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Mid-ocean ridge basalts (MORB) reveal large mantle compositional heterogeneity, whose origin remains 
debated. Here we present a systematic study of molybdenum isotopes on well-characterized MORB glass 
samples from the East Pacific Rise (EPR) and near-EPR seamounts. Our analyses show significant Mo 
isotope variations with δ98/95Mo (relative to NIST SRM3134) ranging from −0.23� to −0.06�. We argue 
that these Mo isotope variations are not caused by processes of MORB melt generation and evolution 
but reflect mantle isotopic heterogeneity. Taking together with the literature data, we show that MORB 
Mo isotope compositions vary systematically with geochemical parameters indicating mantle enrichment. 
These observations are best explained by two-component mixing between an incompatible element 
depleted endmember (e.g., low La/Sm, Nb/La, Nb/Zr and Th/Yb, and high Sm/Nd and 143Nd/144Nd) with 
low δ98/95Mo (∼−0.21�) and an incompatible element enriched endmember (e.g., high La/Sm, Nb/La, 
Nb/Zr and Th/Yb, and low Sm/Nd and 143Nd/144Nd) with high δ98/95Mo (∼−0.05�). The association 
of heavier Mo isotope compositions with the geochemically more enriched MORB is inconsistent with 
recycled ocean crust with or without sediment being the enriched endmember. Instead, this is consistent 
with the enriched endmember being of magmatic origin, most likely lithologies of low-degree melt 
metasomatic origin dispersed in the more depleted peridotite matrix in the MORB mantle. Thus, with 
MORB Mo isotope systematics, we confirm that recycled oceanic mantle lithosphere metasomatized by 
low degree melt plays a key role in the formation of E-MORB source lithologies. Our study also highlights 
Mo isotopes as an effective tool for studying upper mantle processes.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Studies of mid-ocean ridge basalts (MORB) and near-ridge 
seamounts have shown large sub-ridge mantle compositional het-
erogeneity on various scales (Allègre and Turcotte, 1986; Batiza 
and Niu, 1992; Donnelly et al., 2004; Niu et al., 2002; Waters et al., 
2011; Zindler et al., 1984). The origin of these heterogeneities has 
been highly debated with interpretations including source region 
addition of recycled crustal materials, mantle wedge materials and 
low-degree melt metasomatism (Donnelly et al., 2004; Hofmann, 
1997; Niu et al., 2002; Stracke, 2012). Radiogenic isotopes have 
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been widely used to identify specific recycled components, but 
their interpretations are not unique (Elliott et al., 2006). Recently, 
a growing body of literature has shown that a combination of sta-
ble isotopes and radiogenic isotopes can be used to provide new 
perspectives on recycled materials (Andersen et al., 2015; Elliott et 
al., 2006; Nebel et al., 2019; Sun et al., 2020; Wang et al., 2018). 
In particular, stable Mo isotope systematics have great potential 
for studying mantle heterogeneities, especially those subduction-
related processes (Chen et al., 2019a; Freymuth et al., 2015; König 
et al., 2016; Willbold and Elliott, 2017). For instance, high δ98/95Mo 
(δ98/95Mo = [(98Mo/95Mosample/98Mo/95Mostandard) − 1], where 
the subscript standard refers to the National Institute of Stan-
dards and Technology (NIST) reference material 3134) have been 
observed in mafic arc lavas with evidence for slab fluid inputs 
(Freymuth et al., 2015; König et al., 2016), while low δ98/95Mo has 
le under the CC BY-NC-ND license 
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Fig. 1. Simplified map of the EPR between 5◦ and 12◦N and samples investigated for 
Mo isotopes in this study. Base map is generated using GMT (the Generic Mapping 
Tools, https://www.generic -mapping -tools .org/). (For interpretation of the colors in 
the figure(s), the reader is referred to the web version of this article.)

been ascribed to inputs from terrigenous sediments and/or sedi-
ment melts (König et al., 2016). Although alternative explanations 
of high δ98/95Mo in arc lavas have also been proposed (Voegelin 
et al., 2014; Wille et al., 2018), it has been generally suggested 
that isotopically heavy Mo tends to be selectively incorporated in 
fluid phases when slabs devolatilize during subduction, while the 
isotopically light Mo is sequestered in residual rutile within the 
slab (Freymuth et al., 2015; König et al., 2016; Willbold and Elliott, 
2017; Skora et al., 2017). These fractionation effects have been 
independently confirmed in a more recent study of eclogites in 
combination with high-pressure experiments (Chen et al., 2019a).

