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GEOCHEMISTRY

Postmelting hydrogen enrichment in the

oceanic lithosphere

Veronique Le Roux'#, Benjamin M. Urann"?, Daniele Brunelli**, Enrico Bonatti*®,
Anna Cipriani®>, Sylvie Demouchy®, Brian D. Monteleone’

The large range of H,0 contents recorded in minerals from exhumed mantle rocks has been challenging to inter-
pret, as it often records a combination of melting, metasomatism, and diffusional processes in spatially isolated
samples. Here, we determine the temporal variations of H,O contents in pyroxenes from a 24-Ma time series of
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abyssal peridotites exposed along the Vema fracture zone (Atlantic Ocean). The H,0 contents of pyroxenes cor-
relate with both crustal ages and pyroxene chemistry and increase toward younger and more refractory peridotites.
These variations are inconsistent with residual values after melting and opposite to trends often observed in mantle
xenoliths. Postmelting hydrogen enrichment occurred by ionic diffusion during cryptic metasomatism of peridotite
residues by low-degree, volatile-rich melts and was particularly effective in the most depleted peridotites. The
presence of hydrous melts under ridges leads to widespread hydrogen incorporation in the oceanic lithosphere,

likely lowering mantle viscosity compared to dry models.

INTRODUCTION
The incorporation of crystallographically bonded hydrogen (also
referred to as H,O or water) as atomic impurity in mantle minerals
plays a key role in mantle dynamics (1-4). However, the mechanisms
that control H,O distribution in upper mantle rocks remain poorly
understood. Most of the current constraints on H,O distribution in
exhumed mantle rocks come from xenoliths. These rocks typically
sample a cold, variably oxidized, fluid-rich lithospheric mantle (5)
and may not be representative of asthenospheric conditions. Previous
studies have shown that pyroxenes hold most of the H,O budget of
nominally anhydrous peridotites, but significant variations are ob-
served (6-8). For example, xenolithic orthopyroxene (opx) contain
from <10 to 400 ug g~* H,0, while H,O in xenolithic clinopyroxene
(cpx) range from <10 to 900 ug g~' H,O (6, 7). Deciphering the
processes that control these variations remains a challenge because
well-defined correlations between H,O and major or trace elements
are rarely found (9, 10). In some xenoliths, H,O in pyroxene cor-
relates with major elements (e.g., Al), as experimentally predicted (11),
but abundances are often too high to represent a partial melting
residue, complicating the reconstruction of mantle H,O budgets (6).
Abyssal peridotites are mantle residues left after mid-ocean ridge
basalt extraction from the asthenospheric mantle (12), now emplaced
in the lithosphere and uplifted tectonically to the seafloor. Their
constituent minerals (olivine, opx, and cpx) have only been analyzed
for H,O and other volatiles in a limited number of studies (13-16),
likely because their significant alteration represents a technical chal-
lenge. Earlier studies on abyssal peridotites have reported variations
in the H,O contents of pyroxenes, interpreted to reflect residual
H,O contents of the oceanic upper mantle (15) and/or H,O addition
after partial melting (14, 15). It was also argued that the H,O content
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of pyroxene minerals from the Southwest Indian Ridge and Hess
Deep, East Pacific Rise, may have been modified after initial melt
extraction (13, 17). Although these studies provide information on
H,O variability in abyssal peridotites, most of the samples are spatially
isolated and sometimes lack a broader tectonic context. Therefore,
this study focuses on a time series of genetically related abyssal
peridotites to untangle the processes that control H,O distribution
over time and determine how they compare to xenoliths.

In particular, we use secondary ion mass spectrometry (SIMS) to
measure the in situ volatile contents (in particular H,O and F) of
opx and cpx in abyssal peridotites from the Vema fracture zone
(11°N; Equatorial Atlantic). The Vema lithospheric section (VLS)
exposes a >300-km-long, ~1-km-thick segment of lithospheric mantle
overlain by oceanic crust made of gabbros, dykes, and basalts (18).
The peridotite samples used in this study were collected every 10 to
20 km along the VLS and span crustal ages from 1.5 to 24 million
years (Ma) (18, 19). Crustal ages were estimated from geomagnetic
time scales (20) and U-Pb ages in crustal gabbros (21). The time at
which peridotite was emplaced into the lithosphere is estimated using
the crustal age and the spreading rate, considering the delay of
emplacement between basalts and its parent peridotite (18, 19). The
degree of melting in peridotites along the VLS increases toward
younger crustal ages, from 8 to 14% on average (18, 19, 22). Lower
degrees of melting recorded in the older peridotites (>15 Ma) may
reflect undercooling of the peridotite mantle due to the presence of
pyroxenite in the source (23). Crustal thickness increased over time
from 4.8 £ 0.2 km to 5.4 + 0.2 km (18, 19), concomitant with a de-
crease in full spreading rates from ~35 to 27 mm year ' (18). The
peridotite time series used in this study have porphyroclastic,
protogranular, and/or occasionally mylonitic textures and were all
equilibrated in the spinel stability field. Amphibole is sometimes
present in peridotites along the VLS (24), but none of the samples
investigated here contain amphibole. The samples are typically 70
to 80% altered, with variably large (2-mm- to >1-cm-diameter) relic
pyroxene, and small (<500-um-diameter) relic cores of olivine in
some of the samples (19, 22). This study combines volatile measure-
ments with selected trace and major element analyses in pyroxenes
to elucidate the processes that control H,O variations in peridotite
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from ridge settings. Last, we discuss the implications of hydrogen
incorporation in residual abyssal peridotites for the viscosity of the
oceanic lithosphere.

