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GEOCHEMISTRY

Elemental constraints on the amount of recycled crust
in the generation of mid-oceanic ridge basalts (MORBs)

Shuying Yang', Munir Humayun'*, Vincent J. M. Salters’

Mid-oceanic ridge basalts (MORBs) are depleted in incompatible elements, but ridge segments far from mantle
plumes frequently erupt chemically enriched MORBs (E-MORBs). Two major explanations of E-MORBs are that
these basalts are generated by the melting of entrained recycled crust (pyroxenite) beneath ridges or by the
melting of refertilized peridotites. These two hypotheses can be discriminated with compatible element abundances
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from Sc to Ge, here termed the ScGe elements. Here, we demonstrate that E-MORBs have systematically lower
Ge/Si and Sc contents and slightly higher Fe/Mn and Nb/Ta ratios than depleted MORBs (D-MORBs) due to the
mixing of low-degree pyroxenite melts. The Ge/Si ratio is a new tracer that effectively discriminates between
melts derived from peridotite sources and melts derived from mixed pyroxenite-peridotite sources. These new
data are used to estimate the distribution of pyroxenite in the mantle sources of global MORB segments.

INTRODUCTION

Mid-oceanic ridge basalts (MORBs) represent Earth’s upper mantle
sampled by the globe-encircling system of ridges that form the base-
ment of the world’s oceans. Low-degree partial melts from Earth’s
mantle preferentially extract elements that are highly incompatible
in the lattices of mantle minerals, leaving behind a residue that is
depleted in highly incompatible elements, the depleted MORB mantle
(DMM). Subsequent melting of DMM produces MORBs (1, 2). On
the basis of the abundances of highly incompatible elements, MORBs
are grouped as depleted (D-MORBs), normal (N-MORB:s), or
enriched (E-MORBs), where N-MORBs have lower abundances of
the most incompatible elements than primitive upper mantle (3).
E-MORBs were first noted near mantle plumes so that enrichment
of highly incompatible elements was initially understood in terms
of infiltration of plume-related melts into the MORB plumbing system
(4), but subsequent work found some E-MORBs far from plumes
(5). A review of global MORB chemical distribution found that
E-MORBs are unexpectedly more common and occur frequently at
ridge segments not associated with plumes (3). The enrichment of
highly incompatible elements and Nd-Sr-Hf-Pb isotope signatures
evident in E-MORBs far from plumes is then explained by subduction
and recycling of either MORB-like (6-10) or ocean island basalt-like
pyroxenite (11, 12) or by refertilization of depleted peridotite by low-
degree partial melts (13, 14) from subducted slabs. The two hypotheses
predict distinct behavior in moderately incompatible elements, par-
ticularly elements that are sensitive to the amount of olivine versus
clinopyroxene and/or garnet. The first-row transition elements (Sc-Zn),
Ga and Ge (here termed the ScGe elements), have geochemical
characteristics that span the compatible-incompatible range. Recent
experimental and natural partitioning studies for these elements
during mantle melting revealed the importance of Ge in assessing
the role of pyroxenites since Ge was found to behave quite distinctly
from Si between pyroxenite and peridotite melting (15, 16). We ex-
ploited the mineralogical preferences of ScGe elements to distinguish
between these two hypotheses (15).
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In this study and our former study (17), we analyzed 486 fresh
MORSB glasses from the Mid-Atlantic Ridge (MAR) (17), the Mid-
Cayman Rise (MCR) (17), the East Pacific Rise (EPR), Endeavour
ridge (18), and the Southwest Indian Ridge (SWIR) by laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) for
60 elements, including Ge and Si measured on the same spot (table
S1). We also analyzed a set of spinel peridotite xenoliths from San
Carlos (AZ) for major and ScGe elements by LA-ICP-MS (table S2).
MORSB glasses analyzed here were assigned to lava flows (n = 264)
following (19) (table S3). MORB lava flows were assigned to 24 ridge
segments using discontinuities along the mid-oceanic ridges as
boundaries (see the Supplementary Materials). MORB lava flows
from each ridge segment were classified as D-MORBs with (La/Sm)x <
0.8, E-MORBs with (La/Sm)y > 1.5 (3), and N-MORBs as the in-
termediate compositions (fig. S1). Glasses from the MCR (17)
and from the SWIR were treated as separate groups because of dis-
tinct geochemical features from other D-MORBs (see the Supple-
mentary Materials). Glasses from E-MORBs analyzed in this study
are from south of 15°20’ fracture zone (FZ) (MAR), Siqueiros FZ
(EPR), and Endeavour ridge (EPR) (18), all far from plumes. Thus,
these E-MORBs are ideal for the study of the enrichment of non-
plume MORBs.

RESULTS

The method applied here simultaneously measures the abundances
of about 60 elements in the same laser spot, including Si and Ge, tran-
sition metals (Sc, Mn, and Fe), high-field strength elements (e.g., Zr,
Nb, Hf, and Ta), and rare earth elements (REE) (table S1). Precisely
determining Ge in MORBs by LA-ICP-MS is challenging because
MORBs are low in Ge [~1.6 parts per million (ppm)], and the Ge
isotopes have molecular isobaric interferences principally from the
plasma. We used a large laser spot size and high repetition rate to
yield blank corrections <5% on the Ge peak with precision of ~+1%
on the Ge abundance (see Materials and Methods). Repeated mea-
surements of VG 2 and three U.S. Geological Survey (USGS) glasses
during the course of analyses yielded a long-term precision of +3%
on Ge/Si (17). In striving for precise Ge abundances, we obtained
precise elemental data for most elements of importance in this study
[see (17) and Materials and Methods for further details]. The accuracy
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of our analyses was examined on the basis of the comparison of the
analytical results of the MPI-DING glasses (17) and MORB glasses
from this study with literature data (figs. S1 to S5 and see the
Supplementary Materials).

