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Molybdenum (Mo) stable isotopes hold great potential to investigate the processes involved in planetary 
formation and differentiation. However their use is currently hampered by the lack of understanding of 
the dominant controls driving mass-dependent fractionations at high temperature. Here we investigate 
the role of magmatic processes and mantle source heterogeneities on the Mo isotope composition 
of Mid-Ocean Ridges Basalts (MORBs) using samples from two contrasting ridge segments: (1) the 
extremely fast spreading Pacific–Antarctic (66–41◦S) section devoid of plume influence and; (2) the 
slow spreading Mohns–Knipovich segment (77–71◦N) intercepted by the Jan Mayen Plume (71◦N). We 
show that significant variations in Mo stable isotope composition exist in MORBs with δ98/95Mo ranging 
from −0.24� to +0.15� (relative to NIST SRM3134). The absence of correlation between δ98/95Mo
and indices of magma differentiation or partial melting suggests a negligible impact of these processes 
on the isotopic variations observed. On the other hand, the δ98/95Mo variations seem to be associated 
with changes in radiogenic isotope signatures and rare earth element ratios (e.g., (La/Sm)N), suggesting 
mantle source heterogeneities as a dominant factor for the δ98/95Mo variations amongst MORBs. The 
heaviest Mo isotope compositions correspond to the most enriched signatures, suggesting that recycled 
crustal components are isotopically heavy compared to the uncontaminated depleted mantle. The 
uncontaminated depleted mantle shows slightly sub-chondritic δ98/95Mo, which cannot be produced by 
core formation and, therefore, more likely result from extensive anterior partial melting of the mantle. 
Consequently, the primitive δ98/95Mo composition of the depleted mantle appears overprinted by the 
effects of both partial melting and crustal recycling.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

High-temperature stable isotope fractionations can provide im-
portant insights into the nature and conditions of the processes 
involved in planetary differentiation, such as core formation, crust 
production and crust–mantle interaction (e.g. Georg et al., 2007;
Dauphas et al., 2009; Cabral et al., 2013). Based on experimen-
tal work showing that resolvable Mo isotopic fractionation exists 
between liquid silicate and liquid metal up to temperatures of 
∼2500 ◦C, Mo isotopes have much potential to investigate the con-
ditions of core formation in the Earth and other planetary bodies 
(e.g., Hin et al., 2013; Burkhardt et al., 2014). However, the use of 
this experimental calibration to constrain core formation temper-
ature requires the Mo isotopic composition of both the core and 
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the silicate portion of the Earth to be precisely known. While a 
δ98/95Mo of −0.16 ± 0.02� (relative to NIST SRM3134) can be 
assumed for the core (Burkhardt et al., 2014), a precise estimate 
of the Mo stable isotope composition for the bulk silicate Earth 
(BSE) is more difficult to obtain. This is because the current BSE 
comprises several reservoirs for which the production and/or evo-
lution likely involved Mo isotopic fractionation. Indeed, the Mo 
stable isotope compositions of terrestrial igneous rocks vary by 
more than 1� (Burkhardt et al., 2014; Freymuth et al., 2015; Gre-
ber et al., 2014, 2015; Neubert et al., 2011; Siebert et al., 2003; 
Voegelin et al., 2012, 2014; Yang et al., 2015). These large isotopic 
variations either result from isotopic fractionation during magma 
production and differentiation, or reflect isotopic heterogeneities 
in the mantle source created by crustal recycling. One approach 
to constrain the Mo isotopic composition of the BSE is to anal-
yse komatiites. This is because these volcanic rocks were formed 
by large-scale melting at very high temperatures, limiting poten-
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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tial isotopic fractionation during partial melting. Using komatiites, 
Greber et al. (2015) argued that the Mo stable isotope composition 
of the BSE is indistinguishable from the composition of the bulk 
Earth as estimated from chondrites and iron meteorites (Burkhardt 
et al., 2014). However, the komatiites themselves showed rather 
large variations in δ98/95Mo with a total spread of ∼0.8� that 
was likely produced by crustal assimilation during magma ascent 
or post-emplacement isotopic fractionation (Greber et al., 2015). 
These variations, and the lack of a clear understanding of the pro-
cesses controlling them, make the precise determination of the Mo 
stable isotopic composition of the BSE difficult. In the light of these 
complexities, and given the importance of precisely knowing the 
Mo stable isotope composition of the BSE for constraining core 
formation, it is important to further investigate this composition 
using another approach.

Another way to determine the Mo stable isotope composition 
of the BSE is to use recent oceanic basalts. The advantages of using 
recent oceanic basalts over komatiites include (1) the availability of 
fresh samples, limiting the chances of post-emplacement isotopic 
fractionation, as well as (2) a good knowledge of the conditions 
and geodynamical contexts of eruption and (3) the possibility to 
select representative samples covering the full range of mantle 
compositional variations defined by radiogenic isotopes and trace 
element concentrations. Nonetheless, whether the Mo stable iso-
tope composition of oceanic basalts reflect those of their mantle 
sources, i.e., whether magmatic processes fractionate the mantle 
signature, remains to be further investigated. Indeed, Mo isotope 
fractionation during mantle partial melting has not yet been tested. 
Furthermore, isotopic fractionation during magma differentiation 
was not systematically observed. It was suggested to occur in hy-
drous arc rocks by Voegelin et al. (2014), based on correlations 
between Mo isotopes and indices of differentiation for a suite of 
igneous rocks from the Aegean arc (and heterogeneous δ98/95Mo
in mineral separates), but was neither recorded in the case of Mar-
iana Arc lavas (Freymuth et al., 2015) or in Iceland lavas from the 
Hekla volcano (Yang et al., 2015).

Up to now, only a limited Mo stable isotope data set exists for 
oceanic basalt and it remains unconstrained as to whether parts 
of the current mantle could have preserved the BSE composition. 
Overall, little is known about the impact of the main differentiation 
processes, i.e., partial melting and crustal recycling, on the mantle 
δ98/95Mo. Nevertheless, mantle heterogeneities related to crustal 
recycling are predicted based on arc studies (Freymuth et al., 2015;
König et al., 2016). These investigations suggest that Mo stable 
isotopes fractionation in oceanic crust and sediments occurs dur-
ing subduction, resulting in a lighter signature for the slab after 
dehydration. Thus, the incorporation of residual slabs to the man-
tle likely results in Mo isotope variations in the mantle. On the 
other hand, the Mo signature of arc rocks does not provide in-
formation about the impact of partial melting on the Mo isotope 
composition of the mantle because the Mo of arc lavas domi-
nantly originates from the subducting slab, not the mantle wedge 
(Freymuth et al., 2015). In other words, partial melting alone may 
not produce Mo isotopic fractionation and mantle zones devoid of 
recycled oceanic crust may, therefore, have preserved their primi-
tive composition.