RESULTS

Volatile distribution in VLS pyroxenes

SIMS analyses were performed in 31 VLS cpx and 31 VLS opx
(including 28 samples with both opx and cpx data), resulting in a
total of 235 analyses after filtering for data quality (see the Supple-
mentary Materials for details). Average H,O and fluorine contents
in opx vary from 81 to 362 ug g ' and 0.15 to 21 ug g, respectively,
while average H,O and fluorine contents in cpx vary from 189 to
724 ug g ' and 0.25 to 51 ug g ', respectively (table S1). No systematic
hydrogen loss or gain from cores to rims is observed as a function of
crustal ages, but cpx H,O abundances are slightly more scattered
from the 1:1 line compared to the opx (Fig. 1). Fluorine core-to-rim
concentrations show tight correlations in both opx and cpx, with
limited deviation from the 1:1 line.

The distribution of H,O between cpx and opx (DCPX/ °PX) has been
reported in a large number of studies on natural perldotites (7,13)
and experimental samples (25). Data from this study are reported in
Fig. 2 along with data from the literature. H,O partitions preferentially
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into cpx over opx. Natural samples (mantle xenoliths and oceanic
peridotites) show more H,O enrichment in cpx over opx (DCP X/0pX
2.6 + 0.9) compared to experimental samples (DCPX/OPX =13+03)
(13). The VLS pyroxene data also exhibit this difference to experimental
data, with a DCPX/OPX of 2.3 £ 0.3 (1SD, N = 28) consistent with
DCpX/ OPX0f2.4+0.3 previously reported for oceanic peridotites only
(1 3) A preliminary Fourier transform infrared spectroscopy (FTIR)
stud?r of VLS pyroxenes from 10 to 19 Ma (14) yielded an average
Dif 5P of 3.1 + 0.6, higher than most natural peridotites. Data for
ﬂuorlne partitioning are significantly scarcer for both natural and
experimental samples. In the VLS pyroxenes, we find an average
DSPYOPX £ 2.2 + 1, similar to what has been found in a limited set of
natural and experimental samples (DCPX/ PXof2.4 + 1.3) (26). No sys-
tematic variation in Dif’5™ and DCPX/ °PX is observed with crustal ages.

Volatile variations with crustal ages and degree of depletion
Crustal ages and H,O contents of opx and cpx are negatively
correlated (Fig. 3). The H,O contents of cpx and opx increase
toward younger crustal ages and are about two times higher in
the <10-Ma interval compared to the 20- to 24-Ma interval. A previous
VLS FTIR study (14) reported weak to no correlation (R?* = 0.06 to
0.23), possibly due to limited sample availability. On the other
hand, fluorine shows two distinct trends. Opposite to H,O, fluorine
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Fig. 1. Core-to-rim variations of H,0 and F (1g g™") in pyroxenes. H,0 in (A) cpx rims versus cores (R*=0.66) and (B) opx rims versus cores (R* = 0.88), and F in (C) cpx
rims versus cores (R*=0.99) and (D) opx rims versus cores (R* = 0.97). Color code refers to associated crustal ages. Each point represents one analysis. Error bars are typical
propagated 2 SE of individual analyses (internal error and propagated error from calibration curve; see the Supplementary Materials) and smaller than symbols when not