To assess the effect of fractional crystallization on ScGe abundances,
elemental abundances and key elemental ratios are plotted versus Mg#
(fig. S2). During fractional crystallization, the abundances of Sc, Co,
and Ge barely change, and the Ge/Si ratio stays constant as Mg#
varies from 70 to 40 (fig. S2), so variations in the extent of fractional
crystallization do not contribute to variability in the Ge/Si ratio. The
abundances of Fe, Mn, Zn, and Ga change by tens of percent, and
the Fe/Mn ratio increases by <5% during fractionation. Figure 1 (A and
B) shows that the Ge/Si ratio in D-MORBs > N-MORBs > E-MORBs.
Noticeably, D- and E-MORB:s are well resolved. To assess whether
this difference could also be observed in the only other MORB dataset
to contain Ge abundances, Fig. 1 (C and D) compares the Ge/Si ra-
tios in 99 MORB lava flows (see the Supplementary Materials) pre-
viously reported (20). These data are systematically ~8% lower than
the data reported in this study (fig. S3 and see the Supplementary
Materials), likely because of interlaboratory calibration issues, but this
dataset also shows that most E-MORBs are systematically lower in
Ge/Si (Fig. 1, C and D).

To corroborate whether the lower Ge/Si ratio is due to the presence
of higher relative proportions of pyroxenite in the sources of E-MORBs,
the abundance of Sc and the Fe/Mn ratios are also compared since
both tracers are sensitive to the presence of garnet pyroxenite in the
source (Fig. 1, E to H). Both Sc and Mn are preferentially retained in
garnet-pyroxenite sources, so the contribution of partial melts from
these sources would manifest as lower Sc and higher Fe/Mn ratios
(15, 21). Figure 1 shows that E-MORBs are somewhat higher in their
Fe/Mn ratios than D- and N-MORBs (Fig. 1, E and F) and corre-
spondingly lower in their Sc abundances (Fig. 1, G and H). There
are many datasets available for Sc abundances, but interlaboratory
calibration issues inhibit the recognition of systematic differences.
Thus, we compared three major sets of Sc abundances from litera-
ture sources (fig. S4) and found that E-MORBs are systematically
lower in Sc than D-MORBs in each of these datasets. To quantita-
tively assess the differences between the MORB groups, frequency
plots are shown for each of the three tracers (Fig. 1 and fig. S4), and
E-MORBs are largely resolved from D-MORBs, with N-MORBs being
intermediate in composition as expected.

There is a need for equally precise Ge abundances in mantle perid-
otites. Table S2 provides major and ScGe compositions for indi-
vidual minerals measured on seven San Carlos spinel peridotites that
are similar to MORBs in Sr, Nd, and Pb isotopes (22). Figure 2A shows
that Ge is relatively uniformly (+10%, 15) distributed between the minerals
of the seven xenoliths. Germanium abundances in orthopyroxenes
and clinopyroxenes are analytically indistinguishable, and the rela-
tive distribution of Ge among the three minerals is consistent with
experimental partitioning (15, 21) and recent measurements on
natural systems (16). Bulk Ge abundances for peridotites were esti-
mated by modal recombination of the mineral analyses (see the Sup-
plementary Materials). Figure 2B shows that nearly all E-MORBs
analyzed in this study have Ge/Si <6.5 x 10° while Ge/Si ratios of
D- and most N-MORBs are above this value. The averaged compositions
of D-, N-, and E-MORBs determined in this study clearly show that
E-MORBs have higher Fe/Mn (Fig. 3A) but lower Ge/Si and Sc (Fig. 3B)
relative to D- and N-MORBs, and E-MORB:s are fully resolved from
D-MORB when these elemental tracers were jointly applied (Fig. 3).
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Relevant lithophile incompatible element ratios for MORBs an-
alyzed in this study are provided in Figs. 4 and 5. Comparisons with
literature data for element ratios or abundances are provided else-
where ((17); see the Supplementary Materials). The Nb/Ta ratios in
N- and E-MORBs are clearly higher than that of D-MORBs (Fig. 4).
This effect is also observed in various literature compilations, although
interlaboratory calibration issues have smeared out the signal seen
clearly in data from a single laboratory (fig. S5). Low-degree partial
melts of pyroxenite have high Nb/Ta ratios due to the selective re-
tention of Ta by clinopyroxene in the source (fig. S6). Criteria for
recognizing pyroxenite contributions during mixed-lithology melt-
ing from incompatible elements (23) indicate that elemental ratios
of La/Nb, (La/Yb)y;, Zr/Pb, and Ba/La should discriminate pyroxenite
melts derived from recycled MORB or recycled MORB and conti-
nental sediment or delaminated lower continental crust (LCC) from
spinel or garnet peridotite melts. The (La/Yb)y ratio is substituted
by the (Sm/Nd)y ratio, and the (La/Sm)x and Rb/Sr ratios are add-
ed. Figure 5 (A, B, and D) shows that the Ba/La, La/Nb, and Rb/Sr
ratios behave similarly to Nb/Ta ratios in that D-MORBs plot system-
atically higher or lower than N- and E-MORBs. The ratios (La/Sm)x,
(Sm/Nd)y;, and Zr/Pb tend to discriminate the three groups better
(Fig. 5, C, E, and G). The presence of continental material with its
high Pb content tends to lower the Zr/Pb ratio, making this ratio an
excellent indicator of recycled continental crustal material in the
source. Thus, Fig. 5C indicates that recycled continental material is
present in the sources of E-MORBs > N-MORBs > D-MORBs. Glasses
from the SWIR have the lowest Zr/Pb ratios (Fig. 5C) and anoma-
lously high Pb/Ce and T1/Ce (not shown) ratios for MORB, although
their (La/Sm)y ratios imply a depleted source (fig. S1). The Ge/Si
ratios of the SWIR glasses are consistent with melting of a peridotite
source fertilized by continental material, as exemplified by the dis-
covery of Jurassic zircons from the same FZ (24). The higher Zr/Pb
and lower (Sm/Nd)x of MCR glasses is likely due to the lower degree
of melting compared with other D-MORB (25).

