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The classic compositional model for the bulk Earth and bulk silicate Earth is the “chondritic”model, in which the
refractory elements in the bulk Earth, and the refractory lithophile elements in the bulk silicate Earth, are
assumed to be in chondritic proportions. Recent discovery of 142Nd anomalies has challenged this view and
there has been discussion of a superchondritic Earth or superchondritic mantle, although an alternative explana-
tion that the 142Nd anomalies are inherited from nucleosynthetic anomaly has also been discussed. If the bulk
silicate Earth is not chondritic in terms of refractory and lithophile elements, the foundation for many previous
publications would be shifted and the new bulk silicate Earth composition must be estimated. This work quan-
tifies the incompatibility sequence and shows that even if themantle is “superchondritic”, it is still quantitatively
consistent with a partially depleted chondritic mantle. Normalization using chondritic mantle abundances is still
appropriate. Furthermore, the major and trace lithophile elemental composition of the proposed “superchondritic”
mantle as a partially depleted chondritic mantle is derived.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Classically, the composition of bulk silicate Earth (BSE) and whole
Earth is modeled as chondritic (e.g., Jagoutz et al., 1979; Sun, 1982;
Zindler and Hart, 1986; Allegre et al., 1995; McDonough and Sun,
1995; Palme and O'Neill, 2004). Because refractory elemental ratios
are essentially constant in chondrites, the chondritic model allows pre-
cise constraint of these ratios in the whole Earth and bulk silicate Earth
(BSE). For BSE, siderophile and chalcophile elements are depleted due
to core formation, and hence only the refractory and lithophile elements
(Be, Al, Ca, Sc, Ti, V, Sr, Y, Zr, Nb, Ba, Y, REE, Hf, Ta, Th, and U, where REE
means rare earth elements) are in chondritic proportions. In deriving
BSE compositions, by adopting the chondriticmodel, the concentrations
of the refractory and lithophile elements are easily determined, and
those of other elements are inferred by numerous sophisticated ways
(such as isotopic ratios and elemental ratios). Not only BSE and whole
Earth compositions are derived using the chondritic assumption, but
also rock composition data are often presented relative to chondritic
BSE (hereafter referred to as C-BSE) for discussing the compositional
evolution and petrogenesis.

Since 1992, high-precision 142Nd/144Nd data have revealed anoma-
lies in the ratio. 142Nd is the decay daughter of the extinct nuclide
146Sm (half life 68 ± 7Myr, Kinoshita et al., 2012). Hence, any anomaly
in the 142Nd/144Nd ratio in rocks implies either very early differentiation
of the Sm/Nd ratio, or a nonchondritic earth, or nucleosynthetic anom-
alous Nd contributing to Earth. Harper and Jacobsen (1992) reported
higher 142Nd/144Nd ratio by about 30 ppm in 3.8-Ga Isua rocks com-
pared to modern rocks, and inferred very early (4.44–4.54 Ga) crust–
ghts reserved.
mantle differentiation (they did not propose a nonchondritic Earth).
The observation was debated for some time and eventually the anoma-
lies were confirmed although smaller than 30 ppm (Boyet et al., 2003;
Caro et al., 2003; Boyet and Carlson, 2006; Caro et al., 2006). Recently,
Boyet and Carlson (2005) discovered that 142Nd/144Nd ratio in modern
terrestrial rocks is about 20 ppm higher than that in chondrites and
proposed either a very early (4.53 Ga) differentiation and the presence
of a hidden Earth reservoir with lower 142Nd/144Nd ratios, or a
superchondritic Earth. Boyet and Carlson (2006) and Jackson and
Carlson (2012) reported that essentially all terrestrial rocks have higher
142Nd/144Nd ratio than chondrites, and proposed that either the BSE
is superchondritic with Sm/Nd ratio higher than chondrites by about
6% relative, or an enriched reservoir is hidden in the deep mantle.
Caro et al. (2008) showed that Moon and Mars share the same
superchondritic characteristics. The proposed superchondritic mantle
would lead to a higher 143Nd/144Nd ratio than earlier estimates based
on the chondritic model. This higher 143Nd/144Nd ratio (~0.51299) is
close to the PREvalent MAntle (PREMA, Zindler and Hart, 1986) or
FOZO (Hart, 1992) with low and plume-like 4He/3He ratios (Jackson
and Jellinek, 2013). Because FOZO is defined as the common endmember
of isotopic mixing trends for mid-ocean ridge basalts (hereafter MORB)
sampling depleted MORB mantle (DMM hereafter) and many ocean is-
land basalt suites sampling different heterogeneities in the mantle, the
similarity between 143Nd/144Nd ratio in the superchondritic mantle and
FOZO lends support to the superchondritic mantle hypothesis. O'Neill
and Palme (2008) proposed collisional erosion of ~10% of the silicate
earth (14% of which is the subchondritic protocrust) to produce a
superchondritic Earth. Caro and Bourdon (2010) inferred the Lu/Hf and
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Rb/Sr ratios of the superchondritic BSE from the PREMA 143Nd/144Nd
ratio using 176Hf/177Hf versus 143Nd/144Nd trend and 87Sr/86Sr versus
143Nd/144Nd trend. Jackson and Jellinek (2013) equated superchondritic
mantle (hereafter SCM) to be the low-4He/3He mantle, estimated its
composition, and discussed implications for a nonchondritic Earth. On
the other hand, Huang et al. (2013) re-evaluated the superchondritic
mantle claim, arguing that even though chondrites are very homoge-
neous in Sm/Nd ratio (Sm/Ndmass ratio of 0.3254± 0.0056, 1.7% relative
error), the 142Nd/144Nd ratio in chondrites is variable with total variation
of about 50 ppm due to nucleosynthetic anomalies (Andreasen and
Sharma, 2006; Carlson et al., 2007; Gannoun et al., 2011), making it diffi-
cult to use the 20-ppm difference to argue for a superchondritic Earth. In
addition, Javoy (1995) and Javoy et al. (2010) proposed an enstatite
chondrite model for Earth based on isotopic similarities, and terrestrial
142Nd/144Nd ratios fall within the range of enstatite chondrites (Huang
et al., 2013), further supporting the enstatite chondritemodel, although
debate on the enstatite chondritemodel is also intense (e.g., Rubie et al.,
2011; Fitoussi and Bourdon, 2012; Zambardi et al., 2013). In summary,
three explanations have been advanced for the observed high
142Nd/144Nd ratios in terrestrial rocks than in ordinary and carbonaceous
chondrites: (1) The high 142Nd/144Nd ratios are of nucleosynthetic origin
and Earth accumulated chondritic Sm/Nd ratios. Hence, we can still use
chondritic models. (2) The high 142Nd/144Nd ratios are not a whole
mantle signature, but a signature due to early differentiation, which
removed a subchondritic early enriched reservoir (EER) that was either
hidden (e.g., in D″ layer) or lost by impacts, so that the rocks that can
be observed today are from the complementary superchondritic early
depleted reservoir (EDR). In the impact loss version, the whole Earth is
superchondritic. (3) Earth accreted from superchondritic materials. In
this scenario, it is not clear whether or not the SCM composition can be
related to C-BSE. The debate is continuing.