Here we address the role of magmatic processes and man-
tle source heterogeneities on the Mo stable isotopic composition 
of Mid-Ocean Ridge Basalts (MORBs) using volcanic glasses from 
two contrasting ridges: Pacific–Antarctic (66–41◦S) and Mohns–
Knipovich (77–71◦N) including a sample from the intercepting Jan 
Mayen plume (Elkins et al., 2016). In addition to providing the first 
extensive dataset for Mo stable isotopes in MORBs, our results pro-
vide critical information for the appraisal of the Mo stable isotope 
composition of the BSE.
2. Samples and analytical method

2.1. Samples

We selected twenty MORB glasses from the Pacific–Antarctic 
ridge (66–41◦S; Fig. 1a) as well as seven glasses from the 
Mohns–Knipovich ridges (77–71◦N) and one Oceanic Island Basalt 
(OIB) from Jan Mayen Island (71◦N), which is located on the 
southern extremity of the Mohns ridge (Fig. 1b). The Pacific–
Antarctic MORBs were sampled during the oceanographic cruises 
PACANTARCTIC (PAC1; 66–56◦S) and PACANTARCTIC 2 (PAC2; 
53–41◦S). Amongst these samples, fourteen represent magmas 
erupted through the ridge axis while six were erupted off-axis. 
For all the on-axis glasses, major and trace elements (including 
Cl and S) as well as Sr, Nd, Pb, Hf and S isotope data are avail-
able (and He and Ne isotopes for some samples; Hamelin et al., 
2010, 2011; Labidi et al., 2014; Moreira et al., 2008; Vlastélic 
et al., 1999, 2000). The off axis samples are characterised in terms 
of major elements, Cl and S concentrations and Pb and S iso-
topes. All on-axis Pacific–Antarctic samples are N-MORBs (‘normal’ 
MORBs, defined by La/SmN < 1) except for one sample displaying a 
T-MORB composition (‘transitional’ MORBs, defined by 1 < La/SmN
< 1.7). Based on their location and radiogenic isotope signatures, 
Pacific–Antarctic magmas were suggested to be devoid of mantle 
plume influence (e.g. Dosso et al., 2005). Mohns–Knipovich MORBs 
(77–71◦N) and Jan Mayen (71◦N) Oceanic Island Basalt (OIB) were 
sampled during the Norwegian sampling program, SUBMAR (four 
different cruises between 2000 and 2003 onboard the R.V. Håkon 
Mosby). Major and trace elements as well as Sr, Nd, Hf and Pb 
isotopic compositions are available for two of the seven samples 
selected (Elkins et al., 2016).

The Pacific–Antarctic samples are well suited to constrain how 
the Mo stable isotopic composition of magmas changes with the 
dominant magma differentiation processes occurring at mid-ocean 
ridges: mineral fractionation and crustal/hydrothermal fluid as-
similation. Although the samples are not cogenetic, they evolved 
under similar magmatic conditions and cover the range of MgO 
typically observed at mid-ocean ridges (MgO = 4–10 wt.%). Dia-
grams in which various major elements are plotted versus MgO 
(wt.%) illustrate this common liquid line of descent for samples 
that are spread over 1000 km of a ridge section (supplementary 
figure in Hamelin et al., 2010). Furthermore, the selected samples 
have previously been shown to be variably affected by crustal and 
hydrothermal fluid assimilation (Labidi et al., 2014), allowing the 
impact of such processes on Mo isotopes to be constrained.

Pacific–Antarctic and Mohns–Knipovich MORBs together are 
pertinent to investigate the effect of mantle partial melting since 
they allow comparison between magmas typically formed by high, 
moderate and low degrees of partial melting occurring at fast 
(northern Pacific–Antarctic segment investigated; PAC2 samples; 
up to 110 mm/yr; DeMets et al., 1990), intermediate (south-
ern Pacific–Antarctic segment; PAC1 ∼55 mm/yr; DeMets et al., 
1990) and slow ridge segments (Mohns–Knipovich; ∼15 mm/yr; 
Dick et al., 2003), respectively. In addition, the comparison of the 
Mohns–Knipovich MORBs with the Jan Mayen OIB could provide 
further insights into the impact of partial melting on Mo isotopic 
compositions, given the very distinct degrees of melting for MORBs 
and OIBs.

Finally, the selected Pacific–Antarctic and Mohns–Knipovich 
samples are also relevant to explore the role of mantle hetero-
geneities. Based on radiogenic isotope compositions (e.g., Fig. 2), 
the source of Pacific–Antarctic MORBs comprises dominantly de-
pleted Mantle (DMM) as well as small amounts of recycled oceanic 
crust, with both components thought to be intrinsic to the as-
thenospheric mantle (i.e., no plume from the deeper mantle in-
volved; e.g. Hamelin et al., 2011). The source of Mohns–Knipovich 
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Fig. 1. Map of the two sample localities: (a) Pacific–Antarctic (PA) ridge segment between 30 and 68◦S and (b) Mohns–Knipovich (M–K) ridges and Jan-Mayen (JM) ocean 
island. N- T- E- and Undif. MORBs: normal ((La/Sm)N < 1), transitional (1 < (La/Sm)N < 1.7), enriched ((La/Sm)N > 1.7) and undifferentiated mid-ocean ridge basalts, 
respectively. OIB: oceanic island basalt. Major transform faults (TF) close to the sample locations are also shown.

Fig. 2. Sr, Nd and Pb isotopic composition of all the on-axis Mid-ocean ridge basalts (MORBs) analysed, Jan-Mayen (JM) Oceanic-island basalt (OIB) and two representative 
off-axis MORBs. M–K: Mohns–Knipovich ridges; PA: Pacantactic ridge. N- T- E- and Undif. MORBs: normal, transitional enriched and undifferentiated mid-ocean ridge basalts 
respectively (as defined in Fig. 1 caption). DMM = depleted MORB mantle; HIMU = mantle source characterised by high μ values (μ = (238U/204Pb)t=0); PREMA = prevalent 
mantle; EM I & 2 = enriched mantle-1 and 2, respectively; LOND = endmember with low εNd for a given 87Sr/86Sr compared to EM I (see White, 2015). Data sources: Sr, 
Nd, Hf and Pb isotopes of on-axis PA ridge basalts: Vlastélic et al. (1999) and Vlastélic et al. (2000); Moreira et al. (2008); Hamelin et al. (2010, 2011); Sr, Nd, Hf and Pb 
isotopes of PA off-axis, M–K MORBs and JM OIB: Elkins et al. (2016) and this study. Field: global oceanic basalt composition as presented in White (2015) with data from 
the EarthChemdatabases (www.earthchem.org). Position of DMM, HIMU, PREMA, LOND, EM I and EM II endmembers are from White (2015).

http://www.earthchem.org
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MORB comprises two other main components: (1) a peculiar de-
pleted endmember (characterised by Hf isotopic composition that 
is too radiogenic to plot on the typical MORB-OIB trend) sug-
gested to be dominated by sub-continental lithospheric mantle 
and (2) variable amounts of the Jan Mayen plume material charac-
terised by an intermediate Sr, Nd, Pb and Hf isotopic compositions 
amongst oceanic basalts (Blichert-Toft et al., 2005; e.g. Fig. 2). Thus, 
by using Pacific–Antarctic, Mohns–Knipovich and Jan Mayen sam-
ples together, the impact of source heterogeneity on Mo stable 
isotopes can be investigated.

