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Seismic low-velocity layers (LVLs), frequently attributed to hydrous-silicate melts, are
detected globally but exhibit lateral discontinuities. Geophysical and laboratory studies
of water content in the mantle transition zone (MTZ) and upper mantle solubility
limits suggest these layers likely form through global dehydration melting near the
410 km discontinuity (D410). A key hypothesis posits that melts form globally but are
preserved only where melt stability permits retention. However, challenges in quench-
ing melts into glass or fine-grained crystals at mantle pressures have precluded precise
determination of melt composition, fueling debates over the mechanisms governing
LVLs’ sporadic distribution. Here, we developed a fast-quenching high-pressure cell
assembly to synthesize hydrous glasses or fine-grained quench crystals at pressures
>10 GPa, enabling high-precision analysis of incipient melt composition. Experiments
at 13 GPa reveal that the 410 melt contains 43 mol% H,0, 9.2 mol% CaO, 30.5
mol% (Mg, Fe)O, 0.2 mol% Al,O;, and 17 mol% SiO,. The melt’s high water content
necessitates Fe enrichment to achieve neutral buoyancy, which can only be sourced
from Fe-rich heterogeneities (Fe" = 100Fe/(Mg+Fe) in mole; Fe” >18) within the
MTZ. In contrast, melts derived from normal MTZ material (Fe” <18) remain buoy-
ant and migrate upward, precluding stable layer formation. We conclude that global
dehydration melting generates hydrous melts, but only Fe-rich heterogeneities enable
melt retention, reconciling the coexistence of widespread LVL detections and their
lateral discontinuities.

incipient melt | low velocity zones | 410 km discontinuity | fast cooling | multi-anvil apparatus

Sporadic seismic low-velocity layers (LVLs) and associated high electrical conductivity layers
detected globally above the 410 km discontinuity (D410) (1-10) are frequently interpreted
as evidence of hydrous silicate melt (hereafter referred to as “410 melt”) (11, 12). However,
the lateral discontinuity of these layers has fueled a decades-long debate over whether such
melt layers originate from localized or global processes. Localized mechanisms—such as
dehydration of subducted slabs (1) or hydrous mantle plume interactions (10)—explain
spatial sparsity but fail to account for the global occurrence of LVLs. Conversely, global
models invoking dehydration melting near the D410 via the hydrous wadsleyite-to-olivine
transition (11, 12) or decreasing water solubility in ascending olivine (12) align with wide-
spread detections but conflict with the intermittent distribution of LVLs. A unifying hypoth-
esis could be that 410 melt forms globally but is preserved only where melt mobility and
stability permit retention.

The global genesis of 410 melt has been investigated through geophysical observations
and high-pressure experiments. Seismic data reveal no correlation between LVL detections
and tectonic settings, implying a universal controlling mechanism (2, 8). Dehydration
melting is inevitable if the MTZ’s water content exceeds the upper mantle’s solubility.
While localized MTZ regions exhibit water concentrations up to ~1.4 wt% [evidenced
by hydrous ringwoodite inclusions in diamonds (13)], global estimates vary widely:
ranging from 1,000 ppm to ~1 wt%, roughly corresponding to ~0.8-7.6 mol%, based
on magnetotelluric observation, mantle rheology, and mineral physics (14—16). We note
that a recent geomagnetic diurnal variation study reported a water content ~300 ppm
(~0.24 mol%) (17), yet recalibration using alternative conductivity data yields ~1,000
ppm (~0.24 mol%) in the same study (17). Collectively, these studies suggest a global
MTZ water content likely 21,000 ppm (~0.8 mol%), with local heterogeneities reaching
1 wt%. In contrast, the upper mantle’s water solubility decreases from 600-1,000 ppm
(~0.48-0.8 mol%) at 410 km (11, 12, 15, 18) to 400-600 ppm (~0.32—0.48 mol%) at
~300 km depth (12, 18). These estimates suggest that MTZ water content (likely 21,000
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ppm) exceeds the upper mantle’s capacity, implying that dehy-
dration melting likely occurs globally near D410.