If Earth's mantle is superchondritic, previous estimates of BSE com-
position and relatedwork (many papers!)must be reevaluatedwithout
using the assumption of chondritic refractory and lithophile elemental
ratios. This would change the concentrations of not only the refractory
lithophile elements, but also other elements because the concentrations
of the other elements are often derived by using ratios to some refracto-
ry lithophile elements (e.g., K concentration is derived from K/U ratio,
and Rb concentration is derived from Rb/Sr). Can the composition of
SCM be quantitatively related to C-BSE by depletion through mantle
partial melting? Can C-BSE still be used as the reference composition?
Boyet and Carlson (2006) discussed various scenarios, including one
inwhich SCM is partially depletedmantle. However, they didn't demon-
strate this in a quantitative and rigorous way. On the other hand, O'Neill
and Palme (2008) and Campbell and O'Neill (2012) argued that the
whole Earth itself is superchondritic due to impact loss of subchondritic
material. Caro and Bourdon (2010) stated that the superchondritic
mantle contradicts the long-held view that chondrites represent a refer-
ence composition for the 147Sm–143Nd system.

The goal of this work is to explore whether the SCM and DMM are
related to C-BSE by different degrees of depletion using Sm/Nd, Lu/Hf
and Rb/Sr ratios previously inferred for SCM (Boyet and Carlson, 2006;
Caro and Bourdon, 2010). I quantify the sequence of incompatible ele-
ments, show that SCM is compositionally related to C-BSE and DMM,
and use the relation to derive internally consistent SCM composition.
That is, it does not look like that Earth accreted from superchondritic
Table 1
Inferred isotopic and elemental ratios for SCM compared to C-BSE.

ε142Nd/144Nd 143Nd/144Nd Sm/Nd

C-BSE ≡0 0.512634 0.3249
SCM +0.18 0.51299 0.3446
Ratio 1.06

Elemental ratios Sm/Nd, Lu/Hf and Rb/Sr are given asmass ratios. The Sm/Nd ratio in SCM depen
ratio of SCM to C-BSE. Some values are very slightly different from those listed in Caro and B
consistency.
materials. Even if Earth's mantle is superchondritic either because of a
hidden subchondritic reservoir, or because of impact loss of subchondritic
materials, it is still appropriate to use the chondritic model as the refer-
ence or normalizing composition, and previous work on mantle compo-
sition and igneous rock evolution based on the chondritic mantle does
not have to be revisited.

Various authors estimated C-BSE compositions (e.g., Jagoutz et al.,
1979; Sun, 1982; Zindler and Hart, 1986; Allegre et al., 1995;
McDonough and Sun, 1995; Palme and O'Neill, 2004; Lyubetskaya and
Korenaga, 2007). The differences among these estimates are usually
small. For example, the concentrations of lithophile trace elements in
Palme and O'Neill (2004) are on average higher by 4% relative than
those in McDonough and Sun (1995). However, the estimates by
Lyubetskaya and Korenaga (2007) of concentrations of lithophile trace
elements are lower than those by McDonough and Sun (1995) by
about 20% on average. On the other hand, the lithophile trace elemental
ratios are more or less the same in different estimates. In this work, the
C-BSE data byMcDonough and Sun (1995) will be used as the reference
C-BSE composition to evaluate the relation between SCM and DMM
compositions and to obtain SCM composition for internal consistency
because DMM compositions are obtained relative to this C-BSE
(e.g., Table 4 of Salters and Stracke, 2004; and Fig. 2 of Workman and
Hart, 2005). The McDonough and Sun (1995) paper will be referred as
MS1995, Salters and Stracke (2004) as SS2004, and Workman and
Hart (2005) as WH2005.

2. Isotopic and elemental constraints of SCM

The “superchondritic”mantle is essentially defined by the necessary
Sm/Nd ratio to produce 142Nd/144Nd ratio that is 0.18 epsilon units
above that of chondrites (Boyet and Carlson, 2005, 2006; Caro and
Bourdon, 2010). The higher-than-chondritic 142Nd/144Nd ratio leads to
a higher-than-chondritic 143Nd/144Nd isotopic ratio in the mantle,
which falls in the region of PREMA (Zindler and Hart, 1986) or FOZO
(Hart, 1992). Furthermore, knowing the 143Nd/144Nd ratio in SCM
means that 176Hf/177Hf ratio in SCM can be inferred from the Hf–Nd
isotopic array for mantle samples (Blichert-Toft and Albarede, 1997;
Vervoort et al., 1999; Caro and Bourdon, 2010), and 87Sr/86Sr ratio in
SCM can be inferred from the Nd–Sr isotopic array (Zindler and Hart,
1986; Jackson et al., 2007; Caro and Bourdon, 2010). From the estimated
176Hf/177Hf and 87Sr/86Sr isotopic ratios of SCM, the elemental ratios of
Lu/Hf and Rb/Sr can be estimated (Caro and Bourdon, 2010). These
elemental constraints of the SCM can be summarized as (Caro and
Bourdon, 2010):

