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The relationship between the compositions of the Earth and
chondritic meteorites is at the center of many important debates.
A basic assumption in most models for the Earth’s composition is
that the refractory elements are present in chondritic proportions
relative to each other. This assumption is now challenged by recent
142Nd/144Nd ratio studies suggesting that the bulk silicate Earth
(BSE) might have an Sm/Nd ratio 6% higher than chondrites (i.e.,
the BSE is superchondritic). This has led to the proposal that the
present-day 143Nd/144Nd ratio of BSE is similar to that of some deep
mantle plumes rather than chondrites. Our reexamination of the
long-lived 147Sm-143Nd isotope systematics of the depleted mantle
and the continental crust shows that the BSE, reconstructed using
the depleted mantle and continental crust, has 143Nd/144Nd and
Sm/Nd ratios close to chondritic values. The small difference in
the ratio of 142Nd/144Nd between ordinary chondrites and the Earth
must be due to a process different from mantle-crust differentia-
tion, such as incomplete mixing of distinct nucleosynthetic compo-
nents in the solar nebula.
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Reliable estimates of the compositions of the bulk silicate
Earth (BSE) and depleted mantle (DM), which is the source

of midocean ridge basalts (MORBs), are important in de-
termining the degree of mantle processing and the thermal
evolution of our planet. Chondritic meteorites have provided the
most accurate basis for estimating the compositions of the Sun
and planets (1). However, the Earth’s chemical composition is
overall not chondritic; it has long been known that Earth is de-
pleted in volatile elements (e.g., K) relative to chondrites (2).
The assumption that the refractory elements (e.g., rare earth
elements) in the Earth are present in chondritic proportions
relative to each other is the basis for most estimates of the
compositions of the BSE and DM (1, 3–6). This assumption has
recently been challenged by several 142Nd/144Nd studies. Spe-
cifically, the 142Nd/144Nd of the Earth is ∼20 ppm higher than
that of the ordinary chondrites (7–9). There are three ways to
produce the observed 142Nd difference between the Earth and
chondrites (10): (i) nucleosynthetic anomalies due to variations
of either initial 146Sm/144Sm or initial 142Nd/144Nd ratios in
the solar system (11, 12); (ii) difference in the Sm/Nd ratio be-
tween the BSE and chondrites (8, 13–15); and (iii) the BSE has
a chondritic Sm/Nd ratio, but an early formed reservoir with
a low 142Nd/144Nd ratio is hidden at the base of the mantle (7) or
was eroded from the Earth by impacts (16), such that the
accessible portion of the BSE has a high 142Nd/144Nd ratio.
Because of the short life (<200 Ma) of the oceanic crust, the

extraction of the continental crust (CC) is the only major process
depleting the Earth’s mantle. Consequently, the DM is comple-
mentary to the CC (3, 4). The sum of the CC and DM is the BSE
in cases i and ii, and it is the accessible portion of the BSE in case
iii, referred to as the “early depleted reservoir” (EDR) by Boyet
and Carlson (7). These three scenarios have different implica-
tions for the composition of the BSE. In case i, the BSE and the
chondritic reservoir have essentially the same Sm/Nd ratio (at a±1%
level). In case ii, the sum of the CC and DM is the BSE (8, 13–15),

and it has a superchondritic Sm/Nd ratio (∼6% higher than the
chondritic value). In case iii, the sum of the CC and DM is the
accessible portion of the BSE (7, 16), and it also has a super-
chondritic Sm/Nd ratio. Such a superchondritic Sm/Nd ratio leads
to a present-day «Nd of ∼+7 for CC + DM (7, 8, 13). Here, «Nd is
the deviation of a sample’s 143Nd/144Nd ratio from the chondritic
value (17) in parts per 104.
A BSE with a «Nd of +7 is critical to the claim that some

basalts sample the primitive mantle (PM) (14, 15). Specifically,
lavas from some large igneous provinces (LIPs), such as Baffin
Island or West Greenland, which cluster around the 4.5-Ga
Geochron in a 207Pb/204Pb-206Pb/204Pb plot, have a «Nd of ∼+7.
Moreover, Baffin Island picrites with a «Nd of ∼+7 have the
highest terrestrial 3He/4He ratio, up to 50-fold the ratio of air
(R/Ra) (18). Because high 3He/4He ratios are often taken as
evidence for sampling a PM reservoir, it was concluded that these
LIP lavas sample pure PM and do not incorporate any other
mantle reservoirs (14, 15). In this scenario, PM has a super-
chondritic present-day «Nd of ∼+7. However, the high 3He/4He
ratios of 30- to 50-fold R/Ra associated with a «Nd of ∼+7 could
also result from mixing between PM and recycled slabs (19).

