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ABSTRACT

Magnesium silicate hydrate (M—S—H) has been considered to play a significant role in different fields of engi-
neering geology including radioactive waste disposal and geological storage of CO,. However, M—S—H has been
discussed only with synthetic samples in most previous studies. To confirm and characterize M—S—H precipi-
tated in natural surface environments, and to assess the formation conditions and processes of the M—S—H, we
investigated present-day precipitation of M—S—H at an ultramafic body in the Kamuikotan tectonic belt, Hok-
kaido, Japan. We collected seepage, surface water, and surface sediments on the ultramafic rock mass. Seepage
and surface water showed alkaline pH and Mg?*—~HCO; type water. Although bulk XRD analysis of the sedi-
ments did not clearly identify peaks of M—S—H due to its low crystallinity, microscopic observation showed that
the sediments contained solid phases that are precipitated interstitially around the detrital serpentine particles.
A TEM analysis identified the phases as M—S—H that may be mineralogically considered as a low-crystalline
chrysotile with nano-tubular morphology. Thermodynamic calculations for the collected liquid samples suggest
that mixed solution of seepage and surface water having high Si activity can induce the formation of M—S—H.
The precipitation of M—S—H is likely to be a commonly occurring phenomenon in natural Mg—Si—H,O systems
where geochemical environments contain alkaline fluid that shows high Si activity and meets the thermody-
namic conditions for M—S—H formation. In addition to the precipitation of M—S—H in Mg—Si—-H,O systems, we
also observed that M—S—H is precipitated even under conditions including Ca and CO, species (i.e., Mg—Ca—Si—
CO,—H,0 systems), with a simultaneous precipitation of aragonite. This study supports an understanding of the
precipitation of M—S—H by mineral-water interactions in natural surface/subsurface environments for various
engineering geology fields.

Key words: alkaline condition, carbon dioxide capture and storage, chrysotile, magnesium silicate hydrate
(M-S-H), mineral-water interaction, radioactive waste disposal, natural analogue, serpentine,
serpentinization

INTRODUCTION

Precipitation of low-crystalline clay minerals is an im-
portant issue in discussions of mineral-water interaction in
surface/subsurface geology because low-crystalline phases
easily form at ambient temperatures. Among these, allophone
and imogolite are low-crystalline clay minerals (aluminum
silicate hydrates) precipitated with mineral-water interactions
in Al-Si—-H,O systems, which have been studied extensively.
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Hokkaido University, Kita 13, Nishi 8, Kita-ku, Sapporo, Hok-
kaido 0608628, Japan. e-mail: tomsato@eng.hokudai.ac.jp
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They are generated by weathering of volcanic ash and have
high adsorption capacities for foreign ions (Wada, 1989). Fur-
ther, recently magnesium silicate hydrate (M—S—H: defined
as low-crystalline material composed of magnesium, silica,
and water in this paper) is also being discussed actively in
several fields of engineering geology evaluating mineral—
water interactions in Mg-Si—H,O systems under alkaline
conditions. For instance, formation of the M—S—H will be a
key issue in geological storage of CO, (Okamoto et al., 2006;
Ninomiya et al., 2007), radioactive waste disposal (Ramirez
et al.,2002; Méder et al., 2017), chemical enhanced oil recov-
ery (Umar and Saaid, 2013; Olajire, 2014), immobilization
of contaminated soil (Nozawa et al., 2018), and treatment of
contaminated water (Zhuang et al., 2009). In addition to study
in engineering fields, experimental investigations of M—S—H
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Fig. 1.

Geological setting around the Kamuikotan tectonic belt in Hokkaido, Japan (after Geological survey of Japan, 2019). (a) Distribu-

tion of ultramafic rocks in the Kamuikotan tectonic belt; (b) geological map around studied area.

has been performed as a basic study on sedimentology and
geochemistry of lacustrine and peri-marine environments
(Tosca and Masterson, 2014).

Although much research has been performed on M—S-H,
most previous reports have discussed only experimental re-
sults. For instance, Roosz et al. (2015) and Nied et al. (2016)
analyzed laboratory synthetic M—S—H samples. The reported
M-S-H was poorly crystalline and crystallographic identifi-
cations were difficult. The results of those structural analyses
suggested that M—S—H is disordered and is a defective layered
silicate somewhat similar to talc or serpentine, a conclusion
which is, however, still not commonly accepted and has not
been clearly confirmed.

There are few studies related to observation of natural
M-S—H samples even when M—S—H is essentially thought to
form in natural surface/subsurface environments. Research of
such situations with M—S—H has probably been avoided due to
the low crystallinity of M—S—H. In recent years, de Ruiter and
Austrheim (2018) reported the formation of M—S—H cement
in an ultramafic complex in the presence of quartz-rich felsic
glacial deposits. However, further mineralogical analyses are
required to characterize the M—S—H here, and there were no
details of observations and analysis of the fluid that leads to
the M—S—H formation. Milodowski et al. (2016) and Shim-
bashi et al. (2018) observed secondary formed clay minerals
where alkaline ground water was flowing. Although those
minerals were essentially Mg—silicate clay minerals, they
contained as much Al and Fe as Mg.