2.2. Analytical method

The Mo stable isotope compositions and Mo concentrations 
were analysed for all samples using double spike MC-ICPMS. Major 
and trace elements as well as various radiogenic and stable isotope 
compositions were already available for many of the samples se-
lected (as detailed in the previous section) and were obtained for 
some samples as explained in the Supplementary Material.

For all samples analysed, glass was crushed into 1 mm frag-
ments and hand-picked to select the freshest and mineral-free ma-
terial. The fragments were subsequently powdered using an agate 
mortar. For each sample, between 50 and 300 mg of glass powder 
was weighted in 15 ml Savillex beakers and spiked with a mixed 
97Mo–100Mo tracer in order to correct for possible mass fraction-
ation occurring during chemistry and mass-spectrometry [see Hin 
et al. (2013) and Burkhardt et al. (2014) for information on the 
preparation and calibration of the 97Mo–100Mo double spike]. The 
spiked powders were digested in HF-HNO3 with traces of HClO4
for 72 h on the hotplate at 180 ◦C. After drying, the samples were 
re-dissolved and dried again in conc. HNO3 and conc. HCl. Molyb-
denum was separated from the sample matrix by a three stage col-
umn chemistry, using cation (BioRad AG50W-X8), anion (AG1X8) 
and TRU-Spec resin (Burkhardt et al., 2014).

The Mo isotope measurements were conducted using the Ther-
moScientific NeptunePlus MC-ICPMS in the Institut fur Planetolo-
gie at the University of Münster. Samples were dissolved in 0.5M 
HNO3–0.05M HF and introduced into the mass spectrometer using 
a Cetac Aridus II desolvator and an ESI Microflow PFA nebulizer 
with an uptake rate of ∼60 μl/min.

Using this setup in combination with Ni H-cones yielded a 
sensitivity of ∼155 V/ppm. Samples were typically analysed at 
50–70 ng/g, for which total ion beam intensities between ∼8 ×
10−11 and ∼1.1 × 10−10 A were obtained.

The Mo stable isotope measurements were done in static mode 
and 95Mo, 97Mo, 98Mo and 100Mo, (i.e., the isotopes used in the 
double spike deconvolution) as well as 99Ru were monitored si-
multaneously using Faraday cups. All cups were connected to am-
plifiers with 1011 � feedback resistors, except the cup used for 
99Ru for which a 1012 � resistor was employed. Each analysis con-
sisted of an on-peak baseline measurement on a blank solution 
(0.5M HNO3–0.05M HF) of 10 integrations of 4 s followed by 80 
integrations of 4 s of sample or standard solution.

The data deconvolution as well as the correction for isobaric 
Ru interferences were done off-line using the ‘double spike tool-
box’ (Rudge et al., 2009), in which we implemented a script that 
iteratively corrects for Ru interference. The double spike inversion 
yields both the Mo isotopic composition and concentration of the 
sample.

Each sample analysis was bracketed by measurements of a 
spiked NIST SRM3134 standard solution (Greber et al., 2012;
Goldberg et al., 2013) and the results are reported in δ98/95Mo
notation expressed as

δ98/95Mo = −1000
(
αsample − αmean

SRM3134
)

ln(m98/m95)
representing the � deviation of the alpha of a sample (αsample) 
from the mean alpha of the two bracketing SRM3134 standards 
(αm

SRM); m98 and m95 correspond to the atomic weights of 98Mo 
and 95Mo. Ru interference corrections were always applied and 
were typically < 0.01� and never exceeded 0.05�.

Replicate digestions of USGS geological reference materials 
W-2a (n = 6) and BHVO-2 (n = 6) yielded isotope composi-
tions of −0.04 ± 0.03� (2 s.d.) and −0.08 ± 0.06�, respec-
tively (see Supplementary Material). These values are identical 
within uncertainties to the values of Burkhardt et al. (2014)
(W-2a = −0.05 ± 0.06�; BHVO-2 = −0.06 ± 0.03�), Freymuth 
et al. (2015) (BHVO-2 = −0.08 ± 0.08�), Willbold et al. (2016)
(BHVO-2 = −0.07 ± 0.04�) and Yang et al. (2015) (BHVO-2 =
+0.01 ± 0.06�). The MORB samples investigated in the present 
study were analysed between 1 and 8 times and a single digestion 
was never analysed more than twice. For samples analysed less 
than four times, uncertainties correspond to twice the standard 
deviation obtained for replicate analyses of the USGS standards 
(±0.05�); for samples analysed four times or more 95% con-
fidence intervals are given. The Mo concentrations for W-2 and 
BHVO-2 obtained from the deconvolution were 0.400 ± 0.009 μg/g
(2 s.d., n = 6) and 3.8 ± 1.8 μg/g (2 s.d., n = 6). Both values 
are in good agreement with Burkhardt et al. (2014) (W-2a =
0.393 ± 0.004 μg/g and BHVO-2 ∼4.55 μg/g), Freymuth et al.
(2015) (BHVO-2 = 3.4 ± 2.5 μg/g), Yang et al. (2015) (BHVO-2 
= 3.5 ± 0.9 μg/g) and Willbold et al. (2016) (BHVO-2 = 4.2 ±
1.8 μg/g). The high variability of BHVO-2 has been noted by all 
previous authors and probably results from heterogeneous contam-
ination of the powder during its preparation (e.g. Weis et al., 2005;
Willbold et al., 2016).

3. Results

All δ98/95Mo and Mo concentration data are presented in Ta-
ble 1. The corresponding new MgO, (La/Sm)N and Sr, Nd, Hf and 
Pb isotope data are presented in Table 2 together with the litera-
ture data. The complete set of new and published major and trace 
element concentrations and isotopic data are shown in the Supple-
mentary Material.