Extinct 146Sm-142Nd System
Subsequent to the publication of Boyet and Carlson (7), several
studies have revealed a e142Nd variation of 0.5 e-units in chon-
drites, as well as possible correlations of the e142Nd variation with
nucleosynthetic anomalies in 135Ba, 144Sm, and 148Nd (9, 11, 12,
20) (Fig. 1). Specifically, Earth and some enstatite chondrites
have a similar e142Nd, whereas ordinary chondrites have e142Nd
∼0.2 e-units lower than that of the Earth, and carbonaceous
chondrites have the lowest e142Nd (up to 0.5 e-units lower than
that of the Earth) (figure 1 of ref. 9). In addition to the 142Nd
similarity, Earth and enstatite chondrites have the same isotopic
compositions of O, Ca, Ti, and Cr, which are elements that show
substantial isotopic variation among different chondrite groups
(21, 22). Jacobsen and Wasserburg (17) showed that chondrites
have a very homogeneous 147Sm/144Nd ratio (0.1932–0.2000),
which was later confirmed by Boyet and Carlson (7). This amount
of Sm/Nd variation leads to ∼0.1 e-units e142Nd variation. In
addition, e142Nd is correlated with e144Sm [a proton-process
(p-process) only isotope], e148Nd [a rapid neutron capture process
(r-process) dominated isotope], and e135Ba in chondrites, and
the Earth plots on the chondrite trends, overlapping with ensta-
tite chondrites (Fig. 1). The e142Nd variation of 0.5 e-units in
chondrites is most likely of a nucleosynthetic origin (11, 12),
resulting from small variations in the distribution of different
nucleosynthetic components in the solar nebula. To summarize,
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there are sub–e-level nucleosynthetic anomalies in Ba, Nd, and
Sm isotopes in chondrites, implying that the chondritic reservoir
is not homogeneous at this level. Consequently, it is inappropriate
to claim that Earth and the chondritic reservoir have an ∼0.2
e-units e142Nd difference.
Because there are multiple pathways for producing a e142Nd

variation (10) and the chondritic reservoir is not homogeneous,
e142Nd is not suitable for investigating whether the BSE, or the
sum of the CC and DM, has a superchondritic Sm/Nd ratio.

Long-Lived 147Sm-143Nd System
The long-lived 147Sm-143Nd system is not very sensitive to small
nucleosynthetic anomalies between chondrites and the Earth
because of much larger 143Nd variation due to radioactive decay
(many e units, compared with sub–e-level variations in
142Nd/144Nd). Therefore, we use the 147Sm-143Nd isotopic system
in MORBs and the CC to test whether the BSE could have
a superchondritic 147Sm/144Nd ratio with a present-day «Nd of +7
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Fig. 1. Variations in 144Sm/152Sm (or 144Sm/154Sm), 148Nd/144Nd, and 135Ba/136Ba
vs. 142Nd/144Nd for chondrites. Isotopic ratios are expressed using «-notation
(parts per 10,000) relative to the Earth. 144Sm is a pure p-process isotope, and
148Nd is an r-process dominated isotope. The error bars for the Earth are taken as
5ppm,which represents thebest analytical uncertainty currently available in these
isotopic measurements. The Earth plots within the chondrite trends. These trends
imply a nucleosynthetic origin for the 142Nd variation in chondrites. The ∼0.5
e-units «142Nd variation in chondrites does not allow a statement that the Earth
and the chondritic reference point have an ∼0.2 e-units difference in «142Nd (7).
Similar plots have also been presented elsewhere (9, 35) showing correlations
among these isotopic anomalies. Data are taken from refs. 7, 9, 12, and 20.
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Fig. 2. (A) 144Nd/147Sm vs. Nd (parts per million) for MORB samples (blue
circles) for which Sm and Nd concentrations have been determined by iso-
tope dilution (sample selection is provided in SI Text and Datasets S1 and S2).
The average compositions of MORBs from normal ridge segments (red
squares) (29, 30) are shown for comparison. The solid line is a robust linear
least square regression obtained using MATLAB (MathWorks), and it passes
through the estimated average compositions of MORBs from normal ridge
segments. It has a slope of 0.088 ± 0.013 (2σ), an intercept of 3.88 ± 0.14 (2σ),
and a linear correlation coefficient R2 of 0.48. The estimated 147Sm/144Nd
ratio of the DM is 0.255 ± 0.010 (SI Text). Also shown are estimates of the
chondritic 147Sm/144Nd ratio (0.1966) (17) and estimates of the 147Sm/144Nd
ratio of the DM for the SCHEM (0.217–0.222) (13, 23). (B) 144Nd/147Sm vs. Nd8

