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Formation of the 15Å phase as the most
expanded hydrated mineral in cold
subduction zone

Yoonah Bang1,2, Juhyeok Kim 3, Jinhyuk Choi 1,9, Heehyeon Sim1,
Dongzhou Zhang 4,5, Tae-Yeol Jeon6, Tae Joo Shin 7,
Hanns-Peter Liermann 8, Kideok D. Kwon 3 & Yongjae Lee 1

Talc, as an important class of clay minerals constituting subducting oceanic
crust, has long been known to undergo interlayer expansion by ~6% to contain
net ~13wt.% water into the ‘so-called’ 10 Å phase. Although subduction fluid is
mildly alkaline and includes various salts and other dissolved species, its effect
on the stability of subducting minerals has not yet been considered. Here, we
report that subducting talc, when exposed to alkaline salty water conditions,
breaks down to form a super-hydrated 15 Å phase at ~3.0GPa and ~350 °C,
corresponding to a depth of ~90–95 km along a cold subduction geotherm.
The 15 Å phase remains stable down to ~125 kmdepth, where it transforms into
the previously known 10Å phase. Our combined experimental and computa-
tional results show that the super-hydrated 15 Å phase contains net ~31 wt.%
water through interlayer expansion by ~60%. Our work thus demonstrates
mineral transformation under more realistic subduction environments, which
calls for reevaluation of subduction-related geochemistry and seismicity as
well as water transportation into the deep Earth.

Subduction-related water transportation from the Earth’s surface to its
deep interior is a pivotal process that fuels the Earth’s evolution and
dynamics1,2. Current global subduction system transports ~7– 10× 1014g/
yr (or × 108 Tg/Myr) of water into the mantle in the form of structurally
bound water (or hydroxyls) within various hydrous mineral phases
contained in subducting slabs3,4. Experimental studies have established
phase stabilities of major hydrous phases such as amphiboles, chlorite,
serpentine, and dense hydrous magnesium silicates (DHMS), along
diverse subduction thermal models3,5,6 where ca. 28.5% of the con-
temporary subduction has been categorized as cold system with a low
thermal gradient of ~5–8 °C/km since ~800Ma ago7–10. The stability of
hydrous minerals depends on hydro-chemical processes as well as

pressure-temperature (P-T) conditions, in most cases, resulting in lib-
eration of structurally boundwater in a range of subduction depths. The
fluid chemistry along subducting slabs is then affected by exchange
reactions with surrounding rocks while the fluid composition itself can
cause changes in bulk rock composition, mineral assemblages, and
mineral compositions under various chemical and physical conditions11.
Therefore, it is a necessity to consider hydro-chemical characteristics of
subduction zone fluids (SZFs) with respect to reactions and stabilities of
subducting minerals. Salt and gas such as NaCl and CO2 are important
components of the SZFs, together with dissolved silica, to affect the
physical and chemical properties such as density, dielectric constant,
and pH/alkalinity12–14. Subduction occurs initially in seawater-dominated
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fluid environment15 where the model calculated pH value is alkaline in
the range of 8.08–8.33 due to bicarbonate ions [HCO3

–]16,17. As such, the
pH and alkalinity of the SZFs have been suggested as important variables
in high-pressure and high-temperature (HP-HT) mineralogy and mantle
geochemistry18–21. Recent studies employing theoretical and experi-
mental approaches have further demonstrated that the pH of fluids in
subducted crustal lithologies is moderately alkaline with the maximum
changes of ΔpH up to ~2.3 along cold and intermediate P-T paths20–22.

In our previous work, we reported that albite (NaAlSi3O8), one
of the most abundant minerals in the oceanic crust, breaks down
into mono-layer hydrated smectite with interlayer spacing of ~12 Å
(NaAl2(Si3Al)O10(OH)2·H2O) and moganite (SiO2) above ~2.5 GPa and
200 °C under water-containing cold subduction geotherm23. As the
formation of the smectite assemblage from albite is accompanied
by the release of OH- (and Na+) species into the region, alkaline fluids
with as much as ΔpH of 2.2–2.5 have been postulated and linked to
the mildly alkaline nature of SZFs23. This work called for the need to
reevaluate the role of subducting fluid composition on the behavior
of subducting minerals and their water transportation character-
istics into the deep Earth. In this study, we have investigated the
physicochemical properties and stability of subducting talc under
controlled fluid compositions to simulate natural SZFs. As SZFs
differ from pure water in terms of alkalinity, salts, dissolved silica,
volatile contents, etc.12,20, fluid composition-dependent stability of
talc would therefore provide more realistic insights into under-
standing subduction-related geochemistry, mineralogy, and related
seismic and magmatic processes.