3.1. δ98/95Mo and Mo concentrations

The δ98/95Mo values of the investigated MORBs range from 
−0.24� to 0.15� and the Jan Mayen OIB signature (δ98/95Mo =
−0.10�) overlaps the MORBs spectrum (Fig. 3). Pacific–Antarctic 
on-axis glasses exhibit lighter-than-chondritic to chondritic com-
positions (δ98/95Mo = −0.22 to −0.13� (n = 13); Chondrites 
δ98/95Mo = −0.16 ± 0.02�; Burkhardt et al., 2014) except for one 
sample erupted at the Menard transform fault (TF; a first order 
ridge discontinuity thought to separate two slightly different man-
tle domains; Hamelin et al., 2010). This sample (PAC2DR22-1) dis-
plays a heavy Mo isotope composition with δ98/95Mo = +0.13�
(Fig. 4). The Pacific–Antarctic off-axis samples show greater Mo 
isotope variability (δ98/95Mo = −0.24 to 0.15�) compared to 
the on-axis samples. All the off-axis samples with heavier-than-
chondritic δ98/95Mo were erupted in the vicinity of the Menard 
TF (Fig. 4), while the three remaining off-axis samples, with sub-
chondritic δ98/95Mo, were erupted further North on small volcanic 
ridges (40–42◦N). The Mohns–Knipovich and Jan Mayen samples 
have δ98/95Mo overlapping the heaviest Pacific–Antarctic on-axis 
glass compositions but also display heavier δ98/95Mo values rang-
ing from −0.08 to 0.15� (Fig. 3).

Molybdenum concentrations range from 231 to 1185 ng/g in 
the on-axis Pacific–Antarctic glasses and from 93 to 503 ng/g in 
the off-axis samples (Fig. 5a). The Mohns–Knipovich samples (147 
to 1882 ng/g Mo) show a much larger range in Mo concentrations 
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Table 1
δ98/95Mo and Mo concentration of the Pacific Antarctic, Mohns–Knipovich and Jan Mayen samples. Sample type and location are also listed.

Sample Sample type Position Latitude Longitude Na δ98/95Mo 
(�)

Errorb Mo 
(ng/g)c

Pacific–Antarctic ridge
PAC1CV03g N-MORB On-axis −64.53 171.88 2 (2) −0.22 0.05 184
PAC1DR11-1 N-MORB On-axis −57.63 146.80 4 (2) −0.20 0.06 185
PAC1DR13-2 N-MORB On-axis −56.57 145.74 4 (2) −0.18 0.06 263
PAC2DR01-1 N-MORB On-axis −52.53 118.35 2 (1) −0.17 0.05 323
PAC2DR02-1 N-MORB On-axis −52.13 118.13 8 (4) −0.18 0.03 389
PAC2DR06-6 N-MORB On-axis −50.70 117.19 4 (2) −0.19 0.05 1026
PAC2DR16-1g (a) N-MORB Off-axis −50.20 115.89 6 (3) 0.14 0.02 514
PAC2DR16-1g (b) 2 (1) 0.16 0.05 493
PAC2DR11-3g – Off-axis −50.07 116.47 3 (2) −0.12 0.05 257
PAC2DR08-1 N-MORB On-axis −49.99 116.97 3 (2) −0.16 0.05 344
PAC2DR20-1 N-MORB On-axis −49.73 113.78 6 (3) −0.15 0.02 804
PAC2DR22-1 N-MORB On-axis −48.73 113.37 4 (2) 0.13 0.06 456
PAC2DR25-1g – Off-axis −48.61 114.79 1 −0.06 0.05 266
PAC2DR27-1g T-MORB On-axis −48.18 113.34 4 (2) −0.13 0.05 1185
PAC2DR31-3 N-MORB On-axis −45.85 112.69 5 (3) −0.19 0.06 280
PAC2DR36-1g N-MORB On-axis −42.95 111.56 4 (2) −0.19 0.02 387
PAC2DR37-2 N-MORB On-axis −42.27 111.34 1 −0.16 0.05 354
PAC2DR42-1c – Off-axis −41.93 112.16 2 (2) −0.24 0.05 93
PAC2DR38-1 N-MORB On-axis −41.80 111.27 5 (3) −0.18 0.06 231
PAC2DR39-4 N-MORB Off-axis −41.25 113.69 8 (4) −0.22 0.04 201
PAC2DR43-1g – Off-axis −40.54 111.03 2 (2) −0.21 0.05 111

Mohns–Knipovich ridges
SM02 DR014-03 E-MORB On-axis 77.32 7.53 4 (2) −0.10 0.03 1066
SM03 DR004-04 N-MORB On-axis 73.41 7.41 6 (3) −0.13 0.04 211
SM00 DR025-xx N-MORB On-axis 72.39 1.72 4 (2) −0.15 0.03 147
SM00 DR002-36 E-MORB On-axis 72.33 1.49 2 (1) −0.08 0.05 908
SM03 DR052-1 E-MORB On-axis 71.89 −1.19 2 (1) −0.15 0.05 565
SM01 DR85-03 E-MORB On-axis 71.20 −5.98 4 (2) −0.12 0.04 1882
SM01 DR100-01 E-MORB On-axis 70.99 −6.40 1 −0.11 0.03 1324

Jan Mayen island
SM01 DR05-05 OIB – 71.12 7.92 4 (2) −0.10 0.03 2944

a N = number of analysis. The bracketed number corresponds the number of digestions.
b Error = mean 2 standard deviation of Geological reference materials for N ≤ 3 and 95% Student-t distribution for N > 3.
c Uncertainty is ±2%, as defined by the 2 standard deviation of repeated W-2a digestion.
compared to the Pacific–Antarctic samples. Finally, the Jan Mayen 
OIB glass has 2944 ng/g Mo, the highest value obtained amongst 
the investigated samples.

3.2. Major and trace elements and radiogenic isotopes

The Nd isotope ratios obtained for the Pacific–Antarctic off-axis 
samples overlap on-axis compositions but also show some more 
radiogenic signatures with 143Nd/144Nd ranging between 0.512904 
and 0.513131 (Fig. 6a). The greater compositional variability shown 
by the off-axis compared to the on-axis samples was also observed 
in other localities from the Pacific-ridge (e.g. Brandl et al., 2012). 
It was suggested to reflect upper mantle heterogeneities not oth-
erwise observed in the on-axis ridges due to the ‘compositional 
averaging’ occurring during magma mixing in the main plumbing 
system (Rubin et al., 2009).

