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Ocean island basalts (OIBs) are geochemically diverse in radiogenic isotopes, a feature that is com-
monly ascribed to record the chemical heterogeneity of their deep-mantle source, where significant 
compositional variation relates to variable amounts of ancient recycled crustal material. Although Mg 
is a major constituent of the mantle, it is still unclear whether Mg isotopes of OIBs predominantly cor-
respond to deep-mantle source heterogeneity or processes such as partial melting. Here, we present 
Mg isotopic and trace-element compositional data for OIBs from the Hawaii islands, the Louisville 
seamounts, and for altered oceanic crust samples from the South Pacific. The δ26Mg value range of 
these OIBs is −0.29 ± 0.07� (2SD, n = 17), which is a variation approximately twice as large as the 
known compositional variation of the peridotitic mantle (−0.23 ± 0.04�, 2SD). Moreover, alkaline basalt 
(−0.31 ± 0.04�, 2SD, n = 12) is relatively enriched in light Mg isotopes compared to tholeiitic basalt 
(−0.24 ± 0.02�, 2SD, n = 5). In contrast, altered oceanic crust analyzed in this study has heavier Mg 
isotopic composition (−0.18 ± 0.08�, 2SD, n = 13) relative to the basalts and to the peridotitic mantle. 
An evaluation of our and published data shows that the δ26Mg values of most OIBs negatively correlate 
with melting-sensitive trace-element ratios, but that they are uncorrelated with source-sensitive elemen-
tal ratios. This implies that Mg isotopic variation in most OIBs is largely controlled by variable degrees 
of partial melting and not by source heterogeneity. Negative correlation between Nb/Zr (or La/Sm) ver-
sus δ26Mg suggests that altered oceanic crust with heavier Mg isotopic composition is a more suitable 
source candidate for common OIBs. However, for a given melting degree, Louisville basalts have lower 
δ26Mg values than other OIBs, suggesting a different source, e.g. a peridotitic mantle. Modeling calcula-
tions suggest that melting of both garnet pyroxenite (recycled altered oceanic crust) and garnet peridotite 
can generate melts with low-δ26Mg signature for low-degree partial melting. Therefore, if the degree of 
partial melting can be independently constrained for the generation of parental OIB magma, the Mg iso-
topic compositions of their source can be estimated to investigate the chemical heterogeneity of the deep 
mantle.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

It is generally presumed that the highly variable radiogenic iso-
topic composition of ocean island basalt (OIB) is inherited from 
chemically heterogeneous deep mantle sources (Zindler and Hart, 
1986; Hofmann, 1997; White, 2010, 2015). Trace-element ratios 
(e.g. Ce/Pb, Nb/U) and radiogenic isotopes (Sr, Nd, Pb and Hf) 
are commonly used to constrain the source heterogeneity of OIBs. 
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However, whether magnesium isotopes (26Mg, 25Mg and 24Mg) 
fingerprint such chemical heterogeneity in the deep mantle is still 
unclear, yet important to know, as magnesium is a major element 
in the mantle that provides an additional isotopic system for deci-
phering components and processes contributing to the diversity of 
OIBs.

To date, most studies have considered that mantle partial melt-
ing and basalt differentiation do not significantly fractionate Mg 
isotopes, given that stable isotope fractionation decreases as tem-
perature increases (Urey, 1947). It is thus inferred that the Mg 
isotopic composition of mantle-derived rocks largely mirrors that 
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Fig. 1. Mg isotopic composition reported in the literature. The composition of oceanic basalt (MORB and OIB) and peridotite xenoliths were reported by Teng et al. (2010a). 
Based on these data, an average δ26Mg value of −0.25 ± 0.07 (2SD) was proposed for the terrestrial mantle. It is notable that the peridotitic xenoliths investigated by most 
previous studies are from continental lithosphere, and they have experienced various degrees of metasomatism (also discussed in main text), therefore only the data from 
Teng et al. (2010a) were plotted. Lai et al. (2015) studied a suite of samples from the Horoman peridotite massif and suggested an average δ26Mg value of −0.23 ± 0.04
(2SD) for pristine peridotitic mantle, which is more proper in comparison with the oceanic basalts. Gray fields are corresponding average values and 2SD uncertainties. Error 
bars represent 2SD uncertainties.
of their sources (Teng et al., 2007, 2010a). Using a set of global and 
geochemically diverse oceanic basalts and mantle peridotite xeno-
liths, Teng et al. (2010a) suggested that the Earth’s mantle is ho-
mogeneous with an average δ26Mg composition of −0.25 ± 0.07�
(2SD), a chondritic value that is consistent with other published 
data (Handler et al., 2009; Yang et al., 2009; Young et al., 2009;
Bourdon et al., 2010; Bizzarro et al., 2011; Huang et al., 2011;
Pogge von Strandmann et al., 2011). However, the peridotitic xeno-
liths investigated by Teng et al. (2010a) are from continental litho-
sphere and have experienced various degrees of metasomatism, as 
well as in most other studies, e.g. Yang et al. (2009), Huang et 
al. (2011), Liu et al. (2011), Pogge von Strandmann et al. (2011)
and Xiao et al. (2013). Therefore, the comparison between these 
xenoliths and OIB samples is not robust, as OIBs were generated in 
distinct oceanic settings. Recently, Lai et al. (2015) investigated the 
Mg isotopic composition of the Horoman Peridotite Massif, which 
is believed to be the remnants of pristine oceanic mantle. These 
samples are quite homogeneous in Mg isotopes with an average 
δ26Mg composition of −0.23 ± 0.04� (2SD). While the known 
variation in δ26Mg composition of OIBs and unmetasomatized peri-
dotite is relatively small, all existing δ26Mg data nevertheless show 
that OIBs are less homogeneous than the normal peridotitic man-
tle (Fig. 1). It is improbable that the discordance between the Mg 
isotopic composition of OIBs and peridotites results from analyti-
cal uncertainties, because students’ t-tests show that there is no 
significant statistical difference between the mean δ26Mg values of 
tholeiitic and peridotitic samples, but a significant and systematic 
difference (p-value << 0.01 at 95% confidence level) for tholeiitic 
and isotopically lighter alkaline OIBs. The objective of our study 
was to examine the origin of the δ26Mg compositional variation 
between (1) OIBs and peridotite, as well as (2) alkaline and tholei-
itic basalts. To achieve this objective, we have analyzed whole-rock 
Mg isotopic and trace-element composition of seventeen fresh OIB 
samples from the Hawaii islands and the Louisville Seamounts 
Chain, along with several altered oceanic crust samples from the 
Pacific.