apparent. F-rich cpx (>10 ug g™") and F-rich opx (>4 ng g~') appear as triangles.
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Fig. 2. Covariations of H,0 and F (g g™") in pyroxenes. (A) H,0 in opx versus cpx from this study (R*=0.80) compared to experimental studies (17, 25, 39), xenoliths (7),
and other oceanic peridotites (73, 74). (B) F in opx versus cpx from this study (R2 =0.95) compared to experimental studies (71, 69) and peridotitic pyroxenes from various
tectonic environments (26). Error bars are omitted for clarity. Color code refers to associated crustal ages. Each point represents the average of all grains in one sample.
F-rich cpx (>10 ug g~') and F-rich opx (>4 ug g™') appear as triangles.
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Fig. 3. H,0 and F (ug g~") in pyroxenes over 23-Ma time series. (A) H,0 in cpx and (B) in opx versus crustal ages (R*=0.52 and 0.43, respectively). Note that the x axis
is reversed to reflect older rocks in the West compared to the East. Error bars are omitted for clarity for a previous FTIR study (74). (C) F in cpx and (D) in opx versus crustal
ages. F-rich cpx (>10 ug g™') and F-rich opx (>4 ug g™') appear as triangles. In (C), R? values for F-poor and F-rich samples are 0.1 and 0.51, respectively. In (D), R values for
F-poor and F-rich samples are 0.2 and 0.61, respectively. Error bars for volatiles are 2 SE of sample averages and smaller than symbols when not apparent; each point
represents the average of all grains in one sample. Color code refers to associated crustal ages.

concentrations in both pyroxenes generally decrease toward younger  high F concentrations are found throughout each grain in both opx
crustal ages, except in the few fluorine-rich samples (triangle symbols)  and cpx from the same samples.

where F concentrations are high (>10 ug g™ for cpx and >4 ug g™’ Broad correlations are also found between the degree of melting
for opx) and follow a reverse trend. High abundances of F do not  recorded by the peridotites and pyroxene volatile contents (Fig. 4).
reflect analytical artifacts or the presence of mineral inclusions, as  The degree of melting in VLS peridotites increases toward younger
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Fig. 4. H,0 and F (ng g~') in pyroxenes versus degree of melting of peridotites. (A) H,0 in cpx and (B) in opx versus melting degree. R? values are 0.19 and 0.21,
respectively. (C) Fin cpx and (D) in opx versus melting degree. In (C), R?values for F-poor and F-rich samples are 0.32 and 0.27, respectively. In (D), R?values for F-poorand
F-rich samples are 0.26 and 0.42, respectively. Error bars for volatiles are 2 SE of sample averages and smaller than symbols when not apparent; each point represents the
average of all grains in one sample. Color code refers to associated crustal ages. F-rich cpx (>10 ug g™') and F-rich opx (>4 ug g™') appear as triangles.

crustal ages, as shown by previous studies (18, 19, 22). For consistency
between previous studies, the degree of melting was recalculated
using spinel compositions only (27). The degree of melting in the
source correlates broadly with the H,O contents of opx and cpx,
whereby the more depleted pyroxenes contain the highest H,O con-
tents. On the other hand, fluorine decreases with increasing degrees
of melting in fluorine-poor pyroxenes, while data are too limited in
fluorine-rich pyroxenes to assess the effect of melting.

Volatile variations with pyroxene chemistry

As observed in a previous study of abyssal peridotites (13), H,O
in pyroxene does not correlate with tetrahedrally or octahedrally
coordinated AI’* (fig. S1). This behavior is opposite to experimental
predictions after partial melting (11) and to elemental trends observed
in some xenoliths (28). Further, H,O negatively correlates with Ti
and Na in both pyroxenes (Fig. 5). Opposite to that trend, fluorine
positively correlates with Ti and Na in both cpx and opx in fluorine-
poor samples (fig. S2). The few fluorine-rich samples, however, show
negative correlations between F, Ti, and Na.

In addition to major elements, H,O and fluorine covary with other
incompatible trace elements (Figs. 5 and 6). In particular, H,O
negatively correlates with rare earth elements (REE) Sm, Gd, and
Yb and, despite a partitioning behavior close to Ce (29), shows the
strongest negative correlation with mid-REE Gd. H,O concentrations
in cpx increase with decreasing Gd/Yb normalized to chondrite (30)
in cpx. Similarly, in fluorine-rich samples, fluorine displays negative

Le Roux et al., Sci. Adv. 2021; 7 : eabf6071 9 June 2021

correlations with REE and positive correlations with H,O (Fig. 6).
In contrast, fluorine abundances in fluorine-poor samples display
broad positive correlations with REE and a broad negative correlation
with H,O.

DISCUSSION

Tracers of partial melting and their relationship to

H,O0 and fluorine

Incompatible trace elements, such as normalized (30) Sm/Yb and
Yb in VLS cpx, follow residual trends after partial melting. Figure 6
illustrates that REE variability in VLS cpx can be explained by frac-
tional melting of a depleted MORB (mid-ocean ridge basalt) mantle
(DMM) in the garnet stability field, followed by fractional melting of
DMM in the spinel stability field. Melting parameters (11, 25, 26, 31-34)
are reported in table S2 and follow the method described in previous
studies (22, 35). A mantle source that contains ~10 pg g_1 F (26) and
melted less than 20% would yield residual fluorine and REE abun-
dances within the range observed in this study.