Talc (ideal composition, Mg3Si4O10(OH)2) is an important
hydrous clay mineral in subduction-related environments since it
commonly occurs as a metamorphic or hydrothermal alteration
product in peridotite, basalt, and sediments constituting the ocea-
nic lithosphere1,2,24–28. In terms of atomic structural arrangement,
talc belongs to the 2:1 type layered silicate minerals (trioctahedral
phyllosilicates) consisting of anMg-octahedral (O) layer sandwiched
by two Si-tetrahedral (T) layers (Supplementary Fig. 1). Because the
OH- species, which account for ~4.75 wt.% of the hydration, are dis-
tributed in the central O-layer toward the vacant Si-tetrahedral site
(Tv-site), the resulting tri-layer units (TOT ) are held together by
weak van der Waals force to create cation- and water molecule-free
interlayer with ~9.37 Å spacing. The interlayer d001-spacing of talc is
non-expandable at ambient conditions, whereas it expands by ~6%
to form the ‘so-called’ 10 Å phase (ideal composition,
Mg3Si4O10(OH)2·nH2O, n = 0.65, 1.0, 2.0) via water intercalation in
the P-T range of ~4–7 GPa and ~450–650 °C (refs. 29–33), corre-
sponding to a ~ 125–220 km depth range in a cold subduction sys-
tem. As such, the 10 Å phase with ~7.6–13.0 wt.% of water (counting
both H2O and OH) has been proposed to be one of the major water
carriers, together with other DHMS phases, down to the lower
mantle30,31. This also led to the hypothesis that the MgO-SiO2-H2O
(MSH) system could be a crucial chemical model for understanding
the Earth’s mantle by about 85–90wt.% in terms of its bulk
composition32.

In this study, we have investigated in-situ phase stability and
transformation of talc up to 7.7(3) GPa and 560 ± 30 °C using a
resistively-heated diamond-anvil cell (RH-DAC) combined with
synchrotron X-ray powder diffraction (XRD). We have applied cold
subduction thermal gradients of ~5–8 °C/km (refs. 7–10), as mod-
eled for the Kermadec and South Mariana subduction zones, and
used salty and alkaline solutions that can be described in the
Na2O-CO2-NaCl-H2O system to mimic natural subduction fluid
compositions. Unlike previous results performed using pure
water29–33, we observed the formation of a ‘super-hydrated’ 15 Å
phase that contains ~8 times the amount of water in the original talc,
together with magnesite, in the depth range between ~90 and
~125 km. This manifests a hydration reaction, which would call for

reevaluation of the overall geochemical and geophysical models of
subducting slabs and their surrounding regions.

Results
Hydration reaction of talc under modeled subduction fluids
along cold subduction geotherm
In-situ HP-HT synchrotron XRD experiments were performed on talc
mixed with NaHCO3(l), NaCl(l), H2O(l), and CO2(g) in order to simulate
diverse subduction fluid reactants in the Na2O-CO2-NaCl-H2O system
(Fig. 1a, Supplementary Fig. 2, and Supplementary Table 1). Under
alkaline salty water conditions using NaHCO3(l), talc breaks down into
an expanded phase with the interlayer d001-spacing of 14.43(1) Å and
magnesite (MgCO3) above 3.0(2) GPa and 350± 20 °C, corresponding
to ~90–95 km depth along a cold subduction geotherm (Fig. 1b and
Supplementary Fig. 2a). This phase assemblage remains stable up to
4.4(2) GPa and 470 ± 20 °C, corresponding to ~125 km depth, by which
the interlayer d001-spacing of the expanded phase contracts gradually
to 14.17(1) Å (Fig. 1b and Supplementary Table 2). Upon further
increase in pressure and temperature above 5.3(3) GPa and
480 ± 20 °C, corresponding to ~165 km depth, the expanded phase
transforms to the previously known 10Å phase with the d001-spacing
of 10.40(1) Å. The 10 Å phase then remains stable up to 5.8(4) GPa
and 515 ± 30 °C, corresponding to ~180 km depth condition, by
which its d001-spacing contracts gradually down to 9.76(1) Å. The 10 Å
phase is recovered upon pressure and temperature release down to
ambient condition with d001-spacing of ~10.30(1) Å. Based on the
observed phase relationship of the expanded phase that forms
between talc and its 10Å phase under increasing depth conditions, we
call the expandedphase ‘super-hydrated’ 15 Åphase that is expected to
have a multi-layer hydration structure, compared to the mono-layer
hydrated 10 Å phase.

Grand canonical Monte Carlo (GCMC) simulations were con-
ducted (see “Methods”, Fig. 2a, b) to estimate the interlayer water
contents of hydrated talc phases with relative stabilities. As previous
studies reported talc-like and phlogopite-like stacking modes for the
10Å phase24,34, the two different stakingmodes were considered in the
simulations. In the phlogopite-like stacking mode, basal oxygens of T-
layers are superimposable across the interlayer (Fig. 2c), whereas the
oxygens in the talc-like stacking mode are staggered across the inter-
layer (Fig. 2d). Based on the estimated water contents, three energy
minimawere identified in the interaction energy curves,mainly at d001-
spacings of ~10, 12, and 15 Å, although the phlogopite-like model
exhibited an additional minimum at 9.4 Å (Fig. 2a). The estimated
water contents of hydrated talc phases at the apparent energy minima
are ~9, ~19, and ~28wt.% for interlayer H2O (or ~13, ~23, and ~31 wt.%
including the intralayer OH species), respectively (Fig. 2b).

