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Abstract

Lower crustal recycling depletes the continental crust of Eu and Sr and returns Eu and Sr enriched materials into the man-
tle (e.g., Tang et al., 2015, Geology). To test the hypothesis that the MORB source mantle balances the Eu and Sr deficits in
the continental crust, we carried out high precision Eu/Eu* and Sr/Sr* measurement for 72 MORB glasses with MgO >8.5%
from the Pacific, Indian, and Atlantic mid-ocean ridges. MORB glasses with MgO P 9 wt.% have a mean Eu/Eu* of 1.025
± 0.025 (2 rm, n = 46) and Sr/Sr* of 1.242 ± 0.093 (2 rm, n = 41) and these ratios are positively correlated. These samples
show both positive and negative Eu and Sr anomalies, with no correlations between Eu/Eu* vs. MgO or Sr/Sr* vs. MgO, sug-
gesting that the anomalies are not produced by plagioclase fractionation at MgO >9 wt.% and, thus, other processes must be
responsible for generating the anomalies. We term these MORB samples primitive MORBs, as they record the melt Eu/Eu*

and Sr/Sr* before plagioclase fractionation. Consequently, the mean oceanic crust, including cumulates, has a bulk Eu/Eu* of
!1 and 20% Sr excess.

Considering that divalent Sr and Eu(II) diffuse faster than trivalent Pr, Nd, Sm, and Gd, we evaluated this kinetic effect on
Sm–Eu–Gd and Pr–Sr–Nd fractionations during spinel peridotite partial melting in the MORB source mantle. Our modeling
shows that the correlated Eu and Sr anomalies seen in primitive MORBs may result from disequilibrium mantle melting. Melt
fractions produced during early- and late-stage melting may carry positive and negative Eu and Sr anomalies, respectively,
that overlap with the ranges documented in primitive MORBs. Because the net effect of disequilibrium melting is to produce
partial melts with bulk positive Eu and Sr anomalies, the MORB source mantle must have Eu/Eu* < 1.025 ± 0.025 (2 rm) and
Sr/Sr* < 1.242 ± 0.093 (2 rm). Although we cannot rule out the possibility that recycled lower continental crustal materials,
which have positive Eu and Sr anomalies, are partially mixed into the upper mantle (i.e., MORB source region), a significant
amount of this crustal component must have been sequestered into the deep mantle, as supported by the negative 206Pb/204Pb–
Eu/Eu* and 206Pb/204Pb–Sr/Sr* correlations in ocean island basalts.
Published by Elsevier Ltd.

Keywords: Eu anomaly; Sr anomaly; Primitive MORB; Disequilibrium melting; Lower crustal recycling

1. INTRODUCTION

Europium is present in two valence states (+2 and +3) in
most magmatic systems. Europium(II) behaves like Sr2+

due to their similar ionic radii (1.25 vs. 1.26 Angstroms,
respectively, Shannon, 1976). In the crust, where plagio-

clase is stable, Eu(II) and Sr are strongly partitioned into
plagioclase and thus fractionated from Sm–Gd and
Pr–Nd, respectively. During intra-crustal differentiation,
Eu and Sr can be removed from the melt by fractional crys-
tallization of plagioclase or retained in the residual plagio-
clase at the source. As a consequence, the upper continental
crust is distinctly depleted in Eu and Sr while the lower con-
tinental crust possesses Eu and Sr excesses. The bulk conti-
nental crust likely has negative Eu and Sr anomalies based
on observations of crustal samples (Rudnick and Gao,
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2014; Tang et al., 2015), and most compositional models for
the continental crust have negative Eu and Sr anomalies
(Rudnick and Gao, 2014 and the references therein). Such
Eu and Sr depletions in the crust likely result from lower
crustal recycling.