In this context, there are still insufficient mineralogical
and geochemical studies on the M—S—H formation in natural
settings. Therefore, we investigated present-day natural pre-
cipitation of M—S—H to confirm and characterize the M—S—H
precipitated in natural alkaline surface environments, and as-

sess the formation conditions and processes of M—S—H.
GEOLOGICAL SETTING AND SAMPLES

In order to observe present-day precipitation of M—S—H
under natural alkaline conditions, we focused on a geological
setting with (ultra)mafic rock and water.

Ultramafic rock is found in various regions around the
Kamuikotan tectonic belt in Hokkaido, which is one of the
Japanese islands (Figure la). The Kamuikotan tectonic belt
is characterized by zones of ultramafic rock running north-
south intermittently and identified as a typical high-pres-
sure/low-temperature metamorphic belt from the late Meso-
zoic age (Asahina and Komatsu, 1979). Ueda (2005) described
subduction zone tectonics to demonstrate the formation of
the Kamuikotan tectonic belt. Due to tectonic interaction
between the Eurasian plate and an oceanic plate in the Creta-
ceous period (before formation of the current Japanese islands
including Hokkaido), ophiolite (lower Sorachi ophiolite) was
being uplifted, while metamorphosing with Cretaceous ac-
cretionary complexes. The ophiolite is largely composed of
mafic rock (MORB-like tholeiite) and ultramafic rock (ser-
pentinized peridotite), so that ultramafic rock is observed
in the Kamuikotan tectonic belt with crystalline schists and
Cretaceous sedimentary rock. In the ultramafic rock, there
are few fresh peridotites unaffected by serpentinization (Asa-
hina and Komatsu, 1979). Serpentinite mélange and turbidite
are commonly observed in the Kamuikotan tectonic belt as a
result of the subduction zone tectonics (Katoh and Nakagwa,
1986; Ueda, 2005).

The samples analyzed in this study were collected from one
of the ultramafic regions within the Kamuikotan tectonic belt
(Figure 1b). The studied area is located near Akaiwaseigan-
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Fig. 2. Photographs showing location of sampling sites (S1 and S2). (a) Overhead view of the studied area (after Google); (b) photograph

of an ultramafic rock mass and the sampling sites.
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Fig. 3.

Photographs of the sampling sites: (a) S1 and (b) S2.

kyo, a gorge consisting of red chert and metamorphosed tuff.
Ultramafic rock here is mainly serpentinite that was origi-
nally harzburgite and dunite with a small amount of lherzolite
(Katoh and Nakagawa, 1986). The fresh serpentinite rock and
its crushed sediments are observed on the surface in the stud-
ied area due to landslides (Figure 2). Samples were collected
from two specific sites, S1 and S2, where seepage was flow-
ing from the surface of the ultramafic rock mass. Grayish and
whitish sediments were observed on the surface around the
seepages in S1 and S2, respectively (Figure 3). We collected
surface waters around the sediments, seepage waters, and the
surface sediments, which were aggregates of grains bound
to each other due to cementation. In addition, a fragment of
bedrock was collected to compare the characteristics of the
sediments with those of the bedrock in and around this area.
Typical serpentine veins were observed in some rocks (Fig-
ure 4), and only the minerals composing the serpentine veins
were removed and collected for the analyses.

ANALYTICAL METHODS

Solution analyses

The pH and oxidation reduction potential (ORP) of the
liquid samples were measured on site by electrodes (pH:
9625-10D; Eh: 9300-10D, Horiba, Ltd.) and meters (pH:
LAQUAact D-74; ORP: LAQUAact D-75, Horiba, Ltd.). The
ORP values were measured by an Ag/AgCl electrode with
3.33mmol/L KCl and corrected using the following equation

Fig. 4. Photograph of serpentine veins.

(Matsushita et al., 1974):
Eh= ORPAg/AgCl +206-0.7 X (T—25),

where Eh is an ORP value measured by a standard hydrogen
electrode (mV), ORP,,s,c; is an ORP value measured by the
Ag/AgCl electrode (mV), and 7 is the temperature (°C). Al-
kalinities were measured by titrating HNO, (Kanto Chemical
Co., Inc.) into S0mL of liquid samples that had been filtered
through 0.45 um polytetrafluoroethylene (PTFE) membrane
filters (Advantec Co., Ltd.). The Inflection Point Titration
method (Rounds, 2012) was applied to obtain the alkalinities
and the concentrations of HCO; and CO; .