A corollary of these insights into Mo isotope cycling is that 
ocean crust passing through subduction zones should become iso-
topically light and carry this distinctive signature into the mantle 
(Chen et al., 2019a; Freymuth et al., 2015). If subducted ocean 
crust is important in enriching portions of the convecting upper 
mantle, as sampled by enriched MORB (E-MORB), then these melts 
would be expected to inherit such an isotopically light Mo signa-
ture. The Mo isotopic study on MORB by Bezard et al. (2016) al-
lowed a preliminary application of this test. In contrast to the sce-
nario outlined above, Bezard et al. (2016) reported E-MORB with 
Mo slightly isotopically heavier than the majority of normal, de-
pleted MORB (N-MORB). However, the current Mo isotope database 
for MORB is very small and the possible effects of magma gener-
ation and evolution on Mo isotopes remain debated (Bezard et al., 
2016; Liang et al., 2017; Voegelin et al., 2014; Wille et al., 2018; 
Yang et al., 2015). A more comprehensive study of the Mo isotopic 
2

compositions of variably enriched MORB is therefore required to 
implement effectively this novel isotopic test of upper mantle en-
richment. Here we present the results of our systematic study on 
well-characterized MORB samples on and off-axis across morpho-
logically typical ridge segments of the East Pacific Rise (EPR) and 
seamounts lavas on the flanks of the EPR between 5◦N and 12◦N 
(Fig. 1). Our new results, together with existing data, are used to 
assess the effects of MORB melt generation and evolution on Mo 
isotopes and the nature of mantle heterogeneity beneath the east-
ern Pacific.

2. Samples

We report Mo elemental and isotope compositions for twenty-
two MORB samples collected by dredging along two traverses 
across the East Pacific Rise (EPR) axis at 10◦30’N and 11◦20’N dur-
ing the Phoenix 02 (R/V Melville) expedition (Batiza et al., 1996) 
and eight seamount lavas sampled by dredging during the 1988 
Raitt 02 expedition aboard R/V Thomas Washington (Fig. 1) (Batiza 
et al., 1990). Samples from EPR 10◦30’N are from 40 dredges out 
to 50 km from the EPR axis on both the Pacific and Cocos Plates 
(Fig. 1). Most off-axis samples were dredged from fault scarps, but 
closer to the ridge axis, an additional 30 samples were recovered 
by a rock-coring technique, which allowed denser sampling (∼2 
samples/km2) of an area of ∼12 km2 within ∼3 km of the ridge 
axis (Regelous et al., 1999). Samples from EPR 10◦30’N are more 
normal, depleted MORB, which are derived from a compositionally 
uniform source in terms of radiogenic isotopes but span a wide 
compositional range in MgO (1.8–7.4 wt.%) with well-defined liq-
uid lines of descent (LLD) (Regelous et al., 1999). Temporal changes 
in major element chemistry have been observed in these lavas, 
which were interpreted to reflect changes in the average rate of 
supply of melt to the ridge axis during this period (Regelous et al., 
1999). These lavas also show systematic Fe isotopic variation re-
sulting from varying extent of fractional crystallization (Chen et 
al., 2019b). During early crystallization of olivine, pyroxene and 
plagioclase, Fe contents and 56Fe/54Fe ratios increase until Fe-Ti 
oxides appear on the liquidus and begin to crystallize, resulting in 
a rapid decrease in FeOt and TiO2 content and a slight decrease in 
56Fe/54Fe in residual melts (Chen et al., 2019b).

In contrast, the location at EPR 11◦20’N (Fig. 1) is marked by 
an anomalously large number of enriched MORB (Niu et al., 1999). 
The seamount lavas are more diverse than axial MORB in com-
position, varying from highly enriched alkali basalts to extremely 
depleted tholeiites (Niu et al., 2002). Previous studies showed that 
radiogenic isotopes such as Sr-Nd-Pb isotope and stable Fe isotopes 
of these seamount lavas correlated with each other, with the abun-
dances and ratios of incompatible elements, and suggested that 
their mantle source had long-term lithological heterogeneities on 
very small scales (Niu et al., 2002; Sun et al., 2020). All studied 
samples provide sufficient material to allow strict hand-picking of 
pristine glasses under a binocular microscope.

3. Analytical methods

3.1. Mo isotope measurements

For all the samples analyzed, the glasses were crushed into 
∼1 mm fragments and hand-picked under a binocular microscope 
to select the freshest and mineral-free material. Chemical proto-
cols and data reduction are largely based on those by Willbold 
et al. (2016). Briefly, sample fragments were cleaned with Milli-
Q water for 10 min, three times, in an ultrasonic bath before 
digestion. For each sample, between 50 and 400 mg of glass frag-
ments were weighed into 50 ml Savillex beakers and spiked with 
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a mixed 97Mo-100Mo tracer to correct for possible mass fractiona-
tion occurring during chemical separation and mass spectrometric 
analysis. For each 50 mg of spiked samples, 1 ml reverse aqua re-
gia (HNO3:HCl = 3:1) and 0.5 ml HF were added in the beaker, 
which was then placed on a hotplate at 140 ◦C for 15 to 48 hrs. 
Sample solutions were then evaporated to incipient dryness and 
re-dissolved in 6 M HCl until a clear solution was obtained. Molyb-
denum was separated from the sample matrix by a single pass 
column using an Eichrom 100-200 mesh AG1 × 8 anion exchange 
resin. After chemical separation, samples were analyzed using 
a multi-collector inductively coupled plasma mass-spectrometer 
(MC-ICPMS; Nu plasma II) in the Laboratory of Ocean Lithosphere 
and Mantle Dynamics, Institute of Oceanology, Chinese Academy 
of Sciences (IOCAS), aspirated as a 50-70 ng/g Mo solution in 0.4M 
HNO3-0.05M HF. In order to correct for isobaric interferences of 
ruthenium (Ru) on masses 98 and 100, we monitored 99Ru as 
well as 101Ru in the course of analysis with the following cup 
configuration: 94Mo-94Zr-L4, 95Mo-L3, 96Mo-96Zr-96Ru-L2, 97Mo-
L1, 98Mo-98Ru-AX, 99Ru–H1, 100Mo-100Ru-H2, 101Ru–H3. Previous 
work suggested that there is occasionally a non-Ru contribution to 
the small signal on mass 99, likely due to polyatomic ions (e.g., 
64Zn35Cl, 40Ar19