Niu and O’Hara (2009) observed a positive correlation
between Eu/Eu* (Eu/Eu* = EuN/sqrt(SmN * GdN)), Sr/Sr*

(Sr/Sr* = SrN/sqrt(PrN * NdN), CI1 normalizing data from
Sun and McDonough (1989)) and MgO content in MORB
samples from the East Pacific Rise. They also observed that
the primitive MORB samples (MgO >9 wt.%) all have pos-
itive Eu and Sr anomalies (Eu/Eu* and Sr/Sr* >1), and thus
the depleted MORB mantle (DMM, the source region of
MORB) might host the Eu and Sr that are missing from
the continental crust. More recently, Arevalo and
McDonough (2010) failed to reproduce the correlation
between Eu/Eu* and MgO in their global MORB dataset,
which shows a large variation in Eu/Eu* for MORB sam-
ples having MgO contents >9 wt.%. Similarly, both positive
and negative Eu and Sr anomalies were observed in global
primitive MORB by Jenner and O’Neill (2012a) and Gale
et al. (2013). However, none of these studies were dedicated
to high precision measurement of Eu/Eu* and Sr/Sr* in
MORB. The total variation of Eu/Eu*, in particular, is lim-
ited in primitive MORB and requires instrumental fraction-
ation to be well calibrated for accurate measurement of Eu/
Eu*. To investigate this issue further, we developed a new
LA-ICP-MS method (Tang et al., 2014), and measured
Eu/Eu* as well as Sr/Sr* at high precision and accuracy in
72 primitive MORB glasses globally. In contrast to Niu
and O’Hara’s observations, our data show much reduced
average Eu excesses in the primitive MORBs.

Europium and Sr anomalies in mantle partial melts may
not be directly used to approximate Eu/Eu* and Sr/Sr* in
the source. Experimental studies showed that the divalent
Eu and Sr diffuses orders of magnitude faster than the triva-
lent Pr, Nd, Sm and Gd in clinopyroxene (Sneeringer et al.,
1984; Van Orman et al., 2001; Cherniak and Liang, 2007).
Disequilibrium melting in the MORB source mantle may
result in Eu and Sr enrichments in the partial melts because
Eu and Sr are preferentially extracted relative to Pr, Nd, Sm
and Gd. In the second part of this work, we evaluate the
degrees of Sm–Eu–Gd and Pr–Sr–Nd fractionations and
consequent Eu/Eu* and Sr/Sr* generated by partial melting
of an anomaly free source. Our calculation suggests that the
MORB source mantle may have much less Eu and Sr
excesses (permissively no Eu and Sr anomalies) than the
primitive MORB.

2. SAMPLES AND ANALYTICAL METHODS

A total of 72 MORB glasses from 21 sites (Fig. 1) were
measured for their Eu/Eu*, Sr/Sr* and MgO contents. Of
these samples, 28 are from the Pacific, 22 are from the
Indian and 22 are from the Atlantic. All samples have
MgO contents >8.5%, and are thus relatively primitive.
Eu/Eu* and Sr/Sr* were normalized to chondrite values
from Sun and McDonough (1989).

The LA-ICP-MS method provides a better approach to
evaluate Eu and Sr anomalies in MORB glasses than the

solution ICP-MS method in that one can easily detect
and avoid micro-crystals within the glass. The plagioclase
micro-crystals, either crystalized from or assimilated into
the melt, can significantly bias the measurements of Eu
and Sr anomalies. The LA-ICP-MS data reduction method
in (Tang et al., 2014) was adopted from Liu et al. (2008),
and allows simultaneous determination of major and trace
element concentrations in volatile-free samples. One of the
two basaltic reference materials, KL2-G and BIR-1G, was
analyzed after every one or two samples (see Supplemen-
tary file for measurements on reference materials). A
long-term reproducibility of !3% (2 SD) was achieved for
both Eu/Eu* in KL2-G and BIR1-G. The Eu/Eu* measured
in reference materials over a wide range of compositions
agree with GeoReM preferred values (http://georem.
mpch-mainz.gwdg.de/) within 3%. To avoid potential
heterogeneities such as micro-crystals, we measured each
glass chip three to four times at different sites (see Supple-
mentary file for data). The uncertainties for BHVO-2G,
our calibration standard, are !2% (2 RSD) for Eu/Eu*