Mohns–Knipovich and Jan Mayen samples are basaltic with 
MgO between 4.8 and 8.7 wt.% (Table 2). Mohns–Knipovich sam-
ples consist of two and five sub-alkaline N- and E-MORBs, respec-
tively. The Jan Mayen OIB sample has an alkaline composition. 
Trace element concentrations and radiogenic isotope compositions 
of the Mohns–Knipovich and Jan Mayen samples show the same 
range of composition as found by Blichert-Toft et al. (2005) at 
the same localities. N-MORBs have overlapping Sr and Nd iso-
topic compositions but more radiogenic Hf and less radiogenic 
Pb isotopic signatures compared to E-MORBs. The Jan Mayen OIB 
sample shows overlapping Sr isotope but less radiogenic Nd, Hf 
and more radiogenic Pb isotope compositions than E-MORBs (Ta-
ble 2).
4. Discussion

4.1. Role of magma differentiation

Little is known about the impact of magma differentiation on 
Mo stable isotope compositions. Yet, understanding whether the 
Mo isotope composition measured for any MORB sample repre-
sents that of its respective primitive magma is critical to place 
any interpretation on mantle source compositions. In this sec-
tion we discuss the impact of dominant processes involved dur-
ing MORB differentiation-mineral fractionation and hydrothermal 
fluid or crust assimilation-on the Mo stable isotope composition of 
MORBs.

Pacific–Antarctic glasses present a wide range in MgO (4.4–
9.5 wt.�), and although not cogenetic, Pacific–Antarctic on-axis 
samples all share similar liquid lines of descent reflected by their 
common major and trace element differentiation trends (e.g., Mo 
in Fig. 5a; Al2O3, TiO2, CaO, FeOt/MgO, Na2O + K2O and S in 
the supplementary figures). The increase of Mo with decreas-
ing MgO shown in Fig. 5a suggests that mineral fractionation 
dominantly controls Mo concentrations, which makes the Pacific–
Antarctic suite suitable to investigate the impact of magma dif-
ferentiation on Mo isotopes. This is for example not the case for 
the Mohns–Knipovich samples, where Mo concentrations correlate 
with indices of source enrichment (e.g. 143Nd/144Nd; Fig. 7) sug-
gesting that the Mo concentrations are controlled by the amount of 
Jan Mayen plume contribution (like other OIBs, Jan Mayen plume 
melts are enriched in incompatible elements). The strong incom-
patibility of Mo in Pacific–Antarctic on-axis samples, illustrated by 
its steep negative correlation with MgO, suggests limited fraction-



176 R. Bezard et al. / Earth and Planetary Science Letters 453 (2016) 171–181
Table 2
MgO, (La/Sm)N and Sr, Nd Hf and Pb isotope compositions of the samples investigated. Previously published data are in italic font (Elkins et al., 2016; Hamelin et al., 2010;
Moreira et al., 2008; Vlastélic et al., 1999, 2000).

Sample MgO 
(wt.%)a

(La/Sm)N
87Sr/86Sr 143Nd/144Nd 176Hf/177Hf 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb

Pacific–Antarctic ridge
PAC1CV03g 8.63 0.66 0.702406 0.513117 – 18.497 15.498 38.093
PAC1DR11-1 7.58 0.58 0.702435 0.513125 – 18.401 15.494 37.862
PAC1DR13-2 7.50 0.62 0.702556 0.513142 – 18.500 15.497 37.966
PAC2DR01-1 7.40 0.81 0.702422 0.513090 0.28313 18.822 15.547 38.199
PAC2DR02-1 6.49 0.74 0.702417 0.513116 0.28314 18.724 15.530 38.110
PAC2DR06-6 4.41 0.89 0.702396 0.513099 0.28314 18.696 15.537 38.123
PAC2DR16-1g 8.16 0.74 0.703065 0.512904 – 19.013 15.638 38.223
PAC2DR11-3g 7.90 – – 0.513096 – 18.746 – –
PAC2DR08-1 7.12 0.93 0.702483 0.513077 0.28313 18.796 15.550 38.237
PAC2DR20-1 4.67 0.83 0.702493 0.513092 0.28313 18.749 15.540 38.168
PAC2DR22-1 7.32 0.70 0.702465 0.513100 0.28313 18.726 15.539 38.153
PAC2DR25-1g 8.01 – – 0.513019 – 18.777 – –
PAC2DR27-1g 4.62 1.23 0.702643 0.513035 0.28309 19.174 15.585 38.634
PAC2DR31-3 7.64 0.63 0.702479 0.513066 0.28311 18.858 15.580 38.300
PAC2DR36-1g 7.15 0.67 0.702479 0.513066 0.28312 18.724 15.538 38.117
PAC2DR37-2 7.84 0.65 – – 0.28312 – – –
PAC2DR42-1c 9.50 – – 0.513070 – 18.783 – –
PAC2DR38-1 8.55 0.61 0.702465 0.513108 0.28313 18.671 15.533 38.039
PAC2DR39-4 8.88 0.44 0.702514 0.513131 – – 15.647 38.713
PAC2DR43-1G 9.07 – – 0.513127 – 18.741 – –

Mohns–Knipovich ridges
SM02 DR014-03 7.46 2.21 0.703235 0.513068 0.28330 18.357 15.479 38.070
SM03 DR004-04 8.65 0.81 0.702995 0.513165 0.28341 17.977 15.422 37.646
SM00 DR025-xx 8.33 0.81 0.703451 0.513038 0.28338 17.996 15.423 37.689
SM00 DR002-36 7.30 2.86 0.703231 0.513031 0.28333 18.505 15.473 38.250
SM03 DR052-1 7.43 1.77 0.703210 0.513033 0.28332 18.376 15.452 38.101
SM01 DR85-03 7.26 3.86 0.703427 0.512972 0.28317 18.808 15.502 38.519
SM01 DR100-01 6.10 – 0.703395 0.512978 0.28323 18.795 15.498 38.508

Jan Mayen island
SM01 DR05-05 4.85 3.91 0.703430 0.512914 0.28309 18.815 15.506 38.587

a Concentrations normalised to 100% volatile free.
ation of phases enriched in Mo. This includes MoS2 (molybdenite), 
a phase shown to fractionate Mo isotopes significantly in mag-
mas (Voegelin et al., 2012). Limited MoS2 fractionation is also 
consistent with the incompatibility of S in the same set of sam-
ples (Labidi et al., 2014). The Mo incompatibility also suggests 
that, even if the fractionating assemblage preferentially incorpo-
rated lighter/heavier isotopes, the impact on the magma δ98/95Mo
should be limited. This is confirmed in Fig. 5b, c which shows that 
δ98/95Mo does not vary systematically with the degree of differ-
entiation, with the most evolved glass compositions overlapping 
within error those of the most mafic samples. This suggests that 
mineral fractionation cannot explain δ98/95Mo variations among 
the glasses.