(in parts per million by weight) for MORB samples (blue circles) (sample se-
lection is provided in SI Text and Datasets S1 and S2). Nd8 values are Nd
concentrations corrected to 8% (wt/wt) MgO following the method of
Langmuir et al. (27) (Dataset S2). This trend has a slope of 0.120 ± 0.018 (2σ),
an intercept of 3.66 ± 0.18 (2σ), and a linear correlation coefficient R2 of
0.51. The estimated 147Sm/144Nd ratio of the DM is 0.269 ± 0.013 (SI Text).
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or higher. That the DM is complementary to the CC is widely
used in literature to support both the chondritic Earth model and
superchondritic Earth models (SCHEM) (3–6, 13, 23); conse-
quently, the BSE composition can be reconstructed by summing
the CC and DM. In a 143Nd/144Nd vs. 147Sm/144Nd plot, the CC,
BSE, and DM should all plot on a common isochron, with the
CC-BSE and DM-BSE tie-lines having the same slopes. Their
slopes give the Sm-Nd model age of the CC in the simple case of
a single continent formation event; that is, the age of the CC
calculated from the resulting mantle depletion is equivalent to
the age of the CC calculated from its 147Sm-143Nd isotopic
composition. This single-event age is very close to the mean age
of the CC for a more realistic model of forming the CC by
a continuous process of melt-extraction over Earth history. If
CC recycling is important (24), this single-event Sm-Nd model
age could be many hundred million years younger than the
average age of the CC (4). Nevertheless, if the 147Sm/144Nd and
143Nd/144Nd ratios of the DM and CC could be determined in-
dependently, they would provide a simple test of whether the
BSE has a superchondritic 147Sm/144Nd ratio.
The 147Sm/144Nd ratio of the DM has previously been esti-

mated by assuming either a chondritic (5, 6) or a superchondritic
(13) BSE composition and a mean age of CC extraction (4, 25)
that depleted the mantle (1.5–2.2 Ga). Boyet and Carlson (7, 23)
offered a slightly different view of how the DM was generated.
They started with a chondritic BSE, but global silicate differen-
tiation within the first 30 Ma generated an EDR (7) with
a superchondritic 147Sm/144Nd ratio («Nd of ∼+7.5) and an early
crust [early enriched reservoir (EER)] with a subchondritic
147Sm/144Nd ratio. The EERwas hidden at the base of the mantle
after its formation and is inaccessible to mantle volcanism. In this
scenario, the EDR is the accessible portion of the Earth, from
which the CC was extracted to form the DM. A 147Sm/144Nd ratio
of 0.229–0.249 for the DM was inferred using a chondritic BSE

(5, 6), and a 147Sm/144Nd ratio of 0.217–0.222 for the DM was
inferred if the BSE or the accessible portion of the BSE is
superchondritic (13, 23).
We note that Boyet and Carlson (7) used a t1/2 of 103 Ma for

146Sm, which has been redetermined to be 68 Ma (26). Using this
more recently measured t1/2, the early silicate differentiation in
the model of Boyet and Carlson (7) has to occur within 20 Ma
after the formation of the solar system (i.e., before Earth was
fully accreted).

Estimating the 147Sm/144Nd Ratio of the DM
Testing whether the Earth has a chondritic or superchondritic
147Sm/144Nd ratio requires the 147Sm/144Nd of the DM to be
estimated independent of the BSE composition.
MORBs are partial melts of the DM; thus, we use the Sm and

Nd concentrations in MORBs to estimate the average 147Sm/
144Nd ratio of the DM. There are three scenarios: (i) the DM
has a homogeneous 147Sm/144Nd ratio, and the 147Sm/144Nd ratio
variations in MORBs are caused by partial melting only; (ii)
147Sm/144Nd ratio variations in MORBs only reflect source het-
erogeneity; and (iii) 147Sm/144Nd ratio variations in MORBs
reflect both partial melting effects and source heterogeneity.
Although Langmuir et al. (27) demonstrated that themajority of the
elemental variations in MORBs are controlled by variable degrees
of partial melting, we note that the first two scenarios represent
two end-membermodels. Thus, we estimate the average 147Sm/144Nd
ratio of the DM for the first two scenarios (SI Text).
If the 147Sm/144Nd ratio variations in MORBs are only caused

by variable degrees of partial melting (scenario i), the
147Sm/144Nd ratio of the DM can be estimated using a method
highlighted by Hofmann et al. (28). In this approach, the
intercept of the MORB trend in a 144Nd/147Sm vs. Nd diagram is
very close to the 144Nd/147Sm ratio of their mantle source.
Available Nd and Sm concentrations for MORBs, determined by
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Fig. 3. 147Sm/144Nd ratio of the DM estimated by various approaches. Details are provided in SI Text. Estimates from the literature are also included for com-
parison. The pale blue area, 147Sm/144Nd = 0.211–0.227, represents the possible range for the 147Sm/144Nd ratio of the DM under a SCHEMwith a present-day «Nd
of +7 and taking into account the possible ranges for the CC (see Fig. 4 legend). The pink area, 147Sm/144Nd = 0.227–0.264, represents the possible range for the
147Sm/144Nd ratio of the DM under a chondritic Earth model. All our DM estimates are higher than those required by the SCHEM but match those required by
a chondritic Earth model. Therefore, the result that the 147Sm/144Nd ratios of the DM inferred from MORB data are higher than those required by the SCHEM is
robust and not dependent on model details.
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the isotope dilution method (SI Text and Datasets S1 and S2),
define a positive trend in a 144Nd/147Sm vs. Nd plot (Fig. 2A).
The 147Sm/144Nd ratio of the DM estimated in this way is 0.255 ±
0.010 (2σ). The Nd concentrations, but not the 144Nd/147Sm
ratio, in MORBs may also be affected by crystal fractionation. To
correct for this effect, we calculate MORB Nd concentrations at
8% (wt/wt) MgO, called Nd8, following the method of Langmuir
et al. (27). The 147Sm/144Nd ratio of the DM estimated from the
144Nd/147Sm vs. Nd8 correlation (Fig. 2B) is 0.269 ± 0.013 (2σ).
In scenario ii, where the 147Sm/144Nd ratio variations inMORBs