2. Studied samples

The Hawaii and the Louisville Seamounts Chain are located 
in the northern and southern Pacific, respectively, and both are 
thought to have formed by deep-rooted mantle plumes (Courtillot 
et al., 2003) (Fig. S1). We have investigated ten samples from 
Hawaii and seven samples from the Louisville Seamounts Chain. 
The Hawaiian samples include tholeiitic shield-building lavas from 
Kilauea and Mauna Loa and alkaline basalts erupted from Hualālai 
Volcano. Our Louisville samples are all alkaline basalts, which were 
drilled at IODP sites U1372, U1373, and U1376 at the Canopus, 
Rigil, and Burton seamounts with average ages of 74.2 Ma, 69.5 Ma 
and 64.1 Ma, respectively (Koppers et al., 2012). In addition, altered 
ocean floor basalts were recovered at IODP sites U1365, U1367, 
and U1368 on the southern Pacific Plate (Fig. S1) (Zhang et al., 
2012, 2013).

3. Experimental methods

3.1. Major- and trace-element analyses

Major-element composition of the OIB samples was determined 
on fused glass discs with a Thermo ARL 9900 X-ray fluorescence 
spectrometer (XRF) at the State Key Laboratory for Mineral De-
posits Research, Nanjing University, China. Uncertainties were less 
than 2% for Si, Ti, Al, Fe, Mg and Ca, and less than 6% for Mn, K, 
Na and P as determined by comparison to the GSR3 rock standard. 
Trace-element composition of the Hawaiian samples was deter-
mined using an Agilent 7700x inductively coupled plasma mass 
spectrometer (ICP-MS) at Nanjing FocuMS Technology, China. The 
analyses of USGS rock reference materials (BHVO-2, BIR-1 and 
BCR-2) showed that analytical precision was better than 5% for 
Rb, Sr, Y, Zr, Hf, Nb, Ta, U, Th and the REEs, and 10% for Ba and 
Pb. Trace-element composition of the Louisville samples was de-
termined using an ELAN 6100DRC ICP-MS at Northwest University, 
China. The analyses of USGS rock reference materials (BHVO-2, 
BCR-2 and AGV-2) equally yielded a precision better than 5% for 
Rb, Ba, Sr, Y, Zr, Hf, Nb, Ta, U, Th and the REEs, and 10% for Pb.

3.2. Mg purification and isotopic analysis

Mg isotopic analysis was performed at the Institute of Geol-
ogy and Geophysics, Chinese Academy of Sciences, Beijing, follow-
ing the procedures established and described in detail by An et 
al. (2014). All chemical preparation and analysis was carried out 
in an ultra-clean laboratory. Prior to column chemistry, approxi-
mately 20 mg of sample powders and 50 mg of USGS standard 
materials including BCR-2, BHVO-2, BIR-1 and GSP-2 were weighed 
in Savillex screw-top beakers and fully dissolved in a mixture of 
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Table 1
Measured magnesium isotopic composition of basalt samples.