On the other hand, H,O displays negative correlations with major
and trace elements predicted to behave similarly to H,O during partial
melting. The H,O variations in VLS pyroxenes cannot be explained
solely by partial melting, whether the source is typical DMM (~100 to
200 pug g_1 H,0) (32) or more H,O-rich. Similarly, some pyroxenes
contain too much fluorine to represent residues after partial melting.
Stochastic F enrichments are unlikely to have been produced during
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Fig. 5. H,O and F (ng g") versus minor and trace elements in pyroxenes. H,0 versus (A) Ti in atoms per formula unit (a.p.f.u.) (R2=0.36) and (B) Na a.p.f.u. in opx
(R=0.39), (C) H,0 versus Ti a.p.f.u. (R*=0.25), and (D) Na a.p.f.u. in cpx (R =0.52). (E) H,0 versus Gd/Yby (30) in cpx (R?>=0.37) and (F) F versus Gd/Yby in cpx (R? values
for F-poor and F-rich samples are 0.50 and 0.62, respectively). Error bars for volatiles are 2 SE of sample averages and smaller than symbols when not apparent; each point
represents the average of all grains in one sample. Color code refers to associated crustal ages. F-rich cpx (>10 ug g~') and F-rich opx (>4 ug g~') appear as triangles.

modal metasomatism because elements that are typically enriched
during melt metasomatism (e.g., REE, Na, and Ti) negatively
correlate with fluorine. Instead, the positive correlation between
fluorine and hydrogen in F-rich samples (Fig. 6) could indicate that
F-H incorporation occurred as a complex defect similar to mecha-
nism observed in olivine (36) and that F enrichment resulted from
localized cryptic metasomatism by a F-rich fluid. This fluid could
have originated in a subridge magma chamber and sporadically per-
colated overlying peridotites during their emplacement at shallow
levels. Although the reason for high fluorine abundances in selected
pyroxenes remains to be fully understood, these observations cast

Le Roux et al., Sci. Adv. 2021; 7 : eabf6071 9 June 2021

doubt on the ability to use fluorine as a direct tracer of H,O in
peridotite minerals (13).

Effects of serpentinization and subsolidus re-equilibration
on pyroxene H;0 contents

H,O variations are about two times higher in depleted pyroxenes
compared to fertile ones, yet petrographic observations do not indi-
cate significant differences in H,O contents linked to degree of
alteration or changes in microstructure such as grain size. FTIR
spectra obtained on a subset of serpentinite-free grains (14) are broad-
ly consistent with SIMS results, and negative correlations between
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Fig. 6. Volatile and trace element variations compared to fractional melting model of DMM (37). (A) Sm/Yby in cpx versus Yby in cpx (30) compared to spinel-field
melting (thick light green) and projected garnet-field melting (22) (brown trend) followed by spinel-field melting (dark green). Small colored numbers next to cross symbols
indicate the degree of melting. The source is assumed to have 16 ug g~' F and 142 ug g~' H,0 (32). (B) F in cpx (ug g~ ") versus Yb in cpx (ug g~'), compared to the melting
models. R? values for F-poor and F-rich samples are 0.16 and 0.50, respectively. (C) H,0 versus Gd (ug g_1) in cpx (R2 =0.34) compared to the melting models. Mid-REEs
display the best inverse correlations with H,0. (D) H,0 versus F (ug g~') in cpx compared to the melting models. R? values for F-poor and F-rich samples are 0.02 and 0.51,
respectively. Error bars for volatiles are 2 SE of sample averages and smaller than symbols when not apparent; each point represents the average of all grains in one sample.
Color code refers to associated crustal ages. F-rich cpx (>10 ug g™') and F-rich opx (>4 ug g™') appear as triangles.

H,0 and other incompatible elements are not expected during
serpentinization. In addition, no large core to rim variations are ob-
served, inconsistent with transient serpentinization. Last, hydrogen
diffusivities at serpentinization temperatures may be too low to
affect primary H,O abundances in pyroxenes, although this is still
debated (37).