only reflect source heterogeneity, the 147Sm/144Nd ratio of theDM
is estimated using a forward partial melting model. The average
147Sm/144Nd ratio in MORBs from normal ridges (29, 30) is
0.212 ± 0.001 (2σm). Using a partial melting degree of 10%, proper

mineral-melt partition coefficients (Table S1), and several types of
partial melting models (Tables S2 and S3), the 147Sm/144Nd ratio of
the DM is estimated to be 0.238–0.248 (SI Text). In this approach,
the partial melting degree of 10% used forMORB generation is on
the higher end (27). In addition, we only consider a spinel peri-
dotite lithology for MORB generation, and arguments that melting
of garnet peridotite or garnet pyroxenite is important in MORB
generation have been made (26, 31–33). Because (Sm/Nd)garnet/
(Sm/Nd)clinopyroxene > 1, including garnet in MORB generation
would only increase the estimated 147Sm/144Nd ratio of theMORB
source. Consequently, the 147Sm/144Nd ratio of the DM estimated
in this way is the minimum value.
Because we discussed the two end-member scenarios (SI Text),

we argue that the 147Sm/144Nd ratio of the DM is constrained

0.5115

0.5120

0.5125

0.5130

0.5135

0.10 0.15 0.20 0.25 0.30
147Sm/144Nd

14
3 N
d/
14
4 N
d

4.
56
7
G
a

G
eo
ch
ro
n

CHUR

DM estimate
(this study)

SCHEM
average CC

possible BSE range

16.81

7.06

-2.69

-22.20

-12.45

N
d

DM: 0.51309 - 0.00005
+ 0.00011

1.6
0 G
a

CHUR

average CC
MORB
river suspended loads

SCHEM

14
3 N
d/
14
4 N
d

4.
56
7
Ga
Ge
oc
hr
on

MORB 143Nd/144Nd
histogram, n=2485

0.5100

0.5105

0.5110

0.5115

0.5120

0.5125

0.5130

0.5135

0.05 0.10 0.15 0.20 0.25 0.30

DM: 0.51309 - 0.00005
+ 0.00011

A

B

Fig. 4. (A) 143Nd/144Nd vs. 147Sm/144Nd isotope systematics of MORBs and river water suspended loads (4, 34). The MORB data in the 143Nd/144Nd vs.
147Sm/144Nd diagram are only MORBs with isotope dilution Sm and Nd measurements (n = 166). (Right) Histogram of the 143Nd/144Nd ratio for unfiltered
MORB samples (n = 2,485) (SI Text) is shown. There is no significant difference between the average 143Nd/144Nd ratio of the two datasets. The 143Nd/144Nd
ratios of MORBs show limited variation and form a near-normal distribution with a peak at 0.51318, corresponding to a «Nd of 10.6. The «Nd is the

143Nd/144Nd

deviation from the chondritic value (CHUR) in parts per 104
�
«Nd =

�
 143Nd= 144Nd

0:512638 − 1
�
104

�
(17). The 143Nd/144Nd ratio of the DM is inferred to be 0:51309+0:00011−0:00005,

corresponding to a «Nd of 8:8
+2:2
−1:0, and it agrees well with the previously published average 143Nd/144Nd ratio of 0.51311–0.51313 for normal (N)-MORBs (5, 29).

For comparison, we also show positions for the chondritic reference values in this diagram (CHUR) (17), a SCHEM (13), an average CC (34) (147Sm/144Nd =
0.114 ± 0.010, 143Nd/144Nd = 0.51177 ± 0.00010), and a 4.567-Ga Geochron. (B) 143Nd/144Nd vs. 147Sm/144Nd systematics of major reservoirs in the Earth. The
CHUR, SCHEM, and average CC are the same as in A. Our estimate of the DM in this diagram (brown box) comes from the 147Sm/144Nd ratio obtained based on
MORB data and the Nd isotopic composition from A (147Sm/144Nd = 0.238–0.269, 143Nd/144Nd = 0.51304–0.51320). The possible range of the DM-CC tie-line is
shown as a gray field outlined by two red lines (by taking the end-member values of DM and CC), and its intersection with the 4.567-Ga Geochron represents
our estimated BSE composition (147Sm/144Nd = 0.183–0.204, 143Nd/144Nd = 0.51223–0.51286, and «Nd = −8.0 to +4.4). The CC-CHUR tie-line has a 147Sm-143Nd
model age of 1.60 Ga, consistent with the average age of the CC (a detailed discussion is provided in ref. 4). Possible mantle-crust differentiation ages can be
estimated by connecting the extreme values of the DM and CC (e.g., the lower right corner of the CC with the upper left corner of the DM). This leads to
a mantle-crust differentiation age of 1.1–2.0 Ga, consistent with the age of the CC (4). The CHUR point lies within the possible range of intersections between
the CC-DM isochron and the Geochron. The SCHEM point lies substantially above this range. Thus, there is no evidence for a SCHEM based on 147Sm-143Nd
isotopic variations in the CC and MORBs.
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between 0.238 and 0.269 (Fig. 3). The pale blue area in Fig. 3,
where the 147Sm/144Nd = 0.211–0.227, represents the possible
DM 147Sm/144Nd ratio range constrained by the CC composition
under a SCHEM with a present-day «Nd of +7. The pink area,
where the 147Sm/144Nd = 0.227–0.264, represents the possible
DM 147Sm/144Nd ratio range constrained by the CC under
a chondritic Earth model. All our estimated 147Sm/144Nd ratios
of the DM are higher than that required for a superchondritic
Earth, and agree with those required for a chondritic Earth (Fig.
3). Therefore, the result that the 147Sm/144Nd ratio of the DM
inferred from MORB data is higher than that required by the
SCHEM is robust and not dependent on model details.