Molecular dynamics (MD) simulations were performed on those
hydrated talc phases with relative stabilities. As expected, the hydro-
xyls in the central O-layer are modeled to be oriented toward the Tv-
site in the basal T-layer. In the 10 Å phase, these hydroxyls form
hydrogen-bonds by ~2.5 Å with intercalated H2O molecules in the
interlayer while the dipolemoments of the interlayer H2O are oriented
almost vertically to the basal T-layer (Fig. 2e, f). Such an H2O bound to
the Tv-site appears to be a unique feature in the water structure of
hydrated talc phases formed at high pressure. In the phlogopite-like
10Å phase (precisely d001 = 9.4 Å), interlayer H2O resides between a
pair of upper and lower Tv-sites, forming a hydrogen-bond with only
one of the two hydroxyls near the Tv-sites (Fig. 2e). In the talc-like 10 Å
phase (precisely d001 = 10.5 Å), however, as the upper and lower Tv-
sites are staggered, each hydroxyl near the Tv-site forms a hydrogen-
bondwith interlayerH2O (Fig. 2f). This configuration leads to two small
peaks in the interlayer water density profile whereas the phlogopite-
like 10Å phase displays a single broad feature in the interlayer water
density (Fig. 2b). It would, however, be reasonable to assign a single
layer (1W) hydration state for the 10 Å phases as the interlayer water
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molecules themselves lack hydrogen-bonded networks with inter-
molecular distances of ~5 Å. The H2O molecules bound to the hydro-
xyls near the Tv-sites were also identified in the 12 and 15 Å phases as
small shoulder peaks in the water density profiles (Fig. 2g). Interlayer
water molecules corresponding to the main peaks in the double-layer
(2W) and tri-layer (3W) water densities of respective 12 and 15 Å
phases are interconnected to form hydrogen-bonded networks with
intermolecular distances of ~2.9 Å, featuring dynamic trajectories in
their atomic positions.We suspect that the composition of fluid would
affect further the formation and relative stabilities of the hydrated talc
phases as our GCMC and MD simulations have not accounted for the
effects of salts and/or alkalinity in the interlayer hydration.

In order to access the phase stability and evaluate the isothermal
compressibility of the super-hydrated 15 Å phase, we have performed
ex-situ HP-HT synchrotron XRD experiment under the same alkaline
salty water condition using NaHCO3 solution up to 7.0(1) GPa (Sup-
plementary Table 3 and Supplementary Fig. 3). The formation of the
15 Å phase assemblage from talc was observed at 3.8(1) GPa after heat
treatment to 250 °C at 2.5(1) GPa (Supplementary Fig. 3), which was
recovered to ambient condition to show the d001-spacing of ~15.22(1) Å
for the uncompressed 15 Å phase (Supplementary Table 3). Isothermal
compression at roomtemperature then showedgradual contractionof
thed001-spacing for the 15 Åphaseup to 7.0(1) GPa,which gave rise to a
calculated linear compressibiliy (along the c-axis or d001-spacing) of
β = 4.16 × 10−2 (GPa−1) for the 15 Å phase (Supplementary Fig. 4 and
Supplementary Table 4). This value is about three and two times larger
than those of the original talc and its 10Å phase, respectively (refs.
35,36), which demonstrates that the 15 Å phase is potentially, also
paradoxically, oneof themost compressibleminerals that formsunder
subduction environments. After the ex-situ experiment, we treated the
recovered 15 Å phase with ethylene glycol solvation (C2H6O2) to
examine its swelling property. As a result, the interlayer spacing has
expanded to ~16.6Å to confirm the smectite-like swelling feature of the
super-hydrated 15 Å phase (Supplementary Fig. 5). Overall, the hydra-
tion reaction of talc under alkaline salty fluid condition along cold

subduction geotherm can be summarized as follows:

2Mg3Si4O10ðOHÞ2 + 4NaHCO3 +H2O

! Mg3Si4O10ðOHÞ2 � nH2O+ 3MgCO3 + 4H4SiO4 + 4Na
+ +HCO3

� +3OH�

ð1Þ

To evaluate the role of CO2 in the Na2O-CO2-H2O fluid system,
additional ex-situ HP-HT synchrotron XRD experiment was performed
using talc under pure CO2 medium up to ~8GPa and temperature
treatment up to 300 °C. Unlike the hydration reaction observed in the
Na2O-CO2-H2O fluid system, the formation of the super-hydrated 15 Å
phase has not been observed as talc decomposed to form magnesite
and quartz assemblage near 1.7(1) GPa after heating to 260 °C (Sup-
plementary Fig. 2d). The dehydration breakdown scheme of talc in
pure CO2 medium can be summarized as below:

Mg3Si4O10ðOHÞ2 + 3CO2 ! 3MgCO3 + 4SiO2 +H2O ð2Þ

Although most carbon-bearing geological fluids in the Earth’s
mantle (at temperatures above 400 °C) exist as the C-O-H system,
including species such as H2O, CO2, CH4, H2, CO, O2, and C2H6

(refs. 37,38), the reaction conditions (2) in our study would prefer the
formation of magnesite (at temperatures below 400 °C), rather than
the complex evolution of the fluid system itself. It has been known that
magnesite is the major component of subducting carbonates to
account for the carbon recycling through the deep mantle as its sta-
bility in the high pressure form extends to the lowermost mantle
conditions, i.e., ~115 GPa and ~2100–2200 °C (ref. 39).