2 F), which would lead to an over-correction for the 
interference (Chen et al., 2019a). To avoid such artefacts, poten-
tial Ru interferences were corrected by both 99Ru and 101Ru for 
comparison, and data were rejected when the ‘Ru correction’ was 
more than 0.1� in δ98/95Mo. Previous double-spiked Mo work ob-
served that average compositions of the reference standard within 
a measurement session often deviate slightly from zero (Hin et al., 
2013). A correction was made for such drift by subtracting the av-
erage composition of NIST SRM 3134 in a measurement session 
from each sample analysis in the same session.

Replicate digestions and measurements of geological reference 
materials W-2a yielded δ98/95Mo = −0.05 ± 0.05� (n = 9, 2SD), 
[Mo] = 0.46 ± 0.06 μg/g, AGV-2 yielded δ98/95Mo = −0.17 ±
0.03� (n = 12, 2SD), [Mo] = 1.98 ± 0.03 μg/g, and BHVO-2 
yielded δ98/95Mo = −0.08 ± 0.04� (n = 6, 2SD), [Mo] = 3.57 ±
1.00 μg/g. The isotopic compositions and concentrations of Mo of 
these geological reference materials agree within error with previ-
ously published values (Burkhardt et al., 2014; Chen et al., 2019a; 
Freymuth et al., 2015; Gaschnig et al., 2017; König et al., 2016; Li 
et al., 2019; McCoy-West et al., 2019; Willbold et al., 2016; Wille et 
al., 2018). The total procedural blanks are less than 0.3 ng, which 
are negligible for the samples.

4. Results

The δ98/95Mo of our samples vary between −0.23� and 
−0.06�, which is at least three times the long-term reproducibil-
ity (better than 0.05�) (Fig. 2A; Table 1). The calculated reduced 
χ2 (or MSWD, Mean Square Weighted Deviation) for our sam-
ples is 7.5, which is outside the 95% confidence interval of 0.55 to 
1.58 for n − 1 = 29 degree of freedom, indicating the dispersion 
in δ98/95Mo of our samples cannot be adequately explained by 
analytical uncertainties. The N-MORB samples from EPR 10◦30’N 
have limited variation of δ98/95Mo with an average of −0.20 ±
0.04� (n = 10, 2SD). In contrast, samples from EPR 11◦20’N and 
seamounts exhibit large variations both in Mo concentration (0.07 
to 3.02 μg/g) and δ98/95Mo (−0.23� to −0.06�). The δ98/95Mo 
of our samples show no correlation with indicators of magma dif-
ferentiation (e.g., MgO; Fig. 2A). Instead, we observe significant 
correlations of δ98/95Mo with a series of conventional elemental 
and isotopic indicators of enrichment both in our samples and 
most literature data (Fig. 3). Two previously reported MORB sam-
ples have much higher δ98/95Mo (Bezard et al., 2016) that are 
outside of any systematics defined by other seafloor samples (see 
3

Fig. 2. δ98/95Mo vs. MgO (A), Mo vs. MgO (B) and Mo vs. Ce (C). Light green band 
shows Mo isotope composition of depleted mantle (δ98/95Mo = −0.21 ± 0.02�; 
Willbold and Elliott, 2017). Literature data is from Bezard et al. (2016).

Supplementary Fig. S1), we exclude these two anomalous samples 
in the following discussion.

5. Discussion

Given stable isotopic variations can be caused by a range of 
processes, it is crucial to carefully assess processes that may have 
caused the observed variations of these isotopes, including assimi-
lation of shallow crustal materials during magma ascent, fractional 
crystallization, partial melting, and addition of recycled materials 
to the mantle source region.

5.1. The effect of assimilation on Mo isotope systematics

It has been shown that the top few hundred metres of the 
ocean crust have a δ98/95Mo and Mo/Ce value significantly higher 
than its lower sections, indicating incorporation of isotopically 
heavy, seawater-derived Mo into the upper crust during seafloor 
alteration (Freymuth et al., 2015). Assimilation of altered ocean 
crust (AOC) could increase δ98/95Mo but should have little ef-
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Table 1
Mo isotopes of MORB glasses and seamount lavas from East Pacific Rise at 5◦N to 12◦N.

