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The processes responsible for the generation of partial melt in the
Earth's lithospheric mantle and the movement of this melt to the
Earth's surface remain enigmatic, owing to the perceived dif®culties in generating large-degree partial melts at depth and in
transporting small-degree melts through a static lithosphere1.
Here we present a method of placing constraints on melting in
the lithospheric mantle using 231Pa± 235U data obtained from
continental basalts in the southwestern United States and
Mexico. Combined with 230Th± 238U data2,3, the 231Pa± 235U data
allow us to constrain the source mineralogy and thus the depth of
melting of these basalts. Our analysis indicates that it is possible
to transport small melt fractionsÐof the order of 0.1%Ðthrough
the lithosphere, as might result from the coalescence of melt by
compaction4 owing to melting-induced deformation5. The large
observed 231Pa excesses require that the timescale of melt generation and transport within the lithosphere is small compared to
the half-life of 231Pa (,32.7 kyr). The 231Pa± 230Th data also constrain the thorium and uranium distribution coef®cients for
clinopyroxene in the source regions of these basalts to be within
2% of one another, indicating that in this setting 230Th excesses are
not expected during melting at depths shallower than 85 km.
Basalts from old continental settings are ideally suited for the study
of lithospheric melting processes because they allow discrimination
between lithospheric and asthenospheric mantle melts using Nd
isotopes2. The samples for this study are well-characterized North
NATURE | VOL 406 | 20 JULY 2000 | www.nature.com

American continental basalts for which Nd and Th isotopic compositions and trace-element abundances have previously been
reported2,3. The two groups of samples consist of: (1) asthenospheric mantle-derived alkali basalts (high eNd values of around +5)
from the Pinacate volcanic ®eld, Mexico, and the Potrillo volcanic
®eld in the southern Rio Grande Rift, USA; and (2) lithospheric
mantle-derived (low eNd values of around 0) alkali basalts from the
San Francisco volcanic ®eld, Colorado Plateau, and a tholeiite from
the Zuni Bandera volcanic ®eld in the Colorado Plateau±Rio
Grande transition (Fig. 1).
As shown previously2,3, the 230Th/238U enrichments in continental
basalts correlate with their inferred mantle sources. The lavas with
low eNd values, thought to be derived from the lithospheric mantle,
have equilibrium (230Th/238U) values, whereas lavas with high eNd
values, presumed to be derived from the asthenosphere, have large
230
Th enrichments. Initial (231Pa/235U) values in asthenospheric
alkalic lavas (Table 1) fall in a narrow range from 2.33 6 14 to
2.44 6 15 (the uncertainty is mostly related to uncertainty in age),
whereas the lithospheric mantle values are 2.00 6 3 and 2.02 6 2 for
the alkali basalts and 1.44 6 3 for the tholeiite.
The salient feature of the Pa data is that despite signi®cant
differences in geodynamic setting and other geochemical characteristics, all of the samples, and particularly the alkali olivine basalts,
have signi®cant (231Pa/235U) excesses. This is true both for samples
that show large (230Th/238U) excesses and for those that are in
secular equilibrium with respect to (230Th/238U). A continental
basalt from the Snake River Plain that has substantial Pa excess
[(231Pa/235U) = 1.7] but that is near secular equilibrium with respect
to 230ThÐ(230Th/238U) = 1.04Ðwas also reported6.
Alkali olivine basalts (AOBs) have signi®cantly greater Pa enrichments than the one tholeiite analysed in this study. Similar differences between tholeiite and alkali basalts are observed in other
settings6. As the AOBs are probably the result of smaller degrees of
melting than the tholeiite2,3, this is the expected relationship if Pa
enrichment is caused by melting. The limited available data do not
completely exclude exotic enrichment processes such as metasomatism, but here we will assume that the data are most probably
explained by melting processes.
The coupled 230Th and 231Pa excesses observed in the alkali basalts
from the Pinacate volcanic ®eld and the Potrillo volcanic ®eld,
which are derived from asthenospheric mantle2,3,7±9, may be
explained by the melting of upwelling depleted (high eNd) mantle,
similar to the reason for excesses in MORB and ocean island