On the other hand, when NaCl solution or pure H2O are used as
pressure transmitting medium along the similar P-T path, talc trans-
forms directly to the 10Å phase, as observed in the previous
studies31–33, without transforming to the super-hydrated 15 Å phase
assemblage (Fig. 1 and Supplementary Figs. 2b and 2c). The d001-spa-
cing of the 10Å phase formed under NaCl solutionmedium appears to
be modulated to 9.51(1) Å at 4.8(2) GPa and 385 ± 20 °C, compared to

Fig. 1 | P-T stability and changes in the basal d-spacing of talc under modeled
subduction fluid along cold subduction geotherms. a P-T stability of talc and its
breakdown products under modeled subduction fluid along cold subdtion geo-
therms. The error bars represent pressure and temperature uncertainties (see
Supplementary Table S1). Continuous and dashed curves denote the P-T paths of
subducting slab surfaces and corresponding slab Moho, respectively, of two dif-
ferent cold subduction thermal models from Syracuse et al., 58. Black dashed lines

represent previously established stability fields of talc29,30,83–85. b P-T dependent
evolution of the basal d-spacing of talc under modeled subduction fluid along cold
subduction geotherms. Each colored symbol represents talc under NaHCO3 solu-
tion (blue circle, purple circle for ex-situ), NaCl solution (yellow square), and H2O
(green diamond). Phase abbreviations: Talc (Tlc), 10 Å phase (10 Å), super-hydrated
15 Å phase (15 Å), Enstatite (En), Magnesite (Mgs), Quartz (Qtz), Coesite (Cs) and
Vapor/Fluid (V).
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~19 wt.% H2O

~28 wt.% H2O
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Fig. 2 | Grand canonical Monte Carlo (GCMC) and Molecular dynamics (MD)
simulation results. a Interlayer water content and interaction energy of hydrated
talc phases as a function of basal d-spacing for two different stacking modes.
b Density distribution of water (O atom) within the interlayer of 10, 12, and 15Å
phases of talc as calculated with NPT MD simulations (P = 3GPa and T = 350 °C).
c, d 2-D density distribution of H2O molecules and basal oxygens of Si tetrahedral
(T) layers in (c) phlogopite-like 10Åphase and (d) talc-like 10Åphase averagedover
10 ns of MD simulations. Dashed hexagons represent two Si vacancy sites (Tv-site)

of adjacent T-layers across the interlayer region. Black and red contours represent
the basal oxygen positions of the adjacent T-layers. Blue and orange contours
represent the O and H positions of water molecules, respectively. e, f and g MD
simulation snapshots for each phase; (e) 9.4 Å phase, (f) 10 Å phase, and (g) super-
hydrated 15 Å phase with density profile of its interlayer water (O atom) across the
z-direction. Red rectangle and arrows indicate water bound to the vertically-
oriented hydroxyls near the Tv-site via H-bonds. In the snapshot, yellow = Si tet-
rahedra, pink = Mg octahedra, red = O atoms, white = H atoms.
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9.69(1) Å at 4.5(3) GPa and 420 ± 30 °C when formed under pure H2O
medium (Fig. 1b andSupplementary Table 2), possiblydue to the effect
of dissolved salts on hydration network formation in the interlayer.

Discussion
Geological implications of the super-hydrated 15Å phase
In a depth range of ~125–220 km along a water-containing cold sub-
ducting slab, talc has been known to undergo hydration by expanding
its interlayer spacing by up to ~6.0%, i.e., from d(001) of 9.37Å to d(001)
of ~9.89–9.93 Å. This phase, previously named as the 10 Å phase,
contains intercalated H2O molecules up to ~8.7wt.% (or up to
~13.0wt.% including the original OH)24,29–35. Under more realistic sub-
duction fluid composition, i.e., under alkaline salty solution of pH ~8.3
by 0.5M NaHCO3, we observed that talc decomposes into a phase
assemblage consisting of the super-hydrated 15 Å phase andmagnesite
in a shallower depth range of ~90–125 km than the formation depth of
the 10 Å phase. The appearance of the super-hydrated 15 Å phase
(d(001) of ~15.2Å when quenched to ambient conditions) indicates
hitherto unknown hydration breakdown reaction while the formation
of magnesite itself manifests a carbonation reaction.

In the case of smectite, which is built by the same 2:1 type trioc-
tahedral layers such as talc but contains cations in the interlayer space,
the correlation between the observed basal d(001) spacing and inter-
layer water contents has been established to be d(001) of ~18.3–18.9 Å
for ~27wt.% H2O in 3W state, d(001) of ~14.4–15.8 Å for ~20wt.% H2O in
2W state, d(001) of ~12.0–12.6 Å for ~10wt.% H2O in 1W state, and d(001)
of ~9.5–10.5 Å for dehydrated 0W state40–42. However, the correlation
between the water content and d-spacing should vary depending on
the structural and chemical characteristics within and across the lay-
ers. According to our GCMC simulations, talc exhibits much smaller
interlayer spacings than smectite-like interlayers at a given water
content, i.e., ~28wt.% H2O for ~15 Å interlayer spacing in the super-
hydrated 15 Åphase vs. ~27wt.%H2O for ~18.3–18.9 Å interlayer spacing
in smectite. This is probably due to the P-T effect and the absence/
presence of hydrated interlayer cations. Water density profiles

obtained fromourMDsimulations show the super-hydrated 15 Åphase
with ~28wt.% H2O in 3W state, potential 12 Å phase with ~19wt.% H2O
in 2W state, and 10 Å phase with ~9wt.% H2O in 1W state (Fig. 2g).
Based on the atomistic simulations, the super-hydrated 15 Å phase
identified in the XRD experiments should correspond to the 3W
hydration state. We conjecture that the reason why the potential 12 Å
phase in 2W state has not been observed experimentally might be
related to its limited stability at high temperatures as well as the dif-
ferent effects of dissolved salts and/or alkalinity in the course of the
interlayer hydration, which needs further investigation.

