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Abstract 

The concentrations of incompatible trace elements in ocean island basalts (OIB) from the central Atlantic extend to 

relatively enriched and fractionated compositions in regions of older oceanic lithosphere. Certain trace element ratios 
normally considered to be uniform in the mantle, such as Ce/Pb, are particularly variable. However, other trace element 
ratios that are expected to be variable because of differences in bulk distribution coefficient, such as Cc/U, are relatively 
uniform. The Ce/Pb ratios in enriched OIB are correlated with unusually high U/PI, and low K/U. These U/Pb ratios 
would have generated excessively radiogenic Pb if they were long-term (lo9 yr) features of the source such as might result 
from core formation or recycling of h&rothermally altered ocean floor basalts. However, volcanic centers with high U/W 
do have high 206Pb/ 204Pb for their Pb/ 204Pb, a feature that is most easily modelled by enrichment in U relative to Pb 
about 10’ yr prior to melting, a time similar to the age of the lithosphere. We propose that the source regions of these 
magmas are enriched by the introduction of small degree partial melts soon after the formation of the oceanic lithosphere. 
Metasomatism of the uppermost mantle by small degree partial melts produced in equilibrium with a combination of residual 
upper mantle major silicate phases, together with minor amphibole ( 5 2%), sulfide (< 0.2%) and phlogopite (< 0.2%) at 
about the time of formation of the lithosphere, would generate a ‘near-surface fractionated’ (NSF) source with low K/U and 
high U/Pb, AzosPb/*Pb and Ce/Pb, while maintaining Cc/U, Nb/U, Ba/C!e and Ba/Nb that are only slightly 
fractionated relative to other OIB. An important feature of the modelling of NSF mantle is that U is more incompatible than 
Ba or Rb. This is confirmed by the variability in incompatible trace element ratios with U concentration for enriched OIB. 
However, this contrasts with the relative incompatibility deduced from U-Th-Ra disequilibrium data for MORB and OIB, 
endorsing the view that the variability in highly incompatible trace element ratios in enriched OIB is dominated by source 

enrichment effects that are distinct from the fractionation that takes place during the production of the erupted magmas. 
The Cc/U, Ba/Ce and U/Pb ratios of all OIB, including enriched OIB from regions of old lithosphere, are uniform 

relative to data for MORB. This appears inconsistent with the degree of isotopic variability in OIB relative to MORB and is 
difficult to explain unless the variations in incompatible trace element ratios in MORB are dominated by effects other than 
melting. Ratio-element plots provide evidence that the incompatible element ratios of MORB are affected by OIB-compo- 
nent contamination in the source or in transit to the surface and this is consistent with covariation between trace element 

’ Present address: Faculteit der Aardwetenschappen, Vrije Universiteit, 1081 HV Amsterdam, The Netherlands 

0012-821X/95/$09.50 0 1995 Elsevier Science B.V. All rights reserved 
SSDI 0012-821X(95)00097-6 



380 A.N. Halliday et al. /Earth and Planetary Science Letters 133 (1995) 379-395 

ratios and some isotopic compositions in MORB. The ratios and concentrations of highly incompatible trace elements in 
MORB vary as a consequence of this contamination, as well as degree of partial melting. The relative uniformity and near 
chondritic proportions of Cc/U and, to a lesser extent, Ba/Ce in OIB compared with MORB are diffkult to reconcile with 
recycling models that advocate material resembling present-day MORB or hydrothermally altered MORB as the dominant 
component of OIB sources but are consistent with NSF mantle recycling. Similarly, the Ba/U/Ce ratios are inconsistent 
with models in which the OIB source was affected by Ca perovskite fractionation in a magma ocean on the early Earth. 

1. Introduction 

The relative concentrations of incompatible trace 

elements in Earth’s mantle provide critical clues for 
our understanding of accretion history, core forma- 
tion, the growth of the crust, recycling via subduc- 
tion, melt processes and the scales and causes of 
mantle heterogeneity. A significant advance in this 
subject area over the past few years has involved 
empirical estimates of relative bulk distribution coef- 
ficients and source compositions based on high-qual- 
ity compositional data for carefully screened and 
selected basalt samples [l-5]. If the concentration 
ratio of two incompatible elements is independent of 
concentration it is argued that they have the same 
value of D-the bulk distribution coefficient 161. 
This method of determining the degree of incompati- 
bility of trace elements is often the best approach 
available and is, for example, the method used to 
estimate the K/U ratio in the upper mantle, upon 
which calculations of heat production are based [ll, 
and the Ce/Pb ratio which places important con- 
straints on the history of recycling in the mantle [3]. 
Nevertheless, some of the ratios that have originally 
been thought on this basis to be uniform in the 
mantle have subsequently been shown to vary signif- 
icantly [5,7]. 

This study presents new trace element data for 
basaltic lavas from ocean islands in the central At- 
lantic. Certain supposedly uniform trace element ra- 
tios in ocean island basalts (OiB) are fractionated in 
regions of old oceanic lithosphere. This appears to be 
caused by metasomatic enrichment in the sub-oc- 
eanic upper mantle at the time of formation of the 
lithosphere. However, certain other incompatible 
trace element ratios, which can be expected to be 
quite variable in basalts generally (Cc/U, Ba/Ce), 
appear to be relatively uniform, even in highly en- 
riched OIB. In fact, OIB is more uniform in many 

incompatible trace element ratios than mid-ocean 
ridge basalts (MORB), the opposite of that antici- 
pated from the relative degrees of heterogeneity in 
isotopic compositions. Hence, the differences be- 
tween the variability in MORB and OIB reflect 
distinct mantle processes for the two magma types 
and place significant constraints on the recent history 
of melting and source enrichment, as well as the 
generation of global scale mantle heterogeneity. 