and !8% (2 RSD) for Sr/Sr*. We excluded individual spot
analyses having distinct Eu/Eu* (>2 SD reproducibility dif-
ferent from the remainder) or major element composition
compared to the remainder of the analyses on the same
sample, and took the average values of the remainder as
the Eu/Eu* and MgO content for each sample. The Sr/Sr*

were measured separately on the same set of samples using
BHVO-2G as the calibration standard. Each sample was
measured twice. Our repeated measurements of BIR-1G
throughout the analytical session gave an average Sr/Sr*

of 3.44 ± 0.12 (2 SD, 2 RSD = 3.6%, n = 15), which agrees
with the GeoReM preferred value within 2%. For Eu/Eu*,
twenty-five analyses (marked in red in the Supplementary
file) were thus discarded from the total of 320 analyses
(7.8% of the population). We compared the long-term
reproducibility of the two reference materials, and standard
deviation of multiple analyses of each sample, and took
whichever is greater as the uncertainty. Nineteen randomly
selected samples were re-analyzed on different days to check
the reproducibility of Eu/Eu* measurements (see Supple-
mentary file for the plot). One possible caveat with our
approach is that our MORB glass chips are small, mostly
several mm3 volumes. How representative are these glass
chips compared to those chunks of whole rocks remains
to be investigated.

3. RESULTS

The primitive MORB samples we analyzed show both
positive and negative Eu (Eu/Eu* = 0.92–1.13) and Sr
anomalies (Sr/Sr* = 0.81–1.98) (Fig. 2). No significant cor-
relations between Eu/Eu* (or Sr/Sr*) and MgO when MgO
exceeds 8.5%, precluding the extrapolation of Niu and
O’Hara’s putative trend to higher MgO. Plagioclase satu-
rates at around 9 wt.% MgO (Bender et al., 1984; Niu
et al., 2002; Niu and O’Hara, 2009) and its fractional crys-
tallization only happens within the oceanic crust (Wanless
and Shaw, 2012). The three ocean basins, Pacific, Indian,
and Atlantic, show no discernable difference in their mean
Eu/Eu* (1.011 ± 0.013, 1.023 ± 0.020 and 1.030 ± 0.024,
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respectively) and Sr/Sr* (1.19 ± 0.08, 1.14 ± 0.08, 1.38
± 0.16) at two standard error level.

The full dataset yields mean Eu/Eu* of 1.020 ± 0.011 (2
rm, n = 72) and Sr/Sr* of 1.23 ± 0.07 (2 rm, n = 64). Sam-
ples with MgO < 9% were filtered out to minimize the effect
of plagioclase fractionation. The remaining samples yield
mean Eu/Eu* of 1.025 ± 0.013 (2 rm, n = 46) and Sr/Sr*

of 1.24 ± 0.09 (2 rm, n = 41), which are not different from
the full dataset mean. Considering uncertainties for the Eu/
Eu* and Sr/Sr*, global primitive MORBs (MgO >9%) have
mean Eu/Eu* of 1.025 ± 0.025 (2 rm) and Sr/Sr* of 1.24
± 0.14 (2 rm). The method used to calculate Sr anomalies
here enables direct comparison of our results with previous
studies (e.g., Niu and O’Hara, 2009), but this method arti-

ficially introduces percent level positive Sr anomalies to
depleted MORB samples with convex LREE curves. There-
fore, the calculated mean Sr/Sr* may slightly overestimate
the amount of Sr excess in primitive MORBs.