To analyze major cations and anions other than H*/OH™
and HCO;/CO?%", the collected liquid samples were filtered
through 0.2 um and 0.45 yum PTFE membrane filters (Advan-
tec Co., Ltd.), respectively. In addition, and only for analysis
of major cations, the filtered solutions were acidified by 1
vol% HNO; (Kanto Chemical Co., Inc.). After the liquid
samples were brought back to the laboratory, concentra-
tions of the cations were determined by inductively coupled
plasma atomic emission spectroscopy (ICP-AES; ICPE-9000,
Shimadzu Corp.), and those of the anions were determined
by ion chromatography (IC; 861 Advanced Compact IC, Me-
trohm AG). “ICP multi-element standard solution IV” (Merck
KGaA) and “Anion Mixture Standard Solution 1" (FUJIFILM
Wako Pure Chemical Corp.) were used as the calibration
standards, respectively. The concentration of dissolved Si was
also determined by ICP-AES with “Silicon Standard Solution”
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Table 1. On-site measurements of the surface waters from S1 and S2 (S1-sf and S2-sf) and the seepage waters from S1 and S2 (S1-sp and
S2-sp), and their concentrations of major cations and anions.
Sample S1-sf S2-sf S1-sp S2-sp
pH — 9.69 9.58 10.34 10.67
Eh mV 410 397 377 361
Na mg/L 1.62 1.72 1.88 1.96
K mg/L 0.244 0.269 0.219 0.279
Mg mg/L 18.4 15.3 24.4 13.7
Ca mg/L 1.31 3.44 1.38 10.4
Si mg/L 0.083 0.008 0.112 0.009
ClI mg/L 591 19.3 5.54 17.5
S0¥ mg/L 1.48 0.60 4.27 <0.03
NOjy mg/L 1.18 1.08 2.82 291
NO; mg/L 1.10 <0.02 <0.02 <0.02
alkalinity mg/L as CaCO, 100.1 69.7 108.1 70.5
HCOy mg/L 79.2 60.7 54.9 18.0
Cco%” mg/L 19.7 10.9 33.9 24.8
(a) (meq/kg) (b) (meq/kg)
2 0 2 0.8 0 0.8
Na*™+K* - Cl- Na*+K* Cl-
Ca? HCO,+CO;* Ca?* »HCO;+CO5>
Mg?* SO Mg** SO.*
Surface water from S1 Surface water from S2
(S1-sf) (S2-sf)
(©) (meq/kg) (d) (meq/kg)
2 0 2 0.8 0 0.8
Na*+K* Cl- Na*+K* ~ Cl
Ca? HCO;+CO;> Ca? HCO;+CO,>
Mg2+ SO42' Mg2+ 8042'

Seepage water from S1
(S1-sp)

Fig. 5.
(d) seepage water from S2, which are obtained from Table 1.

(FUJIFILM Wako Pure Chemical Corp.).

Solid analyses

The sediments and rock samples were air-dried for the solid
analyses. Both samples were crushed with an agate mortar
for powder X-ray diffraction (XRD) analysis to determine
bulk mineralogy of the samples. An X-ray diffractometer
(RINT-2100, Rigaku Corp.) was operated at 30kV and 20mA
and equipped with a Cu target. Randomly oriented powder
samples were scanned from 2 to 70° 26 at a scanning speed
of 1°/min.

Seepage water from S2
(S2-sp)

Stiff diagrams showing the water chemistry of (a) surface water from S1, (b) surface water from S2, (c) seepage water from S1, and

Polished sections of sediment samples were made by a
method patented by Owada et al. (2014) to observe the mi-
crostructure of sediments. Conventional methods for making
petrographic sections are not suitable for unstable speci-
mens such as clay because petrographic structures of clayey
samples are ordinarily broken during polishing of the samples
by water or oil, where these liquids protect the samples from
the heat generated during the cutting and grinding processes.
However, the method developed by Owada et al. (2014) does
not require liquid addition and frictional heat is minimized,
so that samples are not influenced by the liquids or heating.
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Fig. 6. XRD patterns of collected sediments and bedrock. Peak positions of serpentine are displayed as d-values (A).
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Fig. 7. Microanalyses of collected sediments. (a) Optical microscopic image of a section showing a lump of sediments from S1; (b) optical
microscopic image of a section showing a lump of sediments from S2; (c) Raman spectra of P1-P4 and R1 in (a); (d) Raman spectrum

of P5 in (b); (¢) Raman spectra of P6, P7, and R2 in (b).

The collected sediment samples in this study are clayey ce-
mented aggregates, and the Owada et al. method retains the
sedimented form of the sample during the polishing.

The occurrence of precipitates was observed by optical
microscopy (BX60, Olympus Corp.) with reflected light. To
mineralogically identify particles composing the sediments,
micro-Raman spectroscopy (XploRA, Horiba, Ltd.) was ap-
plied. Micro-Raman spectroscopy is a powerful tool to iden-
tify mineral particles of the micrometer scale, distinguishing
polymorphs. We referred to previous studies by Rinaudo et al.
(2003) for identifying the serpentine minerals (chrysotile, liz-

ardite, and antigorite), and Kontoyannis and Vagenas (2000)
for identifying Ca—carbonate polymorphs (calcite, aragonite,
and vaterite). During the analysis, Raman spectra were ob-
tained using a 532-nm laser, at a 2400 grooves per millimeter
grating, 100 um confocal hole diameter, and 100 um slit size.
The spectral acquisition time was 20s and data for 3 spectra
were recorded for each sample. The system was calibrated
with a silicon standard.

