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Abstract

We report U-Th disequilibria data for a suite of 13 young basaltic samples from the Samoan Islands, which represent the end-
member mantle component EM2, and 4 historic lavas from Mt. Erebus, typifying young HIMU. The Samoan samples have low
Z30Th/22Th and Z**U/**Th, consistent with the enriched nature (EM2) of the Samoan mantle source, whereas the Mt. Erebus
samples have high 2°°Pb/***Pb and intermediate (**°Th/***Th) and (***U/***Th). When considered in the context of the global
oceanic basalt database, the Samoan samples’ low 2*°Th/***Th and ***U/***Th greatly extend the global correlations between **°Th/
22Th and 2*U/%*Th with ¥ Sr/%°Sr and '**Nd/"**Nd and change the functional form of these correlations from linear to hyperbolic.
Using a maximum likelihood non-linear inversion method, we show that these correlations of *°Th/?**Th and ***U/***Th with %" Sr/
86Sr and '"**Nd/***Nd can be approximated by two-component mixing. However, the global oceanic basalt data also show
considerable scatter about the best-fit mixing curves. This scatter is attributed to additional source components and melting processes
influencing the lavas (***Th/***Th) and (***U/***Th). Additional source components are supported by the Pb isotope data, which
clearly require more than two endmember mantle components. We also show that the extent and variability in (**°Th/***U) decreases
as a function of source enrichment, with “depleted” MORB showing the largest extents and greatest variability in (**°Th/***U) and
“enriched” OIB, like Samoa, showing smaller extents and less variability of (**°Th/***U). We interpret this observation in terms of
differences in the melting regimes beneath mid-ocean ridges and ocean islands.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Isotopic ratios measured in basaltic lavas provide a
means to trace time-integrated variations of parent/
daughter trace element ratios in mantle sources. The
timescale over which these isotopic tracers respond to
changes in the parent/daughter ratio is directly propor-
tional to the half-life of the parent isotope. Most
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radiogenic isotope tracers (e.g. Sr, Nd, Hf and Pb)
have parent half-lives of 0.7-106 Ga and respond to
changes in parent/daughter ratios (e.g. Rb/Sr, Sm/Nd,
Lu/Hf) over timescales comparable to mantle convec-
tion. The Z°Th/**?Th isotopic system, however, is
intrinsically different — the halflife of daughter isotope
#39Th is only 75 ka, and its abundance, relative to parent
2380, is determined by the radioactive principles
governing U decay-series systematics. As a result,
after 300 ka the Th isotopic composition of the mantle
source directly reflects its >**U/>**Th source ratio.
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In principle, comparison of *°Th/**Th, ***U/*?Th
and Z°Th/***U with longer-lived radiogenic isotopes (e.g.
87Sr/%Sr) can provide first-order insight into both the
nature of the mantle source [1-4] and the styles of melt
generation and magma transport [5—11]. While there are
several studies comparing Th isotopes with longer-lived
radiogenic isotopes in oceanic basalts, of the four mantle
components (DMM, HIMU, EM1 and EM2) defining the
mantle tetrahedron [12,13], depleted MORB mantle
(DMM) is the only end-member component “well
characterized” in its Th isotopic composition by high-
precision mass spectrometric methods. Because of a lack
of high quality Th isotopic measurements for the other
three end-member mantle components (HIMU, EM1 and
EM2), the form and relative significance of the relation-
ships between 20Th/232Th, 2%%U/%*2Th and °Th/3¥U,
and the longer-lived radiogenic isotopes (i.e. ®'Sr/
8631 3N/ N, 2°5Pb/2%Pb, 207Pb/2%Ph, 209pb/2%ph
and) are not yet well defined.

Here we present new U-Th disequilibria data for
a suite of thirteen young basaltic samples from the
Samoan Islands and a suite of four historic ‘bomb’
samples from Mt. Erebus, Antarctica. The Samoan
Islands represent the end-member “EM2” enriched
mantle component and are characterized by radio-

Oceanic Basalts (n = 412)

genic *’Sr/*®Sr, unradiogenic '*Nd/'"**Nd, and low
to moderate 2°°Pb/*°*Pb [14]. The Mt. Erebus
samples are “HIMU” having intermediate ®’Sr/*°Sr,
intermediate '**Nd/'**Nd, and radiogenic 2°°Pb/
20%pb. While Mt. Erebus does not represent the
end-member mantle component HIMU, there are no
samples young enough for U-Th disequilibria studies
from Mangai-Tubai (the HIMU end-member).

These new data are then compared with the MORB
and OIB database for which U-Th disequilibria and
longer-lived radiogenic isotopes of Sr, Nd, and Pb have
been measured by mass spectrometric methods.

2. Comparison of (***Th/?**Th) and (***U/***Th)
with Sr, Nd and Pb isotopes in the global oceanic
database

2.1. (P°Th/?°Th) and U/ Th)

U and Th isotopes and concentrations have now been
measured in several oceanic basalt suites by mass
spectrometric methods, including MORB [5,10,11,15—
25], Samoa [this work], Mt. Erebus [this work], Hawaii
[5,10,26,27], Iceland [28,29], Canaries [30—32], and the
Azores [33-35] (Fig. 1).
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Fig. 1. *°Th/**2Th) versus (***U/**>Th) for the our global compilation of literature data for mid-ocean ridge and ocean island basalts measured by
mass spectrometric methods [5,10,11,15-27], Iceland [28,29], Canaries [30—32], and the Azores [33—35]. These data have been filtered to eliminate
samples of uncertain eruption age, or which have been identified in the publishing study as altered by secondary, post-eruptive processes. Note that
the new Mt. Erebus samples are historic, and the new Samoan samples are demonstrably young based upon historical constraints, or measurement of

230Th—?26Ra—21"Pb and *'°Po disequilibria (Sims et al., in preparation).
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The Samoan samples (Tables 1 and 2) have the
lowest *°Th/***Th and ***U/**?Th yet measured in
oceanic basalts, consistent with the enriched nature of
their mantle source. MORB, on the other hand, have
high (***Th/***Th) and ***U/***Th, consistent with the
depleted character of the MORB mantle source. The
historic Mt. Erebus samples show intermediate (**°Th/
22Th) and (***U/***Th) consistent with their interme-
diate *’Sr/*°Sr and '**Nd/'**Nd. This global variation
in (**°Th/**?Th) and (***U/***Th) is consistent with the
correlation observed between Sr and Nd isotopes and
supports the idea that the depleted mantle is comple-
mentary, at least in part, to the more enriched continental
crust.