Our mean Eu/Eu* and Sr/Sr* for global MORBs with
MgO >9% are consistent with results from Jenner and
O’Neill (2012a) and Gale et al. (2013). (Fig. 3). The
repeated analysis of Eu/Eu* in USGS standard BCR-2G
by Jenner and O’Neill (2012b) is 5% higher than the
GeoReM preferred value, which may account for their off-
set to higher average Eu/Eu* derived for high MgO
MORBs (Fig. 3). The mean Eu/Eu* for primitive MORBs
from this study, Jenner and O’Neill (2012a) and Gale
et al. (2013) is lower than that reported by Niu and

Fig. 1. Sample locations (red circles) of the MORB glasses analyzed in this study. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 2. Eu/Eu* and Sr/Sr* vs. MgO in primitive MORB glasses analyzed in this study. Error are 2 r. See text for more details on uncertainty
evaluation.
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O’Hara (2009). Niu and O’Hara’s mean Eu/Eu* value was
estimated using a set of local samples from the East Pacific
Rise, and their detailed sample information was not
provided.

4. DISCUSSION AND MODELING

4.1. The MgO criterion

Here we followed Niu and O’Hara (2009) and use MgO
content as a filter during sample selection. Primitive MORB
samples are non-existent since fractional crystallization
readily occurs at mantle depths beneath mid ocean ridges
(Wanless and Shaw, 2012). However, the early crystallizing
phases olivine and spinel have no effect on Eu/Eu* in the
melts, which is only sensitive to plagioclase fractionation.
Therefore, MORB samples undersaturated in plagioclase
should represent the primitive Eu/Eu* of the source.
Although plagioclase contains little MgO, co-
crystallization of olivine and plagioclase produces positive
correlations between MgO and plagioclase crystallization
indices such as Sr/Sr* and Eu/Eu* (e.g., Niu and O’Hara,
2009; Jenner and O’Neill, 2012a; Gale et al., 2013). These
observations justify the use of the MgO content as a crite-
rion in selecting samples that can represent the primitive/
bulk Eu/Eu* and Sr/Sr*.

Interaction with plagioclase cumulates in the lower ocea-
nic crust can potentially alter Eu/Eu* and Sr/Sr* in the
MORB melts. Despite the complexities of such cumulate-
melt interaction, high MgO (>9%) MORB melts are mostly
undersaturated in plagioclase, and would, thus, tend to dis-
solve plagioclase in the cumulates. Chemical re-
equilibration may also happen during cumulate-melt inter-
action. In this process, Eu(II), which diffuses faster than Sm
(III) and Gd(III) (Cherniak and Liang, 2007), is more likely
to diffuse from plagioclase to the high MgO melts because

cumulates on average are in equilibrium with the upper
oceanic crust that is more evolved and has a higher Eu con-
centration than primitive MORB (see Supplementary file
for Eu concentration vs. MgO in MORB). The net effect
of either plagioclase dissolution or chemical re-
equilibration is to increase the average Eu/Eu* in the high
MgO melts during ascent through the crystal mush. The
same effect applies to the Pr–Sr–Nd system. Therefore,
primitive melts may have had even lower Eu/Eu* and Sr/
Sr* values than our high MgO MORB samples, depending
on the extent of cumulate-melt interaction.

Recycled oceanic crust can produce silica-rich melts that
react with peridotite to form pyroxenite (Sobolev et al.,
2005). Partial melting of pyroxenite in the mantle may pro-
duce melts with lower MgO contents than those of peri-
dotite (Lambart et al., 2013). Pyroxenite-derived melts
have been estimated to contribute between 10–30% by mass
to MORB melts (Sobolev et al., 2007). Assuming peridotite-
derived melts have primitive MgO contents >11% (the most
primitive MORB sample analyzed here has 10.5% MgO),
mixing pyroxenite- and peridotite-derived melts does not
generate MORB with MgO < 9%, even assuming incorpo-
ration of a maximum of 30% pyroxenite-derived melts with
!4% MgO. Therefore, our MgO filter (>9%) may include
primitive MORB samples with significant contributions
from recycled crust in their source regions.