DISCUSSION

The fundamental observations made here that E-MORBs have lower
Ge/Si, higher Fe/Mn, and lower Sc abundances, in addition to being
enriched in incompatible elements, imply a role for pyroxenite melts.
Elemental abundances that effectively discriminate pyroxenite melts
from peridotite melts have to be sensitive to the distinctive mineralogy
of pyroxenites (garnet and clinopyroxene) or to the distinctive ef-
fects experienced by slab crust: alteration (e.g., Ba/La and Rb/Sr),
sediment addition (e.g., Zr/Pb), and passage through the subduction
factory (e.g., La/Nb). Mineralogical controls influence the Ge/Si,
Fe/Mn, and Nb/Ta ratios and Sc abundances because of the com-
patibility of Ge, Mn, and Sc with garnet (fig. S6, A, E, and F) and
clinopyroxene’s preference for Ta over Nb (fig. S6H). The partition-
ing (Dml"eral'meh) of Si, Sc, Mn, Fe, and Ge has been well constrained
for peridotite melting (15, 21), showing that Ge is slightly incompatible
in olivine, neutral (D~1) in pyroxenes, and compatible in garnet
(fig. S6F). Similar results have been obtained on natural peridotites
(16). Germanium partitions onto the tetrahedral site of pyroxenes so
that Dg in clinopyroxene and orthopyroxene is essentially identical
(Fig. 2A and fig. S6F), and the M-site occupancy has little effect on
Dg. in pyroxene. Application of these principles to discriminating
pyroxenite and peridotite melts is developed below for the ScGe
elements, while other tracers used here have been developed in (23).
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Fig. 1. Elemental indicators of pyroxenite in the MORB source and their associated frequency plots: (A and B) Ge/Si x 10° (this study), (C and D) Ge/Si x 10° (20), (Eand F)
Fe/Mn, and (G and H) Sc. The Ge/Si data of (20) are systematically offset from data in this study (fig. S3) and hence were shown separately. The black line (this study) and
the gray line (20) represent separate datasets. In Fig. 1B, MCR glasses were not included in calculation of the black line, but SWIR glasses are included. A representative
analytical error bar (+1c) for these ratios is presented in the insets. MORBs groups are defined in fig. S1, color-coded as follows: black, D-MORB; blue, N-MORB; red,
E-MORB; brown diamonds, D-MORBs from SWIR; gold circles, MCR. The numbers of D-, N-, and E-MORB lavas are given in the insets of the histograms. This color coding

is used consistently throughout this manuscript.

Germanium-silicon geochemistry of MORBs

Partial melting of MORB-like pyroxenite (eclogite), or secondary
pyroxenite derived from reaction of eclogite-derived melt with perid-
otite, is known to create liquids that are more SiO, rich than partial
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melts of mantle peridotite (9, 10). Si-deficient pyroxenites yield melts
that are lower in SiO, compared with melts of MORB-like pyrox-
enites (26). Arclogites are expected to have similar Ge-SiO, compo-
sitions to MORB, but there are no experimental melt compositions
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Fig. 2. Germanium-silicon geochemistry of mantle peridotites, pyroxenites, and
melts. (A) LA-ICP-MS analyses of Ge abundances in minerals from San Carlos mantle
xenoliths (PM, this study) and of Ge in minerals from peridotites and pyroxenites
(76). Calculated bulk Ge abundances in five San Carlos mantle xenoliths (see the
Supplementary Materials) are also shown. (B) Germanium-silica relations of MORB
glasses and mantle peridotites (this study) compared with predictions from melting
models of a two-lithology mantle (see the Supplementary Materials). Inset shows a
representative analytical error bar (+10) for Ge and SiO,, and gray lines show con-
stant Ge/Si ratio labeled with their Ge/Si ratios. Source compositions are shown as
stars; upper continental crust (UCC) and lower continental crust (LCC) from (32).
Mixing lines between D-MORB and low-degree pyroxenite melts shown with a mixing
interval of 10%. For both peridotite and pyroxenite melting models, melt SiO, con-
tents and mineral and melt proportions were taken from the original experimental
studies (9, 10, 26, 28-30). Peridotite metasomatized by low-degree slab melts (73) is
shown as the teal star. Melts from silica-excess pyroxenite are known to be high in
SiO, but have modeled Ge contents that plot at low Ge/Si because of compatibility
of Ge in garnet (grt) and clinopyroxene (cpx). ol, olivine; opx, orthopyroxene.

currently available (27). To explore the effects of two-lithology mantle
(peridotite versus pyroxenite) on the Ge-SiO, composition of MORBs,
melting and mixing models were built with silica-excess MORB-like
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(see the Supplementary Materials). Error bars indicate the 16 SDs of the averages.
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of pyroxenite melts were taken directly from the experiments (9, 10, 26), while Ge
and Sc contents of pyroxenite melts were calculated (see the Supplementary
Materials). Mixing trends are between D-MORB magma and low-degree melts from
the three pyroxenitic sources, with 10% mixing interval indicated. Mixing of silica-
excess pyroxenite (9, 10, 26) melts successfully reproduces the observed correlations
of Ge/Si against Fe/Mn (A) and against Sc (B).

pyroxenite G2 (10), secondary pyroxenite Px-1 (9), and silica-deficient
pyroxenite M5-40 (26), as well as spinel peridotite MM-3 (28) and
garnet peridotites KLB-1 and KR4003 (29, 30) starting compositions.
Figure 2B shows a plot of Ge versus SiO, for MORBs compared with
model predictions. To understand how Ge behaves during partial
melting, fig. S6F compiles the known experimental partition co-
efficients for Ge and Si during spinel or garnet peridotite melting
(15, 21). There currently are no partition coefficients available for
garnet and clinopyroxene for Ge in pyroxenite compositions, so that
Ge partitioning during pyroxenite melting had to be inferred from
peridotite partitioning data for garnet and clinopyroxene (Fig. 6F).
As a major element, SiO, abundances had to be obtained from ex-
perimental melt and mineral compositions for pyroxenites (9, 10, 26)
and for spinel and garnet peridotites (28-30).
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compared with modeled melting curves of two spinel peridotite compositions
(brown and green curves) and pyroxenite (pink curve) with horizontal and vertical
lines representing chondritic values (60). Note that these models, based on (23),
are distinct from models shown in Figs.2 and 3 and are shown with a new set of
color-coded curves. Sources for the high-field strength element compositions of
recycled MORB (pink star), DMM (green star), and D-DMM (brown star), and exper-
imental partition coefficients (Ds) are in the Supplementary Materials (table S4 and
fig. S6). Mixing lines are drawn between a D-MORB composition (table S4) and low-
degree partial melts (F=5 and 10%) derived from recycled MORB, with 10% mixing
intervals. Garnet peridotite melting is not shown since it yields a curve essentially
identical to that of spinel peridotite melting. The larger incompatibility of Nb and
Ta results in relatively little change in the Nb/Ta ratio in a mixing scenario com-
pared with the Zr/Hf, explaining why E-MORBs have similar Nb/Ta ratios to N-MORBs
but higher than D-MORBs.