Colorado Plateau
SFV
Great Plains
ZB
Arizona
Basin & Range
PVF

New Mexico
Rio Grande
Rift
P
Mexico

Figure 1 A general tectonic map of the study region. Shown is the Colorado Plateau, a
stable part of cratonic North America (with a thick lithosphere), bounded by the Rio Grande
Rift and the Basin and Range Province, USA and Mexico (regions with attenuated
lithosphere). The four sample localities are: (1) the Pinacate volcanic ®eld (PVF), Mexico
(samples 92-03 and 92-04); (2) the Potrillo volcanic ®eld (P), southern Rio Grande Rift,
USA (95-06), both with highly attenuated lithosphere; (3) the San Francisco volcanic ®eld
(SFV), Colorado Plateau (92-07, 92-08); and (4) the Zuni Bandera volcanic ®eld (ZB, 9504), a transitional zone with attenuated lithosphere. Other Cenozoic volcanic ®elds are
shown for context.
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basalts10±12. The large 231Pa enrichment ((231Pa/235U) values of up to
2.00) with no 230Th enrichment in the lithosphere-derived basalts is
a surprising discovery. As we will show below, it is not possible to
generate signi®cant 231Pa enrichments while still maintaining secular equilibrium 230Th values in a garnet peridotite source using
either batch melting or dynamic melting models. Thus, these data
require melting in a source without garnet. This conclusion, based on
combined 231Pa and 230Th data, is supported by previous inferences3,
attributing the lack of 230Th enrichment to melting within the spinel
lherzolite ®eld. Moreover, xenolith and geophysical data from this
part of the Colorado Plateau are supportive of a spinel lherzolite
lithospheric mantle. In the Colorado Plateau the depth to the
2.5

Spinel
lherzolite

(231Pa/235U)

Garnet
peridotite

W

S&L
F=0.1%

LaT

lithosphere±asthenosphere boundary varies from less than 60 km
near the margins of the Plateau to 110 km at the centre13. Although
xenoliths from the central part of the Plateau include garnet
peridotites, those closer to the margin in settings similar to the
San Francisco volcanic ®eld consist of spinel lherzolites14. The
lithospheric mantle at the study site is clearly within the stability
®eld of spinel lherzolite. Melting is likely to occur at the base of the
lithosphere, as a result of basal heating. As a result, the portion of the
lithosphere that had partially melted is probably located beneath the
present-day seismic lithosphere±asthenosphere boundary13 (about
60 km), but above the stability of garnet peridotite15 (less than
85 km).
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Figure 2 (231Pa/235U) versus (230Th/238U) diagram, showing our age-corrected values.
Lithospheric mantle-derived basalts, with Nd isotopic values near bulk Earth, eNd < 0, are
shown in ®lled symbols2,3 while those with high eNd values, derived from an asthenospheric source2,3,7±9, are shown with un®lled symbols. The plotted activity ratios are
decay-corrected (initial) values. The uncertainties re¯ect both measurement errors and
uncertainties associated with ages of the samples. F, degree of melting. All samples are
alkali basalts, except for one tholeiitic basalt (95-04) with (231Pa/235U) = 1.4. We note that
all of the samples, including the tholeiite, are enriched in 231Pa. Samples with low eNd
values are in secular equilibrium with respect to 230Th, whereas those with high eNd values
have large 230Th enrichments. The difference in 230Th enrichment is attributed to
difference in source mineralogy (spinel peridotite versus garnet peridotite, respectively2,3).
Also shown are 231Pa± 230Th enrichment trends for simple batch melting of spinel
lherzolite (dashed lines) and garnet peridotite (solid lines) sources, using some of the

published U±Th D-values for clinopyroxene (cpx) and garnet (gt). There are no
experimental data for the D-value for Pa; it is inferred to be in the range of 10-5 (see ref. 18).
S&L, Salters and Longhi19 (dark lines); W, Wood et al.20; B, Beattie16; LaT, LaTourette and
Burnett21 and LaTourette et al.17 D-value determinations by other workers fall in between the
extreme values. Considering these models, the only way to get large 231Pa enrichments
cpx
while maintaining secular equilibrium 230Th is to melt a spinel lherzolite source with Dcpx
Th /DU
cpx
< 1, consistent with the data of ref. 19. We used Dcpx
Th and DU for clinopyroxene with a
wollastonite mole fraction of about 0.5. The bulk composition of clinopyroxene is
estimated from analyses of lithospheric mantle-derived clinopyroxene from the study
region27. The alkali basalts with no 230Th enrichment require melting of a spinel lherzolite
with F values in the range of 0.1%, and larger F values (about 0.3%) for tholeiite. The
samples with coupled 231Pa± 230Th enrichments ®t the simple batch melting of a garnet
peridotite (F < 0.4%), although dynamic melting (Fig. 3) is most likely to be relevant here.