Sm=Ndð ÞSCM ¼ 1:06 Sm=Ndð ÞC‐BSE; ð1aÞ

Lu=Hfð ÞSCM ¼ 1:12 Lu=Hfð ÞC‐BSE; ð1bÞ

Rb=Srð ÞSCM ¼ 0:70 Rb=Srð ÞC‐BSE: ð1cÞ

All the currently available constraints for SCMcome from these three
isotopic systems and six elements, Sm, Nd, Lu, Hf, Rb, and Sr, and are
summarized in Table 1. Uncertainties in the data are difficult to assess
and not included because uncertainties in the ratios in various reser-
voirs are contentious. For example, Caro and Bourdon (2010) gave
176Hf/177Hf Lu/Hf 87Sr/86Sr Rb/Sr

0.282786 0.2356 0.7050 0.03189
0.283146 0.2641 0.7032 0.02245

1.12 0.70

ds on the assumed timing of Sm/Nd differentiation. The last row (Ratio) is the normalized
ourdon (2010) because of re-evaluation and re-calculation in this work to maintain self
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relatively small errors to these ratios, but Huang et al. (2013) argued
that the 142Nd/144Nd ratio in chondrites is variable with total variation
of about 50 ppm (i.e., ±0.50 epsilon units), meaning that all of the esti-
mated ratios in SCMarewithin error the same as those in C-BSE. Jackson
and Jellinek (2013) used these ratios at their face value to infer an SCM
composition characterized by the low-4He/3Hemantle. Themain goal of
this work is not to settle the debate or to resolve the error bars, but to
explore the consequence of the proposed superchondritic Earth using
the ratios in Table 1 at their face values, and especially to evaluate
whether this SCM can be related to C-BSE by removing a small fraction
of partial melt andwhether it is still appropriate to use C-BSE as normal-
ization reference even if basalts are partial melting products of SCM. In
order to use the constraints quantitatively, it is necessary to quantify
the incompatibility sequence.

3. Comparison with the incompatibility sequence

The method adopted in this work is to compare the known con-
straints (known Sm/Nd, Lu/Hf and Rb/Sr ratios) for SCM with composi-
tions of DMM to derive the systematics of SCM composition. The
elements Sm, Nd, Lu, Hf, Rb, and Sr are all incompatible lithophile ele-
ments during mantle depletion and are variably depleted in DMM due
to their different degrees of incompatibility. For rare earth elements,
the lighter elements are more incompatible than the heavier elements
(Gast, 1968). For other elements, the sequence of incompatibility has
been evaluated empirically. For example, Sun and McDonough (1989)
determined the following incompatibility sequence during mantle
partial melting:

Cs≈Rb≈BaNThNU≈Nb≈Ta≈KNLaNCeNPr≈SrNNd≈PNPmN
Sm≈Zr≈HfNEu≈TiNGdNTbNDy≈LiNHo≈YNErNTmNYbNLu; ð2Þ

where the six elements of interest are noted in bold. The above list
differs slightly from that of Sun and McDonough (1989) in (i) miss-
ing REE elements (including Pm with no stable isotope and Lu) are
added to avoid “gaps” in the sequence; and (ii) some less character-
ized (volatile or siderophile or chalcophile) elements (such as Tl
≈ Rb; W ≈ Rb; Pb ≈ Ce; Mo ≈ Pr; F ≈ Pm; Sb ≈ Ti, and Sn ≈ Ti)
are excluded, which did not produce any new gap in the elemental
sequence. For clarity, only one element in the group of elements
with nearly identical incompatibility is listed in the following se-
quence (except for Sm ≈ Hf, which are both included because they
belong to the six elements of interest), and the six elements of inter-
est are noted in bold:

RbNThNUNLaNCeNSrNNdNPmNSm≈HfN
EuNGdNTbNDyNHoNErNTmNYbNLu: ð3Þ

It can be noted that the six elements of interest cover the entire in-
compatibility sequence above. Because the parent element Sm (146Sm
and 147Sm) is less incompatible than the daughter element Nd (142Nd
and 143Nd), the parent element Lu is less incompatible than the daugh-
ter element Hf, but Rb is more incompatible than Sr, the enrichment
of Sm/Nd and Lu/Hf ratios but the depletion of Rb/Sr ratio in SCM
compared to C-BSE (Table 1) is qualitatively consistent with themantle
depletion process. That is, SCM is qualitatively consistently with a
partially depleted C-BSE.

Next, it is necessary to quantify the incompatibility sequence
because there is no reason to believe that spacing between two adjacent
incompatible elements is constant. For example, Sm (the parent) is 2
elements behind Nd (the daughter) in the above incompatibility
sequence, and Sm/Nd ratio in SCM is 6% enriched compared to C-BSE.
Lu is 9 elements behind Hf in the sequence, Lu/Hf ratio in SCM is 12%
enriched compared to C-BSE. On the other hand, Rb is 5 elements
ahead of Sr in the sequence, and Rb/Sr ratio in SCM is 30%depleted com-
pared to C-BSE. Hence, without quantification of the incompatibility, it
is impossible to quantitatively relate the Sm/Nd, Lu/Hf, and Rb/Sr ratios
to depletion, to examine whether SCM is related to DMM, and to derive
the full SCM composition.
4. Quantification of the incompatibility sequence

To examine the incompatibility sequence quantitatively, two
methods may be used. One is to use the partition coefficients of various
elements between mantle rocks and mantle-derived melt. There is a
huge literature on partition coefficients between mantle minerals and
basaltic melts (e.g., review by Blundy and Wood, 2003; Geochemical
Earth Reference Model website, http://earthref.org/GERM/). For mantle
minerals, clinopyroxene is often themajor reservoir for many trace ele-
ments. Hence, partition coefficients between clinopyroxene and basaltic
melt have been investigated extensively. There is often significant scat-
ter even for the partitioning of a given element between clinopyroxene
and basaltic melt. For example, over 20 papers reported La partition
coefficient between clinopyroxene and basalt (including alkali basalt)
determined by studying phenocryst–matrix pairs or by experiments,
and most values cluster in the range of 0.031 to 0.08, but some values
can be up to 0.77 (Geochemical Earth Reference Model website, http://
earthref.org/GERM/). Other mantle minerals include orthopyroxene,
olivine, spinel and garnet. Kelemen et al. (2003), Donnelly et al. (2004)
and Workman and Hart (2005) assessed and compiled mineral-melt
and/or bulk partition coefficients of various elements. These three sets
of estimated partition coefficients are shown in Fig. 1a using the elemen-
tal sequence above. Fig. 1a roughly confirms the incompatible elemental
sequences of Sun and McDonough (1989) with more incompatible ele-
ments having smaller bulk partition coefficient. It can be see that the
spacing between partition coefficients of neighboring elements is not
equal (and nobody claimed that the spacing should be equal): between
adjacent elements from Rb to Ce, the partition coefficients vary by a
much larger factor than from Ce to Lu.