For the current global oceanic database (n=412), the
variability of 2*°Th/***U is much smaller than the range
of both (**°Th/***Th) and (***U/***Th) (Fig. 1). Most
oceanic basalts lie to the left of the equiline; this is
interpreted as an indication of deep melting either in the
presence of garnet or near solidus pyroxene at 1.5 GPa
[36—-39]. For the few oceanic basalts lying to the right of
the equiline (Kolbeinsey Ridge and Garret Fracture
Zone), these samples’ *®U excesses are thought to
indicate shallow melting of depleted peridotite [23,24].

The number of oceanic samples for which both U—
Th isotopes and long-lived radiogenic isotopes have
been measured by mass spectrometry is more limited. In
the following, we evaluate the relationships between U—
Th sytematics and Sr isotopes (n=210), Nd isotopes
(n=161), and Pb isotopes (n=147) for the current global
oceanic database.

2.2. Correlations of (*3U/’Th) and (**°Th/**’Th)
with % Sr/0Sr: two-component mixing?

Early studies comparing **Th/***Th and ®*’Sr/*¢Sr
for MORB and OIB [1-4,7] observed a negative,
linear correlation, which was interpreted as indicating
that the U/Th of the mantle source (as inferred from
the lavas’ (**°Th/*?Th)) is a long-lived feature,
consistent with the mantle Rb/Sr (as inferred from
the lavas’ ®’Sr/*°Sr).

The Samoan samples’ low 2*°Th/***Th and high *’Sr/
8Sr (up to 0.7089) greatly extend this global correlation
and show that its functional form is hyperbolic rather
than linear (Fig. 2A). When this hyperbolic trend is
interpreted as reflecting a binary mixing line, its
curvature indicates that the Th/Sr ratio in the enriched

Table 1
13N d/M*Nd, ¥7S1/A0Sr, 2°8Pb/ 24P, 2°7Pb/2%*Pb and 2°Pb/2%*Pb [14,61,62] for Samoan and Mt. Erebus samples

87Sr/30Sr M3Nd/"*Nd Epsilon Nd 208pp204ppy 207pp204pp 206pp,204py,
Samoa
63-13 0.705520 0.512716 1.5 39.699 15.624 19.352
68-30 0.705215 0.512734 1.9 39.589 15.615 19.332
70-1 0.705371 0.512768 2.5 39.641 15.608 19.371
70-9 0.705352 0.512753 2.2 39.683 15.619 19.386
71-2 0.705943 0.512743 2.0 39.680 15.605 19.332
72-2 0.705395 0.512740 2.0 39.657 15.604 19.365
73-1 0.706720 0.512669 0.6 39.585 15.617 19.215
73-3 0.705616 0.512711 1.4 39.638 15.602 19.328
73-12 0.706653 0.512686 0.9 39.529 15.600 19.195
76-1 0.707192 0.512637 0.0 39.847 15.636 19.338
77-9 0.707260 0.512579 -1.2 39.853 15.635 19.331
78-1 0.708901 0.512521 =23 39.862 15.647 19.237
SAV B6 0.705786 0.512716 1.5 39.121 15.610 18.785
Mt. Erebus
ER 83220 0.703039 0.512908 53 39.515 15.649 19.946
ER-84505 0.703133 0.512906 52 39.489 15.648 19.916
ER 97KS 0.703033 0.512911 53 39.509 15.648 19.941
ER 2000 0.703043 0.512905 5.2 39.508 15.648 19.939

(1) Samoan data from Workman et al [14].

(2) For Mt Erebus samples Pb, Sr and Nd isotopes measured at WHOI by PIMMS using the ThermoFinnigan NEPTUNE. Data are reported relative to
0.71024 (NBS 987) and 0.511847 (La Jolla), respectively. Based upon replicate analysis of NBS SRM 987 and La Jolla Nd isotopic standard, 2o
precisions for Sr and Nd isotope data are =26 ppm and %15 ppm, and &g values calculated using ('**Nd/'**Nd)Chur(0) = 0.512638. Measured Pb
isotope ratios are normalized to both an internal T1 std and then to NBS 981 using the values of Todt et al. [61]. For these measurements, every two
samples are interspersed with an analyses of NBS 960 for the mass bias correction [62]. Based upon replicate analyses of NBS981 2o errors for 2°*Pb/
204pp; 207pp/2%4Ph and 2°°Pb/2**Pb are 110—150 ppm (26) and 90 ppm (2¢) for 2**Pb/2%Pb.
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Table 2

[Th], [U], C*°Th/***Th), ***U/**>Th) and (**°Th/**8U) U) for Samoan and Mt. Erebus samples