Table 1 Protactinium, thorium and uranium data
Sample

238

Age (kyr)*

U (ng g-1)

(230Th/238U)

(230Th/238U)i²

Pa (fg g-1)

(231Pa/235U)

(231Pa/235U)i²

(234U/238U)

1,127 6 1
1,126 6 1
904 6 1
905 6 1
848 6 1
848 6 1

1.207 6 13

1.249 6 14

1.307 6 7

1.337 6 15
1.378 6 17

1.893 6 64
1.823 6 38
2.074 6 36
2.110 6 148
2.148 6 33
2.146 6 141

2.36 6 86

1.345 6 9

699 6 24
672 6 14
615 6 11
626 6 44
597 6 9
596 6 39

1.006 6 6
0.997 6 5
1.001 6 6
1.006 6 5
1.003 6 9
1.007 6 7

1,095 6 1
1,102
1,102
1,030 6 1
1,028 6 1
697 6 1

0.992 6 5

0.992 6 5

1.986 6 27

1.004 6 10

1.004 6 10

1.019 6 16

1.020 6 17

712 6 10
714
714
676 6 31
668 6 62
276 6 6

...................................................................................................................................................................................................................................................................................................................................................................

Asthenospheric mantle melts (eNd < 5)
95-06 (II) [P]
95-06 (I)
92-03 (II) [PVF]
92-03 (I)
92-04 (II) [PVF]
92-04 (I)

20
,10
,10

2.327 6 141
2.418 6 150

Lithospheric mantle melts (eNd < 0)
92-07 [SFV]
92-07§
92-07§
92-08 (II) [SFV]
92-08 (I)
95-04 [ZB]

