Contributions to Mineralogy and Petrology (2024) 179:97
https://doi.org/10.1007/500410-024-02177-2

®

Check for
updates

ORIGINAL PAPER

Stability of hydrous basaltic melts at low water fugacity: evidence for
widespread melting at the lithosphere-asthenosphere boundary

Marija Putak Juri¢ek' - Hans Keppler'

Received: 24 June 2024 / Accepted: 17 September 2024 / Published online: 7 October 2024
©The Author(s) 2024

Abstract

The upper mantle low velocity zone is often attributed to partial melting at the lithosphere-asthenosphere boundary. This
implies that basaltic melts may be stable along plausible geotherms due to the freezing point depression in the presence
of water and other incompatible impurities. However, the freezing point depression (A7) as a function of water content in
the near-solidus basaltic melt (cj,,) cannot be precisely determined from peridotite melting experiments because of dif-
ficulties in recovering homogeneous basaltic glasses at high pressures. We therefore used an alternative approach to rein-
vestigate and accurately constrain the 47-cy,,, relationship for basaltic melts at the low water fugacities that are expected
in the upper mantle. Internally heated pressure vessel (IHPV) experiments were performed at water-saturated conditions
in the anorthite-diopside-H,O system at confining pressures of 0.02 to 0.2 GPa and temperatures between 940 and 1450
°C. We determined the water-saturated solidus, and obtained 47 by combining our data with reports of dry melting tem-
peratures in the anorthite-diopside system. In another series of experiments, we measured water solubility in haplobasaltic
melts and extrapolated cy,., to pressures and temperatures of the water-saturated solidus. By combining the results from
these two series of experiments, we showed that the effect of water on AT was previously underestimated by at least 50
°C. The new AT-cy,, relationship was then used to revise predictions of melt distribution in the upper mantle. Hydrous
melt is almost certainly stable beneath extensive regions of the oceanic lithosphere, and may be present in younger and
water-enriched zones of the subcontinental mantle.
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Introduction

Water is the most abundant volatile species in the Earth’s
upper mantle. Estimates from un-degassed MORB glasses
and olivine-hosted melt inclusions from MORB indicate
that 50 to 200 ppm of water is present throughout the upper
mantle (Michael 1988, 1995; Danyushevsky et al. 2000; Saal
et al. 2002). Similar water concentrations were observed
in mantle xenoliths, ophiolites and abyssal peridotites
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(Demouchy and Bolfan-Casanova 2016 and ref. therein),
even though the water contents of those samples may have
been modified during exhumation. At mantle pressures and
at subsolidus conditions, water is accommodated mainly as
OH™ point defects in nominally anhydrous minerals such as
olivine and pyroxenes (e.g. Keppler and Bolfan-Casanova
2006; Mierdel et al. 2007). If the solidus temperatures are
locally exceeded, however, water preferentially dissolves
into the basaltic partial melts. Since the freezing point of
liquids becomes depressed in the presence of solutes (e.g.
Raoult 1882), these hydrous basaltic melts are stable at
lower temperatures than their anhydrous analogues. Already
some early experiments in the SiO,-H,O system (Tuttle and
England 1955) demonstrated that the effect of water on the
freezing point depression of silicate liquids is significant,
potentially exceeding hundreds of degrees. However, the
freezing point of hydrous basaltic melts — or in other words,
the melting point depression of peridotite in the presence of

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00410-024-02177-2&domain=pdf&date_stamp=2024-10-4

97 Page2of 16

Contributions to Mineralogy and Petrology (2024) 179:97

water — remains poorly quantified and the exact distribution
of partial melt in the upper mantle is uncertain.

Accurate constraints on melt distribution in the upper
mantle are of particular interest for understanding the ori-
gins of the lithosphere-asthenosphere boundary (LAB).
Anderson and Sammis (1969) suggested that partial melting
in the presence of water may be a viable explanation for
the anomalously low seismic velocities and high attenua-
tion in the upper mantle low velocity zone, and many recent
seismological interpretations of the lithosphere-astheno-
sphere boundary also require the presence of partial melt
(Rychert et al. 2020; Debayle et al. 2020; Hua et al. 2023).
We note that a number of mechanisms that do not involve
melting could at least partially account for the seismologi-
cal observations. Some examples of the proposed sub-soli-
dus mechanisms include contrasting rheological properties
of dry and hydrated olivine (e.g. Karato and Jung 1998),
grain-size variation effects (Faul and Jackson 2005), near-
solidus seismic velocity reduction (Takei 2017) and differ-
ences in mantle oxidation state (Cline et al. 2018). However,
the sharpness of the lithosphere-asthenosphere boundary
(e.g. Rychert et al. 2020) would be hard to explain without
invoking melting. While most studies focus on observations
from seismic surveys, recent magnetotelluric imaging addi-
tionally characterized regions of high electrical conductiv-
ity in the upper mantle low velocity zone (Matsuno et al.
2010; Naif et al. 2013; Wang et al. 2020; Manassero et al.
2024), and these conductive regions are often more readily
explained by partial melting, rather than being attributed to
hydration of minerals.

Experimental studies of the partial melting of peridotite
in the presence of just 50 to 200 ppm of water are techni-
cally impossible, because fine-grained silicates and oxides,
which are used as starting materials in such studies, adsorb
water when exposed to air. This atmospheric contamina-
tion in experimental samples may easily exceed the realistic
mantle water abundances (Keppler and Rauch 2000). More-
over, the diffusion of hydrogen through the noble metal
capsules commonly used in these experiments may further
modify water contents, leading to large differences between
nominal and real water contents in the charge. Experiments
are more easily performed with high bulk water contents
that allow measurements of melting temperatures and melt
water contents, which can then be used to indirectly predict
whether a peridotite will melt along plausible geotherms in
the presence of realistically low water contents (Aubaud et
al. 2004; Hirschmann et al. 2009; Tenner et al. 2012). How-
ever, such predictive models of hydrous peridotite melting
are further hindered by difficulties in recovering homoge-
neous hydrous basaltic glasses from high pressures. In the
short time required to quench the experimental samples,
hydrous basaltic melts begin to crystallize and degas. While
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high melt fractions quench into obvious dendritic crystals
surrounded by silicate glass, low-degree near-solidus melts
are not as easy to identify (Green 2015). One reason is that
these melts may rapidly solidify by forming overgrowths on
existing crystals during quenching. Moreover, at high pres-
sures even the sub-solidus fluids will contain several wt%
of dissolved silicate component, which may form interstitial
quench products upon cooling. These quench phases may
be visually very similar to former melt pools. For example,
published estimates of the water-saturated solidus of peri-
dotite vary by hundreds of degrees, from around 800 to
1100 °C at 3 GPa (e.g. Grove et al. 2006; Green 2015; Putak
Juricek and Keppler 2023), which is likely a reflection of
subjective textural discrimination between small melt pools
and sub-solidus quench precipitates. Therefore, the melting
point depression (47) derived from experiments on hydrous
peridotites may not be reliable. In addition to uncertainties
in the observed A7, partial degassing and heterogeneous
quench textures also preclude quantitative measurements of
melt water contents (cg0)-