4.2. Modeling Sm–Eu–Gd and Pr–Sr–Nd fractionation
during mantle melting

Both Eu and Sr anomalies are present in many primitive
MORB samples. Here we show how kinetic + equilibrium
effects that occur during partial melting of spinel peridotite
can fractionate Eu from Sm and Gd, and Sr from Pr and
Nd, leading to variations in Eu/Eu* and Sr/Sr* of MORB.
Since kinetic effects cannot be evaluated by classic melting
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Fig. 3. Mean Eu/Eu* and Sr/Sr* measured in MORB with >9 wt.% MgO from this study compared with published estimates. Gale et al.’s
(2013) data are from their own analyses plus their compilation, while the mean Eu/Eu* values from Niu and O’Hara (2009) and Jenner and
O’Neill (2012a,b) are based their own analyses of MORB. Error bars are 2 rm.
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models such as batch and equilibrium melting models, we
will not consider these models in the following discussion.
Europium(II), like Sr(II), is slightly more incompatible than
Sm and Gd (see Table 1), which will lead to a slight enrich-
ment of Eu relative to Sm and Gd during partial melting. In
addition, Eu(II) and Sr diffuse faster than Sm–Gd and Pr–
Nd, which may lead to significant fractionation (Cherniak
and Liang, 2007), depending on the degree of disequilib-
rium melting. The dynamic melting model considered below
is developed from Qin (1992). A list of parameters and their
definitions is given in Table 2. We ignored the density dif-
ference between the melt and solid phases, as this will not
affect the calculated mass ratios such as Eu/Eu* and Sr/Sr*.

Assumptions:

(1) Eu(II) has the same partition and diffusion coeffi-
cients as Sr.

(2) The MORB source has the mineral assemblage:
51.3% olivine (ol) + 34.1% orthopyroxene (opx)
+ 13.1% clinopyroxene (cpx) + 1.5% spinel (spl)
(Niu, 1997).

(3) The following melting reaction occurs: 0.466 cpx
+ 0.652 opx = 0.167 ol + 1 melt (Niu, 1997).

(4) The melting temperature is 1300 !C.
(5) 20% partial melting occurs over the timescale of

1 Ma–100 Ma.
(6) Eu(II) fraction is 10–30%.
(7) For the diffusion calculations, all cpx and opx crys-

tals are assumed to be spherical and have an initial
radius of 3 mm.

(8) The porosity of the mantle remains at 1% during par-
tial melting.

(9) The melts are rapidly extracted once the melt fraction
exceeds the porosity, and are chemically separated
from the residue.

We discuss the rationale for these assumptions next.
Diffusivity of pure Eu(II) has not yet been reported.

However, under reducing conditions, Eu diffuses over an
order of magnitude faster than under oxidizing conditions
(Cherniak and Liang, 2007). Here we used the diffusivity
of Sr (Sneeringer et al., 1984), which is up to three orders
of magnitude faster than those of most REEs, to approxi-

mate that of Eu(II) (Table 1). The results of the model pre-
sented below change only a few percent when using a lower
estimate of Eu(II) diffusivity (1.5 orders of magnitude faster
than Sm and Gd).

The average relative melting rate, estimated using
spreading rate, is on the order of 10"7–10"8 yr"1 (or
3 # 10"4"3 # 10"5 kg/m3/yr). The instantaneous melting
rate may have greater variability. Faster melting promotes
greater Sm–Eu–Gd fractionation as long as the melt
remains in equilibrium with the residue for Eu(II) (i.e.,
melting rate <!10"4 yr"1). In Iceland, the estimated melt-
ing rate ranges from 10"6 to 10"8 yr"1, possibly influenced
by pressure release caused by deglaciation (Jull and
McKenzie, 1996). Crowley et al. (2015) also found a link
between glacial cycles at the surface and mantle melting
at depth along mid-ocean ridges in Iceland and observed
that glacial cycles drive variations in the production of
oceanic crust. The samples with the largest positive Eu
(Eu/Eu* = 1.07–1.13) and Sr (Sr/Sr* = 1.91–1.98) anoma-
lies in our dataset are from Iceland or nearby ridge
segments.