Our experimentally observed 0W to 3W state hydration of talc,
i.e., the formation of super-hydrated 15 Å phase, would account for
absorbing ~8 times the amount of water contained in the original talc
(i.e., hydroxyls), while subsequent transition from 3W to 1W state, i.e.,
partial dehydration to form the 10 Å phase, would be accompanied by
releasing ~65% water (i.e., interlayer H2O) contained in the super-
hydrated 15 Å phase (Fig. 3a). We have observed that the 1W state of
the 10 Å phase persists to ~180 km depth conditions, while the dehy-
dration breakdown of the 10 Å phase has been reported to occur at
~690 °C in the pressure range of 5–7 GPaorwith a negativedT/dP slope
of ~80 °C/GPa in the higher pressure range up to ~10GPa to form
enstatite + coesite + fluids (MgSiO3 + SiO2 +H2O) assemblage43,44.

With regards to the sourceofwater for the formation of the super-
hydrated 15 Å phase in subduction environments, diverse cases offluid
generation, flow paths, and even local concentrations need to be
assumed. One of the relevant processes is a dewatering in subduction
zones that causes significant discharge of water into the overlying
mantle45,46. Much of this fluid, however, is likely released at relatively
shallow depths, escaping toward the surface. It has also been generally
assumed thatfluidsmigrate into themantlewedgedue to the vertically
decreasing pressure. On the other hand, there are other perspectives
on the migration pathways of subduction fluids, with potential deep
fluid flow including upward migration, entrapment within the slab,
updip migration along the slab, or even downward flow into deeper
parts of the subducting slab47–52. For examples, hydrous fluids can
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Fig. 3 | A schematic diagram to illustrate H2O transport scheme via
subducting talc. aThe structural evolution of talc undermodeled subduction fluid
environment in cold subduction system: subducting talc (a, olive colored region)
breakdowns into the super-hydrated 15 Å phase and magnesite assemblage in the
depth range of ~90–125 km (b, pink colored region), followed by partial dehydra-
tion of the super-hydrated 15 Å phase into the 10Å phase assemblage below
~165 kmdepth (c, brown colored region).b Estimations ofH2O fluxes of subducting
talc and global subducting slabs; boxes filled in pink and yellow are for subducting

talc in cold and warm subduction zones, respectively, while boxes filled in navy are
for global subducting slabs (based on the literature as summarized in Table 1). The
boxes filled in light pink by dotted lines are enhanced estimations in the H2O fluxes
to account the super-hydration and subsequent partial dehydration via the 15Å
phase (see Table 1 for the volatiles budget estimations). Depth ranges for sub-
ducting slab are shown in parenthesis. c H2O transport capacity of subducting talc
compared to global subducting slabs by depths.
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originate from the dehydration of serpentinized lithosphere at depths
between 120–200 km, migrating upward through the overlying
mantle47. Some aqueous fluids may remain trapped within the sub-
ducting slab as free fluid or interstitial components, transported dee-
per into themantle to depths beyond ~150km48–50. Additionally, part of
the released water could migrate updip along the slab51. Meanwhile,
stress changes due to the bending of the oceanic plate could induce
subhydrostatic or negative pressure gradients along normal faults,
promoting downward fluid flow within the slab52. Therefore, wemight
infer that the released fluid does not simply disappear in the slab
system; instead, it can be retained and redistributed through various
processes within the system.

In modern subduction system, the H2O flux originating from
hydrous minerals in the subducting slab has been estimated to be in
the range of ~2.8– 5.4 × 1014g/yr (av. ~4.1 × 1014g/yr) in a depth range of
100–150 km, which decreases to ~2.2 – 3.4 × 1014g/yr (av. ~2.8 × 1014g/
yr) in a deeper region of 150–230 km as a result of (partial)
dehydration4 (Fig. 3b). Based on the estimated amount of talc in the
oceanic crust, i.e., < ~5–20 vol %, the initial H2O flux contributed
through talc can be estimated to be ~0.73 – 2.6 × 1014g/yr (av. ~1.7 ×
1014g/yr) (Fig. 3b, Table 1 and references therein). By assuming that in
cold subduction zones, the subducting talc undergoes super-
hydration to the 15 Å phase as observed in this study, we can re-
evaluate theH2Oflux of subducting slabdown to ~300 kmdepth. From
the depth of ~90 km, the water contents transported by talc would
increase via the formation of the 15 Å phase by ~770% (ca. 8 folds) from
~0.42 – 1.5 × 1022g H2O to ~0.36–1.3 × 1023g H2O, i.e., from av.
~0.48 × 1014g H2O/yr to ~4.2 × 1014g H2O/yr (Fig. 3b and Table 1). This
requires reevaluation of the H2O flux by global subducting slabs from
av. ~4.1 × 1014g H2O/yr to ~7.8 × 1014g H2O/yr in the intermediate depth
range of ~90–150 km, which leads to an increase in the H2O transport
capacity of subducting talc from ~5.6% to ~53.5% (Fig. 3c). Such an
estimated amount of the H2O uptake is ~0.32 – 1.2 × 1023g, which may
be translated to ~85 – 310m of sea level reduction (or ~2.3 – 8.3% of
global ocean) over 200Ma (Table 1). While the super-hydrated 15 Å