The relationship between the melting point depression
(4T) and the near-solidus water content in basaltic melts
(cip0) 1s one of the essential experimental parameters for
constraining melt distribution in the mantle. We therefore
designed an approach that avoids most of the uncertainties
inherent to experiments performed in the peridotite-H,O
system, which enabled us to precisely measure the 47—c;;,,
relationship for hydrous basaltic melts. Our approach is
based on two essential concepts:

(1) Instead of doing experiments in the peridotite system,
we use the anorthite-diopside system to constrain the
effect of water on the melting temperatures of basaltic
melts. Anorthite-diopside is a eutectic system, where
large amounts of melt are generated near the solidus,
such that solidus temperatures can be very precisely
determined. Moreover, the partial melts in the “hap-
lobasaltic” anorthite-diopside system are very similar
in bulk composition to natural basaltic melts, with the
exception that Fe is replaced mostly by Ca. However,
measurements of water solubility in basaltic melts show
that water dissolution is rather insensitive to variations
in bulk composition (e.g. Dixon et al. 1995; Shishkina et
al. 2010; Lesne et al. 2011) and accordingly, this should
have little effect on the relationship between water and
melting point depression.

(i1) Instead of trying to control water fugacity in high-pres-
sure experiments by introducing water into the charge
at the 100 ppm level — which is technically not feasible,
as noted above — we simulate low water fugacities by
performing melting experiments under water-saturated
conditions, but at very low confining pressures. In such
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experiments, water fugacity and melt water content can
be precisely controlled.

We observed that formation of basaltic melts with water
contents of 3 to 5 wt% is associated with melting point
depressions of 150 to 200 °C — an effect that is notably
larger compared to estimates from studies on hydrous peri-
dotites (Katz et al. 2003; Hirschmann et al. 2009; Tenner
et al. 2012). Our new AT—cy,, relationship significantly
shifts the predictions of the current melting model for the
upper mantle low velocity zone, suggesting the presence of
low-degree melt along extensive regions in the uppermost
asthenosphere.

Table 1 List of water-saturated melting experiments
Melting experiments / An-Di mixture

Run Puo T(°C) Dura-  Rapid Phases®
(GPa) tion (h) quench
ADSI16 0.02 1150 8 - An, Di
ADS27 0.02 1200 24 - An, Di
ADS42 0.02 1207 24 + An, Di, melt
ADS37 0.02 1213 25 + An, Di, melt
ADS32 0.02 1225 24 + An, Di, melt
ADSI5 0.02 1250 24 + An, melt
ADSI8 0.05 1100 24 + An, Di
ADS17 0.05 1180 25 + An, Di
ADS43 0.05 1186 24 + An, Di, melt
ADS38 0.05 1192 31 + An, Di, melt
ADS33 0.05 1205 24 + An, Di, melt
ADS28 0.05 1230 24 + An, melt
ADS22 0.10 1040 46 + An, Di
ADS21 0.10 1120 25 + An, Di
ADS44 0.10 1128 24 + An, Di
ADS39 0.10 1135 24 + An, Di, melt
ADS34 0.10 1150 24 + An, Di, melt
ADS29 0.10 1180 24 - An, melt
ADS24 0.15 990 22 + An, Di
ADS23 0.15 1070 23 + An, Di
ADS35 0.15 1110 24 + An, Di
ADS45 0.15 1117 23 + An, Di
ADS40 0.15 1125 24 + An, Di, melt
ADS30 0.15 1140 24 + An, Di, melt
ADS26 0.20 940 25 + An, Di
ADS25 0.20 1020 72 + An, Di
ADS31 0.20 1100 24 + An, Di
ADS46 0.20 1107 27 + An, Di, melt
ADS41 0.20 1115 30 + An, Di, melt
ADS36 0.20 1130 24 + An, Di, melt

#An additional hydrous fluid phase was present in all experiments.
Rapid quench indicates whether the sample dropped into the cold
zone of the autoclave (+) at the end of an experiment or not (-). P —
pressure, T — temperature, An — anorthite, Di — diopside

Methods
General approach

Two series of experiments were performed in the anorthite-
diopside-H,O system at water-saturated conditions using a
rapid-quench internally-heated pressure vessel (IHPV). The
melt water contents and water fugacities were limited to
suitably low values by maintaining low confining pressures
(0.02 and 0.2 GPa). We first carried out melting experiments
(Table 1) with a mixture of presynthesized high-purity anor-
thite and diopside in a 1:1 ratio (by weight) to determine the
water-saturated melting temperatures (Fig. 1), which were
easy to observe in this system, as a very high melt fraction
is produced immediately at the solidus. Under water-satu-
rated conditions the freezing point is defined by the dry and
water-saturated solidi, so we combined our observations
with literature reports of the dry melting temperatures in
the anorthite-diopside system to obtain A7 (Osborn 1942;
Presnall et al. 1978).

The second series of experiments was performed to mea-
sure water solubility in the eutectic melts (Table 2). These
experiments were carried out using mm-sized cylinders of
haplobasaltic glass which had the eutectic melt composi-
tion in the anorthite diopside system, as reported by Osborn
(1942) at 1 bar. The low pressures in our experiments also
enabled recovery of homogeneous glasses, permitting accu-
rate measurements of water solubility in this haplobasaltic
melt as a function of pressure and temperature. The near-
solidus melt water content (c,,) was then obtained by
extrapolating the water solubility values to the pressures
and temperatures of the water-saturated solidus (Fig. 2).

