, corresponding
to sixfold-coordinated Al [Al(VI)] in octahedral sheets (Woessner
1989; Bentabol et al. 2010). In 2?’Al MAS NMR spectra of hy-
drothermal products from lizardite, the signal at 7.7 ppm almost
disappears and a new signal occurs at approximately 68 ppm
(Fig. 8a), corresponding to the fourfold-coordinated Al [Al(IV)]
in the Si-O tetrahedral sheets via the substitution of AI** for Si**
(Woessner 1989; Bentabol et al. 2010). This implies the migra-
tion of A" from octahedral sheets to tetrahedral ones during the
transformation under hydrothermal condition (He et al. 2017).

The 2’Al MAS NMR spectrum of antigorite contains two
signals at approximately 10 and 69 ppm (Fig. 8b), attributed
to Al(VI) in octahedral sheets and Al(IV) in tetrahedral ones,
respectively. After hydrothermal treatment, the AI(VI) signal
at ca. 10 ppm decreases while that of Al(IV) signal obviously
increases. Simultaneously, a new signal appears at approximately
60 ppm (Fig. 8b), which is assigned to Al in the three-dimensional
silica framework (Breen et al. 1995). The intensity of this signal
obviously increases with an extension of hydrothermal treatment
time (Fig. 8b). As indicated by XRD patterns (Fig. 1), quartz
formed during the transformation due to the polymerization of
metasilicate. Thus, the signal at approximately 60 ppm should
be attributed to the incorporation of Al into the newly formed
quartz (He et al. 2017). These Al atoms are released into the
solution due to the dissolution of octahedral sheets in serpentine
minerals during the transformation.

DISCUSSION
Transformation from serpentine to smectite

Smectites are 2:1 type clay minerals with isomorphic substitu-
tions in tetrahedral and/or octahedral sheets. The substitutions
between cations with different valences result in the permanent
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FIGURE 8.7 Al MAS NMR spectra of serpentine and their hydrothermal
products. (a) Lizardite and its hydrothermal products. The signal at 7.7 ppm
disappears with the occurrence of the signal at approximately 68 ppm after
hydrothermal treatment of lizardite. (b) Antigorite and its hydrothermal
products. A new signal at approximately 60 ppm appears after hydrothermal
treatment. The intensity of the signal at ca. 10 ppm decreases with the
increase of those at approximately 69 and 60 ppm.

negative layer charge, which is compensated by exchangeable
cations in the interlayer spaces. Subsequently, the basal spacing
(doo1) of smectite is controlled by the nature of interlayer cations
and their hydration state. For instance, Na-smectite with one-
water layer in the interlayer space has a basal spacing of 1.2—1.3
nm (Ferrage et al. 2005). The occurrence of the reflections at
1.2-1.3 nm in the XRD patterns of the hydrothermal products
(Fig. 1) is indicative of the formation of smectite (Sato et al.
1992; Ferrage et al. 2005). As Na,SiO;-9H,0 was used as one
of the starting materials, the resultant smectite may have Na*
as its interlayer cation. Meanwhile, TEM observations also
provide convincible evidences for the successful transformation
from serpentine to smectite. After hydrothermal treatment of
lizardite and antigorite, the smectite layers with a thickness of
approximately 1.3 nm can be extensively observed in the TEM
images (Figs. 3—6) (Murakami et al. 1999; Kim et al. 2004;
Bisio et al. 2008; He et al. 2017). And the Si/Mg ratios of these
layers, determined by EDS analyses, are almost identical with
that of smectite (Fig. 7).

Note that the changes of XRD patterns for lizardite and
antigorite before and after hydrothermal treatment are dramati-
cally different. For antigorite, the XRD patterns of hydrothermal
products display prominent reflections of antigorite precursor,
suggesting that most parts of antigorite remain unchanged. This is
also supported by the HRTEM images in which the newly formed
smectite is only observed at the edge of the antigorite particles
rather than within them. However, in the case of lizardite, despite
the weak reflection of smectite, the characteristic (001) reflection
at 0.72 nm dramatically decreased after hydrothermal treatment.
HRTEM observations indicate that the conversion of lizardite to
smectite can occur in different domains within lizardite particles,
accompanied by layer distortion and exfoliation. This may result
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in the dramatic decrease of characteristic reflection of lizardite
and the occurrence of weak reflections of smectite (Lan and Pin-
navaia 1994; Watkins and McCarthy 1995; Dennis et al. 2001).
The occurrence of intense reflections of quartz [e.g., (101) and
(100) reflections] in the XRD patterns of hydrothermal products
and the increase of their intensity with an extension of reaction
time strongly suggests that the added metasilicate did not com-
pletely react with serpentine minerals, and polymerization of
metasilicate led to the formation of quartz.