Sample [Th] pg/g [U] nglg Th/U (**¥U/2Th) (*°Th/***Th) °Th/*8U) Uty
63-13 (avg) 4.99 1.13 4.40 0.689 0.737 1.07 1.003
68-30 (avg) 3.52 0.82 431 0.705 0.763 1.09 1.004
70-1 3.96 1.00 3.96 0.767 0.777 1.01 1.007
70-9 (avg) 420 1.0 420 0.721 0.757 1.05 1.005
71-2 (avg) 2.30 0.54 429 0.707 0.733 1.04 1.005
72-2 (avg) 5.15 1.21 425 0.714 0.757 1.06 1.001
73-1 (avg) 6.00 1.24 483 0.628 0.677 1.08 1.004
73-3 (avg) 4.83 1.07 4.50 0.674 0.735 1.09 1.003
73-12 (avg) 5.07 0.98 5.16 0.588 0.675 1.15 1.005
76-1 6.37 1.22 5.24 0.579 0.611 1.05

77-9 6.68 1.30 5.15 0.589 0.649 1.10

78-1 (avg) 5.79 1.10 5.26 0.577 0.598 1.04 1.004
SAV B6 (avg) 3.34 0.74 4.50 0.675 0.763 1.13 1.002
83220 30.93 8.94 3.46 0.877 0.985 1.12 1.001
ER-84505 29.54 8.43 3.51 0.865 0.976 1.13 1.002
ER 97KS 32.16 9.27 3.47 0.874 0.989 1.13 1.001
ER 2000 32.19 9.19 3.50 0.866 0.989 1.14 1.002

The Mt. Erebus samples are historic, whereas the Samoan samples young ages are established by measurements of 2°Th—*2°Ra—>'"Pb and *'°Po
disequilibria [63] (Sims et al., in preparation).

(1) Samoan and Mt Erebus samples represent replicate averages. Samples were hand-picked under a microscope, then ultrasonically leached in
sequential treatments of 0.1N HCL plus 2%H,0, (15 min), DI water (twice, each time for 15 min), 0.1N oxalic acid plus 2% H,0,, DI water (twice,
each time for 15 min), acetone (15 min). Samples were then hand-picked by microscope for a second time and then lightly leached in the clean lab in
0.IN HCL plus 2%H,0; (15 min) using ultra-pure reagents. Sample splits (>1 g) were then dissolved, aliquoted, spiked and then U-Th—Pa were
separated using chemical techniques outlined in Refs. [10,11,16,17]. Note that measurements of TML, leached under similar conditions, show that
this leaching procedure does not alter the samples U and Th concentrations.

(2) [U], [Th], measured by ID-ICPMS at WHOI using the ThermoFinnigan ELEMENT2. Measurement errors (20) range from 0.1% to 0.9% and
reproducibility for these samples is less than 1.1%(20). Replicate measurements of [U], [Th] in rock standards AThO (n=10) and TML (n=38) yield
for AThO [U]=2.235+0.009 and [Th]=7.45+0.06; and TML [U]=10.6+0.1 and [Th]=29.84+0.04.

(3) () denotes activity 2238=1.551x10" 1" yr '; 1232=4.948x 10" "' yr 'e. Measurement errors (20') range from 0.1% to 0.5% and do not include
uncertainties in 4238 (0.07%) or 4232 (0.5%).

(4) Th isotopic compositions measured by: (A) SIMS at WHOI using the Cameca IMS1270 [63], and (B) PIMMS at Finnigan MAT in Bremen and
WHOI using the ThermoFinnigan Neptune; activity ratios calculated using 2230=9.158x 10" ® yr ! and 1232=4.948 x10™ "' yr '. Measurement
errors (20) including uncertainties in the tail correction for PIMMS range from 0.4% to 1% for both techniques and do not include uncertainties in
2230 (0.3%) or A232 (0.5%). Reproducibility for the Samoan and Erebus samples as indicated by 20 standard deviation on the average ranges from
0.2% to 1.1%. For the IMS 1270, replicate measurements of rock standards TML and AThO are reported in Layne and Sims [63]. For the
ThermoFinnigan NEPTUNE, during this study, replicate measurements for AThO (2=5) and TML (n=>5) yield a of (***Th/***Th) of 1.015+0.003 and
1.074+0.008, respectively.

(5) **U/8U) measured by PIMMS at WHOL. /234=2.823x 10" ¢ yr ', errors (20) < 0.5%; for these samples (***U/***U)=1 within error, using an
equilibrium ***U/**3U of 54.88 ppm and do not include uncertainties in 1234 (0.2%) and 2238 (0.07%). NBS 960 was run between each sample to
determine mass bias and SEM/Faraday gain. Replicate measurements for AThO (n=3) and TML (n=4) during these measurements yield BB
=1.00340.004 and 1.002+0.004, respectively.

component (low *°Th/?*2Th ratios) is greater than the
Th/Sr ratio in the depleted component, consistent with
the relative compatibilities of Sr and Th. >**U/***Th is
also correlated with *”Sr/*°Sr. The Samoan samples’ low
(***U/**?Th) similarly extend the correlation of (***U/
22Th) with *’Sr/*°Sr and also change its form from
linear to hyperbolic (Fig. 6B). It is not surprising that
both #*°Th/***Th and #**U/**?Th are correlated with
87S1/8¢Sr, given that for the entire oceanic basalt suite the
variability of **Th/***U (~40%) is much smaller than
the range of *°Th/***Th and ***U/***Th (~300%).
Two end-member processes have been proposed to
account for the U-Th disequilibria measured in oceanic

basalts: (1) net elemental fractionation of Th from U at
low melt fractions and (2) *°Th in-growth over the
timescale of melt generation. If net elemental fraction-
ation of Th/U during partial melting is the dominant
effect, then the U/Th of the mantle source is best
determined from the lavas’ 2*°Th/?**Th activity ratio
and *°Th/***Th should be better correlated with *’Sr/
Sr. On the other hand, if **°Th in-growth is the
fundamental mechanism of U-Th disequilibria, then the
U/Th source ratio is best determined from the lavas’
B8U/P2Th activity ratio and 2*®U/*?Th should be
better correlated with *’Sr/*Sr. Previous estimates of
correlations between ***U/**’Th and **°Th/**?Th vs.
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87Sr/%Sr for the global oceanic basalt database
indicated, based upon linear regression methods, that
(3*°Th/***Th) was better correlated with *’Sr/*°Sr [7].
However, these investigations were restricted by limited
data sets and assumed a linear functional form, which
we show to be incorrect.