Long-term preservation of the 410 melt layer requires melt
density to exceed that of the surrounding mantde (11, 19). A
critical barrier to validating the unifying hypothesis lies in the
poorly constrained composition of 410 melt, particularly its water
and iron (Fe) content, which introduce large uncertainties in melt
density estimations. The 410 melt is expected to be the incipient
hydrous melt of mantle peridotite near the D410 (20-23). A direct
measurement of low-degree melt (2 wt%) in hydrous peridotite
suggests compositions of 16.4 mol% FeO and 42 mol% H,O
(24). However, these results may suffer from disequilibrium arti-
facts, limited melt volume for analysis, and quenching-induced
crystallization (12). Indirect methods yield conflicting estimates:
Matsukage et al. (19) estimated a melt with 7.6 mol% FeO and
15.7 mol% H,O from high-degree melting experiments (>10 wt%
melt), while Fe-free systems (e.g., MgO-SiO,-H,0) predict H,0
contents >40 mol% (20, 21, 23).

To address disequilibrium and low melt-volume challenges, an
iterative method, which iteratively adjusts the input melt to
achieve equilibrium with source peridotite (25, 26), has been
developed to determine the composition of the mantle’s incipient
melt. However, hydrous low-degree melts quenched at the bottom
of upper mantle pressures often crystallize into coarse grains (~200
um) (20, 25), hindering accurate melt analysis via electron micro-
probe (EPMA) or laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS). This limitation impedes the appli-
cation of this method for precise determination of the 410 melt
composition.

In this study, we developed a fast-quench technique to preserve
hydrous peridotite melts at near-D410 pressures as glass or
fine-grained quench crystals. By integrating this technique with
the iterative method, we precisely determined the 410 melt com-
position. Using these results, we investigated the stability and fate
of the 410 melt.

1. Fast-Quenching Design and 410 Melt
Composition

To investigate the composition of 410 melt, we developed a high-
pressure cell assembly optimized for rapid quenching. The design
employs two diamond powder pistons positioned at both ends of
the capsule to increase the quench rate of sample (S7 Appendix,
Fig. S1B; see Materials and Methods for specifications), enabling
preservation of hydrous peridotitic melts as glass (for systems with
<14 mol% H,O; SI Appendix, Figs. S2-S5) or as fine crystalline
phases (<5 um grain size; Fig. 1) at pressures exceeding 10 GPa.

Using this assembly, we conducted iterative equilibration exper-
iments in a CaO-MgO-FeO-Al,05-SiO,—H,0O system at 13
GPaand 1,527 °C to determine the composition of incipient melts
near D410 (see Materials and Methods for details). Temperatures
were monitored in situ using a W-Re thermocouple, with spatial
variations within the sample constrained to <40 °C via calibration
using a spinel layer growth thermometer (27). Pressure was esti-
mated using the pressure-load curve for the same cell assembly at
1,500 °C.

Starting with an initial melt composition inferred from
Matsukage et al. (19), iterative equilibration with pyrolite rapidly
converged to a melt composition of 43.4 mol% H,0, 9.7 mol%
Ca0, 26.2 mol% MgO, 4.4 mol% FeO, 0.2 mol% Al,O;, and
16 mol% SiO, (81 Appendix, Table S4 and Fig. S11). Subsequent
iterations revealed a minor compositional evolution, characterized
by a gradual increase in FeO (4.4 — 4.5 mol%) and decrease in

MgO (26.2 — 25.2 mol%) (S Appendix, Table S4 and Fig. S11).
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At convergence, five coexisting phases were identified: olivine
(o), garnet (gt), Ca-rich clinopyroxene (Ca-cpx), Mg-rich clino-
pyroxene (Mg-cpx), and melt (Fig. 1). In this six-component
system, one degree of freedom remains unconstrained. Ohvrne
equilibrated with the incipient melt exhibits a lower Fe [Fe” =
100*Fe/(Fe+Mg); Fe’ = ~8] than pyrolitic olivine (Fe’ ~10), 1nd1—
cating that the unresolved variable is related to the melt’s Fe’. If
we combine the MgO and FeO into a single component [(Mg,Fe)
O], the average converged melt composition, with 43 mol% H,O,
9.2 mol% CaO, 30.5 mol% (Mg,Fe)O, 0.2 mol% Al,O;, and 17
mol% SiO, (SI Appendix, Table S4), represents a pseudoeutectic
composition in the CaO—(Mg,Fe) O-AL O,-SiO,~H,O system.
The pseudoeutectic nature of 410 melt indicates that its water
content (~43 mol%) is insensitive to the initial water content of
the MTZ, provided that sufficient water is present to initiate dehy-
dration melting near the D410. This derived H,O content is
consistent with predictions from Fe-free systems (20, 21, 23) and
direct measurements of low-degree melts (24) but higher than the
high-degree melt models (19). The consistency of H,O content
between Fe-bearing and Fe-free systems further conﬁrms that the
unconstrained variable is primarily related to the melt’s Fe’, rather
than its water content. To reflect the pseudoeutectic character of
the 410 melt, we report the incipient melt composition with
(Mg,Fe)O treated as a combined component.