Sample Latitude 
(◦N)

Longitude 
(◦W)

δ98/95Mo 
(�)

2SD/2SE N Mo 
(μg/g)

MgO (La/Sm)N
143Nd/144Nd

MORB glasses from East Pacific Rise at 11◦20’N
PH84-1 11.41 103.53 −0.19 0.06 3 0.50 7.09 0.92 0.513127
PH88-1 11.38 103.59 −0.22 0.07 3 0.38 7.11 0.71 0.513147
PH90-2 11.37 103.64 −0.16 0.04 3 1.12 6.17 1.35 0.513103
PH91-1 11.38 103.66 −0.22 0.01 3 0.27 7.58 0.69 0.513159
PH92-1 11.38 103.68 −0.06 0.03 1 0.96 7.03 1.39 0.513078
PH93-6 11.38 103.69 −0.22 0.02 3 0.45 7.51 0.86 0.513190
PH94-1 11.37 103.71 −0.12 0.05 3 1.45 7.42 0.94 0.513105
PH100-1 11.36 103.68 −0.19 0.01 3 0.51 6.50 0.85 0.513133
Replicate −0.18 0.05 1 0.52
PH102-1 11.36 103.78 −0.20 0.03 3 0.42 7.24 0.81 0.513145
PH104-1 11.34 103.78 −0.18 0.04 3 0.50 7.12 0.89 0.513162
PH108-1 11.34 103.79 −0.17 0.06 2 0.98 6.46 1.47 0.513053
MORB glasses from East Pacific Rise at 10◦30’N
PH43-2 10.52 103.32 −0.22 0.05 3 1.93 1.81 0.91 0.513142
Replicate −0.22 0.03 3 1.93
PH45-2 10.54 103.36 −0.21 0.04 3 1.14 3.25 0.79 0.513147
PH54-1 10.50 103.51 −0.22 0.04 3 0.30 6.87 0.60 0.513163
PH60-6 10.48 103.60 −0.21 0.04 3 0.64 4.90 0.71 0.513147
PH66-1 10.48 103.65 −0.22 0.04 3 0.53 5.92 0.65 0.513158
PH77-7 10.43 103.85 −0.23 0.02 3 0.46 5.82 0.67 0.513158
PH78-1 10.43 103.86 −0.18 0.03 3 1.25 2.83 0.87 0.513166
PH78-2 10.43 103.86 −0.18 0.04 1 0.89 3.90 0.80 0.513155
PH78-5 10.43 103.86 −0.18 0.03 3 0.99 4.11 0.79 0.513172
PHGC-74 10.50 103.62 −0.19 0.03 3 0.47 5.50 0.69 0.513140
Seamount lavas near-EPR between 5◦N and 12◦N
R13-1 8.40 104.07 −0.15 0.05 3 3.06 5.87 2.96 0.512956
Replicate −0.17 0.06 3 3.02
R15-1 8.76 104.54 −0.12 0.04 3 2.64 6.47 2.91 0.512979
R18-3 8.93 104.46 −0.19 0.05 3 0.89 7.49 1.73 0.513041
R3-1 5.78 102.21 −0.21 0.03 1 0.07 9.70 0.35 0.513183
Replicate −0.18 0.04 1 0.07
R32-1 9.09 104.92 −0.15 0.03 3 0.67 8.63 1.57 0.513047
R71-21 10.26 103.74 −0.23 0.04 3 0.99 5.05 0.70 0.513154
R78-6 11.22 103.58 −0.09 0.04 3 1.65 7.66 3.73 0.512970
R8-8 8.34 103.06 −0.21 0.03 3 0.22 7.13 0.64 0.513131

Major, trace element concentrations and Nd isotopes are from literature (Chen et al., 2019b; Niu et al., 1999; Sun et al., 2020 and reference 
therein). Replicate analysis on separate dissolution of the same sample. Uncertainties of δ98/95Mo are given as two standard deviation 
(2SD, N > 1) or two standard error (2SE, N = 1), where N refers to number of isotopic analyses using the same solution.
fect on absolute or relative abundances of elements unsuscepti-
ble to alteration. Thus, such assimilation cannot account for the 
correlated trends of δ98/95Mo with (La/Sm)N, Nb/La, Nb/Zr and 
Th/Yb (Fig. 3A–D). Moreover, although seafloor alteration can af-
fect Sr isotopes, it cannot change Nd isotopes, thus assimilation 
of AOC cannot account for the negative trend between δ98/95Mo 
and 143Nd/144Nd (Fig. 3E). Thus, isotopically heavy Mo cannot be 
caused by assimilation of Mo-rich material at shallow levels.

5.2. The effect of fractional crystallization on Mo isotope systematics

Bezard et al. (2016) showed no correlation of δ98/95Mo with in-
dices of magma differentiation for MORB from the Pacific-Antarctic 
ridge and the Mohns-Knipovich ridge and suggested negligible Mo 
isotope fractionation during MORB magma evolution (Bezard et al., 
2016). Although MORB glasses from Bezard et al. (2016) show a 
wide range in MgO (4.4–9.5wt.%), they are not cogenetic. MORB 
glasses from EPR 10◦30’N in our study are ideal samples to study 
possible effects of magma evolution on Mo isotope fractionation at 
ocean ridges as these samples are derived from a compositionally 
uniform source in terms of radiogenic isotopes and incompatible 
elements but span a wide compositional range in MgO (1.8 to 7.4 
wt.%; Fig. 2A) with well-defined liquid lines of descent (LLD) (Chen 
et al., 2019b; Regelous et al., 1999).