To assess the fit of the global oceanic basalt
database to a two-component mixing model, we
employ a recently developed non-linear inversion
method for fitting mixing hyperbolas to ratio—ratio
data [40]. We invert both the global database and
suite averages to obtain estimates for the five general
mixing parameters (two end-member x- and y-axis
ratio values and the ratio of concentration ratios,
which establishes the mixing curvature) and their
uncertainties (using both bootstrap and jackknife
methods). The results for both inversions are given
in Table 3 and shown in Figs. 2 and 3. Also shown
in Fig. 3 for comparison is our “best-estimate” two-
component mixing model optimized to go through
MORB and Samoa data.

Our statistical analysis demonstrates that the binary
mixing model accounts for 82% of the variance in the
BOTh/22Th vs. ¥’Sr/*°Sr data and 70% of the
variance in the *®U/??Th vs. *’Sr/*°Sr data. We
use the F-statistic to test against the null hypothesis
of random variation and find that both datasets test
positive against the null hypothesis at the >99%
confidence level, arguing that binary mixing is an
important source of variation in the samples. The
goodness-of-fit statistics (i.e., RMS) indicate that the
(P°Th/**Th) vs. ¥’St/°Sr data (RMS=0.18) fit a
binary mixing model better than (***U/***Th) vs.*’Sr/
8Sr (RMS=0.30) (Table 3), which, as described
above, has implications for the melting process. Such
inferences, however, are subject to the large uncer-
tainties introduced by assuming: (1) that our limited
database adequately characterizes the true variability
of the unknown global distribution and (2) the model
misfit is not significantly influenced by variations due
to mixing with additional mantle components (e.g.,
EMI1, HIMU). It is also relevant to note that we have
not evaluated the significance in the difference in
goodness-of-fit between the (***Th/***Th) and (***U/
22Th) vs. ¥’Sr/%®Sr data to a binary mixing model
(e.g., RMS=0.18 vs. 0.30) as this would involve
hypothesis testing for non-nested models that is
beyond the scope of this paper. Finally, our two
different treatments of the data (global database and
suite averages) also demonstrate that sampling bias is
a concern for the inversion; for the current database,
the much larger number of Azores, EPR and

Hawaiian samples are influencing the results of the
global database inversion, particularly for (***U/***Th)
vs. ¥7Sr/%Sr.

While our analysis shows that simple two-
component mixing of DMM and EM?2 explains
about 75% of the variation in (**°Th/**?Th) and
(3*U/*2Th) with respect to ¥’Sr/*°Sr for the global
oceanic database, both data sets also show consider-
able scatter about their best-fit mixing trends (Fig. 2)
that are not explained by binary mixing. This scatter
is not surprising given that: (1) the mantle is known
to contain at least four distinct components [12,13];
(2) the half-life of ***Th is short compared to the
timescales of mantle upwelling and magma genesis,
so processes such as *°Th in-growth and progressive
source depletion are likely to have a significant effect
on the lavas’ **°Th/**?Th, particularily for MORB
where solid mantle upwelling rates are low [19,41,
42]; and (3) U/Th is likely to be fractionated by
melting processes [5,6,10,11,43]. In subsequent sec-
tions we discuss the impact of additional source
components and petrogenetic processes on the lavas’
(P°Th/*2Th), (***U/**?Th) and *"Sr/*°Sr. For many of
the OIB suites, like the Azores and Mt. Erebus, mixing
with a distinct HIMU mantle component (as shown by
the Pb isotopic data) is likely causing these samples to
deviate from the simple two-component mixing trends.
For most MORB (and some OIB, like Hawaii), the
large range and extent of 2°Th/?®U over a limited
range of ¥’Sr/*°Sr indicates that melt generation and
magma transport processes are significantly influencing
both ***Th/***Th and ***U/***Th.

2.3. Correlations of (*°Th/*’Th) and (***U/*’Th)
with " Nd/'"**Nd: two-component mixing?

As with ®’Sr/*°Sr, for the current global oceanic
basalt database, correlations between (**°Th/***Th)
and (P*U/A2Th) versus "Nd/'**Nd (expressed as
eng) are approximated by simple two-component
mixing (Fig. 4). The Samoan samples’ low (**°Th/
232Th), (***U/”Th) and '"Nd/'"**Nd greatly extend
these global correlations and also change their form
from linear to hyperbolic. The positive slopes of these
trends are consistent with the MORB and OIB Th—Sr
and Sr—Nd isotope correlations and support the idea
that the depleted mantle is, at least in part, com-
plementary to the more enriched continental crust.
When the hyperbolic trend is interpreted as reflecting
a mixing line, its curvature indicates that the Th/Nd
ratio in the enriched component (low **°Th/***Th
ratios) is greater than the Th/Nd ratio in the depleted
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Table 3
Prior conditions and posterior results using a non-linear, maximum likelihood methods for inverting ratio—ratio data [40,64]

DMM EM2 Concentration ratio Goodness Fit
Statistics
x SE SE y SE SE x SE SE y SE SE ¢ SE SE MSWD  RMS
MBS (K (MBS (WK (MBS (K (0)BS (WK (©)BS  (c)JK