The fraction of Eu(II) depends on oxygen fugacity and
the standard redox potential (Schreiber, 1986), the latter
of which is dependent upon the composition of the system.
Traditionally, Eu(II)/Eutotal in MORB is approximated
using plagioclase-melt Sr–Eu partition coefficients. Since
partition coefficients are sensitive to composition, tempera-
ture and pressure, the calculated Eu(II) fraction shows sig-
nificant variation in the literature. The early work by Sun
et al. (1974) indicated 8–13% Eu(II) in mid-ocean ridge
basalts. Aigner-Torres et al. (2007) determined 5–15% Eu
(II) in a Pacific MORB sample under the quartz-
magnetite-fayalite (QFM) buffer. More recently, Laubier
et al.’s (2014) partition coefficient data showed that, in
MORB, Eu(II) decreases from !20% at QFM to !12%
at the nickel–nickel oxide (NNO) buffer. The oxygen fugac-
ity at the top of the upper mantle falls within ±2 log units
of the QFM buffer, and is heterogeneous on a small scale
(Frost and McCammon, 2008). By measuring Fe3+/RFe
ratios in MORB glasses, Bézos and Humler (2005) and
Cottrell and Kelley (2013) estimated that MORB oxygen
fugacity is buffered at !QFM. Based on Fe2O3 systematics
during partial melting, Bézos and Humler (2005) further

Table 1
Partition coefficients and diffusion coefficients used in the model.

Partition coefficientsa Diffusion coefficients (cm2/s)

cpx opx cpxb opxc

Pr 0.23 0.013 3.8 * 10"16 4.2 * 10"16

Sr 0.26 0.016 1.9 * 10"12 1.3 * 10"14

Nd 0.29 0.016 4.0 * 10"16 4.2 * 10"16

Sm 0.35 0.023 5.3 * 10"16 4.2 * 10"16

Eu(II)d 0.26 0.0036 1.9 * 10"12 1.3 * 10"14

Eu(III) 0.38 0.0286 8.4 * 10"16 4.2 * 10"16

Gd 0.41 0.036 1.2 * 10"15 5.8 * 10"16

a From Niu et al. (1996) except for Eu(II).
b Taken or interpolated from Van Orman et al. (2001) and Sneeringer et al. (1984).
c From Cherniak and Liang (2007); Sr diffusion coefficient in opx was approximated by Eu diffusion coefficient measured in air.
d Partition coefficients and diffusion coefficients of Eu(II) are assumed to the same as Sr due to the similarity between the two elements.
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proposed a fO2 of QFM-1 for the MORB source region.
Recently, the oxidation state of Eu in silicate melts was
directly measured by X-ray absorption near edge structure
(XANES) (Burnham et al. (2015). According to their
empirical equation for Eu(III)/Eutotal as a function of oxy-
gen fugacity, melt composition and temperature, the Eu(II)
fraction is 20–30% in MORB melts. Given the above obser-
vations, we explored the Sm–Eu–Gd fractionation during
partial melting by assuming 10–30% Eu(II) in the MORB
source mantle. Less Eu(II) translates into a smaller Eu
anomaly.

In our model, we considered only diffusion in clinopy-
roxene (cpx) and orthopyroxene (opx) to control the REE
budgets in spinel peridotites. Following Qin (1992), we
assume all crystals are spherical, the redistribution of the
element concentration (C) within the crystals is controlled
by volume diffusion:

@Ci
j

@t
¼ Di

j

@2Ci
j

@r2j
þ 2

rj

@Ci
j

@rj

 !

; 0 6 rj 6 RjðtÞ; j ¼ cpx; opx;

i ¼ EuðIIÞ;EuðIIIÞ; Sm;Gd; Sr;Pr;Nd ð1Þ

Three initial conditions are assumed:

(1) All minerals are initially homogeneous

@Ci
jjt¼0

@rj
¼ 0; 0 6 rj 6 Rjjt¼0 ð2Þ

(2) Clinopyroxene and orthopyroxene are in equilibrium
before melting

Ci
cpxjt¼0

Ki
cpx

¼
Ci

opxjt¼0

Ki
opx

ð3Þ

Two boundary conditions are:

(1) There is no chemical gradient in the center of the
crystals

@Ci
j

@rj
jrj¼0 ¼ 0 ð4Þ

(2) The crystal rims maintain equilibrium with the melt

Ci
jjrj¼Rj

¼ Ki
jC

i
r ð5Þ

Our modeling here follows Qin (1992), where he
observed that disequilibrium effects are enhanced due to
differences in relative diffusivities of highly incompatible
elements. The concentrations (ppm) of an element i in the
residual (Ci

r) and aggregated (Ci
a) melt are given by the

two equations below, respectively:

dðV rCi
rÞ

dt
¼ " d

dt

X

j

f j

Z Rj

0

4pr2jC
i
jdrj

( )
" xeCi
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Ci
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1

V a
"
X
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f j
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0

4pr2jC
i
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! ""(

"
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f j

Z Rj jt¼0

0
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jdrj

! "#
" V rCi

r

)
ð7Þ

The radius of mineral j is given by:

Rj ¼ Rjjt¼0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1" X j

f j
xt3

s
ð8Þ

Xj used in the third assumption and here is the reaction
coefficient of mineral j during melting.

dV r

dt
¼ xm " xe ¼ xmð1" aÞ ð9Þ

dV a

dt
¼ axm ð10Þ

a ¼ 0; when F 6 u; ð11aÞ

a ¼ 1

ð1" uÞ
; when F > u ð11bÞ

F ¼ xt ð12Þ

As shown in Fig. 4, Eu and Sr are always enriched over
Sm–Gd and Pr–Nd, respectively, in aggregated melts from
spinel peridotite. The extent of Sm–Eu–Gd and Pr–Sr–Nd
fractionations rapidly decrease with increasing degree of
melting, and greater fractionations are produced under fas-
ter melting rates. The positive Eu (up to 1.13) and Sr (up to
1.98) anomalies in our primitive MORB samples can be
produced by disequilibrium melting of an anomaly-free
source under upper mantle melting conditions (Fig. 4).
Fig. 5 plots Sr/Sr* vs. Eu/Eu* in aggregated melts as a func-
tion of Eu2+ fraction and melting rate, and it shows that
disequilibrium melting of the MORB source mantle can
produce positively correlated Sr/Sr*–Eu/Eu* in the melts,
which mimics the mixing trends between the Depleted Man-
tle and recycled lower crust. The slope of Sr/Sr*–Eu/Eu* is
sensitive to the Eu2+ fraction in the mantle source, and our
data suggest that the mantle source has 10–20% of total Eu
as Eu2+. Future studies on Eu2+/Eu3+ in peridotite may

Table 2
Notation used in modeling.

Variable Description Unit

a Ratio of melt extraction rate to melting rate
Ci

j Concentration of element i in mineral j g/g
Ci

a Concentration of element i in aggregated melt g/g
Ci

r Concentration of element i in residual melt g/g
Di

j Diffusion coefficient of element i in mineral j cm2/s
fj Initial proportion of mineral j
F Melting degree
Ki

j Partition coefficient of element i between melt
and j

Rj Radius of mineral j cm
rj Distance to the crystal center of mineral j cm
t Time s
Vj Volume of mineral j cm3

Va Volume of aggregated melt cm3

Vr Volume of residual melt cm3

xe Melt extraction rate cm3/s
xm Melting rate cm3/s
x Relative/normalized melting rate yr"1

Xj Reaction coefficient of mineral j during
melting

u Porosity at the source

M. Tang et al. /Geochimica et Cosmochimica Acta 197 (2017) 132–141 137



help to clarify the significance of crust-mantle mixing vs.
disequilibrium melting. Because partial melting of any
extent of disequilibrium preferentially extracts Eu and Sr
from the source, the residual assemblage will have progres-
sively more negative Eu and Sr anomalies (Fig. 6). Thereby,
later melts derived from residual peridotite that has experi-
enced large degrees of melting can be depleted in Eu and Sr.