Test for a Superchondritic 147Sm/144Nd Ratio in the BSE
In a 143Nd/144Nd vs. 147Sm/144Nd plot, MORBs form a nearly
horizontal trend, whereas the river water suspended loads (34),
which sample large areas of the CC, form a nearly vertical trend
with samples from young arc terrains plotting within the MORB
field (Fig. 4A). The average 147Sm/144Nd and 143Nd/144Nd ratios
of the CC are well constrained using Sm-Nd isotopic data from
river water suspended loads (34) (Fig. 4A). The MORB
143Nd/144Nd data show limited variation, with a near-normal dis-
tribution. Our inferred plausible range of DM 143Nd/144Nd
(0:51309 +0:00011

−0:00005) covers the central 68% of the MORB histogram
(Fig. 4A) and is typical of the MORB 143Nd/144Nd variations (29).
We now test whether the Earth could have a superchondritic

147Sm/144Nd ratio using the 147Sm/144Nd and 143Nd/144Nd ratios
of the DM and CC (Fig. 4B). The BSE must be at the intersection
of the 4.567-Ga Geochron and the DM-CC tie-line in this dia-
gram. Taking into account the possible DM and CC ranges, the
DM-CC tie-line crosses the 4.567-Ga Geochron at a 147Sm/144Nd
ratio of 0.183–0.204 and a 143Nd/144Nd ratio of 0.51223–0.51286
(«Nd = −8.0 to +4.4). The large uncertainties associated with the
intersection of the DM-CC tie-line and the 4.567-Ga Geochron
result from the large uncertainties in the 147Sm/144Nd and
143Nd/144Nd ratios of the DM and CC. This intersection overlaps
with the chondritic point; however, even taking into account the
large uncertainty, the SCHEM plots well above this intersection
(Fig. 4B). Moreover, the CC-chondritic uniform reservoir
(CHUR) tie-line passes through the possible DM range. This CC-
CHUR tie-line has a 147Sm-143Ndmodel age of 1.60Ga, consistent
with the average age of the CC (a detailed discussion is provided in
ref. 4). Therefore, the 147Sm-143Nd isotope systematics of the DM
and CC, considered together, are inconsistent with a super-
chondritic Earth with a present-day «Nd of +7. Our results dem-
onstrate that the BSE has a near-chondritic 147Sm/144Nd ratio.
The existence of a hidden reservoir at the base of the mantle

proposed to explain the observed e142Nd difference between the
Earth and ordinary chondrites (7) is also inconsistent with the
147Sm-143Nd isotope systematics of the CC-DM system, because it
requires an extremely young age for the CC. In this case, the ac-
cessible portion of the Earth (EDR), from which the CC was
extracted, has a present-day «Nd of +8 to +12 (143Nd/144Nd =
0.51305–0.51325) (7), overlapping with present-day MORB val-
ues. Consequently, an EDR-DM tie-line has a near-zero slope,
implying an unrealistically young age (approximately zero age) for
the CC. Furthermore, because the EDR and DM have the same
«Nd, there is no way to balance the low «Nd values in the CC. Be-
cause loss of an early crust through collisional erosion during the
end stages of terrestrial accretion (16) in essence represents
a reservoir hidden in space, such a scenario is also inconsistent
with the 147Sm-143Nd isotope systematics and can be ruled out.
Assuming a simple CC growth model in which the CC started to

grow at 4.4 Ga at a constant rate, Caro and Bourdon (13) have
argued that a chondritic Earth model cannot explain the radio-
genic «Nd in the Archean mantle. They argued instead that the
positive «Nd found in the Archean mantle requires a super-
chondritic bulk Earth 147Sm/144Nd ratio (figure 11 of ref. 13).