Another method to quantify the elemental incompatibility is to ex-
amine the depletion of the elements in DMM. This approach would
work best for lithophile elements because atmophile elements can be
additionally influenced by degassing, and siderophile and chalcophile
elements (such as Pb) may be gradually sequestered by Earth's core.
SS2004 andWH2005 estimated the composition of DMMby referencing
to C-BSE of MS1995. SS2004 made elaborated effort to assess various
elemental ratios in DMMusingMORB samples and alsomade use of iso-
topic ratio constraints to estimate the concentration of each element in
DMM (e.g., their Fig. 1 shows the genealogy of the approach). On the
other hand, WH2005 compiled data on abyssal peridotites and derived
inter-elemental relations in the mantle, and supplemented the data by
isotopic ratio constraints and some canonical elemental ratios to derive
DMM composition. Concentrations of incompatible elements in DMM
normalized to those in C-BSE (MS1995) are plotted in Fig. 1b. Similar
to Fig. 1a, there is general consistency in DMM composition and the in-
compatibility sequence, and the degrees of depletion of elements is not
equally spaced for the elements in the incompatibility sequence. The
shape of the curves in Fig. 1b is similar to that in Fig. 1a.

To determine the compositional relation between partially depleted
mantles but at different degrees, model calculations are carried out for
elements with different partition coefficients using repeated partial
melting model (Hofmann, 1988). Fig. 2 shows how mantles depleted
to different degrees are related, by plotting normalized concentrations
of partially depleted mantle with between 3% and 15% partial melting,
against a highly depleted mantle (15% partial melting) in a log–log
plot, and the relations are linear. That is, when normalized concentra-
tions of a less depleted mantle are plotted against those of DMM in a
log–log plot, the trend should be linear if they can be traced back to a
common primary mantle. Fig. 2 also shows how the melt composition
(composition of a mantle-derived basalt) is related to mantle composi-
tion, and the relation is curved in log–log plot.

http://earthref.org/GERM/)
http://earthref.org/GERM/)
http://earthref.org/GERM/)
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Fig. 1. (a) Partition coefficients between mantle and melt. The bulk partition coefficients of WH2005 are from their Table 2, those of Kelemen et al. (2003) are from their mineral–melt
partition coefficients using a peridotite with 58% olivine, 20% opx, 20% cpx, and 2% spinel, and those of Donnelly et al. (2004) are from their mineral–melt partition coefficients using a
peridotite with 60% olivine, 15% opx, 20% cpx, and 5% garnet. The proportions of minerals in spinel and garnet peridotites reflect mass balance of phase reactions. The bulk partition
coefficient of Rb of WH2005 is revised to 0.00010 from their value 0.00001 so that Rb bulk partition coefficient is similar to that of Ba (0.00012) because Rb and Ba have similar incom-
patibility (e.g., Sun andMcDonough, 1989, aswell of Rb versus Ba concentration plot forMORB glasses inGeoRoc data). (b) Elemental concentrations inDMMnormalized to those inC-BSE.
C-BSE composition is fromMS1995. DMM compositions are from SS2004 andWH2005. For elements with similar incompatibility, the values of partition coefficients and normalized con-
centrations are averaged (geometric average).
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I propose to quantify the incompatibility sequence using the esti-
mated DMM composition for lithophile elements. Define Compatibility
Index (CoI) as follows:

CoI ¼ ln CDMM=CC‐BSEð Þ; ð4Þ

where CoI is the compatibility index (not abbreviated as CI to avoid con-
fusion with carbonaceous chondrite CI), and CDMM and CC-BSE are the
concentrations of an element in DMM and in C-BSE. The logarithm
scale is used so as to distinguish the highly incompatible elements,
and to preserve the linear correlation when the normalized concentra-
tions of partially depleted mantle in log scale is plotted against CoI.
The index is called CoI (Compatibility Index) and not Incompatibility
Index because the index is negative for incompatible elements, zero
for a neutrally compatible (or neutrally incompatible) element, and
positive for compatible elements, and CoI value decreases as the degree
of incompatibility increases. Furthermore, more negative CoI values (for
more incompatible elements) are plotted to the left following conven-
tional spidergrams and the value increases from left to right on the
horizontal axis. The incompatibility index may be defined as −CoI
(negative CoI).
Fig. 2. Comparison of normalized concentrations between different partially depleted
mantles and melts. All concentrations are normalized to the primitive mantle. DM1 is
the residual mantle after removing 3% partial melt from primitive mantle using the
batch-melting model. Melt 1 is the corresponding melt. DM2 is the residual mantle after
3% partial melting of DM1. DM3 is after 3% partial melting of DM2, and so forth.
Two papers reported systematically assessed DMM composition
(SS2004; WH2005) and they are in general consistent with each other
(Fig. 1b). Because DMM is heterogeneouswith various degrees of deple-
tion, the small difference between the trend of SS2005 and that of
WH2005 in Fig. 1b can be interpreted to mean that SS2004 chose a
less depleted member to represent DMM thanWH2005. A more signif-
icant difference between SS2004 and WH2005 is that SS2004 reported
concentrations of almost all elements, whereas WH2005 only reported
concentrations of selected elements.

The CoI values of lithophile trace elements and major and minor
elements are calculated from both DMM compositions and are listed
in Table 2 (using DMM composition of SS2004) and Table 3 (using
DMM composition of WH2005). The calculation does not include non-
lithophile trace elements because concentrations of atmophile,
siderophile, and chalcophile elements may be affected additionally by
processes other than solid–melt partitioning (such as degassing and ex-
traction to the core), and hence one single CoI valuemay not be enough
to characterize the behavior of such elements. In Tables 2 and 3, three
decimal places are retained for CoI values so that the calculation process
does not introduce any new (truncation) errors even though the data
precision is not high enough to warrant 3 decimal places in the CoI
values.