Based on the systematics of the on-axis samples, isotopic varia-
tions observed in off-axis basalts are unlikely to be related to min-
eral fractionation if they fractionated the same phases. However, 
off-axis basalts were shown to each derive from primitive magmas 
with distinct compositions (major and trace element concentra-
tions as well as radiogenic isotopes; see supplement) and oxygen 
fugacity compared to on-axis magmas. Furthermore, they differ-
entiated in different plumbing systems (Brandl et al., 2012). There-
fore, off-axis magmas could have fractionated different phases than 
the on-axis ones. Yet, all but one off-axis sample (PAC2DR16-1) 
plot on the on-axis Mo and S differentiation trend (Mo trend in 
Fig. 5a; S trend in the Supplementary Material). This suggests that 
their primitive magmas had a similar Mo concentration and that, if 
they fractionated a different assemblage, the difference could not 
be significant since it resulted in similar bulk Mo partition coef-
ficients to that of the on-axis magmas (as expressed by the same 
slope for both on- and off-axis trends in the Mo versus MgO di-
agram). Furthermore, their very mafic nature (MgO > 7.9 wt.%) 
precludes an important volume of mineral fractionation. It is there-
fore unlikely that the variations observed for these off-axis sam-
ples result from mineral fractionation. The only off-axis sample 
(PAC2DR16-1) that does not plot on the Mo differentiation trend 
has a higher Mo concentration than other samples with similar 
MgO and also displays the heaviest isotopic signature (δ98/95Mo =
+0.15 ± 0.02�). Such chemical and isotopic characteristics can, 
however, not be reconciled with mineral fractionation nor with 
accidental occurrence of mineral fragments in the crushed glass. 
Indeed, the magma is very mafic (MgO = 8.2 wt.%) precluding 
its higher Mo concentration to result from a greater amount of 
crystallisation of silicate phases. Fractionation of more Mo bear-
ing accessory phases would all result in lower, instead of higher, 
Mo concentrations compared to the rest of the Pacific–Antarctic 
samples. The accidental presence of isotopically heavier phases in 
the glass picked is unlikely since the sample was analysed sev-
eral times on two different powders made from different glass 
fragments (Table 1). Therefore, another process needs to explain 
the Mo concentration and heavy signature of this particular sam-
ple.

In summary, there is no noticeable impact of mineral fraction-
ation on the Mo stable isotope composition of Pacific–Antarctic 
magmas. This is consistent with similar findings for samples from 
the Hekla volcano in Iceland (Yang et al., 2015), suggesting that, at 
least in dry magmas, mineral fractionation is not responsible for 
the δ98/95Mo variations observed among igneous rocks.

4.2. Role of crust and hydrothermal fluid assimilation

Other dominant processes occurring at Mid-oceanic Ridges are 
the interaction of magma with hydrothermally modified crust and 
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Fig. 3. δ98/95Mo of the oceanic basalts analysed. Abbreviations as in Fig. 2. Error 
= mean 2 s.d. of USGS standards (±0.05�; n ≤ 3) or 95% Student-t distribu-
tion (n > 3). Data are compared to the chondritic field of Burkhardt et al. (2014)
since, based on experimental work from Hin et al. (2013), it represents the lowest 
δ98/95Mo possible for the Bulk Silicate Earth (BSE). The double-headed yellow arrow 
shows the most likely compositions for the BSE (Burkhardt et al., 2014), based on 
the experiments from Hin et al. (2013) and realistic core formation temperature for 
the Earth (≥1400 ◦C). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Fig. 4. Variation of δ98/95Mo with latitude amongst the Pacific–Antarctic ridge sam-
ples. Abbreviations as in Fig. 2. Udintsev and Menard transform faults (TF) as well 
as the Foundation hot spot locations are also shown.

with hydrothermal brines during its storage and ascent. These 
two processes were previously shown to affect magma composi-
tions (e.g., Labidi et al., 2014) and could be responsible for some 
of the δ98/95Mo variations observed among MORBs. The impact 
of these processes can be assessed by exploring any δ98/95Mo
correlation with key tracers already available for the Pacific–
Antarctic samples (Labidi et al., 2014): Cl/K and δ34S. Magma 
Fig. 5. (a) Mo (ng/g) vs. MgO. (b), (c) δ98/95Mo vs. Mo (ng/g) and MgO (wt.%). Abbre-
viations as in Fig. 2. In (b) and (c) Grey field: chondrite compositions of Burkhardt 
et al. (2014).

Cl/K increases with its interaction with hydrothermal brines (e.g. 
Michael and Cornell, 1998) while δ34S increases with assimila-
tion of basalts altered by hydrothermal processes (comprising hy-
drothermal sulphides; Labidi et al., 2014). Fig. 8 shows that there 
is no co-variation between δ98/95Mo and δ34S isotopes or Cl/K con-
tent of the glasses. In both cases, the most contaminated sample 
displays a composition similar to the range of variation observed 
in the uncontaminated domains. In fact, the largest δ98/95Mo vari-
ations are observed in the uncontaminated domains. This suggests 
that these two processes (magma interaction with hydrothermal 
brines and assimilation of hydrothermally altered crust) cannot 
account for the δ98/95Mo variations observed amongst Pacific–
Antarctic MORBs, and are, therefore, also unlikely to affect magma 
compositions at other ridges.
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Fig. 6. δ98/95Mo variation with 143Nd/144Nd, 87Sr/86Sr and (La/Sm)N for individual (a, b, c) and grouped (d, e, f) samples. In (d, e, f) samples are grouped based on their 
subchondritic, chondritic and superchondritic δ98/95Mo (Chondrite compositions of Burkhardt et al., 2014). Abbreviations in (a, b, c) as in Fig. 2.
4.3. Mantle partial melting

Mass-dependent isotopic fractionation during mantle partial 
melting has been documented to occur for some elements (e.g., 
Fe; Dauphas et al., 2009), but has yet to be investigated for Mo 
isotopes. Constraining the behaviour of Mo isotopes during partial 
melting is important to understand the extent to which all prim-
itive magmas reflect their mantle source composition, but also to 
understand if the mantle composition was modified through time 
due to crust extraction.