Some of solid phases in the polished sections were ob-
served in further detail by transmission electron microscopy
(TEM) to discuss the morphology at the nanometer scale, the
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Fig. 8.

TEM results of particles composing the bedrock. (a) TEM image of representative particles; (b), (c) high magnification images of

the areas displayed by dotted lines in (a); (d) SAED pattern of the area in (b).

crystallinity, and chemical composition of the phases. These
specimens were picked out by a micromanipulator (Quick
Pro, Micro Support Co., Ltd.) and a hard tool probe (TP-005,
Micro Support Co., Ltd.), and placed on copper grids with car-
bon films (Microgrid type A, Okenshoji Co., Ltd.). They were
analyzed transmission electron microscopically (JEM-2010,
JEOL Ltd. at an operating voltage of 200kV. An energy
dispersive X-ray spectroscope (EDS) attached to the TEM
was also used to determine the chemical compositions of the
minerals. Particles composing the serpentine veins in the rock
(Figure 4) were also observed by TEM for comparison with
the picked out phases from the sediment sections. Before the
TEM observations, powdered samples from serpentine veins
were dispersed in ethanol and one drop of the sample suspen-
sion was deposited on the grids.

RESULTS

Water chemistry

Table 1 shows the water chemistry of the liquid samples:
surface waters from S1 (S1-sf) and S2 (S2-sf), and seepage
waters from S1 (Sl-sp) and S2 (S2-sp). The pH values of all
the water samples were alkaline, and the pH values of seep-
age water samples (~10.5) were higher than those of the
surface water samples (~9.5). The Eh values of all samples

were somewhat high (~400mV), indicating oxidized aquatic
environments. The ICP-AES analysis showed that the liquid
samples contained detectable concentrations of Na, K, Mg,
Ca, and Si. In terms of anions, the IC analysis showed con-
centrations of C1-, SO3~, and NO;/NO,, and the alkalinity
measurements indicated concentrations of HCO;/CO?% . Com-
bining the results of the concentrations of cations and anions,
the calculated charge imbalances were within *14% for all
the liquid samples. Stiff diagrams of the water chemistry
show that major chemical compositions of S1-sf, S2-sf, S1-sp
and S2-sp were similar, dominated by Mg?* and HCO;/CO3~
(Figure 5). Particularly the S2-sp contained slightly higher Ca
concentration than the other samples.

Bulk mineralogy

The XRD profiles of all the bedrock samples (whole bed-
rock and veins in the bedrock; Figure 4) and sediments from
S1 and S2 showed that they were dominated by peaks for
serpentine (Figure 6). Whereas some peaks for serpentine
(d=7.27,4.56, 3.64, and 1.53 A) were observed in all the sam-
ples, other peaks for serpentine were observed at a variety of
positions among the samples originating in different species
of serpentine (chrysotile, lizardite, and antigorite). The XRD
profile of the whole bedrock samples indicated lizardite, and
that of the vein samples indicated chrysotile. No peaks for
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P4 (S1)

Fig. 10. TEM results of P7 in Fig. 7b. (a) TEM image of representative particles; (b), (c) high magnification images of the areas displayed

by dotted lines in (a); (d) SAED pattern of the area in (a).

antigorite were identified in either sample. Serpentine species
in the sediment samples are impossible to distinguish only
in XRD profiles because the intensities of peaks other than
d=1727,4.56,3.64, and 1.53 A are too low to be identified.
Other than serpentine, there were no peaks for minerals
generally composing ultramafic rock (olivine, pyroxene, etc.)
or for byproducts arising from the serpentinization process

(brucite, magnetite, etc.) in any of the samples, suggesting
that the collected bedrock samples are serpentinite mainly
composed of just serpentines (chrysotile and lizardite).
Sediment samples from S1 and S2 also showed peaks
for hydrotalcite-like layered double hydroxide (LDH) and
aragonite, respectively. The presence of M—S—H was not
clearly shown in the samples although M—S—H synthesized
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in previous studies has broad humps around 4.51, 3.34, 2.56,
and 1.54A in the XRD profiles (Roosz et al., 2015; Nied
et al., 2016).

Microscopic observation and micro-Raman spectroscopy

A polished section of sediment from S1 was observed by
optical microscope, and the results showed rounded grains
(P1 and P2) and a scale-like grain (P3) (Figure 7a). In addition,
a solid phase with ambiguous morphology (P4) was observed
around the grains (i.e., P1, P2, and P3). Microscopic observa-
tion of the sediment from S2 showed an aggregate (P5) of fine
needle-like grains and a rod-like grain (P6) (Figure 7b), also
here there was a solid phase of ambiguous morphology (P7)
around the grains (i.e., P5S and P6). Here it is noteworthy that
P4 and P7 bind the grains in S1 and S2, respectively, and other
than in Figure 7a and b, this kind of solid phase was also com-
monly observed around grains in the polished sections.