Compared to the transformation of kaolinite and halloysite
into smectite (He et al. 2017), the transformation of serpentine
(e.g., lizardite and antigorite) into smectite is much more diffi-
cult. In our recent studies (He et al. 2014, 2017), the substitution
of A" for Si** in the tetrahedral sheets has been proved to be
critical for improving the size matching between octahedral and
tetrahedral sheets of smectite. EDS analyses of the hydrothermal
products show that the Al/Mg ratios of the newly formed smec-
tite are slightly higher than that of the corresponding serpentine
minerals (Fig. 7). This suggests that Al atoms are incorporated
into the neo-formed smectite during the transformation, which
are provided by the dissolution of the octahedral sheets of the
starting serpentine. Our ¥’ Al MAS NMR spectra further demon-
strate that these Al atoms enter into the Si-O tetrahedral sheets
via the substitution of AI** for Si**. Thus, the difficulty of the
transformation from serpentine to smectite may be due to the low
Al content in the starting serpentine minerals (Table 1), which is
the available Al source for the substitution of AI** for Si*. Our
calculation, based on the powder XRD patterns, shows that the
ratios of the newly formed smectite in the hydrothermal products
from antigorite (A-2w) and lizardite (L-2w) are 28.3 and 57.3%
(Table 2), respectively. Such significant difference between the
transformation ratios from antigorite and lizardite may be mainly
controlled by their structure and the transformation mechanism
involved as well as the low Al content in precursor minerals.

Transformation mechanism

The structural unit of serpentine has a polar layer with a
thickness of 0.72 nm, which is composed of one tetrahedral
sheet and one octahedral sheet (Wicks and Whittaker 1975;
Mellini 1982; Grobéty 2003; Palacios-Lidon et al. 2010; Evans
et al. 2013). Lizardite and antigorite have similar theoretical
formula of Mg;Si,05(OH), but with different extents and types
of isomorphous substitution (e.g., lizardite is rich in Al and
Fe, and antigorite is rich in Si) (Uehara and Shirozu 1985;
O’Hanley and Dyar 1993). The linking ways of neighboring
layers for serpentine minerals are very different from each other.
The adjacent layers in lizardite are linked via hydrogen bonds.
However, in antigorite, the octahedral sheet is continuous and
wavy, whereas the tetrahedral sheet undergoes periodic rever-
sals. Thus, antigorite layers are bound through strong covalent
Si-O bonds connecting the reversals (Evans et al. 2013). For
smectite, its unit layer consists of an octahedral sheet sand-
wiched between two opposing tetrahedral sheets (Kloprogge et
al. 1999; Bisio et al. 2008). Due to isomorphous substitutions
(e.g., A" by Mg*, or Mg?* by Li", in the octahedral sheet; and
Si*" by AI*" in the tetrahedral sheet), the layers are negatively
charged, which is balanced by exchangeable interlayer cation
(Brigatti et al. 2013). According to the essential structural dif-
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ference between serpentine and smectite, one Si-O tetrahedral
sheet must be attached onto the octahedral sheet of serpentine
if the transformation of serpentine to smectite takes place via
solid-state mechanism.

As indicated by the HRTEM images (Fig. 3), two dominant
transformation pathways take place in the conversion of liz-
ardite to smectite. One is the conversion of lizardite layers to
the same number of smectite layers (Figs. 3d—3f) through the
reaction of TO (lizardite layer) + T — TOT (smectite layer)
(Fig. 9a). The extra tetrahedral sheets (T) are formed through
attachment Si-O tetrahedra (i.e., hydrolyzed metasilicate in
reaction solution) onto the octahedral sheets of the lizardite lay-
ers, which is followed by condensation between inner-surface
hydroxyls and hydrolyzed metasilicate (He et al. 2017). This
suggests a solid-state mechanism involved in the transformation
(Amouric and Olives 1998; He et al. 2017). Thus, the thickness
of the neo-formed layers increases to 1.3 nm from 0.7 nm in
lizardite, in which the expansion of the newly formed smectite
layer results in squeezing the interlayer space between the smec-
tite layer and its adjacent lizardite layer (Figs. 3d and 3e). This
will lead to distortion and exfoliation of phyllosilicate layers in
the hydrothermal products and significant decrease of particles
size and layer number contained therein (Fig. 9a), consistent
with the weak (001) reflections of the hydrothermal products
(Fig. 1a). Such transformation procedure is similar to that from
kaolinite to beidellite as our previous report (He et al. 2017).