Sample namea δ25Mgb 2SDc δ26Mg 2SD nd �25Mg′e

Altered oceanic crust 329-U1365E-2R-1-W 65/69 −0.086 0.026 −0.156 0.015 4 −0.004
Replicate −0.070 0.030 −0.149 0.024 4 +0.008
329-U1365E-4R-2-W 88/92 −0.078 0.015 −0.149 0.025 4 +0.000
329-U1365E-6R-2-W 99/103 −0.096 0.005 −0.189 0.042 4 +0.002
329-U1365E-10R-1-W 46/50 −0.080 0.010 −0.169 0.020 4 +0.008
329-U1365E-12R-1-W 19/23 −0.075 0.035 −0.154 0.021 4 +0.006
329-U1367F-5R-1-W 36/39 −0.109 0.023 −0.207 0.024 6 −0.001
329-U1367F-2R-3-W 43/47 −0.110 0.043 −0.198 0.027 4 −0.007
Replicate −0.099 0.020 −0.224 0.044 5 +0.018
329-U1367F-6R-1-W 84/88 −0.101 0.012 −0.200 0.027 4 +0.004
329-U1368F-4R-2-W 14/16 −0.110 0.051 −0.216 0.055 5 +0.003
329-U1368F-5R-2-W 64/69 −0.034 0.035 −0.120 0.049 6 +0.028
329-U1368F-7R-2-W 113/115 −0.122 0.045 −0.248 0.042 4 +0.007
329-U1368F-11R-2-W 110/116 −0.072 0.033 −0.140 0.051 4 +0.001
329-U1368F-14R-1-W 39/43 −0.070 0.025 −0.127 0.036 7 −0.004
Average −0.088 0.047 −0.175 0.076

Hawaii tholeiitic B-2 −0.103 0.023 −0.229 0.026 4 +0.016
B-3 −0.118 0.036 −0.233 0.049 4 +0.004
Replicate −0.130 0.015 −0.255 0.039 4 +0.003
H-4-1 −0.118 0.026 −0.243 0.047 4 +0.009
H-9 −0.103 0.025 −0.246 0.045 4 +0.026
N-1 −0.114 0.020 −0.234 0.025 4 +0.008
Average −0.111 0.015 −0.237 0.015

Hawaii alkaline K-1 −0.141 0.023 −0.296 0.040 4 +0.014
K-2 −0.141 0.037 −0.295 0.033 5 +0.013
K-3 −0.147 0.036 −0.288 0.033 5 +0.003
K-4 −0.143 0.015 −0.289 0.015 4 +0.007
K-5 −0.139 0.018 −0.294 0.015 4 +0.014
Average −0.142 0.006 −0.292 0.008

Louisville alkaline L02 −0.148 0.027 −0.311 0.045 6 +0.014
L03 −0.163 0.014 −0.326 0.015 4 +0.007
L06 −0.165 0.022 −0.315 0.033 4 −0.001
L21 −0.172 0.020 −0.335 0.020 4 +0.003
L22 −0.148 0.035 −0.315 0.027 4 +0.016
Replicate −0.157 0.042 −0.320 0.022 4 +0.009
L23 −0.156 0.029 −0.329 0.042 4 +0.016
L24 −0.147 0.047 −0.312 0.040 4 +0.015
Average −0.157 0.019 −0.320 0.019

a Replicate represents the repeat of sample dissolution, column chemistry and instrumental analysis.
b Mg isotopic compositions are expressed in δ notation as per mil (�) deviation from DSM-3 (Galy et al., 2003): δXMg =

[(XMg/24Mg)sample/(
XMg/24Mg)DSM-3 − 1] × 1000, where X equals 25 or 26.

c 2SD = 2 times the standard deviation of the population of n repeat measurements of a sample solution.
d Number of repeat measurements of each sample is denoted by “n”.
e �25Mg′ = δ25Mg′ − 0.521 × δ26Mg′ , where δXMg′ = 1000 × ln[(δXMg + 1000)/1000] (Young and Galy, 2004).
concentrated HF–HNO3 (∼3:1, v/v). This initial digestion was evap-
orated to dryness and then treated with a mixture of concentrated 
HCl–HNO3 and pure concentrated HNO3, one or two times in se-
quence, to obtain completely clear solutions. The clear solutions, 
which contained about 20 μg Mg, were then dried and dissolved 
in 2N HNO3 for column chemical analysis.

Mg purification was achieved by cation exchange chromatog-
raphy in Savillex micro-columns loaded with 2 ml of Bio-Rad 
AG50W-X12 (200–400 mesh) pre-cleaned resin following estab-
lished procedures (An et al., 2014). Prepared sample solutions were 
then loaded onto the resin twice with drying in between to obtain 
a pure Mg solution. The final reclaimed Mg solutions were dried 
and re-dissolved in 2% HNO3, in preparation for mass spectrome-
try analysis. We also prepared a synthetic multi-element standard 
solution IGGMg1-A to examine the purification efficiency of the 
column. The Mg yields of all standards and unknown samples were 
≥99.7% and the total procedural Mg blank during this study was 
less than 6 ng.

Mg isotopic composition was measured by the sample-standard 
bracketing method on a Thermo Neptune MC-ICP-MS in a medium-
resolution mode. Sample and standard solutions were diluted to 
∼2 ppm Mg in the same batch of 2% HNO3. The signal intensity 
for 24Mg was generally about 4–5 V/ppm and the average blank 
contribution to this signal was less than 2 mV. To control analyt-
ical quality, each sample was measured at least 4 times and then 
averaged.