Comparing CoI values based on DMM composition of SS2004, and
those based on WH2005, for the same element, the absolute value of
CoI based on SS2004 is smaller than that based onWH2005, as expected
from Fig. 1b. After some comparison and evaluation, it is decided not to
take a preference of the two different DMM compositions, and both are
discussed below and will be distinguished as CoIWH2005 and CoISS2004.
One advantage of using CoISS2004 is that more elements were evaluated
by SS2004 although there seems to be more scatter in plots using
CoISS2004.

The relation between CoI values and partition coefficients is shown
in Fig. 3. The partition coefficient on log scale is roughly linear with
CoI values, but there is significant scatter for Th and U. Among the sets
of bulk partition coefficients, best log–linear relation with CoI values is
that of Kelemen et al. (2003) assuming 58% olivine, 20% orthopyroxene,
20% clinopyroxene, and 2% spinel. It may be argued that the CoI values
are essentially linear to logKd where Kd is partition coefficient. In the
future, better constrained DMM composition and partition coefficients
may be combined to carry out a total inversion to obtain amore accurate
set of CoI values.

Below are some comments about CoI values listed in Tables 2 and 3:
(1) In future applications, it is not necessary to plot elements with

image of Fig.�1
image of Fig.�2


Table 2
CoI of lithophile elements and concentration of lithophile elements in SCM based on the DMM composition of SS2004.

Elements Conc in C-BSE Conc in DMM Normalized DMM CoISS2004 Conc in SCM Normalized SCM

Cs 0.021 0.00132 0.063 −2.767 0.0091 0.435
Rb 0.600 0.088 0.147 −1.920 0.337 0.561
Th 0.0795 0.0137 0.172 −1.758 0.0468 0.589
Ba 6.60 1.20 0.182 −1.705 3.95 0.599
B 0.30 0.060 0.200 −1.609 0.185 0.616
U 0.0203 0.0047 0.232 −1.463 0.0131 0.644
K 240 60 0.250 −1.386 158 0.659
Nb 0.658 0.21 0.319 −1.142 0.467 0.709
La 0.648 0.234 0.361 −1.019 0.477 0.736
Be 0.068 0.025 0.368 −1.001 0.0503 0.740
Ta 0.037 0.0138 0.373 −0.986 0.0275 0.743
Li 1.60 0.70 0.438 −0.827 1.25 0.780
F 25 11 0.440 −0.821 19.5 0.781
P 90 40.7 0.452 −0.796 70.9 0.788
Ce 1.675 0.772 0.461 −0.775 1.33 0.792
Sr 19.9 9.8 0.492 −0.708 16.1 0.808
Pr 0.254 0.131 0.516 −0.662 0.208 0.819
Nd 1.25 0.713 0.570 −0.561 1.06 0.845
Ti 1205 798 0.662 −0.412 1064 0.883
Sm 0.406 0.270 0.665 −0.408 0.359 0.884
Eu 0.154 0.107 0.665 −0.364 0.138 0.896
Hf 0.283 0.199 0.703 −0.352 0.255 0.899
Gd 0.544 0.395 0.726 −0.320 0.494 0.908
Zr 10.5 7.94 0.756 −0.279 9.65 0.919
Tb 0.099 0.075 0.758 −0.278 0.0911 0.920
Dy 0.674 0.531 0.788 −0.238 0.627 0.931
Na 2670 2151 0.806 −0.216 2502 0.937
Ho 0.149 0.122 0.819 −0.200 0.140 0.942
Er 0.438 0.371 0.847 −0.166 0.417 0.951
Tm 0.068 0.060 0.882 −0.125 0.0655 0.963
Yb 0.441 0.401 0.909 −0.095 0.429 0.972
Lu 0.0675 0.063 0.933 −0.069 0.066 0.979
Y 4.3 4.07 0.946 −0.055 4.23 0.984
Cr 2625 2500 0.952 −0.049 2587 0.985
V 82 79 0.963 −0.037 81.1 0.989
Mn 1045 1045 1.000 0.000 1045 1.000
Ni 1960 1960 1.000 0.000 1960 1.000
SiO2 (wt.%) 45.00 44.90 0.998 −0.002 44.97 0.999
Al2O3 (wt.%) 4.45 4.28 0.962 −0.039 4.40 0.988
FeOt (wt.%) 8.05 8.07 1.002 0.002 8.06 1.001
MgO (wt.%) 37.80 38.22 1.011 0.011 37.93 1.003
CaO (wt.%) 3.55 3.50 0.986 −0.014 3.53 0.996
Na2O (wt.%) 0.36 0.29 0.806 −0.216 0.337 0.937

C-BSE composition is from MS1995. Concentrations are in mass ppm unless otherwise indicated. Normalization is relative to C-BSE. Italics indicate inconsistency with empirical incom-
patibility sequence (e.g., Cr is likely a compatible element but its CoI value is negative using SS2004, whereas Mn and Sc are likely incompatible but CoI ≥ 1. Moreover, Ni is clearly
more compatible than Fe and Mn but CoI values do not reflect that), and these values are not recommended to be used.
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similar incompatibility at the same position in x-axis, because the CoI
values carry the information quantitatively. (2) The CoI values for Nb
and Ta are different (ΔCoISS2004,Nb–Ta = −0.156; ΔCoIWH2005,Nb–Ta =
−0.140, similar to the difference between Dy and Lu), so are those for
Zr andHf (ΔCoISS2004,Zr–Hf=+0.073;ΔCoIWH2005,Zr–Hf=−0.137), sug-
gesting that the notion that each pair of Zr–Hf and Nb–Ta have essen-
tially identical properties is not correct, as pointed out by previous
authors (Niu and Batiza, 1997; Salters and Longhi, 1999; Salters et al.,
2002; Münker et al., 2003; Niu, 2004, 2012; Pfander et al., 2007). None-
theless, the differences are within uncertainties of elemental concentra-
tion estimates by MS1995, SS2004 andWH2005.