The Sm–Eu–Gd and Pr–Sr–Nd systematics in primitive
MORB may be further complicated by interactions between
melts and lower crustal cumulates during melt transport
(Wanless and Shaw, 2012), as discussed above. Although
magmatic processes can fractionate Eu from Sm–Gd, and
Sr from Pr–Nd, mixing of melts generated at various depths
and melting degrees tends to reduce the kinetic effects seen

in the aggregated melts. Taking the disequilibrium melting
effect into account, the MORB source mantle should have
Eu/Eu* and Sr/Sr* less than average primitive MORBs,
i.e., 1.025 ± 0.025 (2 rm) and 1.242 ± 0.093 (2 rm), respec-
tively. For instance, if we assume the oceanic crust repre-
sents an average 10% melting product of the underlying
mantle (Plank et al., 1995) and an average total melting
timescale (melting from 0–20%) of 10 Ma (or !6.6 # 10"5 -
kg/m3/yr), the MORB mantle source would have Eu/Eu*

and Sr/Sr* of 0.96–1.00 and 0.99, respectively. To test fur-
ther disequilibrium melting effects produced during mantle
partial melting, we suggest future work on high precision
measurements of Eu/Eu* and Sr/Sr* in peridotitic
clinopyroxenes (the major host for the REE and Sr). The
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clinopyroxene compositions are only controlled by melting
processes unless they experienced metasomatism. Accord-
ing to our model, unmodified peridotitic clinopyroxenes
should display negative Eu and Sr anomalies after various
degrees of melt depletion.

4.3. Implications for lower crustal recycling in the mantle

Our disequilibrium melting model provides an alterna-
tive to recycled lower continental crust to explain the posi-
tive Eu and Sr anomalies in primitive MOBRs, and such
kinetic effect must be taken into account when evaluating
Eu and Sr excess in the mantle source. In addition to pos-
itive Eu and Sr anomalies, recycled lower crustal materials
that are plagioclase enriched also have low U/Pb and Th/
Pb ratios. Lower crustal recycling thus transports less

radiogenic Pb isotopes into the mantle (e.g., Jagoutz and
Schmidt, 2013; Tang et al., 2015). In ocean island basalts
(OIB) with >9 wt.% MgO, the negative correlations
between Eu/Eu*-, Sr/Sr*-Pb isotopes (Fig. 7) suggest that
the recycled lower crustal materials are an important com-
ponent in the source of OIB. A similar conclusion was
reached by Willbold and Stracke (2010), who showed the
negative correlation between Sr isotopes and Eu/Eu* in
OIB. In primitive MORBs, Pb isotopes show no correla-
tions with Eu/Eu* and Sr/Sr*.

5. CONCLUSIONS

High precision and accuracy Eu/Eu* and Sr/Sr* mea-
surements in high MgO (>8.5 wt.%) MORB glasses were
conducted to evaluate the potential effect of lower crustal
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recycling in the MORB source mantle. Primitive MORBs
(defined as MORBs with MgO >9 wt.% here), with no cor-
relations of Eu/Eu* vs. MgO and Sr/Sr* vs. MgO, have
average Eu/Eu* = 1.025 ± 0.025 and Sr/Sr* = 1.24 ± 0.09
(2 rm). Primitive MORBs show both positive and negative
Eu and Sr anomalies, and a positive correlation between
Eu/Eu* and Sr/Sr*, consistent with previous studies (Niu
and O’Hara, 2009; Jenner and O’Neill, 2012a,b).

Model calculations show that kinetic fractionation of
Sm–Eu–Gd and Pr–Sr–Nd during partial melting ± melt
transportation may produce large variations of Eu/Eu*

and Sr/Sr* that are positively correlated with each other
in partial melts under upper mantle conditions. Because
partial melts, compared with the MORB source mantle,
tend to be enriched in Eu and Sr over Sm–Gd and Pr–
Nd, respectively, the MORB source mantle should have
lower Eu/Eu* and Sr/Sr* than primitive MORBs.

This study does not exclude the possibility that some
recycled lower crustal materials might have been mixed into
the MORB source mantle, but the negative correlations
between Pb isotopes and Eu, Sr anomalies in OIBs suggest
that a significant amount of foundered continental lower
crust sank to the deep mantle.
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