Previous studies have reviewed the effects of depth and pressure
on H partition coefficients between olivine and opx for peridotites
equilibrated in the spinel and garnet stability field. Natural pyroxenes
and bulk peridotites from global datasets display order of magnitude
variations in H,O contents at similar pressures of equilibration in
the spinel stability field (7), casting doubt that pressure is the main
controller of hydrogen distribution in the oceanic lithospheric
mantle. In addition, a broad increase in D%li J* can be observed in
cratonic peridotites equilibrated at depths of >150 km, but no sys-
tematic variations are observed in the spinel stability field (7). Thus,
the potential effects of pressure of melting and/or equilibration
are likely overprinted by other processes in the shallow oceanic
lithospheric mantle. Further, hydrogen redistribution during cooling
has been inferred to explain the discrepancy (38) in D{fs™ be-
tween natural samples (average of 2.4; samples typically equilibrated

Le Roux et al., Sci. Adv. 2021; 7 : eabf6071 9 June 2021

at <1000°C) (13) and experiments (average of 1.3; samples typically
equilibrated at >1200°C) (25, 38, 39). Temperatures of equilibration
of VLS peridotites were calculated using major element composition
of opx and cpx (40, 41) for an average pressure of 1.5 GPa, i.e., in the
spinel stability field (23). Neither H,O concentrations nor D{f™
display correlations with temperatures of re-equilibration at subsolidus
conditions (fig. S3). This observation comes with the caveat that H
could have further diffused after closure of the major element sys-
tems. However, if H enrichments in VLS pyroxenes were primarily
controlled by variable extents of subsolidus cooling, core-to-rim
profiles may show disequilibrium distribution, and Df_%’zxc/,op * should
vary systematically with crustal ages, with samples re-equilibrated at
higher temperatures displaying a lower D{f'0’P*. This is not observed
in the VLS samples. Therefore, although subsolidus redistribution
of hydrogen likely occurred before exhumation on the seafloor (be-
cause D™ = 2.3), it cannot be the main mechanism behind the
24-Ma H,0O enrichment trend and had to be preceded by H enrichment
in the bulk system. Subsolidus redistribution cannot provide enough
H,O to double concentrations over time in both pyroxenes, as this
would not satisfy mass balance requirements. Therefore, an external
reservoir of hydrogen (e.g., melt/fluid) is needed.
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Hydrogen enrichment during melt metasomatism

Limited metasomatism has been reported in VLS peridotites, where
0.1 to 1% of residual melt could be trapped (22). Modal metasoma-
tism leads to precipitation of new minerals from a migrating melt
and produces concomitant enrichments of incompatible elements
in newly crystallized pyroxenes (42). In that scenario, H,O should
positively correlate with REEs (e.g., La and Ce), Al, Na, and Ti, but
the opposite is observed in the VLS pyroxenes. Therefore, hydrogen
variations in the VLS time series do not primarily reflect modal
metasomatism.

However, hydrogen alone could have diffused from these small
melt fractions trapped at grain boundaries. Hydrogen diffuses at a
faster rate than any other trace, minor, and major elements (6, 7).
Diffusivities of hydrogen in pyroxene (43-45) at temperatures of
1000 to 1200°C are in the range of ~107"? to 107'° m* s™". These
diffusivities yield a minimal characteristic distance of <10 m/Ma
compared to <0.6 mm/Ma for REE (46), assuming a diffusion co-
efficient of 107! m* s™'. Considering that the peridotites were con-
tinuously percolated by basalts, while they ascended under the ridge
from ~70- to 100-km depth (23) at a minimum rate of 1 m year’1
for 70 to 100 ka, hydrogen could have diffused at least ~1 m in all
peridotite samples, well above the observed grain size in these rocks.
Therefore, while the trace and major element abundances of VLS
pyroxenes primarily reflect partial melting (22), hydrogen concen-
trations record a superimposed gain of hydrogen that occurred by
ionic diffusion during cryptic metasomatism.