However, using a more realistic CC growth model in which recy-
cling of the CC is allowed, Jacobsen (4) was able to reproduce
the trend of radiogenic «Nd in the Archean mantle with a
147Sm/144Nd ratio evolution that is consistent with the updated
DM estimate provided in this paper. The evolution curves in Fig. 5
were evaluated by Jacobsen (4) to be consistent with the data
available in 1988. For comparison, we show the «Nd estimates for
the average DM compiled in 2010 by Caro and Bourdon (13) and
used in their modeling. We also show that the end point of the
147Sm/144Nd ratio evolution from Jacobsen (4) is consistent with the
estimate given in this paper. Thus, we conclude that the Sm-Nd
isotopic evolution of the mantle through time is consistent with
a chondritic Earth and that the conclusion of Caro and Bourdon
(13) is only valid for a particularly simplistic model calculation.

Conclusions
In summary, the 147Sm-143Nd isotope systematics of the CC and
DM imply that the BSE has a near-chondritic 147Sm/144Nd ratio
and are inconsistent with the BSE having a present-day «Nd of +7
as required by the SCHEM (7, 8, 13–15). The ∼0.5 e-units e142Nd
variation in the Earth and chondrities most likely results from
variations in the mixing proportions of different nucleosynthetic
components. Given the ∼0.5 e-units e142Nd variation (7–9, 20) in
bulk chondrites but ≤±2% variations in 147Sm/144Nd ratios (17), it
seems inappropriate to attribute the∼0.2 e-units e142Nd difference
between the Earth and ordinary chondrites to a 6% difference in
147Sm/144Nd ratios.

0

2

4

6

8

10

12

Age (Ga)

0.18

0.20

0.22

0.24

0.26

0.28

0 1 2 3 4

Isua
average DM

DM evolution curve with 2σ error bands

N
d

1
4
7
S
m
/1
4
4
N
d

present-day DM

present-day DM

Fig. 5. Model evolution of the DM «Nd and 147Sm/144Nd ratio through time.
The data points are average DM compositions and Isua supracrustals from
the recent compilation of Caro and Bourdon (13). The present-day DM
estimates are from this study. The model curves are from Jacobsen (4) using
a chondritic Earth model. The evolution of the DM «Nd is consistent with
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the model prediction of Jacobsen (4).
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Midocean Ridge Basalt 147Sm/144Nd and 143Nd/144Nd Ratio Data
We used the online midocean ridge basalt (MORB) database
PetDB (www.petdb.org) (i) to find all MORB samples with
143Nd/144Nd isotope measurements and (ii) to find all samples
that have been measured for Nd, Sm, and MgO concentrations
in addition to 143Nd/144Nd isotope measurements.
We found 2,485 MORB samples, basalts from spreading centers

only, with 143Nd/144Nd measurements. They form a near-normal
distribution with a peak at 0.51318 (Fig. 4A), very similar to other
estimates of the typical value for the 143Nd/144Nd ratio in the
MORB source (1, 2). Because the arguments presented in this
paper discuss percentage level differences between various esti-
mates of the Sm/Nd ratio of the depleted mantle (DM), it is re-
quired that the MORB Sm/Nd data used in this argument have
similar or better precision. Thus, only samples with isotope di-
lution Sm and Nd concentration data were selected because these
are typically accurate to at least 1% and are often much better.
Furthermore, the samples were screened to include only spreading
center basalts with MgO > 6 wt %. This resulted in 166 qualified
MORB samples. All these data were checked for correctness with
their original data sources. These data are given in the form of an
Excel (Microsoft Corporation) spreadsheet (Datasets S1 and S2).

147Sm/144Nd Ratio in the DM: Constraints from MORBs
The elemental variations of MORBs reflect (i) variable degrees
of partial melting, (ii) source heterogeneity, and (iii) a combi-
nation of these two factors. We consider the first two scenarios,
which are the two end-members. In the case that the elemental
variations of MORBs reflect only varying degrees of partial
melting, we follow an approach first highlighted by Hofmann
et al. (3). Considering a batch-melting process, the concen-
trations of Sm (CSm) and Nd (CNd) are given by:

Cl
Sm

Co
Sm

=
1

DSm +Fð1−DSmÞ . . . . . . [S1]

Cl
Nd

Co
Nd

=
1

DNd +Fð1−DNdÞ . . . . . . [S2]

where the superscripted l represents the melt value and the super-
scripted o represents the source value; F is the degree of melting,
andDSm and DNd are the bulk partition coefficients of Sm and Nd,
respectively. By eliminating F from Eqs. S1 and S2 and replacing
the weight ratio with the atomic ratio using  147Sm= 147Nd=
0:60492 Co

Sm
Co
Nd
, it can be shown that in a plot of 144Nd/147Sm vs. CNd

(Fig. 2), the intercept (I) gives 1−DSm
1−DNd

1
ð 147Sm= 144NdÞsource and the slope

(S) is
1− 1−DSm

1−DNd
0:60492Co

Sm
. The following relationship can be obtained from

a plot of 144Nd/147Sm vs. CNd:

�
 147Sm= 144Nd

�
source =

1− 0:60492SCo
Sm

I
. . . . . . [S3]

1−DSm

1−DNd
= 1− 0:60492SCo

Sm . . . . . . [S4]