Micro-Raman spectroscopy was used to determine the
mineralogy of the particles in the sediments, identifying P1,
P2, P4, P6, and P7 as chrysotile, P3 as lizardite, and P5 as
aragonite (Figure 7c—e). The chrysotile identified in P1, P2,
P4, P6, and P7 showed Raman spectra with similar peaks,
excluding the effect of resin. However, given the morphology
and texture of the phases, P4 and P7 must be considered to be
different from P1, P2, and P6 as they do not have well defined
shapes.

Transmission electron microscopy

The TEM observations of chrysotile crystals from the bed-
rock samples showed that they are of tubular shape (length
>1 um, Figure 8a; width ~43 nm, Figure 8b, c). The selected
area electron diffraction (SAED) pattern of one of the tubular
crystals showed typical diffraction spots of chrysotile (Fig-
ure 8d). Strictly, the identified chrysotile was determined as
clino-chrysotile because 20/ spots are not diffracted at even
intervals, following TEM studies on serpentine minerals by
Zussman et al. (1957) and Yada (1979).

The P4 and P7 in the polished section (Figure 7a, b) were
picked out by a micromanipulator for the TEM observations.
The P4 was an aggregate of nano-tubes (length < 500nm;
width ~30-50nm) with some indeterminate components
(Figure 9a). A SAED pattern of the aggregate of particles
showed six diffuse rings (Figure 9b), indicating that the
particles consisted of poly- and low-crystalline minerals.
The d-values of these were 7.3, 4.5, 3.7, 2.5, 1.5, and 1.3 A,
which is consistent with those of chrysotile. The P7 were
also an aggregate of nano-tubular particles and indeterminate
components (Figure 10a). Observation with higher magnifi-
cation showed that the tubular particles have various widths
(~30—~70nm; Figure 10b, ¢). The tube length of particles
composing P7 was much shorter than that of the chrysotile
from the bedrock. The SAED pattern of the aggregate of P7
was also similar to that of P4 (Figure 10d). The above results
indicate that P4 and P7 are low-crystalline chrysotile and that
they have similar characteristics, completely different from
the chrysotile composing bedrock.

During the TEM observations, EDS spectra were obtained
on the above particles. All the EDS spectra had peaks related
to C, O, Mg, Si, Fe, and Cu (Figure 11). Because the samples

were placed on copper grids coated with carbon films, the
EDS spectra demonstrate that the chrysotile from the bed-
rock, P4, and P7 were mainly composed of Mg, Si, and O with
a small amount of Fe. There were no significant differences
in the chemical compositions among the three above samples.

DISCUSSION

Characteristics of minerals in the bedrock

Minerals composing the bedrock in the studied area are
mainly chrysotile and lizardite, which was demonstrated by
the XRD analysis (Figure 6). Katoh and Nakagawa (1986)
reported that the major serpentines in the ultramafic rock
around the Kamuikotan tectonic belt are chrysotile and liz-
ardite, not antigorite, based on a geologic survey throughout
the belt, and this is consistent with the findings of this study.

The chrysotile in the bedrock was characterized in detail
by TEM. In general, chrysotile crystals have a cylindri-
cal and tubular structure of 22—-65nm width (Wicks and
O’Hanley, 1988). Chrysotile is commonly composed of Mg,
Si and O/OH with some substitutions by other elements such
as Al, Fe, and Ni (Wicks and O'Hanley, 1988). Given poly-
types of chrysotile, chrysotile formed in harzburgite or dunite
is generally clino-chrysotile rather than ortho-chrysotile
(O'Hanley, 1996). The above characteristics of chrysotile are
consistent with those determined in this study (Figures 8 and
11a), which demonstrates that the chrysotile we observed in
this study is a quite common chrysotile.

Formation of magnesium silicate hydrates

Discussing the several analytical results of sediment sam-
ples, this section establishes that the sediment samples here
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contain solid phases precipitated on the surface of serpentine,
and that some of the phases are M—S—H.

Bulk XRD analysis indicates that the sediment samples
from S1 and S2 contain serpentine with LDH and aragonite,
respectively (Figure 6). Considering that the XRD profiles of
the bedrock samples do not have peaks for LDH and arago-
nite, the LDH and aragonite would be precipitated at the sites.
Precipitation of M—S—H is not clearly identified in the XRD
profiles of the sediment samples. However, the intensities of
the peaks for serpentine (esp. peaks other than at d=7.27,
4.56, 3.64, and 1.53 A) are lower than those of the bedrock
samples. This invites the suggestion that sediment samples
may also contain low-crystalline precipitates, and that the
broad peaks of the low-crystalline precipitates may be over-
lapping peaks of crystalline serpentine.