One application of the CoI values is to be used as horizontal axis in
spidergrams. Fig. 4 shows spidergrams of DMM and MORB using CoI.
Fig. 4a uses CoIWH2005 as the horizontal axis, and Fig. 4b uses CoISS2004
as the horizontal axis. From Fig. 4a, DMM composition trend of
SS2004when plotted against CoI values based onWH2005 is almost lin-
ear with less depletion, but there are also some small spikes indicating
small inconsistency between the two estimates. The trends for MORB
show weak nonlinearity toward the less incompatible elements (as
CoI approaching zero), consistent with Fig. 2. On the other hand, if
CoISS2004 is used (Fig. 4b), many more elements can be plotted, but
there are larger spikes (for elements Ba, Be, Li, F, and Cr, etc.), indicating
inconsistency amongdifferent estimates on these elements. There are at
least two advantages for using CoI values in spidergrams. One is that the
horizontal axis is quantified rather than equally spaced elements.
Hence, elements with similar incompatibility or different incompatibil-
ity can be handled consistently and in theory more accurately when
using CoI values than arranging elements in an arraywith equal spacing
in traditional spidergrams. Secondly, normalized concentrations in log
scale for mantle samples depleted to various degrees are linear with
CoI values (Fig. 4), rather than curved as in Fig. 1b. It is easier to map
out departure (or anomalies) from a linear trend than from a curved
trend to discuss possible enrichment and depletion of elements due to
fluid involvement or residual phases.

The CoI values developed above are best applied to study mantle
samples. For basalt samples, there are some disadvantages of using
these CoI values. One is that the trend for normalized concentrations
is curved (Figs. 2 and 4). Second and more importantly, the CoI values
do not distinguish slightly incompatible and especially compatible ele-
ments well. For example, CoI values for V, Sc, and Cr are all clustered
at about 1. This is because DMM is produced by only small degrees of
depletion and hence the concentrations of compatible elements have
not changed much. To derive a set of CoI values better applicable to ba-
salts, one may start from partition coefficients, or from assessed mean
composition of basalts from C-BSE or SCM, such as Hawaii basalts. It
may also be necessary to consider the variation of melt composition



Table 3
CoI of lithophile elements and concentration of lithophile elements in SCM based on the DMM composition of WH2005.

Element Conc in C-BSE Conc in DMM Normalized DMM CoIWH2005 Conc in SCM Normalized SCM

Rb 0.6 0.05 0.083 −2.485 0.335 0.558
Ba 6.6 0.563 0.085 −2.462 3.70 0.561
Th 0.0795 0.0079 0.099 −2.309 0.0462 0.581
U 0.0203 0.00317 0.156 −1.847 0.0132 0.648
K 240 50 0.208 −1.569 166 0.692
Nb 0.658 0.1485 0.226 −1.489 0.464 0.705
Ta 0.037 0.0096 0.259 −1.349 0.0269 0.728
La 0.648 0.192 0.296 −1.216 0.487 0.751
Ce 1.675 0.55 0.328 −1.114 1.29 0.770
Sr 19.9 7.664 0.385 −0.954 15.9 0.799
Pr 0.254 0.107 0.421 −0.865 0.207 0.816
Nd 1.25 0.581 0.465 −0.755 1.044 0.835
Zr 10.5 5.082 0.484 −0.726 8.85 0.843
Hf 0.283 0.157 0.555 −0.589 0.246 0.871
Sm 0.406 0.239 0.589 −0.530 0.358 0.883
Ti 1205 716.3 0.594 −0.520 1066 0.885
Eu 0.154 0.096 0.623 −0.473 0.138 0.895
Gd 0.544 0.358 0.658 −0.418 0.493 0.906
Tb 0.099 0.0697 0.704 −0.347 0.0913 0.922
Dy 0.674 0.505 0.749 −0.289 0.630 0.934
Ho 0.149 0.115 0.772 −0.259 0.140 0.941
Y 4.3 3.328 0.774 −0.256 4.05 0.942
Er 0.438 0.348 0.795 −0.230 0.415 0.947
Yb 0.441 0.365 0.828 −0.189 0.422 0.957
Lu 0.0675 0.058 0.859 −0.152 0.0651 0.965
P2O5 (wt.%) 0.0210 0.0190 0.905 −0.100 0.0205 0.977
NiO (wt.%) 0.250 0.240 0.960 −0.041 0.248 0.990
MnO (wt.%) 0.135 0.130 0.963 −0.038 0.134 0.991
Cr2O3 (wt.%) 0.384 0.570 1.484 0.395 0.421 1.097
SiO2 (wt.%) 45.00 44.71 0.994 −0.006 44.93 0.998
Al2O3 (wt.%) 4.45 3.98 0.894 −0.112 4.33 0.974
FeOt (wt.%) 8.05 8.18 1.016 0.016 8.08 1.004
MgO (wt.%) 37.80 38.73 1.025 0.024 38.02 1.006
CaO (wt.%) 3.55 3.17 0.893 −0.113 3.46 0.974
Na2O (wt.%) 0.36 0.28⁎ 0.778 −0.251 0.34 0.943

C-BSE composition is from MS1995. Concentrations are in mass ppm unless otherwise indicated. Normalization is relative to C-BSE. Italics indicate inconsistency with empirical incom-
patibility sequence (e.g., P is likely more incompatible than indicated here, and Ni is compatible but is not shown by the CoI value), and these values are not suggested to be used.
⁎ WH2005 gave two values for Na2O, and one is chosen here.
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with not only the degree of partial melting, but also the depth of partial
melting (e.g., SiO2 can range from slightly incompatible to slightly com-
patible when the depth of partial melting increases).
5. Superchondritic mantle is partially depleted chondritic mantle

The quantified CoI values can now be comparedwith the constraints
for SCM. For SCM, the constraints are on Sm/Nd, Lu/Hf, and Rb/Sr
elemental ratios, rather than elemental concentrations. Hence, it is
Fig. 3. The relation between CoI values and bulk partition coefficients between mantle
materials and basaltic melt.
necessary to make normalized ratio plot rather than normalized con-
centration plot. Because (using Sm/Nd as an example)

ln Sm=Ndð ÞSCM= Sm=Ndð ÞC‐BSE
� �
¼ ln SmSCM=SmC‐BSEð Þ– ln NdSCM=NdC‐BSEð Þ; ð5aÞ

ln Sm=Ndð ÞDMM= Sm=Ndð ÞC‐BSE
� � ¼ CoISm–CoINd ¼ ΔCoI; ð5bÞ

the comparison is made as:

ln ratioSCM=ratioC‐BSE½ � versus ΔCoI; ð6Þ

where ratio means the parent/daughter ratio, and ΔCoI means the
difference in CoI value of parent nuclide (element) minus that of the
daughter nuclide (element). In such a plot, a linear relation between
the logarithm of normalized ratios in SCM and ΔCoI passing through
the origin (0,0) can be interpreted as SCM and DMM being related to
the same C-BSE by different degrees of partialmelting, similar to the lin-
ear trend of DM1 (and DM2, DM3, DM4) relative to DM5 in log scale
passing through point (1,1) in Fig. 2.