As shown in Fig. 2B, Mo concentrations in MORB glasses from 
EPR 10◦30’N correlate well with various magmatic differentiation 
indicators (e.g., MgO). Our 10◦30’N data further show that Mo and 
Ce are similarly incompatible during magma evolution (Fig. 2C), in 
4

keeping with the nearly constant Mo/Ce (∼0.03) in seafloor basalts 
(Newsom et al., 1986). In contrast, Mo concentrations in MORB 
glasses from EPR 11◦20’N and seamounts show a wide range at 
given MgO or Ce (Fig. 2B–C), reflecting their source heterogeneity. 
The significant (R = −0.97) linear Mo-MgO correlation defined by 
EPR 10◦30’N samples (Fig. 2B) indicates that Mo is likely incompat-
ible in all the liquidus phases (i.e., olivine, plagioclase, clinopyrox-
ene and magnetite/ilmenite) during MORB melt evolution, and that 
none of these phases are important hosts for Mo. Thus, the effect 
of fractionation of these liquidus phases on the magma δ98/95Mo 
is likely insignificant. This is confirmed by the observation that 
δ98/95Mo of EPR 10◦30’N samples is constant and is independent 
of MORB melt evolution shown by the varying MgO (Fig. 2A). Thus, 
Mo isotope ratios are unfractionated during MORB magma differ-
entiation, consistent with previous inference (Bezard et al., 2016), 
but contrary to interpretations of some arc-lava suites (Voegelin 
et al., 2014; Wille et al., 2018). The measured Mo isotope com-
positions of MORB and seamount samples thus represent those of 
primitive magmas.

5.3. The effect of mantle melting on Mo isotopes

Before using Mo isotopes of MORB samples to infer their mantle 
sources, we need to assess the possible effect of mantle melt-
ing on Mo isotopes. Based on the absence of correlation between 
δ98/95Mo and Na8 (the calculated Na2O at MgO = 8 wt.%; Klein 
and Langmuir, 1987), Bezard et al. (2016) suggested a negligi-
ble effect of mantle melting on Mo isotope variations. In con-
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Fig. 3. Variation diagrams of δ98/95Mo against (La/Sm)N (A), Nb/La (B), Nb/Zr (C), Th/Yb (D), 143Nd/144Nd (E) and Sm/Nd (F). Light blue dash lines are regression lines of our 
samples. Trace element concentrations of the samples have been reported previously (Chen et al., 2019b; Niu et al., 1999; Sun et al., 2020 and reference therein) and are 
compiled in Table S1. The mixing lines (black lines) are calculated using the depleted MORB (D-MORB) composition represented by sample PH54-1 and an enriched seamount 
sample R78-6 as end-member compositions (see Table 1). The mixing lines show that all the isotopic and trace element data can be explained by mixing between an 
incompatible element depleted end-member MORB melt (i.e., low δ98/95Mo, La/Sm, Nb/La, Nb/Zr, Th/Yb and high Sm/Nd plus high 143 Nd/144Nd) and an incompatible element 
enriched end-member MORB melt (i.e., high δ98/95Mo, La/Sm, Nb/La, Nb/Zr, Th/Yb and low Sm/Nd plus low 143 Nd/144Nd). Note that such mixing is an effective approximation 
using erupted melts which are 100 s of kilometres apart and are of different eruption ages, but the actual “mixing” is melting-induced mixing of compositionally varying 
sources with enriched lithologies dispersed in the more depleted matrix of varying proportions (Niu et al., 2002). Literature MORB data are from Bezard et al. (2016) with 
two outliers excluded. The Mo isotope analytical uncertainty is based on repeated analyses of USGS reference rock BHVO-2.
trast, Liang et al. (2017) reported large variations of Mo isotopes 
in ocean island basalts (OIB; −0.59� to +0.10�) that define a 
broad positive δ98/95Mo-Mo/Ce correlation and a broad negative 
δ98/95Mo-La/Yb correlation. They thus suggested that Mo isotopes 
are fractionated by low degrees of mantle melting, resulting from 
an oxide or a residual sulfide liquid selectively incorporating iso-
topically heavy Mo in the mantle relative to the melt (Liang et 
al., 2017). According to such a model, lower degree melting would 
produce melts with higher Mo/Cu and lower δ98/95Mo (Li et al., 
2019) as Cu is more strongly partitioned into sulfides than Mo (Li 
and Audétat, 2012). However, this is not observed in our samples 
(Supplementary Fig. S2).