MORB samples, with Sm andNd concentrations determined by
isotope dilution (Datasets S1 and S2), form a positive 144Nd/147Sm

vs. Nd trend (Fig. 2A). A robust linear least square regression
using MATLAB (MathWorks) gives a slope (S) of 0.088 ± 0.013
and an intercept (I) of 3.88 ± 0.14 (both 2σ). Following Eq. S3,
the Sm concentration in the DM (CDM

Sm ) is required to calculate
the DM 144Nd/147Sm ratio. CDM

Sm has been estimated as 0.2–0.3
ppm using a chondritic or superchondritic bulk silicate Earth
(1, 4, 5). We assign a large uncertainty to CDM

Sm (0.2 ± 0.1 ppm).
Because S is a very small number, ð1− 0:60492SCDM

Sm Þ is not very
sensitive to CDM

Sm . Using these values, the 147Sm/144Nd ratio of the
DM is estimated as 0.255 ± 0.010 (2σ).
Using Eq. S4, 1−DSm

1−DNd
is estimated as 0.989 ± 0.006, and it can

also be independently estimated using previously determined
values for DSm and DNd. Specifically, DSm = 0.045 and DNd =
0.031 are given by Workman and Hart (4) and yield a 1−DSm

1−DNd
of

0.986, matching our estimate based only on MORB data. Salters
and Stracke (1) used DSm = 0.060 and DNd = 0.020, which give
a 1−DSm

1−DNd
of 0.959. This value is slightly lower than our estimate.

Using this 1−DSm
1−DNd

value, the estimated 147Sm/144Nd ratio of the
DM is 0.247 ± 0.010. This value agrees within error with our
estimate of 0.255 ± 0.010.
The DSm and DNd values can be further constrained using

experimental data (Table S1). During MORB generation, the
Sm-Nd fractionation is mostly controlled by clinopyroxene, be-
cause the partition coefficients of Sm and Nd for orthopyroxene
and olivine are a factor of 10–100 lower than that for clinopyr-
oxene (6, 7). Table S1 summarizes available DSm

CPX/melt and
DNd

CPX/melt determined by experiments that are applicable to
partial melting at the midocean ridge. DSm

CPX/melt ranges from
0.201 to 0.494 with an average of 0.32 ± 0.06 (2σm), andDNd

CPX/melt

ranges from 0.112 to 0.277 with an average of 0.19 ± 0.03 (2σm),
which yield a KdSm-Nd

CPX/melt = DSm
CPX/melt/DNd

CPX/melt of 1.64 ±
0.08 (2σm) (Table S1). If the DM has 20% clinopyroxene, the
1−DSm
1−DNd

is estimated as 0.973 ± 0.017. The uncertainty is estimated
using Monte Carlo simulation. We randomly picked 2,000 values
for DNd

CPX/melt and KdSm-Nd
CPX/melt, assuming that both DNd

CPX/melt

(0.19 ± 0.03) and KdSm-Nd
CPX/melt (1.64 ± 0.08) define normal

distributions. DSm
CPX/melt was calculated using DNd

CPX/melt and
KdSm-Nd

CPX/melt. This estimate agrees well with our estimate of
0.989 ± 0.006 based on MORB data.
This approach ignores the crystal fractionation effect onMORBs,

which affects Nd concentrations but not the 147Sm/144Nd ratio. To
remove this crystal fractionation effect, we calculate the Nd
concentrations at 8% (wt/wt) MgO, Nd8 (Datasets S1 and S2),
following Langmuir et al. (8), and then repeat the above exer-
cise. The 144Nd/147Sm vs. Nd8 trend (Fig. 2B) has a slope of
0.120 ± 0.018 (2σ), an intercept of 3.66 ± 0.18 (2σ), and an R2 of
0.51. Normalization to 8% MgO improves the correlation. The
147Sm/144Nd ratio of the DM is then estimated as 0.269 ± 0.013
(2σ). 1−DSm

1−DNd
is estimated as 0.986 ± 0.008 (2σ), agreeing well with

experimental partition coefficients (see discussion above).
MORBs form a slightly positive 143Nd/144Nd vs. 147Sm/144Nd

trend (Fig. 4A), with an R2 of 0.26. It is possible that the
144Nd/147Sm-Nd trend in Fig. 2 partially reflects a mixing line. In
the case that the MORB elemental variations reflect only source
heterogeneity, we use a forward partial melting model to esti-
mate the DM 147Sm/144Nd ratio. Using the data compilation
from Arevalo and McDonough (9), the average 147Sm/144Nd
ratio of N-MORB [(La/Sm)N < 1] is 0.212 ± 0.001 (2σm), which
is close to previous estimates (0.210–0.211) (2, 9). We use
DSm

CPX/melt and DNd
CPX/melt determined by experiments (Table S1)
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to estimate the Sm-Nd fractionation during MORB generation.
We assume that the DM has 20% clinopyroxene and the average
partial melting degree is 10%. Using DSm