(@)
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The other pathway is merging of two lizardite layers
into one smectite layer through a reaction of 2TO — TOT +
Mg*/AI**, which is accompanied with dissolution of octahedral
sheets and inversion of one tetrahedral sheet in one lizardite
layer (Fig. 9a). Such conversion via partial dissolution of
the initial serpentine structure (i.e., octahedral sheet) with
recombination of Si-O sheet and serpentine layer to form
smectite layers can also be regarded as solid-state transfor-
mation (Altaner and Ylagan 1997; Amouric and Olives 1998;
Banfield and Murakami 1998; Cuadros and Altaner 1998;
Lindgreen et al. 2000; Dudek et al. 2006; Cuardos 2012). As
shown by HRTEM images (Fig. 3¢), 15 lizardite layers (TO)
are observed at the central area of Sampler L-2w (left red
rectangle in Fig. 3¢), while only 8 smectite layers (TOT) occur
at the edge of this particle (right red rectangle in Fig. 3¢). This
strongly suggests that dissolution of Mg-octahedral sheets took
place during the transformation. However, our measurements
show that the concentration of Mg in the supernatant solution
is lower than 1 ppm. This seems to be contradictory with
the proposal about the dissolution of Mg-octahedral sheets.
Our HRTEM observation shows that a small amount of pure
smectite particles, without any lizardite layers, occurs in the
hydrothermal products (Fig. 4). As no additional Mg source
was added into the reaction system, in which lizardite is the
only phase containing Mg. Hence, these pure smectite particles
should be formed by the reaction between the dissolved Mg

Al(O,0H)s Mg(O,0OH)s  SiO: AIO: Na

FIGURE 9. The schematic diagram for the transformation processes of lizardite and antigorite. (a) Two solid-state transformation pathways in
lizardite: transformation from one serpentine layer into one smectite layer, accompanied with exfoliation (upper) and merging of two serpentine
layers into one smectite layer (down). (b) Epitaxial growth and two solid-state transformation pathways in antigorite. Epitaxial growth occurs at
the edge of the newly formed smectite layers around antigorite particles. (¢) The dissolution-reprecipitation transformation pathway involved in
the transformation from lizardite to smectite, which is not as important as the solid-state transformation ones involved. The Mg and Al sources

were supplied during the process displayed in a.
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and metasilicate, resulting in a very low Mg concentration in
the solution. This reflects that a dissolution-reprecipatation
mechanism is also involved in the transformation, but not as
dominant as solid-state transformation.

In comparison to lizardite, the transformation of antigorite
into smectite is much more difficult. Our calculation, based
on the powder XRD patterns, shows that only 28.3% of anti-
gorite was successfully converted to smectite. The calculated
result is well coincident with the HRTEM observations of the
hydrothermal products, in which the newly formed smectite
layers were only formed along the edges of the starting anti-
gorite particles and no smectite layers were observed within
the antigorite domains (Fig. Sb). This is very different from
the transformation of lizardite as discussed above. The oc-
currence of such transformation is due to the unique structure
of antigorite. For the supercells in the inner part of antigorite
layer, both the ends are fixed by the strong Si-O covalent bonds
between the two adjacent layers (Evans et al. 2013), hindering
the transformation from antigorite to smectite. However, for
the supercell at the edge of a certain layer, the end toward in-
ner side is fixed by the covalent Si-O bond whereas the other
end toward outside does not have such fixation, similar to
the lizardite layer to some extent. Accordingly, both the two
transformation pathways, conversion of one antigorite layer to
one smectite layer and two adjacent antigorite layers merging
into one smectite layer, occur at the edge of antigorite particles
(Figs. 5c and 9b), corresponding to a solid-state mechanism
(Banfield and Bailey 1996; Xu and Veblen 1996; Amouric and
Olives 1998; He et al. 2017). As indicated by the HRTEM im-
ages (Fig. 5¢), newly formed smectite layers are well connected
with the antigorite layers, and the length of the neo-formed
smectite layers is longer (most located at the range of 5—-10 nm,
Figs. 5 and 6) than that of a half the supercell repeat-unit in
antigorite (approximately 1.6 nm). This reflects that epitaxial
growth of smectite layers is also involved in the transforma-
tion, which could be regarded as a dissolution-reprecipatation
procedure. As antigorite is the only phase containing Mg and
no additional Mg source was added in this reaction system,
the released Mg, due to the dissolution of octahedral sheet,
is the main Mg source for epitaxial growth of smectite layers
(Starcher et al. 2017).