Recently, McCoy-West et al. (2019) constructed a non-modal 
batch melting model with theoretically estimated Mo isotope frac-
tionation factors and inferred that Mo isotopes can be significantly 
fractionated (�98/95Momelt-solid > 0.1�) during partial melting of 
the mantle. This fractionation is driven by Mo6+ species being iso-
topically heavier and significantly more incompatible than Mo4+ , 
5

leading to a melt with higher Mo6+/�Mo and δ98/95Mo than the 
residue (McCoy-West et al., 2019). The fractionation between melt 
and original mantle source would be greater for smaller degrees 
of melting and/or under more reduced conditions (McCoy-West et 
al., 2019). In order to quantitatively show the effects of mantle 
melting on Mo isotopes of the melt, we model the behavior of 
Mo isotopes during mantle melting using non-modal batch melt-
ing models similar to those from McCoy-West et al. (2019) (see 
Supplementary Table 2 for parameters). Previous work suggested 
that the range in the degree of partial melting during the produc-
tion of MORB varies from 10% to 20% (e.g., Niu, 1997), which alone 
would produce no more than 0.07� isotopic variation of δ98/95Mo 
even at reduced conditions with Mo6+/�Mo of 0.9 (Fig. 4A). This 
is insufficient to explain the variation of δ98/95Mo in our sam-
ples. Moreover, modern mantle is thought to be more oxidized 
(Mo6+/�Mo ≈ 0.99) (McCoy-West et al., 2019), indicating the frac-
tionation of Mo isotopes should be smaller. Thus, we conclude that 
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Fig. 4. Non-modal batch melting modelling on both incompatible trace element ratios and Mo isotope composition of melt. Variations of δ98/95Mo (A), (La/Sm)N, Nb/Zr, 
Th/Yb, Mo/Ce, Mo/Nb and Mo/Yb ratios (B) in melts as a function of the extent of melting of depleted mantle compositions at different mantle f O2 (Mo6+/

∑
Mo = 0.999 

to 0.95). (C-D) display mixing lines between D-MORB (represented by 20% melting of DMM) and low degree melts generated by 0.2% melting of mantle at different mantle 
f O2 (Mo6+/

∑
Mo = 0.999 to 0.95). Literature MORB data are from Bezard et al. (2016) with two outliers excluded. The partial-melting model was calculated at a constant 

temperature (1300 ◦C). The green band in A shows Mo isotope composition of depleted mantle (Willbold and Elliott, 2017). The histogram and orange line in A on the right 
hand axis is the distribution (bin width = 0.01�, N = 55) and frequency curve of δ98/95Mo of measured MORB glasses and seamount lavas from this study and Bezard et 
al. (2016) without the two outliers.
partial melting of a peridotite mantle during MORB melt genera-
tion cannot explain the Mo isotope variation of our samples.

5.4. Molybdenum isotope composition of depleted upper mantle

As discussed above, Mo isotopes are unlikely to be significantly 
fractionated during MORB magma generation and evolution, indi-
cating that the Mo isotope composition of MORB samples can be 
used to discuss their mantle source. In our study, the N-MORB 
glasses from EPR 10◦30’N display uniform δ98/95Mo values with 
a mean of −0.204 ± 0.013� (2SD/

√
n, n = 10, Fig. 2A), which 

is identical to that of previous estimates of the depleted mantle 
(e.g., Bezard et al., 2016; Freymuth et al., 2015). Notably, this value 
is also similar to the averages for Phanerozoic Gorgona komatiites 
(δ98/95Mo = −0.207 ± 0.034�), the parental melt of Baffin Is-
land picrites (δ98/95Mo = −0.210 ± 0.010�; McCoy-West et al., 
2019) and mantle xenoliths from Kilbourne Hole, Tariat and Vitim 
(δ98/95Mo = −0.22 ± 0.06�, n = 13, 95% CI; Liang et al., 2017). 
Thus, our study reaffirms the estimation that depleted mantle has 
a sub-chondritic δ98/95Mo value (−0.21 ± 0.02�) (Willbold and 
Elliott, 2017).
6

5.5. Origin of Mo isotope variation in MORB and seamount lavas

Given that the δ98/95Mo variations observed in the MORB and 
seamount samples are unlikely caused by processes of magma 
generation and evolution, they must largely reflect compositional 
variations in the mantle source regions, indicating that mantle 
heterogeneities exert the primary control over the observed Mo 
isotope variations. The significant correlations of Mo isotope com-
position with commonly used indices of mantle enrichment (Fig. 3) 
indicate that our new samples and literature data approximate 
to two-component mixing between a depleted endmember with 
low δ98/95Mo (∼−0.21�), La/Sm, Nb/La, Nb/Zr and Th/Yb, and 
high Sm/Nd and 143Nd/144Nd, and an enriched endmember with 
high δ98/95Mo (∼−0.05�), La/Sm, Nb/La, Nb/Zr and Th/Yb, and 
low Sm/Nd and 143Nd/144Nd (Fig. 3). Mechanistically we envis-
age mixing of melts to produce the range of magma compositions 
seen, but the endmember melt compositions in turn reflect vari-
able mantle sources.

To test the likelihood of the two-component mixing scenario, 
we have calculated binary mixing curves between incompatible el-
ement and Mo isotope compositions using a depleted end-member 
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Fig. 5. Variation diagrams of (La/Sm)N against Mo/Nb (A), Mo/Yb (B), Mo/Ce (C), and δ98/95Mo against Mo/Nb (D), Mo/Yb (E), Mo/Ce (F). Plotted also are literature MORB data 
(cycles; Jenner and O’Neill, 2012; Kamenetsky and Eggins, 2012; Sun et al., 2003). Ocean crust (OC) residues are average value (±SD) of eclogites and blueschists from Chen 
et al. (2019a) and reference therein. Other symbols are the same as in Fig. 2.
composition represented by sample PH54-1 and an enriched one 
represented by sample R78-6. The resulting mixtures reasonably 
well match the trends between Mo isotope ratios and incompatible 
element ratios and Nd isotopes (Fig. 3). Our model uses composi-
tions of melts which were erupted 100 s of kilometres apart and 
at different times, but this more generally represents the net ef-
fect of melting a depleted mantle matrix that variably contains a 
dispersed enriched lithology (Niu et al., 2002).