Hydrogen can be incorporated in pyroxene both by coupled
substitution mechanisms and by occupying metal vacancies, mean-
ing that partition coefficients between pyroxene and melt are, in
part, dictated by crystal chemistry and point defect populations
(25, 34, 44, 47-49). Point defect theory predicts that hydrogen
incorporation is favored by increasing concentration of intrinsic as
well as extrinsic (minor and trace elements) point defects (9, 50, 51).
Vacancies are the most common type of point defects that can be
hydrogenated, and their concentrations typically increase with in-
creasing temperature, oxygen fugacity (fo,), and concentrations of
trace elements (52), particularly trivalent impurities. Pyroxenes that
contain high H,O abundances can record more reducing conditions
than H,O-poor pyroxenes (53, 54). This has been linked to the in-
corporation of hydrogen via the proton-polaron exchange reaction
(55) or variations of that reaction (56), resulting in reduction of Fe*
to Fe”". Seafloor abyssal peridotites record some of the lowest mantle
fo, observed for spinel peridotites (57), which could favor the large
uptake of hydrogen observed in the VLS time series. Although accurate
f0, calculations would require olivine and corrected Fe** spinel data
(58), these reactions are favored under reducing conditions and
the presence of lattice vacancies related to Fe’*. As the mantle
composition at the VLS changed from a (potentially oxidized)
pyroxenite-bearing source to a (potentially more reduced) peridotite
(23), it is possible that the source composition influenced hydrogen
uptake. It could also be speculated that the loss of incompatible
trace elements during melting could create transient vacancies and
opportunities for elemental substitutions with H, favored by a short
time lapse between melting and subsequent metasomatism under
ridges. This increase in vacancy concentrations could favor additional
H incorporation (59). Associated substitutions may include replace-
ment of Na* (lost during melting) by similarly charged H*, as
suggested for olivine (60) and supported by negative correlations
between Na and H,O in the VLS pyroxenes (Fig. 5).
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To our knowledge, the reverse correlations between H,O abun-
dances in pyroxenes and the degree of depletion in the residual
mantle at the VLS have not been observed in mantle xenoliths.
Depending on the mechanism of hydrogen incorporation, xenoliths
can show positive (56) or negative (54) correlations between H,O
and fo, so that oxidizing conditions under which xenoliths evolve
are not a prediction for their water contents. Although mantle
xenoliths are prone to melt-rock reactions (5), some retain broad
positive correlations between H,O and other incompatible elements
(28, 61), opposite to the VLS time series. It is possible that, in xenoliths,
a loss of Na* during melting would not necessarily be followed by
H" addition from a percolating melt, as samples may re-equilibrate
in the lithospheric mantle for millions of years before metasomatism
and/or eruption occurs.

Hydrous melts under ridges

Only a fluid or melt occurring on a large scale could create the trends
seen in the 24-Ma time series. Therefore, volatile-rich melts must
occur under ridges, at least in the vicinity of fracture zones and
potentially elsewhere. The H,O contents of equilibrium melts are
calculated using experimentally determined pyroxene-melt partition
coefficients [ch_ﬁxémeh of 0.016; (11, 25)] and cpx H,O abundances.
Lacking olivine measurements, we apply a first-order correction factor
of 1.4 to the measured H,0O abundances in cpx, which corresponds
to the average correction factor reported for samples equilibrated
at ~900° to 1100°C (38, 41) and similar to equilibrium temperatures
reported here (table S1). For example, a cpx that contains 545 ug g ™'
H,O0 after subsolidus re-equilibration would be assumed to contain
only 389 ug g H,O at mantle conditions. The equilibrium hydrous
melt contains ~1.6 weight % (wt %) H,O in the older portion of the
VLS (>15 Ma) and ~2.4 wt % H,O in the younger portion of the
VLS (<15 Ma). This is significantly higher than the average MORB
H,O0 contents [0.2 wt % (62); MgO > 8 wt % only] and H,O averages
of VLS basalts (<0.3 wt % H,0) (62). Although hydrous melts may
be diluted by more abundant dry melts under ridges, hydrous melts
(>1 wt % H,0) have been observed in the vicinity of fracture zones
(63). Numerical simulations also predict that low-degree, volatile-
rich melts could be trapped in the lithospheric mantle under ridges
(64). Hydrogen enrichment observed in large swaths of VLS perid-
otites support this hypothesis. In addition, crystallization of small
melt fractions has been observed in most abyssal peridotites (35, 65),
and 0.1 to 1% of trapped melt may be present in the VLS peridotite
residue (22). These melts, potentially trapped at grain boundaries
(66), are ideal candidates to carry H and other incompatible elements,
but only H may have enough time to re-equilibrate in the system.
This is consistent with the observation that most abyssal peridotites
are enriched in light REE (LREE) compared to their corresponding
cpx (67), which can be explained by a late incompatible element
enrichment at grain boundaries.

Water budget of abyssal peridotites

and lithosphere viscosity

On the basis of our results, the bulk H,O budget of VLS abyssal
peridotites (unaltered primary assemblage) should be largely
controlled by pyroxenes (>75%). Using a range of well-established
partition coefficients between opx, cpx, and olivine (ol) at subsolidus
and mantle conditions (D%Z%PX =0.04t0 0.11; D‘;}ig”‘ =0.02 to 0.07)
(11, 13, 25, 39), a representative range of olivine and bulk abundances
can be calculated. Modal compositions of typical abyssal peridotite (27)

7of 10

T20Z ‘LT aunc uo /B1oBewsdusios saoueApe//:dny wolj papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