4. Results

The Mg isotopic composition of the measured samples is re-
ported in Table 1, while data for the standard materials is pre-
sented in Table S1. The major- and trace-element composition of 
the samples is provided in Table S2. The 2SD long-term exter-
nal precision was determined by repeated analyses of the inter-
national Mg standards (DSM-3 and Cambridge-1), in-house Mg 
standards (IGGMg1, IGGMg2 and SRM980), and various igneous 
rock standards (BCR-2, BHVO-2, BIR-1 and GSP-2). For δ26Mg, the 
external precision is better than 0.06� (2SD). The internal pre-
cision on the measured 26Mg/24Mg composition based on ≥4 
repeated analyses of the same solution during a single analyt-
ical session of this study is ≤0.05� (2SD). Repeated measure-
ments of the Cambridge-1 and in-house Mg standard IGGMg1 at 
different dates yielded average δ26Mg values of −2.60 ± 0.04�
(2SD, n = 26) and −1.76 ± 0.04� (2SD, n = 70), respectively, 
which both agree with reported values (An and Huang, 2014;
An et al., 2014). The results of multiple analyses of synthetic Mg 



130 Y. Zhong et al. / Earth and Planetary Science Letters 463 (2017) 127–135
Fig. 2. Plots of δ26Mg versus K/Nb and Nb/Zr. The dark gray field represents the range of peridotitic mantle composition suggested by Lai et al. (2015) with −0.23 ± 0.04�
δ26Mg (2SD). The light gray field represents the range of oceanic island basalt composition inferred by Teng et al. (2010a), which is −0.26 ± 0.08� δ26Mg (2SD). Error bars 
represent 2SD uncertainties.
standard IGGMg1-A and USGS standard materials in this study are 
also in excellent agreement with those of An et al. (2014) and 
other previously published values within error.

All acquired Mg isotopic data fall along the mass-dependent 
fractionation line with a slope equal to 0.521 on the Mg three-
isotope diagram (Fig. S2, for data see Table 1 and Table S1) 
(Young and Galy, 2004). Altered oceanic crust samples yield vari-
able δ26Mg values ranging from −0.25� to −0.12�, and most 
are higher than those of reported peridotitic mantle compositions 
(Fig. 2). The composition of OIBs determined in our study have 
an average δ26Mg value of −0.29 ± 0.07� (2SD, n = 17), which 
is identical to the average δ26Mg value of OIBs (−0.26 ± 0.08�, 
2SD) reported by Teng et al. (2010a). These values overlap with but 
show a larger range than the δ26Mg composition of the peridotitic 
mantle. Moreover, there are systematic and discernible differences 
between the Mg isotopic composition of tholeiitic and alkaline 
samples. The Hawaiian alkaline basalts have a lower average δ26Mg 
value of −0.29 ± 0.01� (2SD, n = 5) than the Hawaiian tholei-
itic lavas (−0.24 ± 0.02�; 2SD, n = 5). The Louisville basalts have 
the lightest δ26Mg values (average −0.32 ± 0.02�; 2SD, n = 7). 
The tholeiitic δ26Mg composition falls into the range of peridotitic 
mantle composition, while alkaline basalts are comparatively en-
riched in light Mg isotopes (Fig. 2).

5. Discussion

5.1. Mg isotopic composition of altered oceanic crust

The large range in K/Nb ratio (from 300 to around 1700) of our 
altered oceanic crust samples indicates affection of seawater al-
teration (Fig. 2). During alteration of basaltic glass to palagonite, 
a fraction of magnesium content is lost to the seawater, while 
the potassium content increases and Nb remains largely unmod-
ified as a result of alteration (Staudigel and Hart, 1983). Heavy 
isotopes preferentially partition into weathered residues (e.g. the 
isotopic fractionation could up to 0.5� between primary rock 
and weathered residue) (Tipper et al., 2006; Pogge von Strand-
mann et al., 2008a, 2008b; Tipper et al., 2008; Teng et al., 2010b;
Liu et al., 2014). We therefore link the high K/Na ratios and the 
heavy Mg isotopic signature to the presence of palagonite in the 
altered oceanic crust (AOC) samples. Secondary clay minerals are 
also usually K-rich and can take up isotopically heavy Mg (Huang 
et al., 2012). However, these clay minerals are much lower in MgO 
than basalt or palagonite. Considering an average δ26Mg value of 
−0.83� for seawater (Ling et al., 2011), this then requires an iso-
topic fractionation much larger than 0.7� between clay minerals 
and seawater, which was not yet observed in nature. We therefore 
posit that the formation of palagonite dominantly accounts for the 
increase of both K/Nb ratios and δ26Mg values in our AOC sam-
ples, and we further suggest that heavy Mg isotopic composition 
of AOC should be a common phenomenon. However, geochemical 
variation of oceanic crust induced by seawater alteration is com-
plicated; consequently, we can hardly find a simple mixing trend 
between unaltered MORB and highly altered material.