(*°Th/*Th) vs. ¥Sr/*Sr prior ~ 0.7022 1.60 0.709 0.60 0.15 73.40
Whole data set (n=210) 0.7021 SE-06 4E-06 159 0.02  0.02 0.709 8E-07 8E-07 0.60 005 002 030 003 0.03 6093  0.18
Averages (n=12) 0.7021 2E-05 2E-05 155 0.02  0.02 0.709 8E-07 6E-05 0.60 0.006 0.006 024 0.03  0.03 0.19
(*¥U/A2Th) vs. ¥St/%Sr priors  0.7022 1.55 0.709 0.55 0.15 112.42
Whole data set (2=209) 0.7022 6E-05 5E-05 155 0.03  0.03 0.709 2E-07 2E-07 072 0.04 004 006 002 002 98.50  0.30
Averages (n=12) 0.7022 2E-04 6E-05 153 0.02  0.02 0709 4E-07 3E-07 059 002 001 010 0.02 002 0.39
(***Th/***Th) vs. eNd priors 10.8 1.60 -29 0.60 0.33 44.15
Whole data set (n=161) 1251 0.49 0.49 156 001 001 -3.07 0.59 0.59 060 002 002 061 006 0.06 3774 0.13
Averages (n=n=10) 1261 047 0.44 158 001 001 -3.04 056 0.57 0.61 001 001 060 004 0.04 0.17
(*®U/%2Th) vs. eNd priors 10.8 1.55 -29 0.55 0.40
Whole data set (2=161) 1253 047 0.47 152 001 001 -338 053 0.53 0.64 004 003 029 004 0.04 56.98  0.21
Averages (n=10) 1355 044 0.47 151 001 003 -343 057 0.62 059 002 002 047 009 0.2 0.19

(1) Prior values for the model parameters are required to condition the inversion to calculate the five general mixing parameters (Xs,Ys in DMM and EM2 and the ratio of the concentration ratios for
the two components). The end-member isotope ratio estimates (unlike the concentration ratio estimate) are sensitive to the initial values used in the inversion. This results from the fact that the data fit
the model equally well for any set of end-members on the mixing hyperbola, which in principle can extend to arbitrarily large values outside the range of the data [40].

(2) For this inversion uncertainties in the data are assumed to be analytical and uniform (1% for >*°Th/***Th and ***U/***Th, 10 ppm for *’Sr/*®Sr, and 0.1 epsilon units for exg).

(3) Posterior uncertainties on fit parameters represent standard errors (S.E.) calculated using both bootstrapping (BS), and jackknife (JK) methods, see [40,64] for details.

(4) MSWD (mean square of weighted deviates) represents the misfit between the two-component mixing model and the data.

(5) RMS (residual mean square) is defined as the residual sum of squares (RSS) divided by the degrees of freedom (DOF), which for binary mixing, the DOF is the number data points minus the
number model parameters, or N—5; thus RMS=RSS/(N—5). Conceptually this is the variance of the residuals from the model. Because this model [40] normalizes the data variance to one prior to
inversion, the variance explained by the model, or “sum of squares due to regression” (SSreg)= 1-rms.

(6) Inversion of the ***U/**>Th data suites did not include Garrett sample with high U/Th.
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Fig. 3. Suite averages for (***Th/**Th), (***U/***Th) and (***Th/***U) and ¥St/*°Sr for the mid-ocean ridge and ocean island basalts shown in
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model optimized to go through MORB and Samoa data; solid black line represents inverted best-fit two-component mixing model for global data
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hyberbolic curvature for the suite averages.
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component, consistent with the relative compatibilities
of Nd and Th.

To assess the fit of the global oceanic basalt
database to a two-component mixing model we again
apply the non-linear, maximum likelihood method to
invert the ***U/*°Th and *°Th/**Th vs. '"“Nd/
“Nd data for concentration ratios (hyperbolic cur-
vature) and end-member isotopic components [40].
This analysis (Table 3 and Figs. 4 and 5) demon-
strates that: (1) binary mixing model accounts for
87% of the variance in the (***Th/>**Th) vs. enq and
79% of the variance in the (***U/?*Th) vs. ena; (2)
the goodness-of-fit statistics (i.e., RMS) indicate that
(P°Th/*?*?Th) vs. enq data (RMS=0.13) fit a binary
mixing model better than (**®U/**?Th) vs. eng
(RMS=0.21); and (3) sampling bias influences the
inversion results (Fig. 5).

Like ®’Sr/*®Sr, it is also important to note that the
global correlations of '**Nd/'**Nd with (***Th/***Th)
and (**®*U/***Th) are based upon limited data sets and
are only approximated by simple two-component
mixing of DMM and EM2, as these data also show
considerable scatter about the inverted best-fit mixing
trends. This scatter is again attributed to both mixing of
additional mantle source components (e.g. EM1 and
HIMU) and the effect of melting processes on both
(OTh/232Th) and (3**U/%2Th),

2.4. U-Th systematics and Pb isotopes: influence of
additional source components

The Pb isotopic data show a more complex
relationship with (**°Th/***Th) and (***U/***Th)
(Fig. 6). On plots of (***Th/***Th)—*°°Pb/***Pb and
(P*U/*?Th)—2°Pb/***Pb, the oceanic data form four
arrays, which are somewhat analogous to the patterns
observed for ¥’Sr/*°Sr—2°°Pb/?**Pb (and '**Nd/
144N d-2°°Pb/2**Pb). When interpreted in terms of
mixing, these arrays require four mantle-source
components corresponding to the end-members
DMM, HIMU, EM1 and EM2 that define the mantle
tetrahedron [12,13].