The Fe content in 410 melt can vary across a wide range, con-
trolled by the initial Fe content of the source rock and the Fe-Mg
exchange coeflicient between the melt and coexisting solids,
defined as K = F melt « A ”l’d/ (Mg meltx Folid) in mole fraction.
To investigate the influence of source-rock Fe content, we analyzed
the Fe-Mg exchange coeflicients between the incipient melt and
coexisting phases (S/ Appendix, Table S5). Using these coefficients,
we estimated the bulk Fe-Mg exchange coefficient between the
melt and undepleted mantle peridotite (UMP), a composition
similar to pyrolite (28), by weighted averaging of each melt-mineral

* s based on their modal proportions in UMD, yielding a value
of 2 47 (81 Appendix, Table SS) This result lies between previously
reported values at 6 GPa (K € s =2.9 to 3.4; ref. 25) and 24 GPa
(K . =2.0; ref. 29), suggestmg a systematic decrease in Fe-Mg
extrange coefficients with increasing pressure. For reference, we
also report, the partitioning coefﬁcrent, defined as = Rl
(Mg + Fe)™M [(Mg + Fo)™ g UMPin mole fractron, which is
another frequently used parameter reflecting Fe partitioning. This

yields a value of 2.04 (SI Appendix, Table S5).

2. Near-ldentical Fe* between the MTZ and
UMP

D410, marking the boundary between the upper mantle and
MTZ, is attributed to the pressure-induced polymorphic trans-
formation of olivine into wadsleyite (30). As schematically illus-
trated in Fig. 2, the downward injection of cold slabs into the
MTZ or even into the lower mantle (LM) drives broad back-
ground upwelling (11). In the upwellings, a back-transition from
wadsleyite to olivine occurs at D410. Geophysical and laboratory
studies demonstrate that wadsleyite in the MTZ likely contains
water exceeding the solubility limit of olivine (14-16, 18), leading
to dehydration melting during this transition. Furthermore, melt-
ing continues at shallower depths due to the decreasing water
solubility in olivine (12). The generated melt percolates downward
to the D410 if its density exceeds that of the ambient mantle, or
upward toward the surface if it is less dense. The residual solids
serve as the source material for mid-ocean ridge basalts.

The UMP is widely recognized as the source material for
mid-ocean ridge basalts (28). Using our melt-UMP Fe-Mg extrange
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- H5426

H5428

- H5427

Fig. 1. Backscattered electron (BSE) images of the recovered samples of iteration experiments. ol: olivine; gt: garnet; Ca-cpx: Ca-rich clinopyroxene; Mg-cpx:

Mg-rich clinopyroxene.

coefficient, the MTZ’s Fe content can be reconstructed from
UMP’s composition by adding back the removed melt (Materials
and Methods). As a larger fraction of melt (F), is added back, the
resulting Fe’ of MTZ and coexisting melt increases (Fig. 3). The
fraction of melt removed during the formation of UMP can be
estimated based on the mass balance of H,O, whose content in

PNAS 2025 Vol.122 No.23 2500017122

410 melt is near-constant in mole fraction. The maximum fraction
(F,) is constrained by assuming that UMP is completely dry and
all MTZ water is consumed to form 410 melt. Using the mass
balance equation, F,,, is calculated as the ratio of water content

[z

between the MTZ and 410 melt (H,O™"*/H,0™" in moles). The
MTZ contains 0.1 to 1 wt% H,O (14-16), roughly corresponding
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Fig. 2. Schematic of dehydration melting and low-velocity layer (LVL)
formation during slab subduction-induced mantle upwelling. Subduction of
oceanic slabs into the mantle transition zone (MTZ) or lower mantle (LM)
drives large-scale passive upwelling (thick mustard-yellow arrow). Dehydration
melting initiates at the D410 via pressure-induced breakdown of hydrous
wadsleyite to olivine, followed by continued melting at shallower depths due
to decreasing water solubility in olivine. Resulting melts either accumulate as
LVLs in the deep upper mantle (UM) or migrate toward the surface (purple
arrows). Residual solids constitute the source material for mid-ocean ridge
basalt (MORB) generation. Partial crustal separation of the subducted slab
within the MTZ facilitates mixing between recycled oceanic crust and ambient
mantle, forming Fe-enriched domains. LVLs preferentially develop in these
Fe-enriched heterogeneities while remaining absent in normal mantle
compositions.

to ~0.3 to 2.7 mol%, while 410 melt has ~43 mol% H,O. F,,,.
reaches 0.063 at the upper limit (2. 7 mol % H,0). Even under
this extreme condmon the MTZ Fe” is calculated as 11.3, slightly
higher than UMP’s Fe” (~11.0). As melt is extracted from the MTZ
material, the Fe” of the MTZ material decreases from 11.3 to 11.0,

and the Fe’ of the coex1st1ng melt decreases from 24 to 23.