The Ge abundances for the starting compositions were obtained
as follows: Minerals from San Carlos spinel peridotites (Fig. 2A) were
taken to represent typical mantle mineral abundances that were then
applied to experimental starting compositions using mineral modes.
This produced Ge contents of ~1.1 ppm, which complemented known
SiO, abundances, for spinel peridotite MM-3 (28) and for garnet
peridotites KLB-1 (29) and KR 4003 (30), which are similar to Ge
estimated for primitive mantle (PM) (31) and DMM (2), indicating that
Ge abundances in fertile peridotite starting compositions are not subject
to much variability (Fig. 2B). Melt depletion results in higher modal
olivine and lower Ge contents, but more depleted peridotites are still in
equilibrium with melt Ge contents of ~1.6 ppm as the bulk D¢, in-
versely varies with the olivine modal abundances (see the Supplemen-
tary Materials). The Ge contents for experimental spinel peridotite
melts were calculated using experimental modes of MM-3 (28) and
partition coefficients (15, 21) to produce the melt compositions shown
in Fig. 2B. Spinel peridotite melt compositions (F, = 2 to 14%) ob-
tained using the partition coefficients in (15), labeled MM-3a, yielded
Ge abundances compatible with D-MORBs, while the higher D¢,
in (21) yielded melt compositions, MM-3b, that are too low in Ge

Yang et al., Sci. Adv. 2020; 6 : eaba2923 26 June 2020

(1.3 ppm) for any MORB. The degree of melting has little effect on
Ge abundances in partial melts since Ge is sufficiently compatible to
be in the 1/D limit. The garnet peridotite melt compositions for
KLB-1 (29) and KR4003 (30) yield Ge/Si ratios similar to D-MORB
atlower SiO; (and Ge) abundances (Fig. 2B). This provides a valida-
tion of both the partition coefficients (15) and the mantle Ge abun-
dances used here.

The Ge abundance for recycled MORB-like pyroxenite G2 (blue
star, Fig. 2B) was taken as the average Ge of D-MORB (1.66 ppm)
obtained in this study. The Ge abundance for silica-deficient pyrox-
enite M5-40 (gray star, Fig. 2B) was calculated assuming that the
Ge/Si ratio of M5-40 is the same as the average Ge of D-MORB. The
Ge content of secondary pyroxenite Px-1 (purple star, Fig. 2B) was
obtained by mixing peridotite with eclogite-derived melt (9). The
Ge contents for partial melts for all three pyroxenite compositions
were calculated using available garnet and clinopyroxene partition
coefficients with experimentally determined major element compo-
sitions (see the Supplementary Materials). Low-degree partial melts
of all three pyroxenite compositions are inferred to have lower Ge/Si
relative to D-MORB (Fig. 2B). Since Dge ~ 1 in pyroxene (fig. S6F),
the melting of eclogite with pyroxene as the sole residual phase will
produce melts with Ge similar to D-MORB but with higher SiO,
contents (9, 10, 26). Since Ge is compatible in garnet (fig. S6F), the
presence of garnet in the low-degree melting residue of MORB-like
pyroxenite G2 (10) reduces Ge contents in the melts relative to that
in D-MORB (blue curve, Fig. 2B). Modeled partial melts of second-
ary pyroxenite Px-1 (purple curve, Fig. 2B) (9) have even lower Ge
contents because the hybrid source has lower initial Ge content (see
the Supplementary Materials), higher proportions of garnet (9), and
is more mafic (9) (lower SiO;) than MORB-like pyroxenite (10).
Low-degree (<5%) partial melts of Si-deficient pyroxenite M5-40
(gray curve, Fig. 2B) have low modeled Ge contents and low SiO,
contents (26). Mixtures of low-degree partial melts of all three py-
roxenites and D-MORB plot to lower Ge/Si ratio due to Ge retention
in the garnet-clinopyroxene residues (Fig. 3). Mixing of ~10 to 30%
low-degree pyroxenite melts into D-MORB-like melts explains the
lower Ge/Si in E-MORBs. Despite the many assumptions that go into
the models, the models robustly capture the fact that pyroxenite
partial melts, while high in SiO,, have to have lower Ge/Si ratios
than their starting compositions (e.g., D-MORB). Using Ge parti-
tioning in natural samples, He et al. (16) also found that pyroxenite
melts would have low Ge/Si ratios. The continental crust is silica rich
but has low Ge/Si ratios (32) similar to pyroxenite partial melts (Fig. 2B).
The origin of the high Si in upper continental crust (UCC) is likely
far more complex than direct derivation from eclogite (16), but the
role of eclogite melting in the formation of Archean crust (33) likely
contributed to the low Ge/Si of both UCC and LCC, which could not
have been accomplished by internal differentiation of the crust alone.