To exclude the potential effects of the starting mineral dis-
solution on their transformation, dissolution experiments were
conducted under the identical conditions but without adding
any sodium metasilicate. No reflections at approximately
1.3 nm, corresponding to the basal spacing of smectite, were
recorded in the XRD patterns of the hydrothermal products
(not show). This is consistent with their HRTEM images (not
show) in which no smectite layers and distortion of serpentine
layers were observed. Meanwhile, our measurements showed
that the Mg concentration in the supernatant solution is as low
as 2-3 ppm. These investigations suggest that no significant
dissolution of the starting serpentine minerals took place under
the identical P-T condition (without adding Si source). In other
words, an existence of additional Si source is essential for the
transformation of serpentine into smectite. This is in agreement
with the insights deduced from the conversion of halloysite
and kaolinite to beidellite (He et al. 2017).

IMPLICATION

Our present study demonstrates that 1:1 type serpentine
minerals (i.e., lizardite and antigorite) can be transformed into
2:1 type smectite under hydrothermal condition. In this pro-
cedure, one serpentine layer can be converted to one smectite
layer via attachment of Si-O tetrahedra onto the octahedral sheet
surface of the starting minerals, and two adjacent serpentine
layers can be merged into one smectite layer (Fig. 9). In the
latter case, dissolution of Mg-octahedral sheets and inversion
of tetrahedral sheets take place. Both the two pathways suggest
that the solid-state mechanism is involved in the transformation
of serpentine minerals into smectite (Banfield and Bailey 1996;
Xu and Veblen 1996; Amouric and Olives 1998; He et al. 2017).
Due to the dissolution of Mg-octahedral sheets, free Mg cations
are released into the reaction system and they can react with
metasilicate to form smectite. Certainly, a small amount of Al
cations are simultaneously released in this procedure and most
of them are incorporated into the newly formed Si-O tetrahedral
sheets of smectite, as indicated by Al MAS NMR spectra.
Such substitution of AI** for Si**, which can improve the size
matching between octahedral and tetrahedral sheets of smectite,
has important effect on a successful transformation and conver-
sion rate from serpentine to smectite. However, in comparison
to the transformation of kaolinite group minerals to beidelite
under identical experimental conditions, the transformation of
serpentine minerals is more complex. Besides the solid-state
transformation ways, epitaxial growth of smectite occurred in
the conversion of antigorite while precipitation happened in the
case of lizardite. This suggests that the microstructure of the
starting minerals have important effects on their transformation
procedures and crystallochemical characteristics of the resulting
minerals. This insight would be helpful for better understanding
phyllosilicate crystal chemistry. For example, due to the adjacent
antigorite layers linked by the strong Si-O covalent bonds, the
epitaxial growth of smectite was observed in the transformation.
Similarly, the neighboring layers in mica group minerals are
linked via strong electrostatic force, and they always display large
particle size. This implies that a strong physicochemical interac-
tion (as well as similarity in chemical compositions) between the
adjacent layers in phyllosilicates (Charlet and Manceau 1994;
Jiet al. 2013; Yang et al. 2015; Starcher et al. 2017) is critical
for epitaxial growth. Maybe, this can well explain the interest-
ing phenomenon that mica group minerals always display large
crystal size, whereas the size of smectite group minerals are less
than several micrometers.

On the other hand, serpentine minerals are an important
component of the oceanic crust, and they play a chief role in
lithosphere dynamics (Viti 2010). Our present experimental
study demonstrates that the transformation of serpentine into
smectite is feasible, especially for lizardite, under hydrothermal
environment with the presence of SiO,, but without any evi-
dence for the formation of talc. However, voluminous literature
reported that serpentine could be converted to talc in SiO,-rich
fluid systems without occurrence of smectite. Due to chemical
and structural variations, talc and smectite have significant dif-
ferences in water content, cation mobility, and physicochemical
properties. Thus, they can exert great influences on rock volume,
rock rheology, and rock permeability, with subsequent effects
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on subduction zones, fault dynamics, and seismic behavior
(Moore and Saffer 2001; Peacock 2001; Moore and Rymer 2007
Lockner et al. 2011). Our present study implies the possibility
for the conversion of serpentine to smectite in nature. Hence,
detailed mineralogical identification of hydrothermal products of
serpentine in various natural systems, as well as comprehensive
investigations on the geochemical conditions for occurrence of
talc and/or smectite transformed from precursor serpentine, are
needed in further study.
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