The exact time and place where these two endmembers were 
physically juxtaposed is not constrained. However, the unradio-
genic Nd isotope compositions of the enriched component and the 
covariation of Sm/Nd and δ98/95Mo with 143Nd/144Nd (Fig. 3E&F) 
indicate both endmembers must be ancient and their trace el-
ement and isotopic characteristics have independently developed 
for some time (>1 Ga) (Niu et al., 2002). This is also supported 
by covariations of 87Sr/86Sr and Rb/Sr as well as 206Pb/204Pb and 
U/Pb with δ98/95Mo (Fig. S3) in our samples, most strikingly for the 
seamount samples. While there is some variability in Rb/Sr unre-
lated to 87Sr/86Sr for the 10◦30’N samples, and to a lesser extent 
U/Pb variability relative to 206Pb/204Pb, this is evidently a conse-
quence of magmatic differentiation (see Fig S3). In summary, the 
Mo isotope variations of EPR MORB and seamount samples require 
7

incorporation of a recycled, enriched component with heavier Mo 
into the ambient depleted MORB mantle (DMM). In the following, 
we discuss the mechanisms that might have been responsible for 
the above processes of mantle enrichment.

5.5.1. Mantle enriched by recycled oceanic crust or sediments?
Recycled oceanic crust (ROC) has long been considered as a 

candidate for mantle enrichment (e.g., Allègre and Turcotte, 1986; 
Rehkämper and Hofmann, 1997). However, whether the ancient 
subducted and recycled ocean crust is chemically and isotopically 
enriched or not is highly debated (Donnelly et al., 2004; Niu et 
al., 2002; Thomson et al., 2019). The Mo systematics here can pro-
vide an effective diagnostic tool in assessing the above ROC model. 
Recycled, mafic oceanic crust should have low Mo/Ce ratio (lower 
than 0.03) as it loses much of Mo during subduction (Chen et al., 
2019a; Freymuth et al., 2015), thus it cannot explain the elevated 
Mo/Ce ratios of E-MORB (Fig. 5F). More importantly, the dehy-
drated residues of subducted ocean crust (as eclogite) are further 
argued to be isotopically light in Mo (<−0.20�) (Fig. 5F; Chen et 
al., 2019a; Freymuth et al., 2015; Greaney et al., 2018), which is 
in sharp contrast to the heavy Mo isotope characteristics of the E-
MORB. A recent study of adakitic andesites from Tianshan, which 
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Fig. 6. Variation of Ce/Pb (A) and Nb/U (B) as a function of Nb/La. Composition of Upper Continental Crust (UCC; Rudnick and Gao, 2003) and Global Subducting Sediment 
(GLOSS; Plank and Langmuir, 1998) are also plotted for comparison. E-MORB (symbols with crosses) are as defined by Batiza et al. (1996) and reference therein.
are suggested to have derived from dehydrated ocean crust, have 
low δ98/95Mo (−0.48 to −0.27�) (Zhang et al., 2020), reaffirming 
that the subducted oceanic crust is most likely depleted in isotopi-
cally heavy Mo.

Recycled sediments have also been thought to play a key role 
in the formation of the E-MORB reservoir (Nielsen et al., 2018; 
Rehkämper and Hofmann, 1997). However, recycled sediments or 
continental crustal materials are in general strongly enriched in 
large ion lithosphile elements (LILE) but depleted in Nb and Ta 
relative to elements of similar compatibility, thus cannot explain 
the elevated Ce/Pb, Nb/U and Nb/La ratios in EPR E-MORBs in 
our study (Fig. 6; Niu et al., 1999; Hofmann et al., 1986), which 
suggests that there is little sedimentary material in the enriched 
mantle component.

5.5.2. Mantle enriched by recycled fluid-modified mantle wedge?
In a similar set of EPR MORB samples, isotopically heavy Li 

was found to be associated with geochemical indices of enrich-
ment. These variations were argued to result from a fluid-modified 
mantle that once overlaid the dehydrating slab, which was en-
riched during its residence in a subduction zone, and was then 
mixed back into the upper mantle to result in compositional vari-
ability (Elliott et al., 2006). At first glance, such model may also 
explain the Mo isotope variation in our samples. Isotopically heavy 
Mo observed in arc lavas (Chen et al., 2019a; Freymuth et al., 
2015; König et al., 2016; Villalobos-Orchard et al., 2020) presum-
ably passes through the mantle wedge. Mixing such fluid-modified 
mantle with depleted mantle may account for the variation of Mo 
isotopes of the MORB samples. However, there is no known ma-
jor mineral host for Mo in the mantle wedge, whereas Li readily 
resides in olivine.