The samples in this study were selected to cover a large range 
of partial melting degrees. Indeed, conceptually, magmas produced 
in the fast Pacific–Antarctic ridge should result from higher degrees 
of partial melting compared to those of the slow Mohns–Knipovich 
ridge (e.g. Klein and Langmuir, 1987). Furthermore, OIB lavas result 
from much lower degrees of partial melting than MORBs, hence 
magmas erupted at the Jan Mayen OIB should result from much 
lower degrees of melting than the MORBs at the Mohns–Knipovich 
ridge (e.g. Hofmann, 2003). However, finding a proxy to quanti-
tatively constrain the degree of partial melting in mantle-derived 
magmas is not straightforward. Indeed, concentrations of incom-
patible elements such as Mo in mantle-derived magmas are largely 
influenced by the degree of melting but also by the source com-
position (e.g. Johnson et al., 1990). This is clearly illustrated by 
the correlation of Mo concentrations with 143Nd/144Nd shown in 
Fig. 7a. Thus, Mo concentrations cannot be used as a direct proxy 
for the degree of melting. Klein and Langmuir (1987) suggested 
that, except for a few cases, the Na8.0 content of MORBs (the 
calculated Na2O at MgO = 8 wt.%; see caption of Fig. 7 for equa-
tion), which can be calculated for samples with MgO between 5 
and 8.5 wt.% (which is the case for 68% of the selected samples), 
was little impacted by source heterogeneities, making it the most 
suitable proxy to constrain the degree of partial melting. This is 
based on the global negative correlation between Na8.0 and Fe8.0
(FeO content at MgO = 8 wt.%; see caption of Fig. 7 for equa-
tion) observed for oceanic basalts; this trend is opposite to what 
would be expected if the Na8.0 variations were produced by source 
fertility changes. Indeed, at similar degrees of melting, magmas 
produced by the melting of a more fertile source are expected 
to have both higher Na2O and FeO contents than samples pro-
duced by the melting of a more depleted source. This would result 
in a positive, rather than negative correlation between Na8.0 and 
Fe8.0. A few exceptions exist, and the Jan Mayen hotspot region 
is one of them (Klein and Langmuir, 1987). As already highlighted 
by Klein and Langmuir (1987), source fertility variation is likely 
responsible for the offset between MORBs near Jan Mayen and 
other oceanic basalts. This is illustrated in our sample set by the 
displacement of the Mohns–Knipovich E-MORBs from the rest of 
the samples, shown in Fig. 7b. Therefore, only Mohns–Knipovich 
N-MORBs and the remaining Pacific–Antarctic samples hold po-
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Fig. 7. (a) Mo (ng/g) vs. 143Nd/144Nd. (b) Fe8.0 vs. Na8.0 and (c) Na8.0 vs. δ98/95Mo. 
Na8.0 and Fe8.0 are calculated for samples with MgO between 5 and 8.5 wt.% only, 
using Klein and Langmuir (1987) formulae: Na8.0 = Na2O + 0.373 ∗ (MgO) − 2.98; 
Fe8.0 = FeO + 1.664 ∗ (MgO) − 13.313. All samples for which Na8.0 and Fe8.0 can be 
calculated are plotted in (b) while only samples relevant to estimate the effect of 
partial melting are presented in (c) (see section 4.3 for explanations). Abbreviations 
as in Fig. 2.

tential to assess the effect of partial melting on δ98/95Mo using 
Na8.0. These samples form a flat to slightly negative correlation 
between Na8.0 and Fe8.0, consistent with a control by partial melt-
ing (Fig. 7b). Amongst these samples, those with contrasting Na8.0, 
such as PAC2DR11-3G (Na8.0 = 2.87) and SM00 DR25-xx (Na8.0
= 2.24), show no δ98/95Mo disparity (δ98/95Mo = −0.12 ± 0.05�
versus −0.15 ± 0.03� respectively; Fig. 7b, c; Table 1). Since the 
difference in Na8.0 between these two samples covers most of the 
range observed in the sample set, their similar δ98/95Mo suggests 
that the impact of partial melting on the δ98/95Mo of the magmas 
is negligible, at least at the scale of variations occurring amongst 
the investigated Pacific–Antarctic and Mohns–Knipovich N-MORBs. 
Furthermore, the ∼0.6 difference in Na8.0 between PAC2DR11-3G 
and SM00 DR25-xx represents ∼30% of the global MORB-OIB Na8.0
variations observed by Klein and Langmuir (1987), which corre-
sponds to a ∼3.5% difference in melting degree. Since oceanic 
basalts are suggested to be produced by ∼8% to 20% of melting, 
this ∼3.5% degree of melting would corresponds to between ∼40 
and ∼17% of the absolute amount of melting involved in MORB 
production. Since no δ98/95Mo variation can be observed over this 
range, the impact of partial melting on the δ98/95Mo compositions 
of the magmas is likely limited during MORB production in gen-
eral. Thus the Mo isotopic composition of MORBs likely represent 
those of their mantle sources. Nevertheless, to fully assess the ef-
fect of partial melting on magma δ98/95Mo compositions, it will be 
necessary to analyse samples covering the entire range of partial 
melting degrees relevant for MORB sources, ideally in conjunction 
with the analysis of mantle peridotites.

4.4. Mantle heterogeneities

4.4.1. δ98/95Mo and source enrichment
If the δ98/95Mo variations observed in the lavas are not pro-

duced during magma genesis and evolution, they are most likely 
caused by compositional variations in the mantle. As such, some 
correlations between δ98/95Mo and proxies of source depletion/en-
richment such as REE ratios and radiogenic isotope composi-
tions would be expected. Fig. 6a–c shows that relationships ex-
ist between δ98/95Mo and (La/Sm)N, 87Sr/86Sr and 143Nd/144Nd 
(Fig. 6a, b, c), suggesting that mantle heterogeneities exert some 
control on Mo isotope variations. These links are better illustrated 
in Fig. 6c, d, e where the distribution of the samples, classified 
in subchondritic, chondritic and superchondritic δ98/95Mo com-
positions over the relevant ranges of 143Nd/144Nd, 87Sr/86Sr and 
(La/Sm)N, are presented on stacked histograms. These figures show 
that samples with subchondritic δ98/95Mo only distribute over the 
most depleted 143Nd/144Nd, 87Sr/86Sr and (La/Sm)N compositions. 
In contrast, samples with chondritic δ98/95Mo dominantly dis-
tribute in the most enriched end of the subchondritic bins and, to 
a lower extent, in more enriched compositions. Finally, the super-
chondritic samples dominantly show more enriched compositions. 
Collectively these information show that, mantle sources with en-
riched 143Nd/144Nd, 87Sr/86Sr and (La/Sm)N compositions tend to 
have heavier δ98/95Mo.