Based upon these multiple Pb isotopic arrays (Fig. 6)
and (**U/*?Th) literature data for Pitcairn (EM1 end-
member) and Mangai-Tubai (HIMU end-member), we
infer for some sample suites that their deviation from the
two-component Th—Sr array reflects mixing with
additional components beyond DMM and EM2 (Fig.
3). For example, the Mt. Erebus samples and some of
the Azores samples lie markedly below the DMM and
EM2 Th-Sr mixing trends and have high 2°°Pb/***Pb,
low *’Sr/*®Sr and intermediate ***U/***Th, forming

arrays that project toward the inferred HIMU end-
member. The Canaries samples also lie significantly
below the global Th—Sr tend; however these particular
samples do not have Pb isotopic characteristics
requiring a HIMU or EM1 component in their source
(Fig. 6), suggesting that their displacement from the Th—
Sr array is either a manifestation of recent processes
perturbing the U—Th isotopic systematics (magmatic,
metasomatic, and/or secondary) or mixing with an
additional unidentified source component. For the Th—
Nd correlations, it is interesting to note that the inferred
HIMU and EM1 end-member components lie almost
directly on the inverted two-component mixing trend
and that this inferred HIMU end-member is nearly
coincident with the Mt. Erebus samples (Fig. 4).
(Z°Th/*?Th), (3**U/*?Th) and *°*Pb/*°°Pb have
all been used, with various assumptions and caveats,
as proxies for the **’Th/**®*U of the lavas’ mantle
source. These different proxies yield discrepant results
with estimates of Th/U from *°*Pb/*°Pb typically
being much higher than values inferred from (**°Th/
22Th) and (**®U/**?Th). The origin of this discrep-
ancy, referred to as the “kappa conundrum”, has long
been debated [44-46]. The observation that, for the
current global oceanic database, both (**°Th/***Th)
and (***U/***Th) behave more coherently with ®’Sr/
8Sr and '"$Nd/"Nd than do the Pb isotopes
(including °*Pb/*°°Pb) suggests that the U-Th—Pb
isotopic system is “decoupled” from the other isotopic
systems (e.g. Rb/Sr, Sm/Nd, U/Th), and both (**°Th/
#2Th) and (***U/*?Th) are better proxies for the
lavas’ Th/U source ratio. This is not necessarily
surprising given that U, Th, Rb, Sr, Sm, Nd are
predominantly lithophile in their character/behavior,
whereas Pb is also highly siderophile and chalcophile
(see e.g. [47]). From this perspective, it is likely that
U/Pb and Th/Pb have been fractionated by processes
(e.g. core formation, etc.) and phases (sulfides) not
influencing lithophile parent—daughter systems.

2.5. Influence of magma genesis on observed trends

Most MORB (and some OIB, like Hawaii) show a
large range and extent of (**°Th/***U) over a limited
range of Nd, Sr and Pb isotopes (Figs. 2—6). This large
range and extent of (**°Th/***U) disequilibria suggests
that melting processes significantly influence the lavas’
(3°Th/*?Th) and (**®U/***Th). However, because of
the hyperbolic nature of the inverted mixing trends (Fig.
2), it is difficult to deconvolve the influence of simple
two-component mixing from the effects of melting,
particularly for MORB [9].
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In an attempt to assess the extent to which our best-fit 232Th) over a very limited range of ®’St/*°Sr (Fig. 2),
two-component mixing models are consistent with we represent the data in a form (Fig. 7A) that enables us
MORB’s large range of (**°Th/**?Th) and (***U/ to compare the slope [A(Z°Th/***Th)/A(*’St/**Sr)] of
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on #7St/%Sr represent 1-sigma standard deviation about the average. A(**°Th/”**Th)/A%St/*®Sr is the estimated slope of the individual suites in plots
of 2°Th/??Th versus ¥’Sr/**Sr, and is defined as the range (maximum—minimum) of (**°Th/***Th) divided by the range (maximum—minimum) of
87S1/%Sr for the individual suites. A(**3U/***Th)/A%Sr/*Sr is defined similarly. Also shown are the calculated derivatives of the hyperbolic mixing
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each data suite (e.g. 9—-10°N EPR, Hawaii, Azores,
etc.) to the derivatives of the calculated hyperbolic
mixing curves for each of the three two-component
mixing models at a given value of *’Sr/*®Sr. At low
87S1/%°Sr the mixing hyperbole are steep [i.e. large
A*°Th/**Th)/A(*’Sr/*¢Sr)], whereas at high *Sr/
86Sr the slopes of the mixing curves are shallower [i.e.
small A(**°Th/?*Th)/A(*’Sr/*°Sr)]. Fig. 7B is a
similar representation for A(***U/***Th)/A(*’Sr/**Sr)

versus average (°/Sr/*®Sr). In these representations
(Fig. 7A and B) the closeness of a sample suite’s
estimated slope to the mixing curve implies the degree
to which the data is explained by two-component
mixing; a sample suite which lies on the mixing curve
can, in principle, be explained entirely by two-
component mixing, whereas a sample suite’s deviation
from the mixing curve implies other processes or
additional sources are also involved.
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For most MORB and OIB suites, the variation of
(**°Th/**>Th) and (***U/***Th) is greater than would be
predicted by both our “best-estimate” and “best-fit”
twocomponent mixing models. While this observation
does not rule out mixing with an additional, unaccount-
ed source component (e.g. a component with low 20T/
232Th, 238U/%2Th and 87Sr/86Sr), it is consistent with
other observations and models indicating that melting
processes are affecting the lavas’ (**°Th/**?Th) and
(3*®U/**2Th). The observation that, for most MORB and
many OIB suites, both the range of (3*°Th/***Th) and
(3**U/*?Th) are greater than the variation predicted by
the simple two-component mixing models suggests that
both *Th ingrowth (over the timescale of magma
genesis) and net elemental U/Th fractionation (at low
melt fractions and porosities) are contributing to the
observed (3*°Th/***U) disequilibria.