0.80
0.80
3.0

2.001 6 91
1.983 6 185
1.409 6 32

2.003 6 27
2.003 6 20
1.99 6 20
2.001 6 91

0.999 6 7
1.002 6 9

1.436 6 32

0.997 6 8

Table Mountain Latite Standard
Minnesota data
LANL data³

10,660 6 12
10,425
10,474

1.002 6 5
1.003 6 7
0.996 6 8

3,500 6 25
3,415
3,433

1.002 6 7
;1.000
;1.000

1.002 6 1

...................................................................................................................................................................................................................................................................................................................................................................
Th isotopic analyses were done at the University of New Mexico2 and the University of Minnesota3. The Pa chemistry and mass spectrometry were done at the University of Minnesota. See refs 28 and 29 for
Pa separation and mass spectrometry, and refs 2 and 3 for silicate dissolution. Ratios in parentheses are activity ratios. Uncertainties on measured ratios are 2j of the mean analytical errors. Approximate eNd
values are from refs 2 and 3, in which measurements for all samples except 92-03 can be found.
* See refs 2 and 3 for sources of ages.
² Uncertainties in the initial ratios re¯ect both analytical errors of the measured values, and age uncertainties. The large errors on the initials for 92-03 and 92-04 are due to assigning 50% error on the ages.
Given the large Pa excesses in the samples, any uncertainties in initial ratios are not crucial to the interpretations in this paper. The markedly lower (231Pa/235U) value for the tholeiitic basalt (95-04) is not
related to post-eruption decay because the young age of the tholeiite, 3,000 years, is well constrained from 14C and 3He dating.
³ The (231Pa/235U) ratio data for the Los Alamos Table Mountain Latite6,28 is ®xed at 1.000 as it was used to calibrate their spike.
§ U and Pa in 92-07 were analysed at Los Alamos National Labs (LANL) in replicate6. See refs 3 and 29 for decay constants of U, Th and Pa isotopes. See legend to Fig. 1 for abbreviations in square brackets.
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The observed Pa and Th isotope results can be compared to
simple models for melting of peridotite. In Fig. 2 the data are
compared to the results of batch melting of garnet peridotite (12%
clinopyroxene (cpx), 8% garnet) and spinel lherzolite (15% cpx)
lithologies, using a variety of published experimental Th and U Dvalues and estimates of Pa D-values16±19. (The D value (distribution
coef®cient) is the ratio of the concentration of an element in a solid
phase over its concentration in melt.) The calculations show that the
lavas with large 231Pa excesses but no 230Th enrichment are inconsistent with partial melting of garnet peridotite. Using any of the
available D-values, when melting a garnet peridotite, any signi®cant
enrichment in 231Pa results in a coupled enrichment of 230Th. Figure 2
also shows that even if the source is free of garnet (spinel lherzolite)
only the D-values of ref. 19 give melts with large 231Pa enrichment
and no Th±U fractionation, within measurement error;
(230Th/238U) < 1.
The ratio of experimentally determined U±Th D-values for
cpx
20
clinopyroxene, Dcpx
Th /DU , vary from less than one to as high as
18
2.2 (ref. 21), and vary with composition and pressure20. Our
combined Th±Pa data may provide a robust constraint on
cpx
Dcpx
Th /DU . For simple batch melting of a source initially in secular
equilibrium, assuming that DPa < 0 and degree of melting, F, is small
230
231
(about 0.1%), DDThU  ABB22A1, where A  238Th
 and B  235Pa
. For
U
U
alkali basalts derived from the lithosphere, accounting for analytical
errors on the two samples (92-07, 92-08) analysed, the weighted
average of the alkali basalt source region DTh/DU implied by the Pa±
Th±U data is 1.012 6 0.012 (2j). The Pa±Th±U data for the one
tholeiite measured indicates a source-region DTh/DU value of
0.935 6 0.106. The combined data yield a DTh/DU value of
1.011 6 0.012 (assuming that the tholeiite and alkali basalts share
the same source region).
We observed lavas ranging in composition from tholeiites to
alkali basalts that show no measurable Th excesses, but large 231Pa
cpx
enrichment, suggesting that the Dcpx
Th /DU is within 1% of unity, at
least for these settings. Suggestions, based on theoretical consideracpx
tions and limited experimental data20, that Dcpx
Th /DU may be lower
than one at pressures similar to those in the source regions of the
3.5
1 cm yr–1
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1 cm yr–1
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0.1 cm yr–1
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(231Pa/235U)

3.0
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10 cm yr–1
GP 0.5%
φ=0.01%

2.0

1.5

1.0

0.5% 1%

Received 26 October 1999; accepted 8 June 2000.