However, it is also clear on the histograms that the spread of 
143Nd/144Nd, 87Sr/86Sr and (La/Sm)N compositions also increase 
from the subchondritic to the superchondritic sample groups, pre-
cluding clear correlations between δ98/95Mo and these mantle 
enrichment proxies. In a context where δ98/95Mo variations in 
MORBs are controlled by source heterogeneities, an increasing dis-
persion of the data from subchondritic to superchondritic δ98/95Mo
would not be surprising. Indeed, at least four other endmembers 
than the Depleted MORB Mantle (DMM) are involved in the sam-
ple sources (Hamelin et al., 2011; Blichert-Toft et al., 2005) and 
each of them is characterised by distinct radiogenic isotope com-
positions (as highlighted by the absence of a single mixing trend 
in the Sr–Nd and Nd–Pb isotope diagrams; Fig. 2). Based on the 
mixing lines, the Pacific–Antarctic MORBs likely all share a simi-
lar depleted endmember (the DMM; Hamelin et al., 2011) but the 
enriched endmember composition of the off-axis MORBs from the 
Menard TF differs from that of the rest of the samples (Fig. 2). 
Furthermore, the Mohns–Knipovich MORBs plot on a different mix-
ing line than the Pacific–Antarctic MORBs (Fig. 2) suggesting that 
both of their source endmembers are different from those in-
volved in the Pacific–Antarctic samples. All these mantle endmem-
bers, with variably more enriched composition than the DMM are 
thought to be comprised of different crustal components and/or 
produced by different mantle processes (e.g., Hamelin et al., 2011;
Blichert-Toft et al., 2005). As such, it seems likely that, in addi-
tion to showing different radiogenic isotopes and trace element 
ratios, these endmembers also have different δ98/95Mo at similar 
143Nd/144Nd, 87Sr/86Sr and (La/Sm)N. The variable origin and evo-
lution of the mantle endmembers involved in the sample sources 
would also explain the absence of clear global relationships be-
tween δ98/95Mo and other isotopic systems, such as 176Hf/177Hf or 
206/207/208Pb/204Pb (see the Supplementary Material).
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Fig. 8. Variation of δ98/95Mo with (a) δ34S and (b) Cl/K. δ34S and Cl/K values are from Labidi et al. (2014). Abbreviations as in Fig. 2. Grey field: chondrite compositions of 
Burkhardt et al. (2014).
In addition to the involvement of mantle endmembers with dif-
ferent δ98/95Mo, the limited correlations between δ98/95Mo and 
143Nd/144Nd, 87Sr/86Sr and (La/Sm)N could in part result from the 
diluted amounts of enriched components in the MORB sources, re-
sulting in an only limited spread in the data.

4.4.2. δ98/95Mo of the depleted mantle endmember
Pacific–Antarctic N-MORBs characterised by the most depleted 

composition best reflect the depleted mantle without any enrich-
ment through addition of recycled crustal components (i.e., the 
DMM endmember; e.g., Hamelin et al., 2011). The results of the 
present study show that these samples display slightly subchon-
dritic δ98/95Mo compositions. For instance, the five samples with 
the most radiogenic Nd isotope compositions (i.e., 143Nd/144Nd 
= 0.51317–0.51327) have a mean δ98/95Mo = −0.21 ± 0.02�
(95% conf.), suggesting that the Mo stable isotope composition of 
the DMM is light compared to that of chondrites (δ98/95Mo =
−0.16 ± 0.02�; Burkhardt et al., 2014). Based on experimental 
work from Hin et al. (2013), the δ98/95Mo of the BSE can only be 
chondritic or heavier. Thus, the light Mo isotope composition of 
the DMM cannot reflect that of the BSE and, consequently, a man-
tle process needs to be involved to generate the lighter δ98/95Mo
of the DMM compared to the BSE. There is only one process that 
is capable of modifying the δ98/95Mo of the mantle without en-
riching the source in terms of incompatible trace elements and 
radiogenic isotopes; this process is partial melting. This would re-
quire that previously extracted melts from the depleted mantle 
would have preferentially incorporated heavy Mo isotopes, leaving 
a residual mantle with lighter isotope signatures. Although we saw 
in section 4.3 that it is unlikely that partial melting involved in 
the production of MORBs themselves results in a significant depar-
ture of the δ98/95Mo of the magma from its source, this does not 
exclude that the composition of the mantle residue changes. As an 
incompatible element, Mo is strongly enriched in the melt over the 
residue, and so the effect of any isotopic fractionation during par-
tial melting would be more pronounced in the mantle residue than 
in the MORBs themselves. Nevertheless, the isotopic fractionation 
produced by a single partial melting event may not be measurable 
and the sub-chondritic δ98/95Mo of the depleted MORB source is 
more likely the result of repeated magma extraction. In this case, 
the small isotopic fractionation imparted by each melting event 
would sum up to a measurable isotopic fractionation over time. 
Assuming that core equilibration did not fractionate Mo isotopes 
(T > 2500 ◦C), and the δ98/95Mo of the bulk Earth is chondritic, 
then partial melting would need to reduce the depleted mantle 
composition by 0.05 ±0.04� to explain the most depleted Pacific–
Antarctic MORBs (143Nd/144Nd = 0.51317–0.51327; δ98/95Mo =
−0.21 ±0.02�). This would represent a minimum estimate, which 
would be increased if isotopic fractionation occurred during core 
formation.

4.5. Implication for the δ98/95Mo of the bulk silicate Earth

If magma extraction modified the δ98/95Mo composition of the 
DMM as suggested in section 4.4, then the δ98/95Mo of the BSE 
cannot directly be determined using MORBs, since the precise 
quantification of the impact of such process would be difficult. 
Thus, the analysis of lavas originating from other mantle reservoirs 
is necessary to fully assess the δ98/95Mo composition of the BSE. In 
this regard, the analysis of OIBs will be important, because these 
sample deeper and more primitive parts of the mantle. However, 
the effect of crust recycling on the δ98/95Mo composition of the 
mantle highlighted in section 4.4 will likely complicate the inter-
pretation of the OIB data, because most OIB sources are thought 
to comprise recycled crustal components (e.g. White, 2015). Nev-
ertheless, once the δ98/95Mo composition of the different OIB end-
members (e.g., HIMU, PREMA, EM I, EM II) are fully characterised, 
it might be possible to precisely constrain the δ98/95Mo of the BSE. 
Finally, some or all of the δ98/95Mo heterogeneities observed in 
the current mantle might already have existed during the Archean 
and, in this case, may be important for the interpretation of the 
δ98/95Mo signature of Archean komatiites previously used to de-
termine the δ98/95Mo of the BSE (Greber et al., 2015).

5. Conclusions

Pacific–Antarctic and Mohns–Knipovich MORBs as well as the 
Jan Mayen OIB show variable δ98/95Mo ranging from −0.24� to 
+0.15�. The absence of correlations between δ98/95Mo and in-
dices of mineral fractionation, crust and hydrothermal brines as-
similation as well as partial melting suggest that these processes 
have negligible impact on the Mo isotopic compositions of MORBs. 
Instead, δ98/95Mo tend to increase with indices of source enrich-
ment such as 87Sr/86Sr, 143Nd/144Nd and (La/Sm)N suggesting man-
tle heterogeneities as the main driver for the variations observed. 
The DMM has a subchondritic δ98/95Mo that cannot be explained 
by core formation, and most likely is the result of repeated melt 
extraction from the mantle over geological timescales. The other, 
variably more enriched, mantle endmembers have heavier signa-
tures than the DMM which suggest that the recycled crustal com-
ponents involved are characterised by superchondritic δ98/95Mo
compositions. Together, these observations imply that the δ98/95Mo
composition of the BSE is unlikely to be preserved in the depleted 
mantle.
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