Fig. 5 compares the depletion or enrichment of parent/daughter
ratios in SCM with ΔCoI (that is, depletion or enrichment in DMM).
The data lie almost perfectly on a straight line passing through (0,0).
The best-fit equations are as follows:

ln ratioSCM=ratioC‐BSEð Þ ¼ 0:235� ΔCoIWH2005

¼ 0:235� ln ratioDMMWH2005
=ratioC‐BSE

� �
; ð7aÞ

image of Fig.�3
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Fig. 4. Spidergrams of DMM (SS2004; WH2005) and average N-type MORB (Sun and McDonough, 1989; Gale et al., 2013) and depleted MORB (D-MORB) (Gale et al., 2013) using CoI
values based on (a) WH2005 or (b) SS2004 as the horizontal axis.
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ln ratioSCM=ratioC‐BSEð Þ ¼ 0:301� ΔCoISS2004
¼ 0:301� ln ratioDMMSS2004

=ratioC‐BSE
� �

: ð7bÞ
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Fig. 5. Comparison between SCM and DMM for Sm/Nd, Lu/Hf, and Rb/Sr ratios. The hori-
zontal axis is CoIparent − CoIdaughter, which is equivalent to ln(ratioDMM / ratioC-BSE). The
data are fit by a straight line passing through the origin, meaning only the slope is fit. (a)
Using CoI values ofWH2005. The slope of the best-fit line is 0.235± 0.005 (correlation co-
efficient r= 0.9995). (b) Using CoI values of SS2004. The slope is 0.301 ± 0.018 (correla-
tion coefficient r= 9962).
Therefore, it can be argued that both SCM and DMM are derived
from the same C-BSE but with different degrees of depletion. Assuming
the above equations hold for all arbitrary lithophile elemental ratios, the
following can be derived:

ln CSCM=CC‐BSEð Þ≈0:235� ln CDMMWH2005=CC‐BSE

� �
; ð8aÞ

ln CSCM=CC‐BSEð Þ≈0:301� ln CDMMSS2004=CC‐BSE

� �
: ð8bÞ

Hence, the composition of SCM can be derived (see next section).
Because the relations in Fig. 5 suggests that the processes formaking

SCM from C-BSE is similar to those for making DMM from C-BSE, com-
positionally, superchondritic mantle can be interpreted to be partially
depleted chondritic mantle, with degree of depletion about a quarter
of the way (0.235 to 0.301) compared to the present-day depleted
MORB mantle. Because different planets unlikely have the same differ-
entiation trends in terms of Sm/Nd, Lu/Hf and Rb/Sr (note that Rb is
not a refractory element), the easiest explanation is that Earth started
with chondritic refractory elemental composition, consistent with
observed 142Nd/144Nd anomalies being either nucleosynthetic or due
to internal Earth evolution, such as the hidden reservoir model of
Boyet and Carlson (2005), or the impact erosion model of O'Neill
and Palme (2008) and Campbell and O'Neill (2012). Whether the
subchondritic reservoir is hidden or lost by impact has important impli-
cations on Earth's heat budget and thermal evolution and can be
resolved decisively by more precise geoneutrino measurements (Dye,
2012). Current geoneutrino data are consistent with Th and U concen-
trations at the C-BSE level but cannot rule out other possibilities
(e.g., Gaodo et al., 2011).

Using the interpretation that the superchondritic mantle is par-
tially depleted chondritic mantle, the composition of the “primitive”
superchondritic mantle (SCM) is derived below.

6. Composition of the superchondritic mantle

Knowing the relation between SCM to DMM, the composition of
primitive SCM can be estimated using either Eqs. (8a) or (8b). The con-
centrations of the elements in SCM thus calculated are shown in the last
2 columns of Table 2 based on DMM of SS2004 and Table 3 based on
DMM of WH2005. The normalized compositions of SCM are shown in
Fig. 4 as dashed lines. Even though the DMM composition of SS2004 is
systematically different from that of WH2005 (Fig. 1b), because the
SCM composition is obtained by anchoring to the same constraints
(Table 1), it is expected that the SCM composition obtained from
DMM of SS2004 is similar to that from DMM of WH2005. Fig. 6a com-
pares normalized elemental concentrations in SCM using two different
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DMM compositions. Except for Zr (9% relative difference), Ba (7% relative
difference), and Y (4% relative difference), all other elements compare
verywellwithin a fewpercent. That is, the concentrations of lithophile el-
ements in SCM are well constrained nomatter whose DMM composition
is used.

Because the issue whether or not there is a hidden subchondritic
reservoir is not resolved, the consequences of the SCM in terms of Ar
budget and volume of undegassed mantle (e.g., Zhang and Zindler,
1989; Allegre et al., 1996; Zhang, 1998, 2002; Jackson and Jellinek,
2013), compositional rebalance between crust and mantle (e.g., Caro
and Bourdon, 2010), and heat budget and thermal evolution of Earth
(e.g., O'Neill and Palme, 2008) are not discussed. My preference is that
subchondritic materials are hidden in Earth (D″ layer and the
unsampled lower crust), meaning that SCM is not the same as BSE,
and hence the derived SCM composition does not lead to new global
consequences.

7. Comparison with previous work

This work draws heavily from thework of Caro and Bourdon (2010)
on Sm/Nd, Lu/Hf, and Rb/Sr ratios in SCM, which are used to demon-
strate the relation between SCM and DMM. This work focuses on
(i) developing the method to infer the composition of SCM, (ii) showing
that SCM composition is related to DMMcomposition, and (iii) providing
the composition of SCM, whereas Caro and Bourdon (2010) explored
consequences of the superchondritic composition on mantle–crust
evolution.