CPX/melt and DNd
CPX/melt

as summarized in Table S1, we estimate the Sm-Nd fractionation
during the partial melting process that generates MORBs (Tables
S2 and S3). In detail, (Sm/Nd)DM/(Sm/Nd)N-MORB ranges from
1.12 to 1.17 according to different partial melting models (Table
S2). The DM 147Sm/144Nd ratio is estimated to range from 0.238
± 0.009–0.248 ± 0.013 (Table S3). These uncertainties mainly
reflect the uncertainties on DSm

CPX/melt and DNd
CPX/melt, and they

are estimated using Monte Carlo simulation. Within error, these
estimates agree with our estimate based on the 144Nd/147Sm vs.
Nd correlation (Fig. 3). These values (0.238 ± 0.009–0.248 ±
0.013) are also significantly higher than the (147Sm/144Nd)DM of
0.217–0.222 required by a superchondritic Earth model
(SCHEM) (Fig. 3). A 10% degree of partial melting for MORB
generation is used in this approach, which is on the high end (8),

such that the estimated 147Sm/144Nd ratios of DM using this
approach (Tables S2 and S3) are minimum estimates.
In the second approach, many Sm and Nd concentrations were

not determined by the isotope dilution technique (9). Although it
is expected that the large amount of Sm and Nd data used in
estimating the average Sm/Nd ratio in N-MORBs (2, 9) may
provide good statistics if analytical errors are truly random, such
an expectation needs to be tested with a large amount of high-
precision data.
Each of the DM 147Sm/144Nd ratio estimates is model-de-

pendent (degree of partial melting vs. source heterogeneity);
however, both DM estimates are higher than those required by
the SCHEM (Fig. 3). Therefore, our conclusion that the DM
147Sm/144Nd ratios inferred from MORB data are higher than
those required by the SCHEM is robust and not dependent on
model details.
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DSm
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CPX/melt KdSm-Nd
CPX/melt Ref(s).

0.291 0.1873 1.55 1
0.462 0.277 1.67 2
0.281 0.177 1.59 3
0.201 0.112 1.79 4
0.421 0.260 1.62 4
0.232 0.141 1.65 4
0.804 0.494 1.63 4*
0.359 0.255 1.41 4
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0.494 0.258 1.91 7†

Average 0.32 0.19 1.64
2σm 0.06 0.03 0.08
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†Only low-pressure (<2 GPa) experiments are included. These are expected to be appropriate for partial melting
of spinel peridotites. Details are provided in a study by Salters and Longhi (7).

1. Hart SR, Dunn T (1993) Experimental CPX/melt partitioning of 24 trace elements. Contrib Mineral Petrol 113:1–8.
2. Hauri EH, Wagner TP, Grove TL (1994) Experimental and natural partitioning of Th, U, Pb and other trace elements between garnet, clinopyroxene and basaltic melts. Chem Geol 117:

149–166.
3. Johnson KTM (1994) Experimental CPX/ and garnet/melt partitioning of REE and other trace elements at high pressures; Petrogenetic implications. Mineral Mag 58:454–455.
4. Skulski T, Minarik W, Watson EB (1994) High-pressure experimental trace-element partitioning between clinopyroxene and basaltic melts. Chem Geol 117:127–147.
5. Sobolev AV, Migdisov AA, Portnyagin MV (1996) Incompatible element partitioning between clinopyroxene and basalt liquid revealed by the study of melt inclusions in minerals from

Troodos lavas, Cyprus. Petrology 4:307–317.
6. Johnson KTM (1998) Experimental determination of partition coefficients for rare earth and high-field-strength elements between clinopyroxene, garnet, and basaltic melt at high

pressures. Contrib Mineral Petrol 133:60–68.
7. Salters VJM, Longhi J (1999) Trace element partitioning during the initial stages of melting beneath mid-ocean ridges. Earth Planet Sci Lett 166:15–30.

Huang et al. www.pnas.org/cgi/content/short/1222252110 2 of 3

www.pnas.org/cgi/content/short/1222252110


Table S2. (Sm/Nd)source/(Sm/Nd)melt according to various melting models

Modal melting Nonmodal melting*

Batch melting, no trapped melt† 1.17 ± 0.06 1.12 ± 0.04
Accumulated fractional melting,† 5% trapped melt 1.15 ± 0.06 1.13 ± 0.05

*Melting reaction from 1.5-Gpa experiment of Kinzler (1): 0.80 CPX + 0.19 OL + 0.13 SP = 0.12 OPX + 1.00 melt,
where CPX is clinopyroxene, OL is olivine, OPX is orthopyroxene, and SP is spinel.
†Following Shaw (2).

Table S3. (147Sm/144Nd)DM according to various melting models

Modal melting Nonmodal melting

Batch melting, no trapped melt 0.248 ± 0.013 0.238 ± 0.009
Accumulated fractional melting, 5% trapped melt 0.244 ± 0.013 0.240 ± 0.011

1. Kinzler RJ (1997) Melting of mantle peridotite at pressure approaching the spinel to garnet transition: Application to mid-ocean ridge basalt petrogenesis. J Geophys Res 102:853–874.
2. Shaw DM (1970) Trace element fractionation during anatexis. Geochim Cosmochim Acta 34:237–243.
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