φ=0.5%

1%

1%
1.0

1.2

1.4

1.6

(230Th/238U)
Figure 3 Results from dynamic melting calculations using an equilibrium porous ¯ow
model24 and D values from ref. 19. We have used a 10-km melting column at a maximum
F value of 3%. Porosities (f) are shown as tick marks. The model of ref. 24 gives larger
enrichments for a given porosity values at upwelling rates of more than 0.1 cm yr-1 than
the models of refs 23 and 26 (not shown); these two models are indistinguishable at
upwelling rates of less than 0.1 cm yr-1. Dynamic melting of a garnet peridotite source is
probably appropriate for the asthenosphere derived lavas, similar to MORB, in which
melting occurs as a result of decompression melting. Dynamic melting results in larger
enrichment compared to static melting, such as batch melting, for equivalent F values.
The initial ratios are plotted to show that the degrees of enrichment seen in the samples
are possible using physically reasonable upwelling rates and melt porosities. SP, spinel
lherzolite; GP, garnet peridotite.
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samples we derived from the lithospheric mantle, are not supported
by our data.
For the lithospheric mantle-derived melts (no 230Th enrichment)
very small degrees of melting (F-values in the range of 0.1%) are
required to generate the observed 231Pa excesses (Fig. 2, curve from
ref. 19). Such small extents of melting are broadly compatible with
extents of melting for these lavas implied by concentrations of
other incompatible trace elements such as La and Nd in the lavas
[La < 100 and Nd < 30 times the chondritic values]2. For example,
using the D-values of ref. 22, these extents of melting imply
enrichments relative to their source of about 100±120 for La and
about 35 for Nd. Although more complicated processes than batch
melting23,24 may be responsible for the observed 231Pa excesses, all
viable models that explain these data would require melting or melt
transport at porosities of around 0.1% (Fig. 3).
One possibility is that signi®cant separation between Pa and U
may be enhanced by chromatographic separation during percolation through the lithosphere25. In such a process the melts ascend
but the solid mantle does not upwell, and thus percolating melts are
able to exchange with mantle that has not melted recently and
therefore may have a larger Pa/U ratio than that of upwelling,
partially melting mantle. If it occurs at suf®ciently low porosity,
such percolative exchange may be ef®cient at generating 231Pa over
235
U excesses.
For samples derived from the asthenospheric mantle with
coupled Th and Pa enrichment, both static and dynamic melting
models23,24,26 may be applicable. Batch melting of garnet peridotite
with a maximum extent of melting of about 0.4% can approximate
the calculated Pa±Th±U systematics of these rocks (Fig. 2). More
importantly, partial melting of upwelling mantle is most probably
approximated by ingrowth models, allowing for larger (about 3%)
effective degrees of partial melting (Fig. 3). For example, the data are
well matched by some dynamic models23,26, and by an equilibrium
porous ¯ow model24 as illustrated in Fig. 3, provided that the
upwelling rate is on the order of 1 cm yr-1 or less.
Our data place strong constraints on the processes by which
melting and melt extraction occur within the heated lithospheric
mantle. The large observed 231Pa excesses require that the timescale
of melt generation and transport within the lithosphere is small
compared to the half-life of 231Pa (about 32.7 kyr). The data strongly
suggest that it is possible to mobilize small degrees of partial melt, in
the range of 0.1%. Such small melt fractions may coalesce and move
by compaction4 if the lithosphere experiences local deformation
such as shear associated with melting, as is believed to occur in the
asthenosphere5.
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immune response than their maternal half-siblings raised in the
same nest. The difference could not be attributed to nestling body
mass, sex or hatching order, but may be an effect of paternal
genotype. Extra-pair young were also more immunocompetent
than their paternal half-sibs raised in the genetic father's own
nest, which indicates an additional effect of maternal genotype.
Our results are consistent with the idea that females engage in
extra-pair copulations to obtain compatible viability genes, rather
than `good genes' per se.
Extra-pair mating systems are highly suitable for the study of
genetic bene®ts of mate choice. When eggs in a clutch are fertilized
by both the social male and one or more extra-pair males, the effect
of paternal genes on offspring ®tness can be assessed directly by
comparison of maternal half-sibs6. This is because the sib groups
share the same rearing environment and genes from the mother.
The test prediction from `good genes' models is then that extra-pair
young (EPY) should perform better than within-pair young (WPY)
raised in the same brood. Moreover, if females choose compatible
male genes in extra-pair mate choice, it follows that EPY should also
perform better than their paternal half-sibs, that is, the WPY of the
extra-pair male. Here we have tested these predictions in a population of wild bluethroats where extra-pair paternity occurs at a
relatively high frequency7,8.
We studied cell-mediated immunity in nestling bluethroats by a
subcutaneous injection of phytohaemagglutinin (PHA) in one
a
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Female birds frequently copulate with extra-pair males1,2, but the
adaptive value of this behaviour is poorly understood2. Some
studies have suggested that `good genes' may be involved, where
females seek to have their eggs fertilized by high-quality males
without receiving any material bene®ts from them3,4. Nevertheless, it remains to be shown that a genetic bene®t is passed on to
offspring5,6. Here we report that nestling bluethroats, Luscinia
svecica, sired by extra-pair males had a higher T-cell-mediated
* Present addresses: Department of Zoology, GoÈteborg University, PO Box 463, S-405 30 GoÈteborg,
Sweden (A. J.); Department of Biological Sciences, Lapham Hall, PO Box 413, University of Wisconsin
Milwaukee, WI 53201, USA (J. T. L.).
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Figure 1 Relationships between residual phytohaemagglutinin (PHA) response of extrapair young (EPY) and within-pair young (WPY) in bluethroat broods, after controlling for
nestling body mass. a, Maternal half-sibs raised in the same nest (n = 32). b, Paternal
half-sibs raised in different nests (n = 14). Points indicate brood means. Diagonal dashed
lines represent identical responses of EPY and WPY.
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