For the MORB and OIB suites there is also an
inverse relationship between the relative variability of
(P°Th/>®U) and ¥'Sr/®°Sr [expressed as o(**°Th/
280U)/o*Sr/%°Sr] and the degree of source enrichment,
as indicated by *’Sr/*®Sr (Fig. 8). Depleted MORB
samples show the largest variability of (***Th/>**U) and
very little variation in *’Sr/*®Sr, whereas the more
“enriched” OIB suites show less variability in (***Th/
280U) but a larger range of *’Sr/*°Sr (Fig. 2). We
interpret this inverse relationship in terms of differences
in the melting regimes beneath mid-ocean ridges and

ocean islands. Mid-ocean ridges have low solid mantle
upwelling rates (which can be inferred from their
spreading rates) and they typically do not have a
significant lithospheric “lid” truncating their melting
column. MORB, as a consequence, represent large
average melt fractions derived at low melting rates over
a range of porosities and depths. These variable
porosities and low melting rates, in combination with
changes in the source lithology over the length of the
melting column (due to both progressive source
depletion and the garnet-spinel phase transition), lead
to a large range and extent of (**°Th/***U) for MORB
[i.e. large o(**°Th/>*®U)] [11,19,41,48,49]. In contrast,
the solid mantle upwelling rates are higher beneath
ocean islands [10,50,51], and the length of the melting
column and subsequent average degree of melting is
strongly controlled by the thickness of the overlying
lithosphere. OIB, as a consequence, represent smaller
average melt fractions derived at higher melting rates
over a more limited range of porosities and depths.
OIB’s higher melting rates, shorter melt columns and
smaller average melt fractions lead to a smaller range of
(3°Th/?**U) [i.e. small o(**°Th/***U)] [5,8,10]. Differ-
ences in the MORB and OIB melting regimes can also
explain variations in the degree of source enrichment
(i.e. o¥Sr/*°Sr). Because this istopically and trace-
element enriched component (either as “eclogitic veins”
in the upper mantle, “eclogitic plums” in the plume, or
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Fig. 8. o(**°Th/?**U)/c®"Sr/*°Sr versus average *’St/**Sr for the individual MORB and OIB data sets. Error bars on *’St/*°Sr represent 1-sigma
standard deviation. o(***Th/**®U)/a®"St/*®Sr is defined as the 1-sigma standard deviation of (***Th/**®U) divided by the 1-sigma standard deviation

of ¥7Sr/*°Sr for the individual suites.
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metasomatized harzburgite) melts preferentially over
ambient upper mantle peridotite [52,53], the degree to
which enriched compositions are preferentially sampled
depends on the overall degree of melting. MORB
represent large melt fractions suggesting that melts from
depleted peridotite are the dominant magma compo-
nent, consistent with their low and relatively constant
8781/%Sr (i.e. small ¢®’St/*®Sr). OIB, on the other
hand, represent smaller melt fractions and as a result
any subordinate “enriched” component is proportionally
more significant, consistent with OIBs enriched and
variable %7Sr/*°Sr (i.e. large o®’St/*°Sr). In this
scenario, the variation in OIB is a complex function
of lithospheric thickness (and age), potential tempera-
ture and melting rate of the upwelling mantle, and the
lithology, composition and abundance of the enriched
component.

2.6. Th/U in DMM, EM?2 and BSE

2.6.1. DMM

The MORB U-series data show a large range in both
(3**U/*?Th) and (3°Th/***Th), with the Pacific MORB
data typically more depleted than the Atlantic MORB
data. Based upon our maximum likelihood regressions
for (***U/***Th) and (**°Th/***Th) versus both *’Sr/
86Sr and '**Nd/"**Nd (Table 3) we calculate a range of
DMM Th/U from 1.9 to 2.0. This estimate is, within
uncertainty, the same as DMM Th/U (1.9 to 1.96)
calculated using either the (**°Th/***Th) or (***U/***Th)
of the Siqueiros DMORBs, which have small **°Th
excesses (ca. 1%) and are demonstrably young based
upon their large ***Ra excesses [18]. These estimates
are lower, by about 10%, than Th/U of D-DMM
estimated by Workman et al. [54].

2.6.2. EM2

Based upon our maximum likelihood regressions
for (3**U/**?Th) and (**°Th/***Th) versus both *’Sr/
86Sr and "*Nd/'**Nd (Table 3) we calculate a range
of Th/U for EM2 from 5.1 to 5.5. This estimate is
essentially the same as the EM2 Th/U (5.1-5.3)
calculated using either the (**°Th/***Th) or (***U/
32Th) of the most enriched Samoan sample 78-1,
which has a 4% *°Th excess and is demonstrably
young based on its 8% “*°Ra excess. This estimate is
about 15% higher than EM2 Th/U of 4.42 estimated
by Workman et al. [14].

2.6.3. BSE
As advocated by Allégre and Condomines [1], the
correlation of Th—Sr has been used to estimate the Th/U

ratio of the bulk silicate Earth (BSE). Using the inverted
twocomponent mixing trends and 95% confidence
intervals about these trends (Figs. 2 and 3), and
assuming a BSE value for ®’Sr/*°Sr of 0.7045-
0.7050, we calculate a Th/U for the BSE of 3.20-3.81
using (Z*°Th/**?Th) vs. ¥’St/*°Sr and 3.53-4.57 using
(3*U/%2Th) vs. ¥7Sr/%sr.