(ol, 73%; opx, 22%; cpx, 4%; spinel, 1%) and depleted MORB mantle
(31) (ol, 57%; opx, 28%; cpx, 13%; spinel, 2%) are combined with cpx
and opx H,O contents of 545 to 371 and 240 to 163 pg g~' H,0,
respectively. This range corresponds to average H,O values in
pyroxenes for <15-Ma and >15-Ma VLS peridotites. Bulk (unaltered)
primary assemblages of residual peridotites at the VLS should
therefore contain 55 to 160 ug g~ H,O (table S3). In theory, residual
oceanic peridotites should be dehydrated after melting (4). However,
this first-order estimate indicates that the water contents of abyssal
peridotites are systematically higher than predicted for a residual
lithosphere, and high H,O abundances do not just reflect local
anomalies. In addition, olivine is the primary phase that controls
the rheological properties of the mantle lithosphere. Residual olivine
water contents equilibrated with H,O-rich pyroxenes would range
from 8 to 50 ug g, assuming the full range of cpx H,O reported for
VLS peridotites. The presence of low-degree, volatile-rich melts in
ridge settings should therefore affect the rheological properties of
the residual oceanic lithosphere. These hydrous melts may rarely
erupt but instead metasomatize the residual lithosphere under
oceanic ridges (64) and reduce mantle rock viscosity compared to
models of dry lithosphere (4). These observations point to a critical
need to understand H,O distribution in the oceanic lithospheric
mantle from the perspective of abyssal peridotites, in particular in
large swaths of genetically related samples.