The metasomatized peridotite model (13) calls for ultralow-degree
(FL =1%) slab melts to metasomatize a large volume of mantle wedge,
forming a peridotite source enriched in incompatible elements, which
is subsequently melted under the ridges to form E-MORB. This model
explains enrichments in incompatible element abundances observed
in E-MORBs relative to N-MORBs (13), since an ultralow-degree melt
effectively enriches the incompatible elements without perturbing
major and compatible element abundances. Because of the low de-
gree of melting invoked and the compatibility of Ge (and Si), the
metasomatized peridotite (13) (teal star, Fig. 2B) formed by this pro-
cess (see the Supplementary Materials) has almost identical Ge and
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Fig. 5. Correlations of selected elemental tracers versus Ge/Si ratios of MORB compared with predictions of various sources and melting models (73, 23, 39).
Ratios of (A) Ba/La, (B) La/Nb, (C) Zr/Pb, (D) Rb/Sr, (E) (La/Sm)y, and (F) (Sm/Nd)y are plotted against Ge/Si ratios. The melting models and parameters in (13, 23) were used
to calculate the elemental ratios in modeled melts (see table S4). Three melting models of pyroxenites are shown: ROC (23) (pink), a mixture of ROC (85%) and LCC (15%)
(23) (orange), and a mixture of ROC (95%) and UCC (5%) (violet). Mixing curves (pink, orange, and violet dashed lines) are between low-degree pyroxenite melts
(F=14%) and the average D-MORB composition at 10% mixing increments (table S4). Melting models and source compositions of peridotite compositions are shown for
DMM (2) (green); PM (37) (burgundy); and metasomatized peridotite (73) (teal). The ratios of Ge/Si of modeled melt compositions are taken from Fig. 2B. Mixing of D-MORB
with peridotite melts defines vertical arrays of data (i.e., constant Ge/SiO,), while mixing of D-MORB with pyroxenite melts accounts for the observations (except in Fig. 5E).
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Fig. 6. The estimated proportions of solid pyroxenite (in percentage) are shown
as a function of frequency in the mantle sources of 447 global MORB segments
estimated from the correlation of Ge/Si ratio with K,O/TiO, ratio in MORBs.
Separate histograms are shown for choices of 8% (solid green, Px-1) and 14%
(orange stipple, G2) degrees of melting of pyroxenites (Fpy) (see the Supplementary
Materials). The approximate correspondence of the D-MORB, N-MORB, and E-MORB
fields were transposed on this figure from the relationship between Ge/Si and K;0/
TiO; (inset, see the Supplementary Materials). The vertical lines correspond to
weighted means by segment of the amount of recycled crust estimated in the
global MORB source for the two Cpy estimates (green and orange lines). The
weighted mean of the Cpy in our study brackets an independent estimate from (9)
(purple box). The gray box shows a range for the amount of the recycled crust (RC)
created over time with uniform production from 2.5 or 4.0 Ga ago to the present
(see the Supplementary Materials).

SiO; composition to that of the original peridotite and thus cannot
yield the lower Ge/Si observed in E-MORB. To form a suitable mantle
source to yield the Ge/Si of E-MORB without invoking pyroxenite
melts, the model would need to lower the Ge content of the peridotite
source by ~10 to 15%. Even if the hypothesized slab melts had no
Ge, a minimum of 10 to 15% slab melt would need to be added to
lower the Ge/Si ratio of the mantle sufficiently to yield E-MORB
compositions. Thus, the modest amounts of metasomatic melt in the
mixture (0.5%) called for by the metasomatized peridotite model (13)
cannot perceptibly leverage the Ge/Si ratio. The metasomatized per-
idotite model (13) also fails to explain the lower Sc contents and
higher Nb/Ta and Fe/Mn ratios observed in E-MORB:s relative to
D-MORB:s.

Corroborative evidence for the presence of pyroxenite melt
in MORB sources

While pyroxenites have long been proposed as part of the MORB
source (34, 35), their chemical signatures have been indirectly inferred
from incompatible element isotopic ratios or elemental abundances
(14, 23, 35). Direct major element contributions have proven very
hard to assess (26). To corroborate our findings, we examined a number
of other tracers [Sc, Fe/Mn (36), Nb/Ta, Ba/La, La/Nb, and Zr/Pb]
analyzed in the same glasses that are sensitive to the presence of
pyroxenite melt (23). We also examined the Rb/Sr, (Sm/Nd)y, and
(La/Sm)y ratios to see whether the enrichments in incompatible el-
ements could also be attributed to pyroxenite melting. Figure 1 shows
that the Fe/Mn ratio is higher, while the Sc abundances are lower, in
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E-MORB:s that exhibit lower Ge/Si ratios consistent with the role of
pyroxenite melts. Figure S2 shows that the Sc contents (fig. S2A)
and Fe/Mn (fig. S2C) ratios are not meaningfully affected by frac-
tional crystallization in MORB. To reveal systematic chemical dif-
ferences between the various types of MORB, each MORB group
was separately averaged. The averaged Fe/Mn ratios anticorrelate with
the averaged Ge/Si ratios (Fig. 3A), while the averaged Sc contents
correlate with the averaged Ge/Si ratios (Fig. 3B). The addition of
silica-excess pyroxenite melts to D-MORB melt successfully explains
the observed covariation with low-degree (<15%) melts from either
MORB-like pyroxenite G2 (10) or from secondary pyroxenite Px-1
(9) (Fig. 3). Silica-deficient pyroxenite M5-40 melts (26) are too high
in Fe/Mn (Fig. 3A) and too low in Sc (Fig. 3B) at a given Ge/Si to
explain the observed trends. These models show that for melts from
silica-excess pyroxenites, the impact on Ge/Si is larger than on Fe/Mn
(Fig. 3A) and similar on Sc (Fig. 3B). Thus, the addition of 25 to
30% of low-degree (8 to 14%) partial melts from pyroxenite to a
D-MORB-like composition is sufficient to obtain the ~14% lower
Ge/Si while increasing the Fe/Mn by ~7% (Fig. 3A) and decreasing
Sc by 13% (Fig. 3B) as observed for average E-MORB. Thus, while
pyroxenite signatures are less apparent in Fe/Mn than in Ge/Si and
Sc between D-MORB and E-MORSB, the effects are resolved. These
findings are not specific to the type of pyroxenite used, as long as
melts from these pyroxenites have garnet and clinopyroxene on their
liquidus.