phase remains stable down to ~125 km depth, the partial dehydration
from the 15 Å to 10Åphasewouldoccur in the depths below ~165 km to
release ~2.4– 8.6 × 1022g of H2O to the surrounding mantle, which is
equivalent to ~1.2 – 4.3 × 1014g H2O/yr (or ~1.7–6.1% of global ocean)
over 200Ma (Table 1).

The H2O transportation along subduction zones affects arc mag-
matism and earthquakes51,53. Specifically, arc magma generation is
controlled by the dehydration reactions of subducting hydrous
minerals54,55, which is in turn influenced by subduction-related factors
such as slab age, convergence rate, and slab dip56, together with other
thermal characteristics of the subduction zone57. In order to find any
correlations between the stability of subducting talc-related phases
and subduction volcanism and seismicity, we have compiled the
depths to the top of the slab beneath volcano (H) using volcano-
specific subduction parameters of the global arc system at 298 vol-
canic centers above cold subductions (data from Syracuse and Abers,
ref. 58).As a result, ~25%of volcanoes located above 15 cold subduction
zones haveH valueswithin the range from 125 to 175 km (Fig. 4a).More
specifically, for volcanoes above the South Mariana subduction zones,
for which we modeled the P–T path of subducting talc, the H value is
estimated to be ~134 km, for which the corrected H values (Hcorr)
become ~156 km (Fig. 4a) after accounting for hypocenter errors. In
this study, we showed that super-hydration of subducting talc would
occur in the depth range of ~90–125 km while the partial dehydration
of the super-hydrated 15 Å phase to the 10Å phase would occur near
~165 km. Given the apparent correlation between the corrected slab
depths beneath arc volcanoes and our experimental results, we spec-
ulate that the dehydration of the super-hydrated 15 Å phase may par-
tially be contributing to the arc magma generation.

Furthermore, intermediate-depth seismicity in subduction zones is
known to be induced by mechanisms such as dehydration
embrittlement59, phase transformation60, hydration61, stress transfer62,
and thermal runaway instabilities63. To find correlations of our obser-
vations to the seismicity of subduction zones, we have plotted the dis-
tribution of seismic frequencies along the South Mariana subduction

Table 1 | Estimated global H2O flux by subducting talc based on the observed super-hydration processes in the cold sub-
duction zones

Parameters Value References

thickness of oceanic crust
sediment (layer 1)
basalt (layer 2 A, B)
gabbro with layered peridotite (layer 3)

5–8 km
0.4–0.9 km
1.5–2.1 km
4.5–5.0 km

Geissler et al. and White et al.78,79

Straume et al. and references therein80

Vine et al. and White et al.78,81

Vine et al. and White et al.78,81

volume of oceanic crust
sediment (layer 1)
basalt (layer 2 A, B)
gabbro with layered peridotite (layer 3)

113–337 × 106 km3

2100 × 106 km3
Straume et al. and references therein80

Wyllie82

volume of talc in the subducting slab
in layer 1 ( ~ 5–20 vol.%)
in layer 2 ( < 5 vol. %)
in layer 3 ( ~ 5–20 vol. %)

~5.65–67.4 × 106 km3

< ~30 × 106 km3

~ 75–300 × 106 km3

Schmidt & Poli1

*volumetric ratio of layer 2: layer 3 = 2:5

mass of talc in the subducting slab
in layer 1
in layer 2
in layer 3

~1.6–19 × 1022g
< ~8.3 × 1022g
~21–83 × 1022g

*density of talc: ~2.78 g/cm3 (Gleason et al.,)35

amount ofH2Obysubducting talc and its hydrationproducts incoldsubduction zones
subducting talc
15Å phase
10Å phase

~0.42–1.5 × 1022g
(av. ~0.96 × 1022g)
~0.36–1.3 × 1023g
(av. ~8.3 × 1022g)
~1.2–4.5 × 1022g
(av. ~2.9 × 1022g)

Estimated from this study:
talc, Mg3Si4O10(OH)2
15Å phase, Mg3Si4O10(OH)2∙nH2O (n = 8)
10Å phase, Mg3Si4O10(OH)2∙ nH2O (n = 2)

H2O flux by subducting talc and its hydration products in cold subduction zones
subducting talc
15Å phase
10Å phase

~0.21–0.75 × 1014g/yr
(av. ~0.48 × 1014g/yr)
~1.8–6.5 × 1014g/yr
(av. ~4.2 × 1014g/yr)
~0.62–2.2 × 1014g/yr
(av. ~1.4 × 1014g/yr)

Estimated from this study:
*assuming the cycle of oceanic crust to be 200Ma
*assuming the cold subduction zones in global
subduction system to be ~28.5%
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zones (Fig. 4b). We find that the earthquake frequencies decrease by
~44% in the depth range of 75–125 km, which overlaps with the forma-
tion depth of the super-hydrated 15Å phase ( ~ 90–125 km). On the other
hand, the earthquake frequencies increase by ~34% in the depth range of
150–200km, which appears to be correlated to the partial dehydration
depth of the super-hydrated 15Å phase ( ~ 165 km depth).