Starting materials and experiments

For the synthesis of anorthite, stoichiometric amounts of
Ca(OH),, Al(OH); and SiO, were ground under ethanol in
an agate mortar. The mixture was dehydrated in a platinum
crucible by slow heating to 1100 °C, transferred to a high-
temperature furnace, and then rapidly heated to 1600 °C.
The melt was cooled to 1350 °C over four days. When the
crucible was removed from the furnace, the content was
still molten, despite being far below the equilibrium melting
temperature. Placing the crucible on a cold surface caused
nucleation of needle-like anorthite crystals at the bottom.
The crucible was returned to the furnace at 1450 °C and
cooled to 1350 °C over five hours. This yielded an aggregate
of cm-sized elongated crystals. The purity of anorthite was
confirmed by XRD. To synthesize diopside, a mixture of
CaCO;, Mg(OH), and SiO, was homogenized in an agate
mortar under ethanol. The mixture was sealed together with
10 wt% of distilled H,O into several large gold capsules,
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Table 2 List of water solubility experiments. Absolute water contents were determined from the weight difference in the recovered and dried run
products (Fig. 2a). Sample 59 yielded an anomalously low value due to fluid entrapment in an isolated bubble. We obtained the molar adsorption
coefficients for the near-infrared OH™ and H,O bands in haplobasaltic glasses (Supplementary Information), and the values from FTIR measure-
ments were extrapolated to the water-saturated solidus (Fig. 2b) and used in the model

H,O0 solubility experiments / haplobasaltic glass

Run P (GPa) T (°C) Duration (h) Quench Weighing ¢y, (Wt%) FTIR cyp0 (Wt%)
ADS56 0.02 1350 5 + 0.99 0.94+0.05
ADS57 0.05 1350 4 + 1.91 2.02+0.10
ADS58 0.1 1350 5 - 2.86 2.89+0.13
ADS59 0.15 1350 5 + --- 3.88+0.21
ADS60 0.2 1350 5 + 4.44 4.53+0.18
ADS64 0.1 1250 5 + 2.89 2.96+0.13
ADS65 0.1 1350 5 + 2.76 2.62+0.15
ADS66 0.1 1450 5 + 2.77 2.68+0.12

Plus and minus signs indicate whether rapid quench was successful (i.e. whether the sample dropped into the cold zone of the autoclave at the
end of an experiment). P — pressure, T — temperature, “weighing ¢y, is the water content in the melt determined by mass balance from the
weight loss of the capsule after piercing and drying, “FTIR ¢y, is the water content in the melt determined by FTIR measurements of the
quenched glass. Standard deviation estimates are provided for “FTIR c¢yy,0”
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which were kept at 3 kbar and 700 °C for approximately 10
days in externally heated cold-seal pressure vessels. The run
products were analysed by XRD, revealing minor carbon-
ate impurities. The carbonates were dissolved by treating
the powders with 10% HNO; for an hour at room tempera-
ture. Nitric acid was removed by washing with distilled H,O
and subsequent drying. The purity of diopside was checked
again using XRD. The typical crystal size was 5-10 um.
The haplobasaltic glass was synthesized from high-purity
CaCO;, Al(OH);, Mg(OH), and SiO,, which were mixed in
an agate mortar under ethanol, and then decarbonated and
dehydrated at 1100 °C for 12 h. This yielded a stoichiom-
etry of Any;Disy (Wt%), as reported previously by Osborn
(1942). The sintered material was melted at 1400 °C for 2 h,
and the glass was formed by cooling in air.

The starting materials were arc-sealed together with dis-
tilled H,O into 2 cm long platinum capsules with 3.5/3.2 mm
outer/inner diameter. The experiments were performed in
a vertically-oriented internally-heated gas pressure vessel

made by Harwood Engineering, Walpole, MA, USA. Argon
was used as pressure medium, and pressure was measured
with a Harwood manganin cell. The temperature was moni-
tored by two S-type thermocouples, coupled to Eurotherm
devices which separately controlled the power supply to
the two furnace windings. The samples were suspended on
a Pt wire between the thermocouples, with temperatures
and pressures maintained within +2 °C and +5 MPa, with
respect to values reported in Tables 1 and 2. The experi-
ments were terminated with an isobaric rapid quench by fus-
ing the wire which held the capsule, dropping the sample
into the cold zone of the autoclave (e.g. Berndt et al. 2002).
Success of the quench was evaluated based on the 1-5 bar
pressure increase upon fusing the quench wire, and/or by
the sample location in the cold spot after opening the ves-
sel. All samples were dried at 150 °C after the experiments,
pierced with a steel needle, then dried again and weighed.
The presence of excess water after the run was confirmed by
weight loss after piercing and drying.
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Analytical methods

The run products from melting experiments were examined
using a ZEISS-LEO 1530 Gemini SEM, and we charac-
terized the composition of some eutectic melt pools with
a JEOL JXA-8200 electron microprobe (Supplementary
Information). The water contents in haplobasaltic cylinders
were determined using Fourier-transform infrared spec-
troscopy (FTIR). The infrared spectra were measured with
a Bruker IFS 120 Fourier-transform infrared spectrometer,
coupled to an all-reflecting Bruker IRscope I microscope.
The instrument contains a permanently aligned Michael-
son-type interferometer with a 30° angle of incidence on
the beamsplitter. Mirror retardation is monitored with a fre-
quency stabilized HeNe laser, and the instrument optic sys-
tem is evacuated. All measurements were performed with
a tungsten light source, a Si-coated CaF, beam-splitter and
a narrow-band mercury cadmium telluride (MCT) detec-
tor. Two hundred scans were accumulated per spectra, with
1 cm™! resolution. The spectra were obtained from mm-
sized glass fragments, doubly-polished to approximately
285-300 um thickness. Molar absorption coefficients for
the 4500 cm™! and 5200 cm™! bands of OH™ and H,O were
calibrated against water loss in the recovered and dried sam-
ples (Supplementary Information; e.g. Ohlhorst et al. 2001;
Shishkina et al. 2010). Water solubility experiments were
performed above the liquidus temperatures and the recov-
ered glasses were almost always bubble-free. As the glass
cylinders have a small surface area that limited contamina-
tion with atmospheric water (Keppler and Rauch 2000), and
only minor weight losses during welding were tolerated (<2
wt% of nominal water content), the total amounts of water
in the run charges were reliably known.

Results

The hydrous solidus was defined by the first appearance of
melt pools that coexisted with both anorthite and diopside in

studies in the anorthite-diopside and anorthite-diopside-
H,0 systems (Osborn 1942; Yoder 1965; Presnall et al.
1978), define the melting point depression A7 (Fig. 1b).