Both Nb and Ta are highly incompatible elements, more incom-
patible than Zr and Hf, but Ta is relatively more compatible in clin-
opyroxene than Nb (fig. S6H). The Nb/Ta ratios of low-degree melts
of recycled oceanic crust [ROC; (23)] (pink star, Fig. 5) are higher
than that of their source for Fy, < 15 to 20% (pink curve, Fig. 5). The
Nb/Ta ratios of low-degree peridotite melts are higher than that of
their source for Fi, < 3% as well (see the Supplementary Materials).
Mixing lines between low-degree pyroxenite melts and a D-MORB
composition show that 10 to 30% admixing of pyroxenite melt into
a D-MORB would change the Zr/Hf ratio while keeping the Nb/Ta
ratio similar to that in the pyroxenite melt. While adding variable
amounts of low-degree pyroxenite melts into D-MORB explained
the D > N > E sequence observed in Ge/Si ratios of MORBEs, the in-
compatibility of Nb and Ta results in N- and E-MORB having similar
Nb/Ta ratios (Fig. 4), both distinct from that of D-MORB. Figure 4
also explains why D-MORBs have such a large range in Nb/Ta ratios:
Extraction of small amounts of melt from a peridotite will lower the
Nb/Ta ratio of the depleted residue. The findings arrived at here are
independent of the exact Nb/Ta (or Zr/Hf) ratios chosen for the
source compositions (Fig. 4), although the emphasis placed here on
pyroxenite melt mixing is justified since low-degree peridotite melts
would not explain the Ge/Si, Fe/Mn, and Sc evidence that motivated
this discussion. Individual pyroxenites have wide ranges of Nb/Ta
ratios, but even averaged arclogites (27) have similar Nb/Ta ratios
to ROC (23).

Now that it has been shown that the ScGe tracers and Nb/Ta ratios
of MORBs reflect the presence of pyroxenite mineralogy in the source,
other tracers that reflect the processing of recycled oceanic crust
through subduction zones need to be assessed here. Stracke and
Bourdon (23) elegantly summarized the incompatible element ratios
that effectively trace melts from recycled oceanic crust that we apply here
to the variations observed in MORBs (see the Supplementary Materials).
Figure 5 shows that these incompatible trace element ratios in MORBs
are consistent with mixtures between low-degree melts from ROC with
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D-MORB. Melts of garnet peridotite (PM, burgundy star), spinel
peridotite (DMM, green star), and two varieties of recycled oceanic
crust, recycled MORB (ROC) that has been altered and dehydrated in a
subduction zone (pink star), and ROC mixed with 15% LCC (orange
star) are shown with their melting trends and mixing lines in Fig. 5 (see
the Supplementary Materials). The use of the Ge/Si ratio as the abscissa
(x axis) introduces a nonintuitive aspect to Fig. 5: Melts of pyroxenite have
lower Ge/Si than that of their sources (assumed to be D-MORB-like),
while melts of peridotite have higher Ge/Si than that of their sources.
Because of the need to obtain SiO, abundances from experimental
data, the degree of melting for modeling incompatible elements is
taken at the experimentally determined melt fractions as used in the
melting models for MORB-like pyroxenite G2 (see the Supplemen-
tary Materials). The ratios of highly incompatible elements (Ba/La
and La/Nb) have converged to that of their sources by 14% melt frac-
tion, the lowest experimentally determined melt fraction for MORB-
like pyroxenite G2 (10). Like for Nb/Ta, N- and E-MORBs group
together because of the fact that a low-degree partial melt of pyrox-
enite effectively dominates the Ba/La or La/Nb ratios of the mixed
melt. This aspect of the models is observed from the flattening of
the mixing lines >30% mixing (Fig. 5, A and B).

Figure 5 confirms that peridotite partial melts cannot explain the
variations observed between D- and E-MORBs because any mixing
trends would be vertical, e.g., the Ba/La ratio of the peridotite source
would be variable, but the Ge/Si ratio of the peridotite melts would
remain constant. The Rb/Sr, Ba/La, and Zr/Pb ratios indicate that the
recycled oceanic crust had to have some continental material admixed
into the pyroxenite source (Fig. 5, A, C,and D). Since fluid-mobile elements
(Rb, Sr, Ba, and Pb) are stripped from recycled crust by subduction
zone processes [e.g., in (37, 38)], sufficient excess Rb, Ba, and Pb had
to be initially present to retain high Rb/Sr and Ba/La and low Zr/Pb
in the recycled crust after subduction. In this regard, it is worth noting
that stable Ba isotopes indicate the presence of a recycled marine
sediment component in E-MORB (39). To assess the presence of
sediment in the subducted crust, partial melts (14 to 52%) and their
mixing lines of a new composition consisting of 95% ROC and 5%
UCC (violet star, Fig. 5) are shown in Fig. 5. The amount of UCC used
(5%) is determined by the need to fit the Rb/Sr ratio of E-MORB at
Fy, of 14%, but is 50 times higher than that needed to explain the Ba
isotopes (39), which used the global subducted sediment [GLOSS;
(40)] composition. The GLOSS composition has a higher Ba/La ratio
but a lower Rb/Sr ratio, so that the failure of any of the three models
to explain the Rb/Sr enrichment of E-MORBs implies that either
lower degree melts of the pyroxenite are required or another pro-
cess (perhaps aqueous fluids) must be invoked to increase the Rb/Sr
ratio of the source. Similarly, the magnitude of the (La/Sm)y ratio at
any Ge/Si ratio cannot be fit with any of the three pyroxenite models
at 14% melting nor by the metasomatized peridotite model (13),
because peridotite melts exhibit constant Ge/Si ratios.

The Zr/Pb ratio for SWIR D-MORBs is not consistent with py-
roxenite addition but requires a metasomatized peridotite source
enriched in Pb since the SWIR glasses plot to low Zr/Pb at Ge/Si ra-
tios of D-MORB (Fig. 5C). By contrast, none of the three pyroxenite
sources evaluated had a sufficiently low La/Nb ratio to account for
the pyroxenite end-member (Fig. 5B). The models successfully fit
the (Sm/Nd)y ratio for all three compositions chosen because this
ratio reflects the presence of a garnet-rich pyroxenite source. A gar-
net peridotite melt would move the mixing line vertically downward
and cannot explain the observed data (Fig. 5F). Any tendency toward
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linear variations between incompatible element ratios and Ge/Si ratios
in Fig. 5 is limited by the chemical variability in the E-MORB local-
ities of this study, as N-MORB tend to show greater diversity but are
harder to distinguish in Ge/Si from D-MORB. Much work remains
to understand the nature and diversity of the pyroxenite compo-
nents in MORB other than D-MORB.