Consequently, the Fe” of the 410 melt, from initial melting to the
final stage of forming UMP-like composition, is estimated to be
23.5 + 0.5. The pseudoeutectic melt composition with this Fe*

yields an averaged 410 melt composition of 43 mol% H,0, 9.2
mol% CaO, 7.2 mol% FeO, 23.3 mol% MgO, 0.2 mol% Al O,
and 17 mol% SiO,.

30
25 _: /
20 1 —Melt
E-3 L
(] L
w [ —MTZ
15 +
10 T
3
0 0.05 0.1 0.15 0.2

Melt fraction

Fig. 3. Evolution of Fe* in MTZ and coexisting melt as a function of the
cumulative melt fraction added back to a UMP composition. The procedure
for adding back the melt is detailed in Materials and Methods. Cumulative
melt fraction represents the total fraction of melt added to reconstruct the
composition of the MTZ.
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3. Preservation Challenges of 410 Melt
Generated by a Normal MTZ

The stability of the 410 melt layer depends critically on its density
relative to the surrounding upper mantle. If the melt has a higher
density than the upper mantle rock but lower than the MTZ rock,
the melt can stay atop the MTZ. However, if it is less dense than
the upper mantle rock, the melt cannot form a melt layer atop the
MTZ. The equation of state from Drewitt et al. (21) suggests that
a 410 melt with 43 mol% H,O has to have Fe” >35 to match or
exceed the density of upper mantle rock (Fig. 4B). However, melts
forming atop the MTZ have a Fe* <25. Therefore, the melt cannot
stay at the top of the MTZ and migrate upward. This upward
migration precludes stable melt-layer preservation atop D410 but
facilitates MTZ water cycling—complementing slab subduc-
tion—and provides a metasomatic agent for the lithosphere upper
mantle (12).

4. Stable Melt Layers from Fe-Rich
Heterogeneities

The density of the melt increases with decreasing water content
or increasing Fe content (Fig. 4). For a melt density to exceed that
of the surrounding upper mantle, the water content of the melt
must be lower or its Fe content must be higher than the above-
mentioned estimates. However, the water content of 410 melt
(~43 mol%) is controlled exclusively by pressure and temperature
but independent of the MTZ composition. Therefore, the melt
density cannot be adjusted by the water content. In contrast, the
Fe content can vary significantly due to MTZ heterogeneity, offer-
ing a viable mechanism for melt stabilization.

Elevated Fe content increases the density of both the residual
solid and the resultant melt, altering melt migration dynamics in
the upper mantle. The fate of the melt depends on the density
contrasts among the melt, the residual solid, and the surrounding
upper mantle (Fig. 2). When the melt is less dense than the sur-
rounding mantle, it ascends toward the surface. When the melt
density lies between that of the surrounding mantle and the resid-
ual solid, it ponds at the top boundary between the residual solid
and the surrounding mantle. When the melt density exceeds that
of the residual solid but remains lower than the MTZ, it accumu-
lates atop the D410. Consequently, stable melt layers form only
when the melt density surpasses that of the surrounding normal
mantle. Source rocks with Fe” > 18 produce melts with Fe* > 35,
which achieve densities exceeding that of the surrounding upper
mantle (Fig. 4).

Importantly, elevating Fe content within a reasonable range has
negligible effects on dehydration melting near the D410. Fei et al.
(31) demonstrated that water solublhty in wadsleyite remains
nearly constant across a range of Fe’ values (10 to 25) indicating
minimal changes in MTZ water solubility when Fe” increases from
10 to 18. Although increased water solubility in olivine with
increasing Fe” has been observed at low pressures (<6 GPa) (32),
Fei et al. (33) compiled experimental data showing that Fe has
little influence on water solubility in olivine near the D410.
Consequently, elevating Fe content provides a robust mechanism
for stabilizing melts without significantly altering dehydration
melting processes.