The calibration of molar absorption coefficients yielded
values of 0.58 +0.03 and 0.55+0.03 L mol~' cm™! for the
OH™ and H,0 bands in haplobasaltic glasses, respectively
(Supplementary Information). We note that these linear
extinction coefficients are similar to, but slightly smaller
than the data reported by Shishkina et al. (2010) for tho-
leiitic glasses. The results of water-solubility measurements
are provided in Table 2, and the extrapolation of water con-
tents to near-solidus conditions (Table 3) was carried out
using the values that were derived from FTIR measure-
ments. Water solubility in silicate melts increases with the
square root of water fugacity in the pressure range of inter-
est and at temperatures above 1000 °C, where f};,4 = confin-
ing pressure. Therefore, the water solubility measurements
from the experiments at constant temperature (1350 °C) can
be fitted to a square root function as:

oo = a P'7 (1

where P is pressure [GPa], @ is an experimentally derived
parameter, and ¢y, is the total water concentration [wt%]
measured in the glasses by FTIR. Fitting our data obtained
at a constant temperature of 1350 °C (Fig. 1a) to Eq. 1 yields
a value of 9.743 for the parameter a with a residual standard
error of +0.31 wt% and an R?=0.981 (Fig. 2a). Figure 2a
also shows that the water solubility data obtained in our
“haplobasaltic” model system are nearly indistinguishable
from those measured for various Fe-bearing basalt compo-
sitions. This confirms our assumption that the behaviour of
water in the anorthite-diopside-H,O system is an excellent
model for the effect of water on the melting point of basalts
in general.

The effect of temperature on water solubility in silicate
melts is almost negligible and can be described at constant
pressure as:

a narrow temperature range of about 20 °C (Fig. 1a; Supple- n CH20 n 0103 2)
mentary Information, Fig. S1b). The eutectic temperatures [wt. %) T

observed in our study, along with reports from previous

Table 3 Compositions of eutectic melts from this study

P (GPa) An (wt%)® Wet solidus (°C) AT (°C) Si0, ALLO, Ca0 MgO H,0°
0.02 47 1203 80 49.14 17.03 22.93 9.75 1.15
0.05 50 1183 107 48.23 17.91 22.51 9.10 2.25
0.1 54 1131 167 47.34 19.18 22.09 8.30 3.09
0.15 56 1121 185 46.56 19.66 21.73 7.85 4.20
0.2 59 1103 209 45.89 20.57 21.41 7.26 4.87

*Water contents in the melt are obtained by extrapolation of values obtained by FTIR measurements (Egs. 1 and 2; Fig. 2b). ®"Melt compositions,
expressed as the proportion of the anorthite component (wt%) on anhydrous basis, are interpolated from literature data (Osborn 1942; Yoder
1965) and our EPMA analyses at 0.2 GPa (Supplementary Information). All compositions are given in wt%. The residual standard errors are
+3 wt% for the proportion of An in the melt, and + 16 °C for the wet solidus and for the AT (Supplementary Information)
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where T is absolute temperature [K], and b and ¢ are experi-
mentally derived parameters. At a constant pressure of 0.1
GPa, we obtained values of 0.221 and 1.301 for parameters
b and ¢ (R>=0.497), respectively. The residual standard
error of Eq. 2 is +0.15 wt%, expressed in terms of cyp.
The dcy;,o/dT was assumed to be independent of pressure.
Equation 2 was used to extrapolate the water concentrations
in the melt to the experimentally observed solidus tem-
peratures (Fig. 2b). The extrapolated water concentrations
are provided in Table 3, along with the corresponding melt
compositions and melting point depressions. Combining the
results from both series of experiments demonstrates that
the melting point is lowered by more than 200 °C at 0.2
GPa, and the melt water content corresponding to this A7 is
4.87 wt% (Table 3). We then used some of our microprobe
measurements together with literature data (Osborn 1942;
Yoder 1965) to obtain the compositions of near-solidus
melts in terms of the anorthite component (Table 3; Supple-
mentary Information).

Discussion

Melting point depression in basaltic (silicate-H,0)
systems

The melting point in magmatic systems can be described
by the cryoscopic equation (e.g. Aubaud et al. 2004;
Hirschmann et al. 2009; Tenner et al. 2012). Assuming ideal
mixing between water and the silicate component in the
melt, the equilibrium condition at the hydrous solidus is:

Gs = CTVl + RTthsilicate (3)

where G, and G, are the Gibbs free energies of pure silicate
solid(s) and pure silicate liquid, R is the ideal gas constant,
T is absolute temperature and X, is the mole fraction of
the silicate component in the hydrous liquid phase. Equa-

tion (3) can be rearranged:
G'};TGI = lnXsil'icate (4)
Differentiating Eq. (4) with respect to temperature, and

using the Gibbs-Helmholtz equation to solve the left-hand
side of the expression, one obtains:

H)—H

_ AHpysdry  dinX,
RT2 — RT? -

(Z{icute (5)

where H, and H, are the enthalpies of pure silicate solid(s)
and pure silicate liquid, and 4Hy 4, is the enthalpy of
fusion of the dry system (Supplementary Information;
Richet and Bottinga 1984; Lange et al. 1991; De Yoreo et

al. 1995). Equation (5) can be integrated between the limits
for pure silicate (Xycqe=1, T=T,,) and the silicate-H,0
system ()(silicate’ D:

A Hf ’ T e Xilicate
us,dry dl’ __
R g f T2 — f dlnXsilizzate (6)
Tdry 1

where 7}, is the solidus temperature of the dry system, and
T is the solidus temperature of the silicate-H,O system at
a given Xy Assuming that AHy, ;. remains constant
between 7}, and 7, integration of (6) yields the cyroscopic

equation:

AHpsary (11
fI;S”y (wa —7) = thsilicate (7)

Water dissolution in silicate liquids is a governed by reac-
tion (8), where H,0,,,, and OH, , are the water species
dissolved in the melt, and O,,,;, are the bridging oxygen
atoms in the silicate melt network. This reaction was ini-
tially proposed by Bartholomew et al. (1980) and Stolper
(1982), and later confirmed by in-situ FTIR spectroscopic
studies of water speciation in haplogranitic melts (Nowak

and Behrens 1995; Shen and Keppler 1995).

HQOmulL + Omcll, < 20H, (8)

melt

In-situ studies showed that the equilibrium constant for
reaction (8) is influenced by temperature, but the water spe-
ciation (at constant water content in the melt) is not sig-
nificantly pressure dependent. Both studies noted that the
equilibrium of reaction (8) is strongly shifted to the right
at high temperatures, and that water speciation is modified
upon cooling, even when the melt is rapidly quenched. We
therefore expect that our quenched haplobasaltic glasses do
not preserve the water speciation they had at run conditions.
This presents a challenge, as the X, required by Eq. (7)

silicate
1S:

Xs’i,l’i,cute =1- XHZO - XOH (9)

where X}, and X, are the mole fractions of the respective
water species in the melt at run conditions. The Xy, and
Xop could theoretically be estimated from the equilibrium
constant of reaction (8) and from the total water concentra-
tion in the quenched glasses (cy,p), except that no in-situ
measurements of water speciation at high temperatures are
available for basaltic melts. Another ambiguity in defining
KXiticare 15 the formulation of a silicate molar unit. How many
oxygen atoms should be assigned to a single molar unit to
describe the average lifetime of shortrange ordering in a sili-
cate liquid at high temperature?