Last, the mixing of low-degree pyroxenite melt (8 to 14%) with
7 to 11% partial melting of peridotite is only conceivable if the pyrox-
enite solidus is close to the peridotite solidus, which is not the case
for G2, the best-studied pyroxenite (10). It is important to empha-
size here that the solidi for pyroxenites exhibit a wide range from near
peridotite solidi to >200°C lower (10, 41, 42). Any pyroxenite com-
position that has either clinopyroxene or clinopyroxene and garnet
on its liquidus will produce low-degree partial melts with low Ge.
The mixing relations in the ScGe data provide a constraint on the
average differences between the solidi of pyroxenites and peridot-
ites in MORB mantle.

Estimating the amount of recycled crust in the sources
of global MORBs
The chemical tracers used above consistently show that much of the
incompatible element enrichment observed in E-MORBs can be ex-
plained by the addition of low-degree partial melt (Fpx ~8 to 14%) of
recycled oceanic crust to D-MORB-like melts. Combining the Ge/Si,
Fe/Mn, and Sc data (Fig. 3) allows the calculation of the amount of
solid pyroxenite (Cpy) that is melted (see the Supplementary Materials).
Solving the mass balance equation for the amount of solid pyroxenite in
the source requires knowledge of the degree of melting of the peri-
dotite (Fpe) that we took to be 7 to 11% (see the Supplementary Mate-
rials). In Fig. 6, we calculated the spectrum of solid pyroxenite (Cpy)
in the mantle sources of MORBs for values of Fp, 8 or 14%. We as-
sumed that the source of average D-MORB is devoid of pyroxenite.
The requirement of finding a large amount of low-degree pyroxenite
melt depends on the amount of solid, recycled crust in the mantle
source and on whether MORB-like pyroxenite G2 (10) or secondary
pyroxenite Px-1 (9) is invoked, a choice that cannot be discriminated
on the basis of our data. The minimum amount of solid recycled
MORB-like pyroxenite (10) in a peridotitic (DMM) source required
to produce E-MORB is ~10%, while that of the solid primary eclogite
(9) precursor to secondary pyroxenite (9) required to produce E-MORB
is 16% (see the Supplementary Materials). For N-MORB compositions,
intermediate amounts are required (see the Supplementary Materials).
This conclusion would need to be modified if partial melt composi-
tions for arclogites turn out to be different from that of MORBs.
Next, we estimated the global distribution of recycled crust in
the mantle sampled at ridges. The MORB glasses analyzed span the
Pacific, Atlantic, and Indian oceans and exhibit the same chemical
variability (e.g., K,O/TiO, = 0.0 to 0.4) in this sample set that is ob-
served in the majority (447 of 465) of global MORB ridge segments
(3). A generalized relationship between K,O/TiO, and Ge/Si was es-
tablished for the measured MORB glasses (Fig. 6 inset) from which
we calculated the amount of solid pyroxenite in the sources of a
global set of averaged segment compositions of MORB (3) (Fig. 6
and see the Supplementary Materials). While this calculation is no
substitute for direct measurement, Fig. 6 illustrates the power of the
technique that we have developed to quantify the amount of recycled
oceanic crust in the sources of basalts. At Fpe 7%, the mode for recycled
crust in MORB mantle is only ~0 to 2%, and the global average is ~4 to 6%
(Fig. 6), compared with ~2 to 3% recycled oceanic crust created over time
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with uniform production since 2.5 to 4.0 billion years (Ga) ago (43-45)
(see the Supplementary Materials). The estimated Cpy in Fig. 6 will be
lower if MORB sources have a significant amount of refractory peridotite
that is not involved in basalt genesis during melting at ridges (46-48).
The amount of such refractory peridotite in the MORB source con-
strained from Nd-Hf isotope correlations ranges from 0 to 50%
(47, 48), implying that the actual amount of solid pyroxenite in the
source may be lower by a factor of ~2 than shown in Fig. 6. When
this adjustment for refractory peridotite is made, the estimated amounts
of Cpx do not exceed plausible limits on the amount of crust produced
over time (2 to 3%) and agree with an independent estimate (9). This
distribution (Fig. 6) explains why E-MORBs far from plumes are so
abundantly sampled at ridges (3).

The ScGe elemental abundances combined with Nd-Hf isotopes
provide a powerful technique with which to test geological assump-
tions of the amount of oceanic crust subducted over time. Thus, models
of plate recycling that initiate subduction at ~1 billion years ago (49)
produce too little recycled crust (<1%) to explain the constraints
imposed by our data (Fig. 6).

The findings arrived at here depend importantly on the partition
coefficients of ScGe elements between melts and residues and on
the pyroxenite composition. There are enough available partitioning
studies with which to model peridotite melting, although we noted
contradictions between the two studies (15, 21), but there are no
available partitioning experiments for pyroxenite melt compositions.
Delaminated lower arc crust might also involve a role for hornblende
(50), a mineral with Ge-Si exchange partition coefficients similar to
that of garnet (16). Thus, future experimental studies of ScGe parti-
tioning between various pyroxenite compositions for recycled crust,
arclogites, Archean crustal analogs, etc., and their partial melts are
going to be essential in reliably interpreting the constraints that ScGe
abundances provide on the amount of recycled crust in the mantle
beneath ridges.

MATERIALS AND METHODS

Fresh MORB glasses (n = 486) from the MAR (n = 289), MCR (n = 30),
EPR (n = 108), Endeavour ridge (n = 44), and SWIR (n = 15) were
analyzed using LA-ICP-MS in this study. All MORB glasses from
MAR and MCR were obtained from the Smithsonian Seafloor Rock
Collection. An LA-ICP-MS dataset including the contents of the
60 elements in these glasses is available in (17). EPR glasses analyzed
in this study are a part of the dredged samples collected by the
CHEPR cruise (51) and by the PANORAMA cruise, covering the
ridge segments of EPR between 6°N and 18°N. Eight glasses from
the Siqueiros FZ were dive samples from the Atlantis-II 125-25
Research Cruise (55). The SWIR samples analyzed in this study were
collected between 48°50'E and 50°29'E along SWIR by the research
vessel Dayang Yihao, covering the ridge segment between Indomed
FZ and Gallieni FZ (52).