In summary, we have found a mineral breakdown reaction that
facilitates water transport into the Earth’s interior. By taking into
account the chemical and thermal characteristics of contemporary
subduction system, the efficiency of water transport can be significantly
revised to be enhanced via the formation of the super-hydrated 15Å
phase where carbonation reaction co-operates. Considerations on such
complex nature of mineral-fluid interactions under realistic subduction
environments are necessary to deepen our understanding of
subduction-related volcanism and seismicity as well as volatile transport
and cycling into the Earth’s interior.

Methods
Sample and initial characterization
Initial characterization of talc (The Smithsonian Institution, NMNH
B17990/ IGSN NHB0027G4, Falkenkoepfle, Zillertal Valley, Tirol, Aus-
tria) used in this study was performed using X-ray diffraction (XRD)
and field emission scanning electron microscope (FE-SEM, JEOL-
7800F) equipped with energy-dispersive spectrometer (EDS, Oxford
Instruments) (Supplementary Fig. 1). The chemical composition and
morphology on talc were identified by using scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS). SEM
images of talc show layeredmorphology while the calculated chemical
formula from semi-quantified EDS results is derived to be (Mg3-x,Fex)
Si4O10(OH)2 with x < 0.05. The XRD pattern on talc was indexed as
space group C-1 with refined cell parameters of a = 5.3172(9) Å,
b = 9.1666(6) Å, c = 9.4890(15) Å, α = 90.779(11) °, β = 99.064(14) °,
γ = 89.923(8) °.

Fig. 4 | Correlation between the stability of subducting talc and subduction-
related volcanism and seismicity. a Volcanoes in the South Mariana and other
cold subduction systems using volcano-specific subducion parameters of the glo-
bal arc system at 298 volcanic centers (data from Syracuse and Abers (2006)). The
number of volcanoes along 15 cold subduction zones is shown by H (depths to the

top of the slab beneath volcano) intervals of ~25 km in the right panel.b Earthquake
distribution in the South Mariana subduction systems over the past 20 years using
data from the International Seismological Center (2024), ISC-EHB dataset86–88. The
depth-dependent earthquake frequency (in intervals of ~25 km) is shown in the
right panel.
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We have performed ex-situ and in-situ high-pressure and high-
temperature synchrotron X-ray diffraction experiments to investigate
the stability of talc in the Na2O-CO2-NaCl-H2O system using sodium
bicarbonate (NaHCO3, 0.5M, pH ~8.3) and sodium chloride (NaCl,
0.5M) solutions as pressure-transmitting fluid (PTM).

Ex-situ high-pressure and high-temperature synchrotron x-ray
powder diffraction
Ex-situ synchrotron X-ray powder diffraction measurements on talc
under NaHCO3 and CO2 medium were performed using symmetric
diamond anvil cell (DAC) at beamline 6D UNIST-PAL of Pohang Light
Source-II (PLS-II) and at beamline BL10-2 of Stanford Synchrotron
Radiation Lightsource (SSRL), respectively. At beamline 6D, the X-ray
beam from the bending magnet was tuned to a wavelength of 0.653Å
(18.986 keV) and a beam size of 200 × 200 μm2. A 2D CCD detector
(MX225-HS, Rayonix L.L.C., USA) was used to collect diffraction data at
~231mm from the sample using 100 sec exposure time. At beamline
BL10-2, the X-ray beam from the wiggler was tuned to a wavelength of
0.61992 Å (20.0 keV) and a beamsize of 100 × 100μm2. A Pilatus 300K-
w Si-diode CMOW detector was used to collect diffraction data at
~1114mm from the sample to cover 2-theta range of up to 30 ° for
200 sec exposure time. A symmetric-type DAC with culet diameter of
500 µm was used as a high-pressure vessel. A stainless-steel gasket of
250 µmin thicknesswas indented to ca. 80 µm, and a holeof ca. 250 µm
in diameter was drilled in the center as a sample chamber using an
electric discharge machine. For NaHCO3 medium run, the powdered
talc sample was loaded with sodium bicarbonate solution (NaHCO3,
0.5M, pH ~8.3) into the gasket hole with a few ruby spheres of several
microns in size as pressure marker. The sample was then pressurized
up to ~7 GPa while the temperature was applied ex-situ by placing the
DAC in a furnace at ca. 250 °C for 24 h. For CO2 PTMrun, the powdered
talc sample was loaded with CO2 under liquid-nitrogen cooled condi-
tion into the gasket hole with a few ruby spheres as pressure marker.
The sample was then compressed up to ~5GPa while the temperature
was applied ex-situ byplacing theDAC in a furnace at ca. 260 °C for 2 h.