O'Neill and Palme (2008) proposed that collisional erosion of proto-
crust and residualmantlewas responsible for the superchondritic signa-
ture of the earth. There is some similarity between this work and their
work, but also major differences. They started by arguing that the bulk
earth has a superchondritic Fe/Mg ratio (2.11 in the bulk earth versus
1.92 ± 0.08 in chondrites). They further used the condition of
superchondritic Sm/Nd and the assumption that K in SCM is about
50% (this work gives 66% to 69%, Tables 2 and 3) of that in C-BSE.
With these three conditions, they constrained their collisional erosion
model in which some proto-crust (equivalent to 0.014 times the mass
of the final Earth) and residual mantle (equivalent to 0.086 times the
mass of the final Earth) were lost to outer space (including the moon).
They assumed but didn't demonstrate that the compositional con-
straints of the SCMare consistentwith it being a partially depletedman-
tle. There are some difficulties with their model. First, considering that
thepresent oceanic crust (60%of Earth's surface, 7 kmaverage thickness,
2900 kg/m3 density) is only about 0.10% of Earth mass and continental
crust (40% of Earth's surface, 40 km average thickness, 2700 kg/m3 den-
sity) only 0.37% of Earth mass, losing a protocrust equivalent to 1.4%
Earth mass (equivalent to 14 current oceanic crusts) at the beginning
of Earth history is not trivial (although not impossible) because it took
time to produce such crusts repeatedly to be lost andbecause deepmelt-
ing does not contribute to crustal growth (Stolper et al., 1981; Agee and
Walker, 1988). On the other hand, hiding this mass in D″ layer (about
2.2% of Earth mass, Dziewonski and Anderson, 1981) and partially in
the lower continental crust is possible and much easier. Second, the
model of O'Neill and Palme (2008) was anchored by a K concentration
in SCM to be 50% of that in C-BSE as an independent constraint of their
model, which was considered by Jackson and Jellinek (2013) “to be
more fraught with error” compared to other approaches. For example,
my results show that K concentration in SCM is 66–69% of that in BSE.

Carlson and Boyet (2008)made effort to estimate the composition of
the early depleted reservoir (EDR, equivalent to SCM in this study) using
mass balance, C-BSE composition of MS1995, continental crust compo-
sitions of Taylor and McLennan (1985) and Rudnick and Gao (2003),
and DMM composition of their own work (Boyet and Carlson, 2006).
Jackson and Jellinek (2013), whose paper was published as this work
was written up (Zhang, 2013), evaluated the composition of the
low-4He/3He mantle (equivalent to SCM in this study) using the same
Sm/Nd, Rb/Sr, and Lu/Hf ratio constraints as in this study, plus REE pat-
terns of 18 selected peridotites thought to represent the low-4He/3He
mantle, some elemental ratios, and Lu concentration anchored to
0.064 ppm. Their results are comparedwith this work in Fig. 6b. Though
the approaches are different, it can be seen that the trends in Carlson
and Boyet (2008) and Jackson and Jellinek (2013) are generally concor-
dantwith results in this work, and themore recentwork by Jackson and
Jellinek (2013) is more similar to this work, demonstrating rough con-
sistency in various geochemical approaches. Themost significant differ-
ence is in Nb concentration, probably due to low precision in estimated
Nb concentration in continental crust usedbyCarlson andBoyet (2008),
and inconsistencies when various ratios were constrained in the work
of Jackson and Jellinek (2013).

Although there are similarities among the various papers, my
approach differs from and complements the above papers. I quantify
the elemental compatibility sequence and show that the known con-
straints of SCM are quantitatively consistent with SCM being a partially
depleted C-BSE (Fig. 5), which were not attempted by earlier workers.
The complete composition of lithophile elements in SCM is derived in
a self-consistent way.

8. Summary and conclusions

In this work, the elemental incompatibility sequence used in
spidergrams is quantified, and each element is assigned a “Compatibility
Index” CoI. For incompatible elements, CoI is negative. Two sets of CoI
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values are derived, one based on the DMM composition estimate of
WH2005 (Table 3), and the other based on that of SS2004 (Table 2).
Using CoI values as the horizontal axis and normalized concentrations
as the vertical axis, the new spidergram for various mantle samples
with different degree of depletion is roughly linear, but mantle-
derived basalt samples are slightly curved for the less incompatible ele-
ments (Fig. 4), as expected (Fig. 2). It is expected that the quantification
of CoI values will be improved in the future with better-constrained
composition of the depleted MORB mantle and partition coefficients.

The constrained Sm/Nd, Lu/Hf and Rb/Sr ratios of the primitive
superchondritic mantle (Caro and Bourdon, 2010) are shown to be
quantitatively consistent with a partially depleted “chondritic” mantle.
Because the six elements from which the SCM composition is
constrained include not only refractory lithophile elements of Sr, Nd,
Sm, Lu, and Hf, but also the volatile lithophile element of Rb, and
because different planetary bodies rarely have similar Rb/Sr ratios, the
easiest explanation is that the superchondritic mantle is partially de-
pleted terrestrial mantle in the very early stage of mantle depletion
and evolution, meaning subchondritic material is hidden somewhere
such as D″ layer (Boyet and Carlson, 2005) and unsampled lower crust
but may also be lost due to impacts (O'Neill and Palme, 2008). It is
hoped that future geoneutrino measurements will resolve definitively
whether Earth has chondritic Th and U concentrations. The very rapid
early depletion is consistent with previous studies (e.g., Staudacher
and Allegre, 1982; Hamilton et al., 1983; Albarede and Brouxel, 1987;
Zhang and Zindler, 1989; Zhang, 2014), although precise quantification
of timing and depletion degree is not available currently due to large
error bars in the excess 142Nd/144Nd and Sm/Nd in Earth compared to
chondrites. The lithophile elemental concentrations of the assumed
superchondritic mantle (SCM) are derived with high precision (last
two columns of Tables 2 and 3).

Because SCM is related to C-BSE by partial mantle depletion similar
to that happened in the terrestrial mantle, when studying chemical
compositions of basalt and other rocks using spidergrams, it is still ap-
propriate to normalize elemental concentrations to C-BSE. Furthermore,
the horizontal axis is now quantified using the Compatibility Index CoI.
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