5.5.3. Mantle enriched by recycled oceanic mantle lithosphere?
As illustrated in Fig. 5A–C, (La/Sm)N ratios of our samples and 

global MORB samples (Jenner and O’Neill, 2012; Kamenetsky and 
Eggins, 2012; Sun et al., 2003) display a negative correlation with 
Mo/Nb, a positive correlation with Mo/Yb but no correlation with 
Mo/Ce, indicating that the elemental incompatibilities exert the 
primary control on these correlations as DNb < DMo≈ DCe < DYb. 
Notably, δ98/95Mo of our samples and literature MORB samples 
show similar covariations with Mo/Nb, Mo/Yb and Mo/Ce ratios 
(Fig. 5D–E). Taking together with the broad correlations of Mo 
isotopes with incompatible element ratios and radiogenic isotopic 
ratios (Fig. 3), we suggest that the enriched endmember/lithologies 
are ultimately of magmatic origin, resulting from low degree melt-
ing processes. This is in keeping with previous observations that 
the correlations of Sr and Nd isotope ratios with the abundances 
and ratios of incompatible elements in EPR MORB and near-EPR 
seamount lavas are better for the progressively more incompatible 
8

elements, which is best understood in terms of low degree melt 
enrichment (Niu et al., 2002).

To constrain the effect of low degree melting in generating 
the enriched endmember, we have conducted combined models 
of partial melting of the depleted mantle for both incompatible 
elements and Mo isotope ratios using a non-modal batch melt-
ing model following the methods proposed in McCoy-West et al. 
(2019) as discussed above. Mo isotopic compositions of the DMM 
are assumed to be δ98/95Mo = −0.21� (see above) and relevant 
incompatible element concentrations of DMM are from Salters and 
Stracke (2004). Fig. 4 shows results of the melting model with 
δ98/95Mo and representative ratios of more-to-less incompatible el-
ements plotted against melt fraction. Low degree melting (<2%) 
can effectively fractionate both elements with minor differences 
in incompatibility and Mo isotopes (Fig. 4A–B) while high de-
gree melting (ca. 5% to 20%) has little effect on those element 
ratios and Mo isotopes (Fig. 4A–B). This reaffirms the above in-
ference that high degree melting for the present-day MORB gen-
eration can neither result in significant Mo isotope fractionation 
of the melt from its source, nor fractionate elements with small 
differences in incompatibility. In contrast, ∼0.2% melting of mod-
ern mantle (Mo6+/

∑
Mo = 0.99) yields a melt with much higher 

δ98/95Mo = −0.02�, (La/Sm)N = 4.0, Nb/La = 2.0, Nb/Zr = 0.6 
and Th/Yb = 12.3 than its source. Such a low degree melt (low-F 
melt) has characteristics largely resembling the enriched endmem-
ber that was inferred from the mixing trends defined by our sam-
ples (Fig. 4C–D). Mixing such low degree melts, generated at vari-
able mantle oxygen fugacity (Mo6+/

∑
Mo = 0.95 to 0.999), with 

D-MORB can broadly reproduce Mo isotope ratios and incompat-
ible element ratios of the MORB and seamount lavas (Fig. 4C–D). 
This suggests that the enriched endmember is most likely volu-
metrically small lithologies formed by low degree melts in the past 
and dispersed in the compositionally depleted peridotitic matrix.

Several studies have proposed that the enriched low degree 
melt can be readily frozen and incorporated as ‘metasomatic’ dikes 
or veins in the thickening oceanic lithosphere at the low ve-
locity zone (LVZ)-lithosphere interface (Green and O’Hara, 1971; 
Green and Liebermann, 1976; Niu and O’Hara, 2003; Niu et al., 
2002). Such metasomatized oceanic lithosphere materials will be 
mixed back into the upper mantle over much of Earth’s history 
by subduction and will result in mantle compositional hetero-
geneities, accounting for the enriched characters of E-MORB. Our 
new findings thus provide important, new evidence for recycled 
oceanic lithosphere in generating chemical heterogeneity in the 
upper mantle.

6. Conclusion

Mo isotopes of MORB from the East Pacific Rise (EPR) and 
near-EPR seamounts show significant Mo isotope variations, rang-
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ing from −0.23� to −0.06�. The absence of correlation of Mo 
isotope variations of MORB in our study across a wide range of 
magmatic differentiation and calculations of the effect of high 
degrees of melting suggest that Mo isotopes are unlikely to be 
fractionated during MORB melt generation and evolution. Taking 
together with the literature data, we show that MORB Mo isotope 
compositions vary systematically with a set of indices of mantle 
enrichment, which most likely results from two-component mix-
ing between an incompatible element depleted endmember with 
low δ98/95Mo (∼−0.21�) and an incompatible element enriched 
endmember with high δ98/95Mo (∼−0.05�). The association of 
heavier Mo isotopic compositions with the more enriched MORB 
cannot be explained by recycled ocean crust with or without sed-
iment being the enriched endmember. Instead, our new data and 
modelling indicate that the enriched endmember is most consis-
tent with localized low degree melt enrichment (metasomatism) 
within the depleted MORB mantle most likely at the lithosphere-
asthenosphere boundary (LAB) in Earth’s history. We thus provide 
new evidence that recycled oceanic mantle lithosphere, metasom-
atized by low degree melt plays a key role in the formation of 
E-MORB source lithologies.
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