The Th—Nd and U/Th—Nd correlations can also be
used to estimate the Th/U ratio of the BSE. In principle,
these estimates are better constrained than the estimates
from the correlations with Sr isotopes, as our knowledge
of the BSE '**Nd/"**Nd is much better (though recent
work by Boyet and Carlson [55] leave open the
possibility that CI chondrites are not a good end-
member model for the Earth). Using the inverted two-
component mixing trends and 95% confidence intervals
about these trends (Figs. 4 and 5), and an initial &xg 0f 0,
we calculate a BSE Th/U of 4.05-4.47 using (**°Th/
232Th) vs. eng and 4.24-4.77 using (***U/??Th) vs.
ENd-

Finally, as noted by Allegre et al. [56], a similar
approach can be used with (***Pb/*°°Pb)* (Fig. 9),
where (*°**Pb/2%°Pb)* is defined as:

208py, 208py,
24ph <W>CD
206pp 206ppy
24P (W) o

This approach assumes that the BSE has evolved as a
closed system since 4.55 Ga, and calculates the BSE by
evaluating the intersection of the negative trend between
(*°*Pb/2%Pb)* and (**°Th/***Th) {or (***U/*?Th)}
with the theoretical (***Pb/2°°Pb)* ratio calculated for
a range of Th/U ratios (Fig. 9). This approach yields an
intercept of 0.74-0.78 for (*°*Pb/2°°Pb)*—(**°Th/
#32Th), which is interpreted as defining a Th/U ratio of
the BSE [56] of 3.9—4.1. While this approach yields a
similar BSE Th/U as other estimates, its major

assumption that U-Th—Pb isotopic system has evolved
as a closed system since 4.55 Ga is rather problematic.

(208Pb/206Pb/)* _

2.7. Comparison of mass spectrometric data with older
alpha spectrometry data

This study only assesses samples measured by mass
spectrometric methods. It is important to note that
despite large uncertainties associated with alpha spec-
trometric measurements of 22*U/***Th and **Th/***Th
for many of the OIB samples, including the 1905
samples from Savaii [57], there is a good correspon-
dence between the old alpha data and the newer mass
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Diablo Troilite (T=4.55 Ga). Th/U is calculated from (***Th/**2Th) assuming (***Th/***Th)=(***U/***Th) {i.e. the “closed” system is in radioactive
equilibrium over the longterm}. This approach yields an intercept of 0.74—0.78 for (Zong/ZO(’Pb)"‘7(230Th/23 2Th), which is interpreted as defining a

Th/U ratio of the BSE [56] of 3.9-4.1.

spectrometric measurements. However, as has been
pointed out by recent studies of Hawaiian and EPR
basalts [5,10,11,26,27], the better precision of mass
spectrometric methods provides a much finer resolution
for assessing inter- and intra-suite variability in terms of
melting processes and source variability. MORB also
show a general coherence between alpha and mass
spectrometry data. In fact, it was the alpha spectrometry
data shown in Rubin et al. [2] which originally defined
MORB?’s distinct curvature toward higher (***Th/***Th)
and (3*®*U/**2Th) at low and nearly constant ®’Sr/*Sr.
However, this MORB alpha spectrometry data also have
(3°Th/*?*?Th) for lavas from the East Pacific Rise as
high as 2.1, whereas the highest (***Th/***Th) currently
measured in MORBs by mass spectrometric methods is
less than 1.6.

3. Conclusions

(1) The young Samoan samples have the lowest
B9Th/22Th and ***U/**?Th yet measured in
oceanic basalts, consistent with the enriched
nature of the EM2 mantle source. As such, the
Samoan samples greatly extend the global
correlations of (3*°Th/**?Th) and (***U/***Th)
with®’Sr/*°Sr and '**Nd/'**Nd and show that
their functional form are hyperbolic rather than
linear.

(2) The historic Mt. Erebus samples, while not the

end-member HIMU component, show intermedi-
ate (**°Th/>*?Th) and (***U/***Th) consistent with
their intermediate *’Sr/*°Sr and '**Nd/'**Nd.

(3) Using a maximum likelihood non-linear regres-

sion technique, we show that to a first-order these
correlations can, in part, be explained by simple
two-component mixing of DMM and EM2,
suggesting that Sm/Nd, Rb/Sr and Th/U behaved
coherently during mantle differentiation over
Earth’s history.

(4) Our analysis shows that for the current global

oceanic basalt database (MORB plus OIB) **°Th/
22T is somewhat better correlated with the long-
lived isotopes ®’St/*°Sr and '**Nd/"**Nd than is
Z38U/2*2Th. While this result has implications for
the melting process, it is important to note that any
such inferences are subject to the large uncertain-
ties introduced by assuming that our limited
database adequately characterizes the true vari-
ability of the unknown global distribution, and
that the model misfit is not significantly influ-
enced by variations due to mixing with additional
mantle components (e.g., EM1, HIMU).

(5) The global arrays of (***Th/***Th) and (***U/

232Th) with Pb isotopic composition require four
mixing components corresponding to the end-
members that define the mantle tetrahedron
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(DMM, HIMU, EM1 and EM2). For the current
global oceanic basalt database, both (**°Th/
#32Th) and (***U/***Th) behave more coherently
with *’Sr/**Sr and '**Nd/'**Nd than do the Pb
isotopes (including *°*Pb/*°°Pb). This observa-
tion suggests that the U—-Pb isotopic system is
“decoupled” from the other isotopic systems
(e.g. Rb/Sr, Sm/Nd, U/Th) and that both (**°Th/
22Th) and (P*U/*?Th) are better proxies for
the lavas’ Th/U source ratio than is 2**Pb/**°Pb.

(6) For all MORB suites and many OIB suites like
Hawaii the variation of (***Th/***Th) and (***U/
232Th) are greater than would be predicted by our
best-fit two-component mixing models, suggest-
ing that both **Th in-growth (over the timescale
of magma genesis) and net elemental U/Th
fractionation (at low melt fractions) contribute to
the observed (**°Th/***U) disequilibria in MORB
and OIB.

(7) The global oceanic basalt database show a strong
inverse correlation between o(**°Th/?**U)/
o®”Sr/*Sr and the degree of source enrichment
(e.g. ¥’St/*Sr). The “depleted” MORB samples
show the largest range of (**°Th/**U) and least
variability in ®’Sr/*°Sr, whereas the more
“enriched” OIB suites show less variability in
(**°Th/***U) but a larger range of *’Sr/**Sr. We
interpret this inverse relationship in terms of
differences in the melting regimes beneath mid-
ocean ridges and ocean islands.
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