The precipitates were observed in the sediment samples by
microscopy and mineralogically identified by micro-Raman
spectroscopy. Some solid phases with ambiguous morpholo-
gies (P4 and P7; Figure 7a, b) are observed around grains with
more clearly defined shapes (P1, P2, P3, P5 and P6; Figure
7a, b), and theses phases bind the grains together. Therefore,
the sediment samples may be assigned as cemented aggregate
of grains formed on site. The micro-Raman spectroscopy
identified P1, P2, P3, P4, P6, and P7 as chrysotile or lizardite
(Figure 7c, e). Considering the above characteristics of the
sediment samples, the mineralogy of the bedrock samples
(detailed in the previous section), and the geological setting
of the sites, we wish to assign P1, P2, P3, and P6 to be detrital
grains from the bedrock, and P4 and P7 as precipitated phases
although all of P1, P2, P3, P4, P6, and P7 show similar Raman
spectra. Taken together, the various results make it appear
that P4 and P7 are precipitated interstitially around the detri-
tal serpentine particles.

Further characterization of the precipitated phases (P4 and
P7) was performed by TEM. The P4 and P7 are aggregates
of indeterminate components with the nano-tubular crystals.
The tube lengths are much shorter than that of usual chryso-
tile (Figures 8a, 9a, and 10a), and the width varies around
~30—~70nm (Figures 9a, 10b, ¢). The SAED patterns show
diffuse rings, and the d-values are consistent with chrysotile
(Figures 9b and 10d). Taken together, the above characteris-
tics suggest that P4 and P7 are chrysotile, but low-crystalline
and not highly ordered phases. Additionally, the EDS results
indicate that P4 and P7 are mainly composed of Mg, Si,
and O, which is similar to commonly occurring chrysotile
(Figure 11), suggesting the conclusion of P4 and P7 as M-
S—H having the structure of low-crystalline chrysotile. The
characteristics (morphology, particle size, and SAED) of the
M-S—H were similar to those of “proto-serpentine” which is
a low-crystalline phase acting as a precursor to chrysotile in
hydrothermal experiments by Lafay et al. (2016).

In summary, the above analyses may be seen to confirm
present-day precipitation of M—S—H on the surface of the
ultramafic rock mass. However, it is probably difficult for
the precipitates to remain in this form on the surface of the
ultramafic rock mass due to weathering and/or landslides.
Therefore, precipitation of M—S—H likely occurs extremely
rapidly compared with geological time scale.

Formation conditions and processes of magnesium silicate
hydrates

The water chemistry in the studied sites is consistent
with the water chemistry in ultramafic bodies in general, as
reported by previous studies. Surface waters and seepage
waters were essentially identified as Mg?*~HCO; type wa-
ter (Figure 5), which Barnes and O'Neil (1969) and Barnes
et al. (1978) characterized as a typical water chemistry of
ultramafic bodies including serpentinite. Barnes and O'Neil
(1969) mentioned that this water chemistry may be attributed
to weathering phenomena with meteoric water. In the studied
sites, meteoric water reacts with minerals (mainly serpentine)
in ultramafic rock, generating alkaline water. Residence time
of the groundwater is likely longer than surface water, which
is suggested by the pH of the seepage water being slightly
higher than that of the surface water (Table 1). Barnes and
O'Neil (1969) also reported that Ca in solution is supplied
from orthopyroxene. We collected the seepage sample from
S2 with somewhat high Ca concentration (Table 1 and Fig-
ure 5). This sample indicates that the groundwater generating
the seepage possibly had some interaction with orthopyrox-
ene within the ultramafic body although orthopyroxene was
not detectable in the XRD profiles of the collected bedrock
samples from the surface of the outcrop (Figure 6).

To confirm the precipitation and discuss its conditions from
the water chemistry, the chemical compositions of the liquid
samples (surface waters and seepage waters from SI and
S2) were plotted in thermodynamic stability diagrams in the
Mg-Si-H,0, Ca—Si-H,0, Mg-CO,-H,0, and Ca-CO,-H,0
systems (Figure 12) obtained using The Geochemist’s Work-
bench (ver. 12; Bethke et al., 2019) software with the Ther-
moddem database (Blanc ef al., 2012). The composition of
M-S—H can be derived from two end-members (Mg/Si=0.75
and 1.5; Nied et al., 2016), thermodynamic data for these two
types of M—S—H obtained from Lothenbach et al. (2019) were
added to Thermoddem to consider them in the Mg—Si-H,O
system.