@ Springer
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Parametrization 1: Defining the silicate molar unit

The cryoscopic Eq. (7) implies that the relationship between
InX and //T should be linear:

ilicate

InXiticate = d + 671“ (10)

where d and e are experimentally derived parameters. To
find the proper definition of a silicate molar unit, we begin
with a simplified model that assumes complete dissociation
of water in the melt into hydroxyl groups. At the high tem-
peratures and low total water concentrations of our experi-
ments, hydroxyl groups are expected to be the dominant
species (e.g. Nowak and Behrens 1995; Shen and Keppler
1995), and this assumption is a good first approximation.
We obtained the molar weights of silicate units calculated on
1-, 3-, 4- and 8-oxygen basis from the known near-solidus
melt compositions (Table 3), and estimated the Xz50 1oz
The X;150, 1011 18 the mole fraction of the total water content
in haplobasaltic glasses, measured by FTIR and expressed
as molecular water. According to the assumptions of Param-
etrization 1, one mole of water measured in the glass phase
corresponds to two moles of hydroxyl groups in the melt a
run conditions:

XOH = 2XH20,f,()f(1,/ (1 1)

and X;;.... can be estimated (Eq. 12). The experimentally
observed hydrous melting temperatures (//7) were plotted
against sets of X;;..... values that were derived by assuming
1-, 3-, 4- and 8-oxygen silicate molar units. The parameters
d and e were obtained by linear regression, and the results of
Parametrization 1 are summarized in Table 4. The fit of InX-
siticate — /T plot to a linear function gradually deteriorates
with increasing molar weight of the silicate unit. Moreover,
for large molar units the dry melting temperature (Osborn
1942) deviates from the trend that is defined by the hydrous
melting temperatures (see Fig. 3). The most accurate pre-
diction of the dry melting point is obtained by assuming a
1-oxygen molar unit, and it is within 25 °C of the experi-
mental observation (Osborn 1942).

Xsilicate =1- X()H (12)

This suggests that the silicate melt structure is best approxi-
mated with a small 1-oxygen molar unit, and that the exis-
tence of large polymer-like units that contain many bridging
oxygens is unlikely at magmatic temperatures. Our result
is overall consistent with insitu 2°Si NMR spectroscopic
observations of silicate liquids, as Stebbins (1995) described
rapid exchange of Si atoms between different coordination
sites within the melt structure already several hundreds of
degrees above the glass transition temperature range.

Parametrization 2: Introducing water speciation

The 1-oxygen silicate unit is used throughout Parametriza-
tion 2, where we consider that water speciation at run condi-
tions is governed by a temperature-dependent reaction (8).
The equilibrium constant for reaction (8) can be written as:

K= (Xon)?

Xu20

(13)

where the notation is the same as before, and the relation-
ship between X0, 1ora X0 @and Xy is given by Eq. (14).
Then for some equilibrium constant K, Eqs. (13) and (14)
can be solved for Xy, and Xy, and for the corresponding

Xsilicate (9)
(14)

1
XHQO,total = XHQO + QXOH

The equilibrium constant can be described as (Nowak and
Behrens 1995; Shen and Keppler 1995):

K = f+gr (15)
fF=25 (16)
g=-2 (17)

Table 4 The freezing point depression of hydrous basaltic melts. Parametrization 1 assumes different silicate molar units and complete dissociation
of water in the melt as OH™ groups (Fig. 3a). Parametrization 2 tests different temperature-dependent equilibrium constants for the water specia-
tion reaction (Eq. 8); the best-fit silicate molar unit (1-oxygen) from Parametrization 1 is assumed. *Values based on the in-situ studies of water
speciation in haplogranitic melts (Nowak and Behrens 1995; Shen and Keppler 1995). ®One example of a best-fit to the data from this study; for a
complete summary of Parametrization 2 see the Supplementary Information (table S1)

Parametrization Silicate unit H,O species d e f g R?

1 8-oxygen (283 g/mol) all OH™ 16.919 -25 834 - - 0.8897
1 4-oxygen (141 g/mol) all OH™ 6.744 -10 342 - - 0.9418
1 3-oxygen (106 g/mol) all OH™ 4.938 -7577 - - 0.9458
1 1-oxygen (35 g/mol) all OH™ 1.604 -2462 - - 0.9497
2% 1-oxygen (35 g/mol) OH™ & H,0 1.084 -1671 0.58 -4000 0.9663
2b 1-oxygen (35 g/mol) OH~ & H,0 1.047 -1617 12.65 -21,000 0.9676
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Fig.3 The InX;;.,,.—1/T plots for different 0 ORREELT © = g W . .
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scaling is different. The dashed blue line in (b) 0.60 0.65 0.70 0.75 0.80
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where parameters f and g are derived experimentally, and
48 and AH? are the standard state entropy and enthalpy of
the water speciation reaction in the silicate melt. Since no
in-situ measurements of K are available for basaltic melts,
for some chosen g, the y-axis intercept f was adjusted to
yield X150, Xop and X0, that result in a best-fit of the
InX{;/;care — 1/T plot to a straight line. We calculated the equi-
librium constants, and generated the InX, — 1/T plots,
for a wide range of parameter g values.

As expected, the fit of InX,;;.,,. — 1/T to a linear func-
tion improved further, from R*=0.9497 in Parametrization
1 to 0.96 <R?<0.97 in Parametrization 2, after introducing
a temperature dependent equilibrium constant for the water
speciation reaction in the melt phase. The standard state
enthalpy for the water speciation reaction in the melt phase
(Eq. 17) that was obtained by Shen and Keppler (1995) is
very similar to the value reported by Nowak and Behrens
(1995), despite the significantly higher alkali and lower sil-
ica content of the melt from the latter study. It was suggested

ilicate

1T soias (10° KT)

that A4H” may be fairly insensitive to the bulk composition
of the silicate liquid. In addition, the water speciation in
quenched silicate glasses is similar across the range of nat-
ural magmatic compositions (Stolper 1982). We therefore
began by assuming a parameter g that is based on the pre-
vious in-situ measurements in haplogranitic melts, and the
results of this calculation are given in Table 4 as Parametri-
zation 2%, The value of g was then gradually increased until
the fit to Eq. (10) began to deteriorate. However, a similar
goodness-of-fit was obtained for a range of g values, such
that the temperature dependence of the equilibrium constant
K could not be entirely constrained for basaltic melts. The
Parametrization 2° from Table 4 is one example of a set of
values for parameters d, e, f and g that yielded a best-fit
to Eq. (10). Results of Parametrization 2 are provided in
the Supplementary Information (Table S1), where all of the
best-fit values for parameter g are given, together with their
corresponding values of d, e and f. We note that Parametri-
zations 2% and 2 predict the dry melting temperature quite
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accurately — within 6 and 1 °C of the value reported by
Osborn (1942), respectively.