One candidate for Fe-rich source rocks is heterogeneltles asso-
ciated with subducted oceanic crust. Oceanic crust, with Fe” values
as high as ~40 (34), can be subducted and entrained into the MTZ
(35, 36). The accumulation of the oceanic crust in MTZ, likely
resulting from the segregation of basaltic crust and depleted man-
tle within subducted slabs, has been both proposed and seismically
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Fig. 4. Density of the incipient melt with slight variation of water content (A) and Fe/(Fe+Mg) ratio (B). The gray envelope indicates 3% uncertainty of the PREM
model. The density was calculated based on the equation of state from Drewitt et al. (21). Fe” denotes 100*Fe/(Fe+Mg) in mole.

detected (37-40). Notably, a recent global seismic study provides
compelling evidence for widespread basalt accumulation in the
MTZ (39). Mixing such basaltic material with ambient mantle
(e. g pyrolite with B’ ~ 10) generates heterogeneltles spanning

= 10 to 40. Among these, heterogeneities with Fe* 518 repre-
sent viable source rocks capable of producing stable melt layers
atop the D410.

5. Conclusiovns

Dehydration melting likely occurs globally near D410 due to
the MTZ’s water content (21,000 ppm) exceeding the upper
mantle’s capacity (<1,000 ppm), explaining the global detection
of LVLs atop D410. Our high-pressure experiments demonstrate
that the 410 melt is highly hydrous (43 mol%) and its water
content remains nearly invariant along the geotherm. As a result,
only melts derived from Fe-enriched source rock (Fe" > 18)
achieve sufficient density to form long-lived stable layers atop
the D410. In contrast, melts generated in a normal MTZ region
(Fe” < 18) migrate upward due to buoyancy, resulting in the
discontinuities of the detected LVLs. Therefore, while 410 melt
forms globally, melts only derived from Fe-enriched heteroge-
neities are preserved as stable melt layers, reconciling the coex-
istence of global LVL detections and their lateral discontinuities
(2, 8,9). Since the equations of state used for hydrous melt in
this study suffer from significant uncertainties, improved models
are critical to accurately constrain the Fe and water contents
required for melt neutrality in future studies.

6. Materials and Methods

6.1. High-Pressure-temperature Experiments.

6.1.1. Designing the fast-cooling assembly. Based on high-degree melting
experiments (>10 wt%) on hydrous pyrolite, Matsukage etal.(19) suggested that
the 410 melt composition contains 5 wt% H,0 (corresponding to 13.4 mol%),
with the dry composition referred to as MO5 hereafter (S/ Appendix, Table S6).
We initiated this study by conducting high-pressure melting experiments on
MO5 with 5 wt% H,0 in a 10/4 (edge-length of octahedron/edge-length of anvil
truncation) cell assembly (S/ Appendix, Fig. S14) to determine its liquidus tem-
perature. To test the possible reaction between diamond and hydrous silicate
melt, we introduced a diamond powder layer into the sample. In this experiment,
we accidentally obtained bright glassy phase patches (SI Appendix, Fig. S24),
confirmed via EBSD and TEM analysis (S/ Appendix, Fig. S2 and S3), among the
quenched crystals. These patches likely resulted from the enhanced quench rate
facilitated by the diamond layer.

PNAS 2025 Vol.122 No.23 2500017122

Inspired by this observation, we designed a fast-quenching cell assembly
using two diamond pistons at the ends of the capsule (S/ Appendix, Fig. S1B). A
platinum (Pt) capsule was employed to isolate the melt from the diamond pistons
and surrounding materials, preventing potential contamination. To validate the
design, we performed over five experiments on the model 410 melt composition
of M05 with 5 wt% H,0 at 15 GPa. All recovered samples showed bright glassy
patches embedded within quenched crystals (S/Appendix, Fig. S5), demonstrat-
ing the rapid cooling capability of the cell. The glassy nature of the patches was
confirmed by electron backscattered diffraction (EBSD) analysis or transmission
electron microscopy (TEM) (S Appendix, Figs. S2-S4).

We implemented this design in 10/4, 10/5, and 7/3 assemblies. In all the
assemblies, Cr-doped MgO (5 wt% Cr,0,) octahedra were used as pressure media.
Ha08 tungsten carbide cubes were used as second-stage anvils for the 10/4 and
10/5 cell assembly, while Ha06 cubes were used for the 7/3 cell assembly. LaCrO,
was used as the heating element for all the cell assemblies. Pt capsules with
two ends welded for sealing were used for melting experiments. Temperatures
were monitored by W;sRe,s-Wo;Re; thermocouples with 0.13 or 0.05 mm in
diameter. All the high-pressure, high-temperature conditions were generated
using Kawai-type multianvil presses at the Bayerisches Geoinstitut, University
of Bayreuth, Germany.