First, precipitation of M—S—H can also be expected from
the thermodynamic calculations. The surface waters (S1-sf
and S2-sf) are undersaturated with M—S—H at both S1 and
S2, while the seepage waters (S1-sp and S2-sp) are oversatu-
rated with M—S—-H (M, ;SH, ; Figure 12a). If S1-sf/S2-sf is
mixed with Sl-sp/S2-sp around S1/S2, the mixed solution
(S1-mix/S2-mix) may be saturated with the M—S—H. Both
sites show the surface water having higher activity of Si than
the seepage water, and it may be assumed that mixing seepage
with surface water would cause precipitation of M—S—H. This
is consistent with the observation that precipitation occurred
on the surface of the ultramafic rock mass at both SI and S2
(Figure 3). Additionally, this thermodynamic discussion of
M, sSH, 5 is also consistent with the analyses of the solids,
demonstrating that the M—S—H formed in the studied sites
has a chrysotile-like crystal structure (Figures 7, 9 and 10)
as M, ;SH, 5 (Mg/Si=1.5) has been proposed to have a ser-
pentine-like crystal structure, while M, ;S,H, s (Mg/Si=0.75)
has been proposed to have a talc-like crystal structure (Nied
et al., 2016). No calcium silicate hydrate (C—S—H) would be
expected to precipitate since all the water samples are under-
saturated for C—S—H formations (Figure 12b).
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Stability diagrams and thermodynamics of liquid samples in the (a) Mg—Si—H,O system, (b) Ca—Si—H,0 system, (c¢) Mg—CO,—

H,0 system, and (d) Ca—CO,—H,0 system at ambient temperature. Grayish solid symbols display 1: 1 mixed solution of surface water
and seepage water. Dotted lines show stability boundaries of talc and chrysotile in (a) and aragonite in (d).

Second, precipitation of carbonate minerals could also be
expected by thermodynamic calculations. No Mg—carbonate
mineral such as nesquehonite, which is a magnesium car-
bonate hydrate precipitated at ambient temperatures (Cheng
et al., 2009), can be expected to precipitate because of the
undersaturation (Figure 12c). For aragonite, a Ca—carbon-
ate mineral, the mixed solutions are oversaturated, and the
saturation index of the mixed solution at S2 is much higher
than that at S1 (Figure 12d). Further, the mixed solution at
S2 is saturated with monohydrocalcite (Figure 12d). As ara-
gonite easily forms under high saturation index conditions
(Romanek et al., 2011) or it may form via monohydrocalcite
as a metastable precursor (Munemoto and Fukushi, 2008), the
water chemistry of S2 may satisfy conditions for aragonite
precipitation better than that of S1. This is consistent with the
observation that aragonite is observed only with S2 (Figures
6 and 7d). Calcite is not considered in this calculation be-
cause dissolved Mg generally inhibits calcite formation (Ki-
tano, 1962), something which is also supported by the absence

of calcite as determined in this study.

In summary, mixing of the solutions of surface waters and
seepage waters induced the formation of M—S—H in both
S1 and S2 and that of aragonite in S2. The M—S—H is likely
formed because dissolved Mg preferentially binds to dis-
solved silica, and not to carbonate and hydroxide ions under
the geochemical conditions of the studied sites. Tutolo and
Tosca (2018) observed mineral paragenesis of M—S—H and
aragonite in experiments around pH 10, which is consistent
with the results of the solid analyses and thermodynamic cal-
culations of the liquid samples in this study.

As discussed above, fluid mixing is an important factor
to understand the geochemical processes of M—S—H forma-
tion at the sites studied. For the present study, we collected
sediments on the surface of an ultramafic rock mass where
landslides occur. The surface layer of the ultramafic rock
mass contains much surface water derived from meteoric
water, which is a factor contributing to the landslides. In
this situation, precipitation is likely affected by both surface
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water and seepage water. When seepage water merges with
surface water displaying high activity of the dissolved Si,
the mixed solution would induce the M—S—H formation, and
consequently generate M—S—H on the surface of an ultramafic
rock mass. This kind of fluid mixing for secondary mineral
precipitation was also observed around alkaline springs on
the Oman ophiolite by Anraku et al. (2017), and it does not
appear to be in any way an extraordinary phenomenon around
ultramafic regions.

Differences between magnesium silicate hydrates in labora-
tory experiments and in nature

Since previous studies on M—S—H have mostly been exper-
imental studies, we will now discuss differences between the
M-S—H reported in previous experimental studies and the M—
S—H observed in this field survey. Some scientists have been
analyzing M—S—H synthesized by experiments using reagents
of MgO and SiO, with water/solid ratios =50 at around room
temperature, and the XRD results showed four broad humps
rather than distinct peaks (Zhang et al., 2014; Roosz et al.,
2015; Nied et al., 2016; Bernard et al., 2017). Furthermore,
the d-values analyzed by XRD (4.5, 3.3, 2.6, and 1.5 A) in the
synthetic M—S—H from these studies are similar to some of
those obtained from the SAED in TEM analysis of the natural
M-S—H from this study (7.3, 4.5, 3.7, 2.5, 1.5, and 1.3 A; Fig-
ures 9b and 10d). Results of the XRD and other analyses such
as spectroscopy suggest that the experimental products have
remarkably disordered and defective structures, which would
indicate that the synthetic M—S—H samples are only poorly
crystalline when compared with the M—S—H in this study, and
that the synthetic M—S—H samples are somewhat different
materials from the natural M—S—H samples. This is likely be-
cause the experiments were conducted in a closed system, and
the saturation states of the dissolved Mg and Si in the experi-
ments were much higher than those in nature. Taken together,
the above facts suggest that while it is important to study
M-S-H with synthetic samples, M—S—H must also be studied
with natural samples when the purpose is an understanding of
mineral-water interaction in the surface/subsurface geology.
The characteristics of laboratory formed M—S—H may vary
depending on conditions although M—S—H are essentially
low-crystalline compounds composed of magnesium, silica,
and water and precipitated at ambient temperatures.