5.2. Mg isotopic heterogeneity generated by partial melting

Previous interpretations have suggested that degree of partial 
melting and magma differentiation do not significantly fraction-
ate Mg isotopes of basaltic melt (Teng et al., 2007, 2010a). Re-
cycled AOC is, however, a common source component of OIBs. 
This conclusion was established on the ground of trace-element 
composition and Sr–Nd–Pb isotopic composition (Hofmann and 
White, 1982; Hofmann, 1997), and it may thus be suspected that 
OIBs have heavier Mg isotopic compositions than normal peri-
dotitic mantle if recycled AOC carries its near-surface composi-
tional signature into the mantle source. Intriguingly, this compo-
sitional signature has not been observed in our and other recent 
Mg isotope datasets (Fig. 1 and Fig. 2). On the contrary, alkaline 
OIBs have resolvably lighter Mg isotope composition than the peri-
dotitic mantle. Light Mg isotopic composition of intraplate alkaline 
basalts has usually been attributed to recycled carbonate compo-
nents in the mantle source (Yang et al., 2012; Wang et al., 2014), 
because carbonate has significantly lower δ26Mg values (from 
−4.84� to −1.09�) than other reservoirs (Galy et al., 2002;
Young and Galy, 2004; Tipper et al., 2006; Geske et al., 2015). An 
additional or alternative, yet contested explanation is that variable 
degrees of mantle partial melting affect the Mg isotopic composi-
tion of their derived melts.

To evaluate if and to which degree partial melting and/or 
source-inherited composition account for the Mg isotopic hetero-
geneity in OIB samples, we now explore the possible links between 
a series of trace-element and δ26Mg compositions. The consid-
ered trace-elemental ratios are either largely controlled by source 
composition or by the degree of partial melting. For elements 
with closely comparable compatibility, source composition largely 
controls their composition in the generated melt (e.g. Hf/Sm and 
Ba/Th). For elements with significantly different compatibility, vari-
able degrees of partial melting will yield large variation in melt 
composition (e.g. Nb/Zr and La/Sm). Using this rationale, we have 
examined the potential correlations between δ26Mg values and a 
series of trace-elemental ratios shown in Fig. 3 for our data and 
for oceanic basalt compositions reported by Teng et al. (2010a)
(Table S3), which are Hawaiian tholeiitic basalts from the Koolau 
and Kilauea Iki lava lakes and alkaline basalts from Society Islands. 
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Fig. 3. Plot of correlation coefficients for δ26Mg and characteristic elemental ratios. 
Figures inside the diagram are P values. The dark purple solid squares mark ele-
mental ratios that show a significant variation with δ26Mg at 95% confidence level 
(P < 0.05; further details can be found in Section 5.2 and Fig. S3). The white sym-
bols mark elemental ratios that have P values close or equal to 1, thus lacking 
correlation with δ26Mg. Light lilac squares have intermediate P values. Mg iso-
topic compositions are well correlated with trace-elemental ratios that are sensitive 
to partial melting (i.e. ratios on the left side of the figure). For δ26Mg and trace-
elemental ratios that are largely controlled by source composition, no significant 
correlation was found.

Because Teng et al. (2010a) have no matched trace-element com-
position in addition to their Mg isotopic data, we have selected and 
used trace-element data from the same locations and lithologies 
published by others. For each location, δ26Mg values and trace-
element ratios were averaged and corresponding 2SE were plotted.

The applied correlation analysis, i.e. a Monte Carlo analysis, 
is similar to the approach described by Li et al. (2016), which 
is able to account for and propagate uncertainties. In each sim-
ulation, a hypothetical dataset was generated by adding random 
normal distributed errors obtained from corresponding standard 
errors. The simulation was repeated 100,000 times, and regres-
sion coefficients including r2 and p values were recorded for every 
run. The significance of the final regression results was judged by 
the fraction (P ) of insignificant correlations (p > 0.05) among the 
100,000 simulations. A P value <0.05 means that more than 95% 
of the simulated correlations were significant, i.e. the correlations 
between δ26Mg and trace-elemental ratios are significant at 95% 
confidence level considering the uncertainty in the data.

Plots of average trace-element ratios versus δ26Mg values for 
the OIBs are shown in Fig. S3 and their correlation coefficients are 
illustrated in Fig. 3. Excluding our Louisville samples, δ26Mg val-
ues of OIBs are well correlated with their elemental ratios which 
are most sensitive to partial melting such as Nb/Zr and Nb/Sm 
(r2 > 0.90 with P < 0.01). From the left side to right side of 
Fig. 3, decreasing r2 and increasing P values indicate that corre-
lations become insignificant. Meanwhile, there is no correlation 
between δ26Mg values versus elemental ratios which are sen-
sitive to source composition, e.g. Ba/Th, Zr/Sm and Hf/Sm. We 
therefore suggest that Mg isotopic heterogeneity and variation of 
most OIBs is linked to variable degrees of partial melting, rather 
than to source heterogeneity (e.g. variable contribution of recy-
cled carbonate). Given that alkaline basalts are generally derived 
by lower degrees of source partial melting than tholeiitic basalts, 
we further propound that a higher degree of source partial melt-
ing leads to higher δ26Mg values. Low-degree partial melting thus 
preferentially partitions light Mg isotopes into melts, while high-
degree partial melting yields melt with Mg isotopic composition 
approaching the composition of protoliths.