The cell assemblies were first compressed to the target load at room tem-

perature over a period of more than 180 min, and then heated to the desired
temperature under constant load at a rate of ~50 K/min. After heating, quenching
was performed by cutting off the power. After quenching, samples were decom-
pressed and recovered. Recovered samples were polished for subsequent textural,
phase, and chemical analysis.
6.1.2. Characterizing the fast-cooling design. The pressure-load curve of 10/4
cell with the fast-cooling design was calibrated using the phase transitions of
coesite to stishovite and forsterite (Fo) to wadsleyite (Wd) at 1,500 °C(SI Appendix,
Fig. S6). The temperature distribution in the sample area was calibrated using a
spinel layer growth thermometer (27). The temperature is 1,550 = 20 °C within
the 1 mm diameter cylinder at the cell center when the thermocouple reading
was 1,500 °C (S Appendix, Fig. S7).

The cooling rates of various cell assemblies were studied by monitoring the
temperature changes during quenching using a fast-recording system. The
temperatures during quenching were recorded with a Thermo-Amplifier-Box,
capable of logging up to 1,000 temperature values per second (41). Compared
to a cooling rate of ~650 °C/s for normal multianvil assembly (41), the cooling
rate of our design was increased to 2,000 to 5,300 °C/s (S/ Appendix, Table S2),
depending on the cell assembly, pressure, and sample phases during quenching
(SIAppendix, Table S2 and Figs. S8 and S9).The smaller cell has a higher cooling
rate, probably due to the shorter length required to conduct heat to the anvil top.
Pressure slightly increases the cooling rate, probably due to reduced thermal
inertia as a result of reduced volume of the pressure medium and enhanced
thermal coupling. Note that the cell containing a Fo + Wd in the recovered sample
exhibited a significantly lower cooling rate compared to pure Wd or Fo samples
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atsimilar pressures. This may be due to the latent heat of the Fo-Wd phase tran-
sition at ~1,500 °C during quenching. Similarly, samples containing a mixture
of melt and crystals are expected to have a lower cooling rate than those with
pure melt or pure crystals, which explains why the largest glass is obtained in
Run H5382 at 1,900 °C.
6.1.3. Starting material for melting experiments. The starting materials
were mixtures of oxides and hydroxides. Reagent-grade powders of SiO, (purity
>99%), Al,05 (>99%), MgO (>99%), FeO (>99%), Mg(OH), (>95%), Al(OH),
(>95%), Ca(OH), (>95%), and silica gel (>99%) were mixed in an appropriate
ratio (S/ Appendix, Table S4) and hand-ground with an agate mortar and pestle.
The purity of oxides and silica gel used is higher than 99%, while the purity of
hydroxides is higher than 95%. Water was incorporated into the mixtures through
the addition of Ca(OH),, Mg(OH),, AI(OH),, and silica gel in sequence until the
desired water content was achieved. For the compositions of melt-6 and melt-7
in SI Appendix, Table S4, silica gel was required as an additional water source
because the desired water content could not be achieved even when all Ca, Mg,
and Al were added as hydroxides. The water content in silica gel was determined
by measuring the weight loss after heating to 1,000 °C.
6.1.4. Iteration experiments. We applied the fast-quench design of the 10/4
cell assembly to determine the 410 melt composition using an iterative method.
The core concept of this method is to equilibrate an estimated melt composition
with a fertile peridotite (pyrolite) composition (roughly 1:1 in volume) at 13
GPa, progressively refining the melt composition until minimal reactions occur
between pyrolite and the estimated melt. At each iteration, solid-melt reactions
take place if the estimated melt composition deviates significantly from equilib-
rium with pyrolite, resulting in a new melt composition that is closer to equilib-
rium. This updated melt composition is then used as the guessed melt for the
next iteration. The first iteration involves establishing an initial guessed melt
composition. The modeled composition from Matsukage et al. (19) is a good
candidate. Based on the initial melting experiments in this study (S/ Appendix,
Fig. S5andTable S1), the MO5 composition with 5 wt% H,0 requires temperatures
exceeding 1,800 °Cto fully melt (S/Appendix, Table S1), which is ~300 °C higher
than the geotherm. Therefore, we used a MO5 composition with 10 wt% H,0 for
the firstequilibrium experiment. In the initial trials, several samples were heated
to and maintained at 1,527 °C for 10 to 20 min. However, solid and melt some-
times failed to reach equilibrium and to separate completely, which is crucial for
preventing quench-related modifications and for accurate chemical analysis. To
address this, all the later iterations used a two-step heating process to improve
equilibrium and separation. Samples were first heated to 1700-1800 °C and
held for 3 min, followed by cooling to 1,527 °Cand maintained for 20 to 30 min.
To determine the solid phases coexisting with the melt, we attempted to
determine the mineral assemblages of dry pyrolite by conducting a subsolidus
experiment at 13 GPa and 1,527 °C for 24 h. However, equilibrium was not
achieved due to slow reaction kinetics, as indicated by the recovered sample
(81 Appendix, Fig.S10). In this experiment, we roughly identified ol, gt, and Ca-cpx
as the primary coexisting phases. However, the solid phases coexisting with the
meltin the final iteration run were olivine (ol), garnet (gt), Ca-rich clinopyroxene
(Ca-cpx), and Mg-rich clinopyroxene (Mg-cpx) (Fig. 1). This difference is likely
due to the difficulty of achieving phase equilibrium in dry samples, whereas the
hydrous meltin our experiments promotes equilibrium, as indicated by the large,
straight-boundary crystals of Ca- and Mg-cpx. Mass balance calculations reveal
that UMP, a composition similar to pyrolite (28), comprises ~51% ol, 34% gt, 6%
Ca-cpx, and 8% Mg-cpx (mol%). Since melt facilitates equilibrium, we conclude
that Mg-cpx should be one of the coexisting solid phases at least to 13 GPa (Fig. 1
and S/ Appendix, Table S3), 3 GPa higher than previously reported (42).