MATERIALS AND METHODS

Secondary ion mass spectrometry

SIMS analyses were conducted at the Northeast National Ion Micro-
probe facility at the Woods Hole Oceanographic Institution on a
Cameca IMS 1280. Opx and cpx separates, ranging from 3 mm
to <500 um, were mounted in crystal bound and polished down to
1-pum grit using a diamond solution. After extraction from the crystal
bound, the polished separates were thoroughly cleaned with acetone
and re-mounted in indium. The indium mounts were re-polished
with 1-um diamond solution. Indium mounts were cleaned with
ethanol and deionized water to remove surface contamination, and
then the mounts were placed in a vacuum oven to dry. Samples were
gold-coated to ~160-nm thickness and placed into a vacuum chamber
for storage until analysis. Samples were loaded into the instrument
sample chamber at least 12 hours before analysis to allow adequate
pump down time and achieve chamber pressures of no more
than ~5 x 107 torr. At least three spots per grain were analyzed,
typically combined with core-to-rim profiles on most grains when
possible. Spot locations were chosen to avoid any visible crack,
inclusion, or anomalous surface appearance. A primary "**Cs* beam
of 5.0 to 7.5 nA was sputtered through the sample surface with a
30 pm by 30 um raster and a 400-pm field aperture, allowing only
transmission of ions from the innermost 5 um by 5 pm of the beam
crater. Secondary magnet mass calibration was done before each
measurement with mass resolving power of >6000 (m/Am at 10%
peak height). We measured 2¢/30i, 190 H/A%i, F/0si, (+31P/20S1),
*25/*%Si, and *>Cl/*’Si ratios in glass reference materials D51-3, D52-5,
ALV519-4-1, 46D, 1649-3, 1654-3 6001, and AII107-D20 to produce
a calibration slope for each 1-week analytical session (example cali-
bration curves in fig. S4). Calibration slopes (m) were obtained by
plotting measured isotope ratios (x) against known reference material
concentrations (y) of the form y = mx for each element of interest.
Sample unknowns were then calculated by multiplying measured
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ratios by m. Calibration slope uncertainties were assessed using a
bootstrapping technique (5000 iterations) to derive 95% confidence
intervals, with the intercept set to zero. The bootstrapping code per-
forms a nonlinear maximum likelihood inversion of a straight line
to x and y data, where x and y are considered random variables with
known errors. SD for glasses is based on multiple sessions over the
years and is conservatively estimated to be 26 = 10%; SDs for indi-
vidual pyroxene reference materials were reported in a previous
study (68). Points that constitute the calibration curve are randomly
sampled 5000 times to generate confidence limits of parameter
estimates. The glass calibration slope was used to reduce data for C,
P, S, and Cl. Analytical uncertainties over five counting cycles
were combined with calibration slope uncertainties to yield typical
total uncertainty (2 SE, 95% confidence intervals) of <12, <12, <8,
and <9% for C, P, S, and Cl, respectively. For reference, total uncer-
tainties for OH and F in glass reference materials are <4 and <3%,
respectively. Because volatile measurements on the SIMS are often
affected by matrix effects, we also measured the same volatile
elements on opx-cpx reference materials requested from the De-
partment of Minerals Sciences, Smithsonian Museum (USA) and
calibrated using mount NMNH 118331. Opx reference materials
that were used for the calibration curve included NMNH 116610-29,
117322-245, 116610-5, and 109426-1. Cpx reference materials that
were used for the calibration curve included NMNH 117213-5,
11610-18, 116610-15, 118317-1 (KH03-27), and 118318 (SC-J1).
These reference materials have been calibrated for SIMS in a previ-
ous study using reference materials from Carnegie Institution
(68). The reference materials from Carnegie Institution had been
cross-calibrated by multiple independent absolute techniques such
as FTIR, elastic recoil detection analysis, and vacuum manometry;
see complete list of references in (68). Representative calibration
curves are presented in fig. S5 and were used to calculate the water
and fluorine contents of pyroxenes. Measurements where the in-
ternal precision of '*O'H/*°Si and/or ’F/*°Si was greater than
10% were excluded from the dataset. The vast majority of internal
2 SE are much lower than 10%, with an average of 0.4% for OH and
0.8% for F in cpx, and 0.2% for OH and 0.8% for F in opx. These
low-precision measurements were typically also associated with
elevated C, S, and/or Cl concentrations and are likely the result
of analyses conducted on slightly uneven surfaces or nonvisible
microfractures. Analytical uncertainties over five counting cycles
were combined with calibration slope uncertainties to yield typical
total uncertainty (2 SE, 95% confidence intervals) of <5 and <3%
for OH and F in cpx, respectively, and <6 and <3% for OH and F in
opx, respectively. Continuous measurements of ALV519-4-1 were
used throughout the session every couple of hours to monitor in-
strument drift, which was found to be negligible. The volatile con-
centrations of Suprasil 102 and Herasil 102 (optical-quality glasses),
as well as synthetic forsterite, were measured regularly throughout
the session to quantify volatile background abundances. There are
no published values for the OH, F, and Cl content of Suprasil 102,
Herasil 102, and synthetic forsterite, but those samples are believed
to have very low OH, F, and Cl concentrations, respectively (less than
a few ug g'). To quantify our maximum backgrounds, we assume
that Suprasil 102 contains no OH, Herasil contains no F, and synthetic
forsterite contains no Cl. Background F and Cl values were less than
0.15 and 0.09 pug g, respectively, for all sessions. Background OH
varied by mount, from ~5 to ~80 ug g, in a few samples analyzed
at the very beginning of the session (typically 5 to 10 ug g”* when
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properly corrected for Si content of glasses; see below). Although
most samples were prepared in crystal bound and then mounted in
indium specifically for this study, a small subset of samples that we
remounted in indium had been previously mounted in epoxy. Not
all tiny pieces of epoxy could be removed from all fragile grains,
leading to higher backgrounds than when using our usual preparation
procedure (26, 33). To ensure proper correction of these few high
background measurements, the high background analyses were
reanalyzed at a later time when the background was three to four times
lower. Several tests have been done to ensure proper correction of
the background values, as synthetic glasses and pyroxenes do not
have the same composition (e.g., glasses have ~100% SiO,, while
pyroxenes have SiO, < 60 wt %). The potential effects of differences
in transmission of Si (counts) and composition (Si contents) have
been evaluated. Results from the recommended correction method
are presented in fig. S6. We recommend that the measured OH con-
tents of Suprasil 102 be conservatively multiplied by 1.85 for opx
background and multiplied by 1.95 for cpx background, reflecting
the average difference in Si content between the pyroxene and glasses.
For example, if the Suprasil 102 background is ~5 ug g”', it means that
the real background is ~9 ug g ' for an opx and ~10 ug g~ for a cpx.
By applying this conservative multiplier, we found that volatile values
in samples that were initially associated with 60 to 80 ug g”' OH
background, and then remeasured with a <20 ug g OH background
matched the best (closest to a 1:1 line). Without this correction,
background values could be slightly underestimated, although it
would not change the conclusions of this study. Nevertheless, we
recommend that Si-corrected background values should be system-
atically reported in further volatile studies of minerals by SIMS. Indi-
vidual mineral analyses were not corrected for background when
volatile background values were less than propagated 2 SE uncertainty.

Rare earth elements Sm, Gd, and Yb in selected pyroxenes were
analyzed by SIMS with a Cameca IMS 4f ion microprobe at the
Istituto di Geoscienze e Georisorse (Pavia) following the method
described in a previous study (22).

Electron Probe Micro-Analyses

Major element concentrations of pyroxenes were measured with a
Cameca SX100 electron probe housed at the American Museum of
Natural History (NY) using a 15-kV acceleration voltage, a 20-nA
beam, a 10-um-diameter beam, and 30-s counting times. Sodium
and potassium were run under different conditions to attain a higher
precision and monitor their mobility, with a 5-nA beam and counting
times of 80 s. For details of the method, readers are referred to
previous studies (19, 22).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/24/eabf6071/DC1
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