5.3. Source influence on Mg isotopic heterogeneity

For a given La/Sm (or Nb/Zr) ratio, i.e. under similar melt-
ing degrees, the Louisville basalts always have a lighter Mg iso-
topic composition than other OIBs, suggesting that they have a 
unique source. Among all OIBs, the Louisville basalts are distinct 
with a homogeneous, FOZO-like Sr–Nd–Pb isotopic composition 
(Cheng et al., 1987; Beier et al., 2011; Vanderkluysen et al., 2014), 
while most other OIBs show a broad radiogenic Sr–Nd–Pb isotope 
range attributed to recycled oceanic crust and/or sediment in the 
source (Zindler and Hart, 1986; Weaver, 1991; Chauvel et al., 1992;
Kogiso et al., 1997; Jackson et al., 2007). When oceanic crust 
is subducted into the mantle, it eventually transforms to garnet 
pyroxenite, which is the main source component for many typ-
ical OIBs, e.g. the shield-building basalts of Hawaii (Sobolev et 
al., 2005; Herzberg, 2006, 2011). Unlike these typical OIBs, the 
Louisville hotspot seems to tap a peridotitic source (Vanderkluysen 
et al., 2014), which may be in response to the thin lithosphere 
above the hotspot (Sobolev et al., 2007). Near the north end of 
the Louisville seamount chain a fossil spreading ridge, the Osbourn 
Trough, has been identified (Beier et al., 2011). The Louisville sam-
ples of this study were drilled at the northern end of this volcanic 
chain, representing the earliest magmatism (74.2 Ma–64.1 Ma) 
generated below a thinning lithosphere above the hotspot in the 
Mesozoic (Koppers et al., 2012). We therefore posit that a small or 
no contribution of pyroxenite-derived melt can explain the devia-
tion of the Louisville basalts from other OIBs on the plots of δ26Mg 
values versus melting-sensitive trace-element ratios.

5.4. Fractionation mechanisms during partial melting

Previous studies have established that variable degrees of par-
tial melting or magmatic differentiation may fractionate stable 
metal isotopes, such as Fe, Zn and Ti (Williams and Bizimis, 2014;
Doucet et al., 2016; Millet et al., 2016), depending on the resid-
ual and fractionating mineral assemblages. Recently, Schiller et al.
(2017) found that the Mg isotopic composition of diogenite me-
teorites have heavier Mg isotope composition than eucrite me-
teorites, which can be attributed to extensive fractional crystal-
lization of olivine and orthopyroxene. Since Mg in silicate melt 
appears to occur in five-fold coordination (Wilding et al., 2004;
Henderson et al., 2006; Bajgain et al., 2015), while Mg in olivine 
and pyroxene occurs in six-fold coordination (Young et al., 2009;
Schauble, 2011). The coordination difference leads to the enrich-
ment of isotopically heavy Mg in residual melt, namely their dio-
genite samples.

The inference of Schiller et al. (2017) that high-degree fraction-
ation leads to the enrichment of isotopically heavy Mg in the melt 
fraction is contrary to our interpretation that low-degree partial 
melting results in the formation of melt with a depletion in heavy 
Mg isotopes. A possible explanation for reconciling these appar-
ently opposing interpretations is the distinct mineral assemblages 
with which the bulk melt being in equilibrium respectively. In 
the calculation of Schiller et al. (2017), only olivine and orthopy-
roxene were considered to crystallize. However, garnet is always 
an important phase in the source of OIBs regardless of whether 
the source is peridotitic or pyroxenitic. Since Mg is octahedrally 
coordinated in garnet, garnet is always enriched in light Mg iso-
topes compared to other coexisting silicate minerals (Huang et al., 
2013). Melting experiments have found that garnet commences 
melting along with clinopyroxene at 3–4 GPa (Takahashi, 1986;
Yasuda et al., 1994; Walter, 1998). Additionally, the melting re-
actions of MORB-like eclogite at 3 GPa reveal that the garnet 
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contribution diminishes significantly with increasing melt fraction 
(Pertermann and Hirschmann, 2003). Under such a circumstance, 
low-degree partial melts will inherit a stronger isotopic signa-
ture from garnet than high-degree partial melts, i.e. the light Mg 
isotopic composition of alkaline basalts could be reconciled with 
low-degree partial melting of a garnet-bearing source. Fractional 
crystallization and partial melting may thus form Mg isotopi-
cally light or heavy melt depending on the phase assemblage of 
the system. The effect is more significant for small-degree melt-
ing (large-degree crystallization) than large-degree melting (small-
degree crystallization), which we further quantify below.

5.5. The effect of partial melting degree

Williams and Bizimis (2014) and Millet et al. (2016) have quan-
titatively evaluated the effect of variable degrees of partial melting 
on Fe and Zn isotopic fractionation, respectively. Here we follow 
the approach of Williams and Bizimis (2014), utilizing an incre-
mental batch melting model for garnet pyroxenite and garnet peri-
dotite, respectively, where the fractionation factors between melts 
and residue were recalculated at each step.