6.2. Glass Identification by EBSD or TEM Analysis. Two methods were used
to determine whether the bright patches in the quenching crystals were glass or
not. The first method is the Electron Backscatter Diffraction (EBSD) analysis. The
recovered samples were impregnated by epoxy and polished with Buehler™
Minimet 1,000 with diamond paste of progressively finer grit size from 15 pum
t0 0.25 um. Colloidal silica was applied to the polisher for final polishing because
the sampling depth is less than 1 um for EBSD analysis. After the polishing, the
surface was coated with carbon with about 5-nm thickness. Forescattered electron
(FSE)imaging and EBSD were conducted with a Zeiss Gemini™ 300 field emission
scanning electron microscope (SEM) in the Department of Materials Science and
Metallurgy, University of Cambridge. In the SEM vacuum chamber, the polished
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surface was tilted by 70°. FSE images were acquired at an accelerating voltage
of 20 kV, with an aperture 120 um in diameter, at a working distance of 15
mm. EBSD was conducted under the same conditions with 1 um step size by
a Symmetry™ EBSD detector and AZtec™ 4 acquisition software from Oxford
Instruments™. A linear scan of EBSD was conducted across the quenching crystals
and bright patch. A patch is identified as glass if it shows a diffused diffraction
pattern EBSD analysis, while adjacent regions showed clear Kikuchi patterns
(1 Appendix, Fig. S2 Cand D).

The other method is TEM analysis. We performed the scanning transmis-
sion electron microscopy (STEM) imaging and chemical analyses on a field
emission scanning transmission electron microscope (FEl, Titan G2 80-200 S/
TEM), equipped with an energy dispersive X-ray spectrometer (EDS, 4 Silicon
drift detectors, Bruker Quantax) in order to observe and analyze the chemical
compositions of the quenched S7592 samples. For the TEM sample preparation,
we used a focused ion milling machine (FEI Scios DualBeam milling). The TEM
thin foils were a thickness of about 150 nm. To identify crystalline or amorphous
states in the S7592 sample, selected area electron diffraction (SAED) patterns
were investigated with conventional TEM images. Phases showing a diffuse
Halo ring are identified as a glassy phase (S Appendix, Fig. S3C). The STEM-EDS
maps were taken at a resolution of 14 nm per pixel and dwell time 16 psec
using a subnanometer-sized electron beam with 0.06 nA probe current at 200
kV-acceleration voltage. To accumulate statistically enough characteristic X-ray
counts in a quantitative EDS map, the total acquisition time was 3,600 s in live
time with a count rate of 1.3 keps. During the acquisition, an image drift correction
function was always activated to prevent artifacts in the profile. To get quantitative
compositions of the samples, we corrected Z-number with calibrated k-factors
using a natural pyrope gamet (43) and absorption effects on the evaluations of
EDS spectrum (44, 45). The glassy patch and the quenched crystals showed the
same average composition, indicating that the glass represents the same melt
as the quenched crystals prior to solidification.