In-situ high-pressure and high-temperature synchrotron x-ray
powder diffraction
In-situ synchrotron X-ray powder diffraction measurements were
performed at 3D-XRS beamline at PLS-II, South Korea, 13-BMC beam-
line at Advanced Photon Source (APS), USA, and the Extreme Condi-
tions Beamline (ECB) P02.2 at PETRA-III, Germany, as previously
decribed in Hwang et al. 23. At beamline 3D, the X-ray beam from the
bending magnet was tuned to a wavelength of 0.6888(1) Å (18.0 keV)
or 0.6877(1) Å (18.03 keV) and beam size of 100 × 100 μm2. A Mar345
image plate detector was used to collect diffraction data at a distance
of 315.7mm from the sample with 200 sec exposure time. At beamline
13-BMC, the X-ray beam from the bendingmagnet sourcewas tuned to
a wavelength of 0.4340(1) Å (28.568 keV) and focused to 12 × 18 μm2 in
size (FWHM) using a KB-mirror. A PILATUS 1M detector was used to
collect diffraction data at distance of ~169mm from the sample with
150 sec of exposure time. At beamline P02.2, the X-ray beam from the
undulator source was tuned to a wavelength of 0.4845(1) Å
(25.590 keV) and focused to 8 × 4 μm2 in size (FWHM) using Com-
poundRefractiveLense (CRL) optics. A Perkin ElmerXRD 1621 detector
was used to collect diffraction data at distance of ~404mm from the
sample with 10 sec of exposure time. As a pressure vessel, symmetric-
type DAC with culet diameter of 500 µm was used. A stainless-steel
gasket of 250 µmin thicknesswas indented to ca. 40–60 µm,and a hole
of ca. 250 µm in diameterwasdrilled in the center as a sample chamber
using an electric discharge machine. Simultaneous P-T condition was
created by the combination of a membrane device for online pressure
control and a resistive electrical heater (a coil heater (at PLS and APS)
and a graphite foil heater (at PETRA-III)) surrounding the diamond
anvils. The coil heater was made of a kanthal (iron-chromium-

aluminum alloys) wire of 0.45mm in diameter with 2.2 Ω resistance.
The graphite foil heater was made of a flexible graphite sheet of
0.5mm in thickness with ~0.3 Ω resistance (A more detailed descrip-
tion of graphite RH-DAC setup can be found in the literature64). Tem-
perature was monitored using a K-type or a R-type thermocouple
attached to the pavilion of the diamond anvil close to the sample,
which allowed the maximum uncertainties of ± 30 °C. Pressure was
calculated using the equation of state of Au or Cu pressure marker65,66

included in the sample chamber. Initially, we compressed the sample
to ~1.0–2.0 GPa and then increased the pressure and temperature in
increments of ~0.5 GPa and 50 °C up to ~7.7GPa and ~560 °C, respec-
tively (Supplementary Table 1).

Atomistic simulations of hydrated talc phases
Talc crystal structures were constructed by expansion of the experi-
mental unit cell structure67 to a 5 × 3 × 2 supercell (a = 26.30 Å,
b = 27.30Å, c = 18.81 Å, α = γ = 90°, β = 100°). For hydrated talc phases,
H2Omoleculeswere inserted to the interlayer of the pure talc supercell
in two forms of TOT layer stacking, i.e., talc-like and phlogopite-like
stacking modes. The CLAYFF force field68 was used to describe the
interatomic potential of talc, and the SPC/E potential69 was used for
water molecules. The Lorentz-Berthelot combination rule was applied
to the potential between heteroatoms70. For evaluation of the max-
imum water contents of talc at given d-spacings, GCMC simulations
were performed using the GIBBS code71. The chemical potential of the
water reservoir corresponding to the state of 3GPa and 350 °C was
determined by theWidom insertion test of bulkwater72.We performed
an equilibrium run of 20millionMC steps and a production run of 100
million MC steps at the fixed chemical potential. Insertion or deletion
of water molecules was attempted with a probability of 70%, transla-
tion with a probability of 15%, and rotation with a probability of 15%.
The interaction energies between talc and intercalating water, calcu-
lated corresponding to themaximumwater contents, are reported per
water molecule. MD simulations were performed with NPT ensemble
(350 °C, 3 GPa) for hydrated talc phases based on the water contents
determined by GCMC simulations. We used the LAMMPS code73, with
an equilibrium run for 1 ns and a production run for 10 ns. The tem-
perature and pressure were controlled using Nosé-Hoover chain
thermostats74,75. For long-range electrostatics, Ewald summation with
an accuracy of 0.0001 kcal/mol was applied76. The SHAKE algorithm
was used to maintain the rigidity of SPC/E water77. Additional simula-
tions were performed at 470 °C and 4.4GPa, but no significant dif-
ferences between the phases were observed.

Data availability
All the data generated in this study are available within the Article,
Supplementary Information, or Source Data file. Source data is
deposited in the figshare repository (https://doi.org/10.6084/m9.
figshare.27316125). Any additional data are available from the corre-
sponding author upon request.

Code availability
All data presented in this manuscript were obtained without the use of
custom code.
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