We have also followed Williams and Bizimis (2014) in their use 
of initial mineral modal abundance and melting mode for garnet 
pyroxenite. Initial mineral modal abundance and melting mode of 
garnet peridotite were taken from Davis et al. (2011) and Walter
(1998), respectively. Clinopyroxene and garnet in peridotite were 
modeled to be exhausted around 30% degree of melting. Parti-
tion coefficients for garnet pyroxenite are from Pertermann et al.
(2004), whereas those for garnet peridotite were calculated from 
Davis et al. (2011). The mass melted on each step was constantly 
set to 2% (F0) of the bulk mass. Then the melting degree for the 
residue of each step n was calculated according to

fn = F0

1 − (n − 1)F0

and the Mg abundance in the melt was modeled by using the 
equation of

cmelt
n = cresidue

n−1

Dn + (1 − P ) fn

According to Williams and Bizimis (2014), the fractionation fac-
tor between the melt and the bulk residue can be obtained by

αmelt-residue

= αmelt-cpx ∗
(

n∑
i=1

[ni · MgOmnr]/
n∑

i=1

[ni · MgOmnr · αmnr-cpx]
)

where αmnr-cpx is the fractionation factor between clinopyroxene 
and its co-existing mineral assemblage. For pyroxenite we directly 
estimated from published data of natural samples (Wang et al., 
2012; Xiao et al., 2013) using

δmineral − δcpx = �mnr-cpx ≈ 103 lnαmnr-cpx

and for peridotite we use calculated theoretical values at 3 GPa and 
1500 ◦C (Huang et al., 2013). αmelt-cpx is the fractionation factor 
between clinopyroxene and bulk melts. Contrary to the definitive 
αmnr-cpx, αmelt-cpx is a free variable due to the lack of experi-
mental or theoretical constrains. Apparently, the value assigned to 
αmelt-cpx is crucial to the modeling result. Using the initial δ26Mg 
value for clinopyroxene calculated by mass balance, we have then 
determined αmelt-cpx according to the difference between δ26Mg 
values of clinopyroxene and our alkaline samples. This hypothetical 
αmelt-cpx is slightly lower than the calculated value, given that in-
cipient melts should have lighter Mg isotopic composition than al-
kaline basalts. All fractionation factors are assumed to be constant 
Fig. 4. Model δ26Mg values calculated for melt and residue generated by fractional 
melting of garnet pyroxenite and garnet peridotite plotted against degree of partial 
melting. At low melt fractions, e.g. F < 0.1, melts are predicted to have significantly 
deviated composition, which is consistent with the observed offset between alkaline 
OIBs generated by low-degree partial melting and their mantle sources. It is notable 
that the Mg isotopic composition of the partial melting residue remains nearly con-
stant with increasing degree of partial melting.

during partial melting over the set intervals, following previous 
studies in this assumption. For garnet pyroxenite (recycled oceanic 
crust), we take the intersection point of δ26Mg composition for 
AOC samples and typical OIBs in Fig. 2 as the initial Mg isotopic 
composition, namely −0.20�. For garnet peridotite we use nor-
mal mantle value (−0.23%). Once the αmelt-residue was determined, 
δmelt and δresidue were calculated by mass balance. Details of the 
model parameters and calculation are presented in Table S4.

The model results are illustrated in Fig. 4. Partial melting of 
both mantle lithologies is modeled to result in significant δ26Mg 
fractionation between residue and melt, reflecting the importance 
of high fractionation factor between garnet and coexisting silicate 
minerals (Huang et al., 2013), to which we refer as the “gar-
net effect”. It is notable that peridotite-derived melts have light 
and constant Mg isotopic compositions, while the δ26Mg values of 
pyroxenite-derived melts increase with their melting degrees. Such 
distinct fractionation behaviors are likely attributed to their differ-
ent residual mineral assemblages in partial melting. In the melting 
reaction of peridotite, garnet and clinopyroxene will be consumed 
and orthopyroxene will be formed. The newly generated orthopy-
roxene is able to buffer relatively heavy Mg isotopes from melts, 
and consequently stabilize the relatively light Mg isotopic composi-
tions of the latter. Nevertheless, for both lithologies, the difference 
between δ26Mg values of melts and residue could reach an ex-
treme value around 0.1�, which is sufficient to account for the 
observed isotopic fractionation in OIB samples. We therefore con-
clude that variable degrees of partial melting of a garnet-bearing 
source (peridotitic or pyroxenitic) may explain the range of δ26Mg 
values reported for OIBs. Moreover, given that most Mg stays in 
the source residue, the δ26Mg value of the residue remains close 
to that of the primary source. This is consistent with the finding of 
previous studies that the differentiated upper mantle has a near-
chondritic Mg isotopic composition (Handler et al., 2009).