In Fig. 4, the new parametrization of the freezing point
depression for hydrous basaltic melts is compared to pub-
lished AT—cy,o models, which were calibrated against
experimental studies on partial melting of peridotites at
pressures above 1 GPa (Katz et al. 2003; Hirschmann et al.
2009; Tenner et al. 2012). Our data suggest that melt water
contents of several wt% may be associated with A7 that are
higher by around 50 °C, with respect to models from previ-
ous studies (Fig. 4). Our Parametrizations 2% and 2° were
then used to extrapolate the 4T—cy,, relationship to melt
water contents that exceed the range of experimental obser-
vation. Extrapolation to higher melt water contents resulted
in an even larger divergence from the previous A7—cy;,
estimates (Fig. 4). While the data obtained in the anor-
thite-diopside-H,O system plot above the trend defined by
hydrous peridotites, we do note that many of the peridotite
datapoints — particularly those from experiments performed
at 1 to 3 GPa — agree with our observation. The divergence
from previous estimates likely arises due to the considerable

scatter in the hydrous peridotite data, which may be related
to the difficulty in detecting small fractions of partial melt
in such experiments. Naturally, this will cause some system-
atic under-estimation of the actual melting point depression
induced by water.

In addition to the formal parametrization that is discussed
above, Katz et al. (2003) proposed to describe the AT—c;;,,
relationship by an empirical power law function:

AT = h(CHQ())i (18)

where the melt water content is given directly in wt%, and
h and i are determined from the best-fit to experimental
data. Katz et al. (2003) report values of 43 and 0.75 for the
parameters 4 and i, based on a subset of the hydrous peri-
dotite dataset (Fig. 4). This type of equation can describe
our dataset as well, using an exponent value of i=0.75 and
h=67.8 (R*>>0.98). This approach may be preferred for
approximating the A7—cy,,, relationship due to its simplic-
ity, even though it has no theoretical foundation. We empha-
size that for higher melt water contents, which are relevant

400 T T T T T T T =
L - 5P ]
[ | An-Di-H,O dataset Iy
L | @ this study ‘o o
350 - B Yoder 65 ]
r '_I_' error (this study)
300 Hydrous peridotite dataset 4
L © Gaetani and Grove 98 ]
L A Hall 99 1.5 GPa 1
250 A Hall 99 3 GPa m
[ ¢ Hirose and Kawamoto 95, Hirose 97| ]
%) O Tenneretal. 12
< 200k O Baltaetal. 11 ]
[ .
< A
150 - A B
- Cryoscopic approach -
100 i Hirschmann et al. 09 (oxide unit, all OH) © A A | ]
Ll N NIA e Tenner et al. 12 (3-oxygen, all OH) @ A A ¢ O O] 4
Parametrization 2°(1-oxygen, OH & H,0) @
[ Parametrization 2°(1-oxygen, OH & H,0) @ ]
50 Empirical approach -
---------- Katz et al. 03 (AT= 43 cH,0°™) © ¢ ]
/ ——— this study (AT=67.8 cH,0°”) @ ]
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Fig. 4 Comparison of different parametrizations for the 47—cy,,, rela-
tionship. The hydrous peridotite dataset is shown as white and grey
symbols, and it is based on previous literature compilations (Katz et al.
2003; Hirschmann et al. 2009; Tenner et al. 2012), including data from
Gaetani and Grove (1998), Hall (1999), Hirose and Kawamoto (1995),
Hirose (1997), and Balta et al. (2011). The anorthite-diopside-H,0
dataset consists mostly of our own data. Two additional datapoints
(blue squares) were obtained by combining eutectic temperatures
reported by Yoder (1965) with melt water contents that were extrapo-
lated from our water solubility measurements. Note that the data from
Yoder (1965) are not used for the new 47—c;;,, parametrizations. The
water contents corresponding to solidus temperatures at 0.5 and 1 GPa
were not directly measured, and attempts to include the additional
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datapoints to Parametrization 2 resulted in a poorer fit of InX;;.,..—
1/T to a straight line. The error bars in the legend (top left corner) are
estimates of the residual standard errors in our dataset (0.4 Wt% ¢z
and + 16 °C 47). Literature compilations that were used for each of
the AT—cy;,, estimates are indicated by symbols in the legend (lower
right corner). The entire anorthite-diopside-H,O dataset plots above
the trend defined by hydrous peridotites. The previous estimates of
AT—cy;o relationship are shown as thin black lines, and the updated
parametrizations are highlighted by the bold blue and red lines. Param-
etrizations 2¢ and 2° (Table 4) constrain the 4T-c;;,, relationship for
higher melt water contents (dark and light blue lines). The empirical
power law fit, proposed by Katz et al. (2003), but recalibrated with our
data, is also plotted (red line)
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for predicting partial melting in the subcontinental mantle
(Supplementary Information, Fig. S5), the new power law
fit deviates from Parametrization 2, although not nearly as
much as the estimates from previous studies (Fig. 4). For
Croo greater than about 6 wt%, we recommend the use of
Parametrization 2.

The cryoscopic approach described here essentially con-
siders the entropy effect of the dissolution of water in the
silicate melt on the melting point depression. However, the
dissolution of water in the melt also influences the volume
change AV upon melting. The magnitude and direction of
this effect depends on the partial molar volumes of water
Vo 1n the silicate melt and in nominally anhydrous miner-
als. Vo in olivine and orthopyroxene can be derived from
a thermodynamic analysis of the pressure dependence of
water solubility. This yields values in the range of 10-12
cm®/mol for both minerals (Keppler and Bolfan-Casanova
2006). The partial molar volume of water in silicate melts
strongly depends on pressure, and to a lesser extent, on tem-
perature. It decreases from >20 cm?/mol at 1 bar to about
5 cm®/mol at 25 GPa (Sakamaki et al. 2009 and references
therein). Conveniently, in the range of 3—5 GPa, which is
most relevant for the seismic low velocity zone, V,, in the
melt approaches values of 10-12 cm*/mol, such that there
is almost no volume change associated with the dissolu-
tion of water in the silicate melt and correspondingly, little
additional effect on the melting point depression. At higher
pressure, the melting point depression would be increased
beyond that inferred from the purely cryoscopic approach,
while at lower pressures, it would be decreased. Some rough
thermodynamic estimates suggest that in the pressure range
relevant for the seismic low velocity zone, this effect will
never exceed 10% of the inferred AT.