It should also be noted that transformation of M—S—H
possibly occurs after the primary precipitation of M—S—H.
Although synthetic M—S—H samples are made under limited
condition with respect to reaction time, some natural M—S—
H samples may be transformed into more stable phases on
geological time scales. The M—S—H in this study may act as a
precursor of chrysotile and evolve into crystalline chrysotile
even at ambient temperatures. In the stability diagram of a
Mg-Si-H,0 system, the S1-mix and S2-mix are located in a
stability field of M—S—H (M, sSH, ;), which is essentially a lo-
cation within a stability field of chrysotile (Figure 12a). Since
the M—S—H in this study are low-crystalline chrysotile with
nano-tubular particles, the M—S—H is possibly a metastable
phase and the phase transformation from this M—S—H into
chrysotile will proceed over long time scales.

Significance and implications of this study

This study would contribute to improvements in basic
knowledge regarding present-day serpentinization at ambi-
ent temperatures. It is well known that the formation of
chrysotile and other serpentine-group minerals (lizardite,
antigorite, and others) are generally observed in conditions of
high temperatures around mantle wedges or the lithosphere
(O'Hanley, 1996). However, at ambient temperatures, we
observed precipitation of an M—S—H (low-crystalline chryso-
tile), which has presumably been neglected due to X-ray
amorphous. This suggests that where there is interaction of
ultramafic rocks and alkaline fluids on the surface/subsurface
of the Earth, some serpentinites may consist of M—S—H (and
possibly crystalline serpentine generated by phase transfor-
mation from the M—S—H) as well as serpentine generated
by ordinarily considered “serpentinization.” If geochemical
settings on the surface of the Earth have alkaline fluids that
show high Si activity and meets thermodynamic conditions
for M—S—H formation, M—S—H easily precipitates even at
ambient temperatures, which would be a commonly occur-
ring phenomenon. Incidentally, recent studies have reported
that serpentine and amorphous clay have also been observed
on Mars (Ehlmann et al., 2010; Hicks ef al., 2014). This sug-
gests that precipitation of M—S—H and its transformation into
chrysotile may have occurred even on the early Mars as well.

Further, this study may also provide significant implica-
tions for the engineering geology applications. For geological
storage of CO,, Mg—carbonate minerals have been considered
as host phases for CO, trapping as well as Ca—carbonate.
However, this study implies that the M—S—H phase should
be considered to assess CO, storage capacity in geochemical
systems including dissolved silica. For radioactive waste dis-
posal in underground repositories, the previous experimental
studies have identified M—S—H as a candidate for second-
ary phases in the engineered barriers with alkaline pore
fluid (Ramirez et al., 2002; Méder et al., 2017). While natural
analogue studies with similar geochemical settings indicated
the secondary phases are palygorskite (Mg—Al-silicates;
Milodowski et al, 2016) and smectite (Mg—Fe—silicates;
Shimbashi et al., 2018), we newly observed precipitation
of M—S—-H (mineralogically considered as low-crystalline
chrysotile) in nature. To validate a mineral paragenesis model
for long-term performance assessment of the engineered bar-
riers, further studies need to clarify what geological factors
influence the secondary mineral species.

CONCLUSIONS

We identified and verified the present-day precipitation of
M-S-H on the surface of an ultramafic rock mass in the Ka-
muikotan tectonic belt, Hokkaido, Japan. Sediments around
seepage contained M—S—H that was likely precipitated at
ambient temperatures on site and it was mineralogically
identified as low-crystalline chrysotile, in addition to detrital
serpentine from the bedrock. The M—S—H was different from
commonly occurring chrysotile composing the bedrock with
respect to morphology, particle size, and crystallinity while
the chemical compositions were similar.

Precipitation of the M—S—H is influenced by seepage and
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surface water around the studied sites. Seepage water merges
with surface water having high activity levels of Si, making
the mixed solution induce the M—S—H formation. Precipita-
tion of M—S—H is presumably not an extraordinary phenom-
enon in natural Mg—Si—H,O systems where geochemical set-
tings are subjects to alkaline fluid that shows high Si activity
and meets thermodynamic conditions for M—S—H formation.
Furthermore, even in Mg—Ca—Si—CO,—H,0O systems, M—S—
H precipitates simultaneously with aragonite.
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