5.6. Implications for the source heterogeneity of intraplate basalts

As discussed above, Hawaiian basalts have a typical pyroxenitic 
source whereas Louisville basalts have a unique peridotitic source. 
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Fig. 5. Correlation of Nb/Zr and La/Sm vs. δ26Mg values for intraplate basalts from various locations worldwide. White symbols represent samples from Teng et al. (2010a) (for 
details see Fig. S3 and Table S3). Data for eastern China basalts are from Yang et al. (2012) and Huang et al. (2015). Data for New Zealand basalts are from Wang et al. (2016), 
where we have only plotted the samples with an MgO higher than 5%. An average δ26Mg value of −0.24� for depleted mantle (DM) was recalculated based on the Horoman 
peridotitic samples with Nb/Zr ratios lower than 0.04 (Takazawa et al., 2000; Lai et al., 2015). Fitting equations for Hawaii and Louisville trend are y = −0.03x − 0.17 and 
y = −0.03x −0.23 in (a); and y = −0.61x −0.19 and y = −0.56x −0.24 in (b). Seawater alteration increases δ26Mg values of oceanic crust samples. The Hawaii compositional 
trend reflects the presence of recycled oceanic crust in mantle source, representing “typical” OIB compositions. The Louisville basalt, as well as typical MORB, in contrast, are 
derived from low-δ26Mg sources, yet may lie along a trend parallel to that of the Hawaiian samples. Error bars represent 2SE uncertainties.
Typical OIBs define a well-correlated trend for δ26Mg and trace-
element ratios (termed the “Hawaii trend”) controlled by the de-
gree of partial melting (Fig. 5). If we assume a parallel correlation 
trend (termed the “Louisville trend”), yet shifted to lower δ26Mg, 
the composition of the Louisville basalt falls onto a trend with 
depleted mantle and MORBs, where MORBs and Louisville basalts 
represent products of high-degree and low-degree partial melting, 
respectively.

To further assess the effect of source compositional variation 
on Mg isotopic composition of intraplate basalts, we have also 
plotted data for intra-continental basalt from eastern China and 
New Zealand in Fig. 5. To minimize the effect of non-silicate 
mineral fractional crystallization on the composition of the New 
Zealand basalts, we have only used samples with MgO content 
higher than 5 wt%. The New Zealand basalts notably plot at the 
extensions of the Hawaiian fractionation trend, while the East-
ern China basalts plot below the Louisville fractionation trends. 
However, basalts from both areas show a broad compositional 
range in δ26Mg versus trace elements compared to the stud-
ied Hawaiian and Louisville basalts. The composition of the OIB-
like basalts from Eastern China have been considered to reflect 
recycled carbonate in their source, given their distinct enrich-
ment of highly incompatible elements and the depletion of Zr 
and Hf, together with their lower δ26Mg and higher δ66Zn val-
ues than peridotitic mantle (Zeng et al., 2010; Yang et al., 2012;
Huang et al., 2015; Liu et al., 2016). For a given La/Sm or Nb/Zr ra-
tio, for example, they have significantly lower δ26Mg values than 
the Louisville basalts. Their source must therefore have a lighter 
Mg isotopic composition than the average peridotitic mantle. Pre-
vious studies have attributed this isotopically light Mg source to 
a stagnant slab in the mantle transition zone (Yang et al., 2012;
Huang et al., 2015). The continental basalts from New Zealand are 
similar to basalts from eastern China in their La/Sm or Nb/Zr com-
position, whereas their δ26Mg values are higher for a given trace 
element ratio. Wang et al. (2016) suggested a hybrid peridotitic 
and pyroxenitic source for the New Zealand alkaline basalts, where 
the end-member with low δ26Mg composition was inferred to be 
recycled carbonate, which is also evident in the HIMU-like radio-
genic isotopic affinities of these basalts (Hoernle et al., 2006; Timm 
et al., 2009, 2010). We therefore conclude that the difference in 
Mg isotopic compositions of continental basalts from eastern China 
and New Zealand, as well as those of the Hawaii and Louisville 
OIBs, is a response to the source heterogeneity and to variable de-
grees of partial melting of the common source types.

6. Summary and conclusions

The Mg isotopic composition of OIBs is variable. Mantle sources 
may differ in Mg isotopic composition, where variable amounts of 
recycled carbonate or altered oceanic crust yield sources with low 
or high δ26Mg, respectively. Melts derived from variable sources 
inherit their Mg isotopic compositional variation, yet variable de-
grees of source partial melting also affect the Mg isotopic compo-
sition of the parental melts. In general, alkaline basalts derived by 
low-degree mantle melting have lower δ26Mg values than tholeiitic 
basalts derived by high-degree mantle melting, and pyroxenite-
derived basalts have higher δ26Mg values than peridotite-derived 
basalts. In combination, Mg isotopic and trace-element composi-
tion can thus be used to identify deep mantle source heterogeneity 
(e.g. for the Hawaiian and Louisville OIBs) and variation in melt-
ing degree, e.g. through time, for common mantle sources tapped 
by common OIBs (e.g. for the Hawaii OIBs). To further exploit the 
information recorded by Mg isotopic composition of basaltic sam-
ples, future studies are needed that derive how Mg isotope parti-
tioning between residue and melt at variable conditions of partial 
melting and for different phase assemblages.
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