Melting in the seismic low velocity zone

The new AT—cy,, parametrization for basaltic melts was
used to revisit the predictions of hydrous partial melting
in the low velocity zone of the upper mantle (Hirschmann
et al. 2009). We note that the mantle also contains variable
amounts of carbon (e.g. Le Voyer et al. 2017), which is
likely stored in the form of carbonates at sub-solidus condi-
tions (Canil 1990; Shcheka et al. 2006), but upon melting
contributes an additional freezing point depression due to
dissolution of CO, in the carbonatitic-silicate liquids (e.g.
Hirschmann 2010). Due to the small abundance of carbon
in the normal MORB-source mantle (Saal et al. 2002), the
possible fraction of carbonatite melt should be restricted
to less than 0.1 wt%, which is likely insufficient to explain
the reduced seismic velocities near the LAB. This suggests
that the melts near the LAB are basaltic sensu lato, and
our parametrization is applicable. However, as the model

considers the isolated effect of water on the melting point
depression of peridotite, the extent of partial melting pre-
dicted here is likely a conservative estimate. In principle,
the stability of hydrous melts may be calculated using the
following procedure:

(i) From the published mineral/melt partition coefficients
for water, one may calculate the water content in a par-
tial melt for a given bulk water content in the mantle,
pressure, temperature, and degree of melting.

(ii) Using our newly calibrated 47—c,, parametrization,
one can then predict how much the solidus of this
melt would be depressed, relative to the dry peridotite
solidus.

(ii1) The predicted melting point depression can be com-
pared to the temperature difference between the geo-
therm and the dry peridotite solidus at a given depth in
the mantle. If the melting point depression is larger than
this temperature difference, hydrous melt will be pres-
ent in the mantle at this depth.

The results of such calculations along typical oceanic geo-
therms, using various assumptions, are compiled in Fig. 5.
The uncertainty in our experimental data may have a small
effect on model predictions, plausibly shifting the bulk
water contents required for melting by up to 20-30 ppm.
Further uncertainties arise because the hydrous melting
model requires the knowledge of geothermal gradients, of
the dry peridotite solidus temperatures, and of the olivine/
melt and pyroxene/melt partition coefficients for water (see
Supplemetary Information and Hirschmann et al. 2009). The
mineral/melt partition coefficients are dependent on pres-
sure, temperature and water activity in the mantle (Keppler
and Bolfan-Casanova 2006). The melting model proposed
by Hirschmann et al. (2009) attempts to capture the pressure
dependence of water partitioning between mantle minerals
and melts, but omits the possible effects of temperature and
water activity. Moreover, the published mineral/melt parti-
tion coefficients vary considerably, which may be related
to analytical uncertainties in both mineral and melt analy-
ses (Koga et al. 2003; Aubaud et al. 2004, 2008; Smyth et
al. 2006; Hauri et al. 2006; Litasov et al. 2007; Grant et
al. 2007; Bali et al. 2008; Withers and Hirschmann 2008;
Tenner et al. 2009; Dobson et al. 1995; O’Leary et al. 2010;
Le Voyer et al. 2014; Adam et al. 2016; Newcombe et al.
2020). Because of the wide range of published mineral/melt
partition coefficient values, in the Supplementary Informa-
tion we argue that even their pressure dependence can be
arbitrarily described by different mathematical expressions.
This introduces uncertainties to the model predictions, shift-
ing the bulk water content required for melting by at least 50
ppm. All other parameters being equal, in Fig. 5a and b we
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Fig. 5 Predictions of hydrous partial melting along the oceanic litho-
sphere-asthenosphere boundary as a function of plate age. The y-axes
are depth, the x-axes are assumed bulk mantle water contents. The
values inside the panels are the ¢y, in the incipient melt, correspond-
ing to the lowest bulk water content for which melting is predicted.
All panels were generated using the dry peridotite solidus after Walter
(1998) and the updated 4T—cy,, relationship (the empirical power law
relationship). However, we explored different mineral/melt partition
coefficients for water and a range of thermal models. (a) We assumed
the thermal structure of the oceanic lithosphere described by the half-
space cooling model (e.g. Schubert et al. 2001) with 10 °C seafloor
temperature (Hua et al. 2023), thermal diffusivity of 0.8044 mm/s
(Richards et al. 2018), and 1410 °C mantle potential temperature
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(Sarafian et al. 2017) with an adiabat slope after Katsura (2022). The
peridotite/melt partition coefficients for water are parametrized follow-
ing O’Leary et al. (2010). (b) The thermal model is the same as in (a),
but we used our preferred parametrization for the pyroxene/melt parti-
tion coefficients for water, and a constant value of 0.0013 for the oliv-
ine/melt partition coefficient (see Supplementary Information). (¢) The
partition coefficients are the same as in (b), while the thermal structure
of the oceanic lithosphere is described by the half-space cooling model
(e.g. Schubert et al. 2001) with a 1333 °C mantle potential temperature
(Richards et al. 2018). (d) The partition coefficients are the same as in
(b) and (¢), and they are combined with the preferred thermal model of
Richards et al. (2018) with a mantle potential temperature of 1333 °C
and an adiabat slope (at depths > 138 km) after Katsura (2022)
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compare how assuming different peridotite/melt partition
coefficients may affect the model. We note that the values
from O’Leary et al. (2010), which are used in Fig. 5a, are
the highest proposed so far and that they limit the extent of
melting in the model (Fig. 5a), relative to our preferred val-
ues (Fig. 5b; Supplementary Information). Estimates of the
dry peridotite solidus also differ, and the model predictions
shift when various literature sources are used in the calcula-
tion. In the supplementary Fig. S4b and S4c, we assumed
the preferred dry solidi after Walter (1998) and Hirschmann
(2000), respectively, which changed the predictions of water
content required for incipient melting by up to 40 ppm. We
also emphasize that the commonly accepted dry perido-
tite solidus (Hirschmann 2000) may in reality already be
depressed due to atmospheric water contamination in start-
ing materials (Sarafian el at. 2017), but it is not clear how
this affects the model. The nominally dry solidus is used
both in the parametrization of the 47—c,,, and also in the
melting model to obtain the difference between dry melting
temperature and the geotherm (Supplemetary Information),
so the uncertainty related to the ‘dry’ solidus being ‘damp’
may mostly cancel out. The nominally dry solidus from our
parametrization of the 47—c;;,, is also defined by datapoints
that are possibly ‘damp’ (Presnall et al. 1978), and the AT in
Fig. 4 may eventually be corrected to higher values.
Nevertheless, our experiments show that hydrous partial
melt is almost certainly present in extensive regions of the
upper mantle beneath oceans (Fig. 5). Along a 50 Ma oce-
anic geotherm, the updated model predicts incipient mantle
melting in equilibrium with approximately 80 to 220 ppm
of water (Fig. 5). In comparison, initial calculations that
relied on the previous A47—cy,,, calibration (Hirschmann et
al. 2009) required nearly 300 ppm of water to produce a
melt, which exceeds most estimates of MORB source water
contents (Michael 1988, 1995; Danyushevsky et al. 2000;
Saal et al. 2002). Although the choice of the dry peridotite
solidus and the mineral/melt partition coefficients for water
has a significant effect on the model prediction, our calcula-
tions suggest that melt distribution and fractions are mostly
controlled by the mantle potential temperature (Fig. 5b and
c¢). Different studies have suggested a range of plausible
mantle potential temperatures, from below 1300 to above
1450 °C (Sarafian et al. 2017; Richards et al. 2018 and ref.
therein; Katsura 2022). In Fig. 5b and c, we assumed that the
thermal structure of the oceanic lithosphere can be approxi-
mated by the half-space cooling model (e.g. Schubert et al.
2001) with mantle potential temperatures of 1410 and 1333
°C (Richards et al. 2018; Sarafian et al. 2017), while keep-
ing other model parameters constant. At the higher end of
suggested mantle potential temperatures, the model predicts
relatively high melt fractions of several wt% in the young-
est oceanic asthenosphere (Fig. 5a and b), which may be