MORB glasses analyzed in this study (table S1) were assigned to
264 MORB lava flows based on the homogeneity of major element
analyses following (19). The lava flow group number (table S3) for
MAR samples is taken from (19); for EPR and SWIR, samples are
assigned in this study following (19); and for Endeavour, samples are
taken from (18). MORB lavas from each ridge segment are grouped
into D-, N-, and E-MORBs (fig. S1). MORBs with (La/Sm)y > 1.5
are E-MORBs while with (La/Sm)y < 0.8 are D-MORBs (3); MORBs
that are neither D- nor E-MORBs were designated as N-MORB (17).

Yang et al., Sci. Adv. 2020; 6 : eaba2923 26 June 2020

MORBs with (La/Sm)y ratios that are close to the “cutoff” values
were grouped the same as most of the samples from this segment
(17). Although SWIR MORBs analyzed in this study have (La/Sm)x
and K,0/TiO; ratios that both fall in the D-MORB category (fig. S1),
they are distinct from other D-MORBs analyzed in this study in many
trace elemental ratios (e.g., Pb/Ce, Tl/Ce, and Nb/U).

A full description of analytical methods, including operation
conditions of ICP-MS, laser ablation parameters, mass peaks acquired,
isobaric interference correction, and selection of external calibration
materials are given in (17) and will be briefly summarized here. This
section will mainly focus on our technique of measuring Ge precisely
(+1%) as determining Ge in MORBs by LA-ICP-MS is challenging
because MORBs are low in Ge (~1.6 ppm), and the Ge isotopes have
molecular isobaric interferences principally from the plasma.

All samples were measured on a magnetic sector, single-collector,
Thermo Element XR ICP-MS coupled to an Electro Scientific In-
struments New Wave UP-193FX ArF (193 nm) excimer laser ablation
system at the Plasma Analytical Facility of the National High Mag-
netic Field Laboratory, Florida State University (17, 53-55). Mass
peaks acquired are given in table S1. One of the initial purposes of
this study was to precisely measure Ge (+1%), which required se-
lecting laser spot size and repetition rate to yield the least blank con-
tribution. Germanium has five isotopes: %Ge (20.5%), "*Ge (27.4%),
3Ge (7.8%), "4Ge (36.5%), and "°Ge (7.8%), in which *Ge is interfered
by *°Ar’°Ar, "*Ge is interfered by **Ar’®Ar, and °Ge is interfered by
36 Ar®0Ar. Other interferences are present at mass/charge ratio (m/e) 70
(e.g., 7°Zn) and 73. The precise measurement of Ge required mini-
mization of the background contribution from Ar dimers at "*Ge.
Since the Ar dimers in the blank spectrum do not scale with increasing
laser spot size and repetition rate, the largest spot size (150 um) and
a high repetition rate (50 Hz) were used to yield blank contributions
on "*Ge from **Ar*®Ar < 5%. At this high beam intensity, the variability
of the blank contributed negligibly to the precision of the measure-
ment of Ge and even less to blanks for other elements whose abun-
dances are much larger than that of Ge. However, analytical artifacts
associated with mass loading become a concern (56) that were ame-
liorated by using identical parameters for samples and standards.
To examine the sensitivity of Ge to the mass loading effect with the
current analytical protocols adopted, a set of five spot measurements
were performed with increasing spot sizes (25, 50, 100, and 150 um)
and variable laser repetition rates (20 and 50 Hz) on USGS glass
BHVO-2g. Each measurement was calibrated against National In-
stitute of Standards and Technology (NIST) SRM 610 and analyzed
under the identical spot size and repetition rate. Precision improves
as laser spot size and repetition rate are increased, but no discern-
ible effect of mass loading is present. Following (57), SRM 612 is
avoided in this study in preference to SRM 610 that couples better
with lasers.

In this study, Ge was measured at m/e 74. Isobaric interferences
from doubly charged REE ions, particularly **Nd** and "**Sm*",
on "*Ge were corrected by subtracting the calculated abundances of
each isotope inferred from the doubly charged odd isotopes "**Nd**
(m/e 72.5) and "*Sm™ (m/e 74.5) monitored simultaneously. The
magnitude of the corrections applied was 1% for '**Sm** and 2 to
3% for "**Nd** for all MORB samples, except those from the MCR
where the corrections were 2% for '**$Sm** and 4 to 5% for "**Nd**.
The magnitude of the isobaric corrections on "*Ge was similar for
D-, N-, and E-MORBs. To examine whether the corrections were
sufficient, the **Nd**/"**Nd"* ratio was directly measured on a
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Durango apatite crystal containing high REEs (Nd, 1500 ppm; Sm,
200 ppm) and negligible Ge. Application of this directly determined
ratio systematically increased the measured Ge abundance of MORB
glasses by only 0.3%, relatively verifying that the REE™" correction
applied in this study was sufficient.

Elemental abundances were calculated from measured intensity
ratios to *’Si using relative sensitivity factors (RSFs) obtained from
the USGS standards (BCR-2g, BHVO-2g, and BIR-1g), VG 2, and
NIST SRM 610 (table S1). We noticed that the RSF of Sc obtained
from BHVO-2g is systematically 10% higher than that obtained from
BCR-2g and BIR-1g. In 17 LA-ICP-MS analyses compiled in the
online GeoReM database, the Sc contents of BHVO-2g vary from
27 to 36 ppm, although only 6 of 46 analyses have Sc contents higher
than 33 ppm (58) with the rest close to the 31 ppm value. When using
the Sc abundance of 31 ppm (58), the RSFs of Sc obtained in the
three USGS glasses are mutually consistent.

The composition of major elements and ScGe in the minerals,
including olivine, clinopyroxene, orthopyroxene, and spinel, from
seven San Carlos xenoliths were analyzed using the LA-ICP-MS op-
erating in medium resolution and limited to elements from Na-Ge.
For each mineral, we analyzed three to four grains per sample, and
the averaged compositions are given in table S2. Bulk major element
compositions determined by x-ray fluorescence (XRF) on fused whole-
rock powders (59) are available for five of seven xenoliths analyzed
in this study. The ratio of olivine to pyroxenes was calculated from
CIPW norms to obtain mineral modes of these xenoliths from which
bulk Ge abundances were calculated (table S2).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/26/eaba2923/DC1
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