6.3. Chemical Analysis of Recovered Samples By Electron Microprobe.
While previous studies have reported quenched crystal grain sizes of approxi-
mately 200 um (25), the crystals in our experiments exhibit significantly finer
grain sizes, typically smaller than 5 um, even in samples with water contents
up to 20 wt% (Fig. 1). This smaller grain size is ideal for averaging the compo-
sition of quenched crystals using Electron Probe Micro-Analysis (EPMA) with a
diffused beam.

The compositions of recovered samples were measured by EPMAat Bayerisches
Geoinstitut, University of Bayreuth, Germany. Standards used for calibration
included Re, Pt, Fe, diopside, spinel, and enstatite. Measurements were conducted
atanaccelerating voltage of 15 kV. For solid phases and metallic capsules, a heam
size of T um was employed. For the melt composition in melt regions, a defocused
beam (10 or 20 um) was combined with rectangular scanning (typically 40 x 40
to 100 x 100 um) using a step size equal to the beam size to obtain an average
composition. The measured composition of nonvolatile elements is representative
of the melt before quenching. Although our fast-cooling assembly preserved
melts as glass for systems with H,0 <5 wt%, melts in the iteration experiments,
containing ~10 wt% H,0 or more, crystallized into fine-grained crystals (typically
<5 um) rather than glass during quench. To quantify the water content of these
high-H,0 melts, we employed the EPMA deficit method, which estimates original
melt H,0 by reconciling analytical shortfalls in oxide totals. This approach provides
reliable H,0 values with an error margin of ~2 wt% (29). An additional source
of error arises from the assumption that all iron oxides are present as FeO, while
some Fe,0, component may exist. However, since the FeO content s less than 10
wt%, the maximum error introduced by this factor is less than 1 %. Consequently,
the total error for the EPMA deficit method is less than 3 wt%.

6.4. Calculation of Fe” in MTZ as a Function of the Melt Fraction in
Mole. Given the exceptionally high water content of the 410 melt, its viscosity
is extremely low (~10 mPa-s) (21, 46, 47), enabling efficient melt percolation
except at locations where the melt has neutral buoyancy. As a result, melt is con-
tinuously removed from the source rock as it forms, preventing re-equilibration
with the residual solid. To account for this process, the melt must be added back
incrementally. We employed an iterative approach to calculate the Fe* in the MTZ
as a function of the melt fraction (in molar percent) extracted to form the UMP
composition. The procedure is as follows:
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1. Initial Composition: Set the molaramount of Fe and Mg in the residual solids
according to their ratio in the UMP composition and the molaramount of (Fe
+ Mg) of melt based on the 410 melt composition. Assign the initial amount
of UMPto 1.

2. Fe/Mg Ratio in the Melt: Calculate the Fe/Mg ratio of the melt (Rg/Mg)

based on the melt-to-residual solid exchange coefficient (K™/Res = 2 47,
as determined in this study) and the Fe/Mg ratio of the residual solids
(RI::;Mg): Rirfne/Mg = K"/ Rﬁ:ng'

3. Feand Mg amount in Melt: Use R’F’;/Mg and the molar amount of (Fe + Mg)
in melt to calculate the molar amount of Fe and Mg in the melt.

4. Add Back Melt Fraction: Add a small fraction of the calculated melt composi-
tion (df, e.g., 0.001) back into the system.

5. Recalculate System Composition: Determine the total Fe and Mg content
using the contributions from the residual solid (1) and the added melt (df).

6. Update melt fraction: Calculate the melt fraction as

total melt amount added

melt fraction = .
1 + total mel amount added

7. Update Fe#: Calculate the Fe# for the system and the melt using their updated
Fe and Mg amounts.

8. lterate: Set the total Fe and Mg amounts calculated in the previous step as
the starting composition of the residual solid for the next cycle. Repeat steps
2 to 7 until the desired melt fraction is reached.

6.5. Density Calculation of 410 Melt. The densities of 410 melt were calcu-
lated using the equation of state of a Mg0-Si0,-H,0 system (21). For the Fe effect,
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the density can be approximately calculated based on the difference in atomic
mass of Fe and Mg (21). Similarly, the Ca effect was also calibrated according to
the difference in atomic mass of Ca and Mg in this study.

Data, Materials, and Software Availability. All Study data are included in
the article and/or S/ Appendix.
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