overall consistent with observations of some magnetotellu-
ric surveys (e.g. Naif et al. 2013). The melt fractions derived
from S-wave velocity and attenuation in global tomographic
models range up to 0.7 wt%, but are mostly below 0.4 wt%,
throughout the oceanic low velocity zone (Debayle et al.
2020). For bulk water contents approaching 200 ppm, and
assuming mantle potential temperature close to 1400 °C, the
melting model also predicts similar melt fractions along the
50 and 75 Ma oceanic geotherms (Fig. 5a and b). Some par-
tial melt may be stabilized in the young oceanic lithosphere
even with a significantly lower mantle potential temperature
of 1333 °C, but the predicted melt fractions are less than
0.1 wt% in this case (Fig. 5¢). We then compared the half-
space cooling model from Fig. 5c to a more realistic ther-
mal structure of oceanic lithosphere that was proposed by
Richards et al. (2018), which includes a crustal layer with
low thermal conductivity, as well as pressure and tempera-
ture dependent thermal parameters for the lithosphere. This
model has almost no age-dependence in terms of the pre-
dicted melt fractions (Fig. 5d). As a result, incipient melting
may be possible with around 200 ppm of water, even in the
oldest regions of the oceanic asthenosphere, and assuming
a relatively low mantle potential temperature of 1333 °C.

We closely constrained the freezing point depression of
basaltic melts with dissolved water contents of up to 5 wt%
(Fig. 4), which is sufficient to model partial melting along
most oceanic geotherms without the need to extrapolate the
data considerably (Fig. 5). However, extrapolation of the
melting point depression to higher melt water contents is
necessary to predict melting in the subcontinental mantle.
For melt water contents of 8 to 9 wt%, our extrapolations
diverge from previous estimates by around 100 °C (Fig. 4),
which should notably change the predictions of melt dis-
tribution beneath continents. We assumed that geotherms
with surface heat flow of 50 to 40 mW/m? from the pre-
ferred geotherm family of Hasterok and Chapman (2011)
generally encompass the thermal structure of the continen-
tal upper mantle. The results suggest that incipient melting
may be possible in the hotter subcontinental regions in the
presence of about 200 ppm of water, but we find that higher
water contents of about 300 ppm may be required to sta-
bilize melt along the 40 mW/m? geotherm (Supplementary
Information, Fig. S5).

That is consistent with seismic surveys, as sharp dis-
continuities that are difficult to explain by temperature or
compositional variations alone were reported regionally
in the Phanerozoic subcontinental mantle by several stud-
ies (Rychert et al. 2020 and ref. therein). The existence
of sharp discontinuities beneath cratons is less certain.
Rychert et al. (2020) discuss how discontinuities are regu-
larly imaged in cratonic regions by SS precursors, but only
rarely by receiver functions. As the two methodologies have
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different lateral resolutions, small-scale features along the
lithosphere-asthenosphere boundary are a likely explana-
tion. Interestingly, a recent study that combined magneto-
telluric and seismic observations (Manassero et al. 2024)
interpreted a series of conductive anomalies along the
lithosphere-asthenosphere boundary in Southeast Austra-
lia. These anomalies were attributed to heterogeneously
elevated water contents in the investigated region, probably
exceeding the generally accepted upper limit of 200 ppm
of water in the average MORB source. Provided this case
study is broadly representative of the subcontinental mantle,
the lithosphere-asthenosphere boundary beneath continents
— particularly in the colder regions — may well be character-
ized by laterally discontinuous melt layers with partial melt
being restricted to small-scale enrichment zones.

Conclusions

We used the anorthite-diopside-H,O system to demonstrate
a substantially greater effect of water on the freezing point
depression of basaltic melts, as compared to earlier esti-
mates. Our approach avoids most of the uncertainties inher-
ent in previous studies, and the new data should allow much
more accurate predictions of melt distribution in the upper
mantle, as further constraints from experimental studies
and geophysical surveys become available. We combined
our measurements, which relate the near-solidus melt water
contents (c0) to the corresponding freezing point depres-
sion (47), with various literature sources to establish an
improved hydrous melting model for the upper mantle. The
results of the revised model differ, depending on choice of
dry peridotite solidus and mineral/melt partition coefficient
values. However, the predictions of melt distribution in the
low velocity zone are particularly affected by differences
in the assumed thermal structure of the lithosphere and
uppermost asthenosphere. Regardless of the choice of other
model parameters, the new 47—c;;,, parametrization sug-
gests that partial melting is possible with notably lower bulk
water contents than previously thought. Even without any
contribution to the freezing point depression by CO,, most
variations of the model indicate that melt may be stable in
the presence of about 200 ppm of water along extensive
regions of the oceanic lithosphere-asthenosphere boundary,
as well is in younger sections of the subcontinental mantle.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00410-
024-02177-2.
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