2. Approach 

The central Atlantic is excellent for studying basalt 
compositions as a function of degree of partial melt- 
ing because the region is removed from the compli- 
cating effects of the DUPAL anomaly in the south- 
em hemisphere [8] and there are no recent subduc- 
tion zones nearby. The central Atlantic includes a 
number of islands with basalts of very different 
composition in old (thick) and young (thin) litho- 
sphere [g-12]. The current database for combined 
trace element and isotopic compositions of lavas 
from this region is fragmented. Consequently we 
have attempted to bridge some of the gaps with a 
reconnaissance study that complements published 
trace element studies of the Cameroon line 113,141, 
the Azores [7], St. Helena [15] and the Cape Verdes 
[16]. The new results are presented in Table 1 and 
include data for Ascension, Madeira, Fernando de 
Noronha, Trinidade, the Cameroon line oceanic and 
continent/ocean boundary (COB) sectors and some 
of the Azores islands for which few data have been 
published. All of these lavas are < 10 Ma in age, 
petrographically relatively fresh and contain more 
than 4 wt% MgO. The Nd, Sr and Pb isotope 
geochemistry of these samples are presented else- 
where [7,9,16-18,201. 

Major and trace element analyses were deter- 
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mined using XRF at the University of Edinburgh, REE concentrations, were determined by isotope di- 
deploying techniques described previously [13]. All lution TIMS using techniques outlined elsewhere 
concentrations of U and Pb, and some Rb, Sr and 1191. Nearly all the ID measurements should be 

Table 1 

Concentrations of incompatible trace elements in central Atlantic OIB 

~kgORbBeKUNbLaCePbSrPNdSmZrEuTiOdDyYEr~~ 

~.~......~.~...~...P....~.~.~....~...~...~...~...~...~~..~,..~....~....~..~~..~....~....~..~....~...~. 
AZCSS-PhW 
AZP6 6.2 27 359 1.12 1.23 55 39 100 2.75 734 0.34 54 306 2.19 32 
AZP? 16.1 12 197 0.52 0.443 P 17 33 1.70 303 0.12 21 113 1.00 16 
AZP6 13.2 19 261 0.79 0.701 29 17 52 2.32 444 0.14 26 160 1.21 21 
A.?ora9-Flwas 
AZ=1 4.6 44.2 612 1.59 1.36 63 69.2 116 3.03 736 0.36 51.9 9.50 249 3.19 1.47 6.46 6.49 32 3.26 2.64 
AzF2 6.1 47.9 696 1.44 1.45 65 67.9 111 3.63 767 0.29 45.7 6.26 291 2.62 1.49 7.55 5.51 27 2.7? 225 
Azcnw- Faval 

AZM 10.2 24.9 312 0.62 0.644 33 26.3 54.9 1.96 543 0.17 26.9 6.37 163 2.06 1.60 6.30 5.00 25 2.42 1.89 
AZFy3 6.6 44.9 391 1.09 1.07 43 36.5 73.1 7.03 631 0.21 35.3 7.30 239 2.33 1.65 6.61 5.31 27 2.52 1.97 
CMWKWUOO-S&T& 
ST19 5.5 60 728 1.61 2.66 99 93 163 5.44 1113 0.44 68.5 13.2 472 

sn2 6.3 46 722 1.2Q 83 61 160 1130 0.45 367 

STQ3 4.6 6 798 0.60 114 97 196 1174 0.55 ST96 4.1 62 654 2.31 2.04 105 6S 160 4.72 1055 0.43 70.9 12.9 g 

ST106 13.2 29 526 0.96 62 56 112 836 0.36 273 
ST107 6.3 62 7% 1.29 3.28 103 69 166 5.66 llU2 0.33 63.2 11.5 601 

ST109 9.1 29 452 1.05 604996 624 0.26 262 
-Line-p* 
Pl? 11.0 r) 397 0.97 1.00 51 42 67 2.22 765 0.25 40.3 6.37 231 
PI9 6.9 43 664 1.61 1.56 78 71 140 3.11 1153 0.46 57.6 11.1 320 
-Line-Bldro 
FPl 6.1 26 449 0.96 1.07 56 44 100 2.76 726 0.23 45.6 9.67 266 

FP23 9.4 26 406 0.93 61 60 126 665 0.23 296 
FP32 4.3 61 636 1.70 119 99 2W 1199 0.36 393 
FP36 10.6 25 353 0.60 OX-5 47 41 67 2.54 647 0.21 40.5 6.79 274 
FP44 10.6 33 562 0.96 1.44 66 56 121 3.07 623 0.26 1.7 9.72 336 
-nLine-Esnde 

2.26 36 
1.90 33 
2.31 43 
1.50 37 
1.56 2% 
1.75 32 
1.76 26 

1.75 24 
2.10 33 

2.21 30 
2.23 26 
2.05 40 
2.02 2a 
2.11 32 

C24 5.3 67 1067 2.17 5.69 22.3 236 459 7.56 2401 0.52 176 
IX50 6.0 69 766 1.36 2.45 96 97 197 3.64 1054 0.29 69.6 
camoroonLlne-MICam~mlm 
Cl 5.4 43 599 1.49 2.63 103 67 162 4.46 1136 0.36 74.6 
c5 4.2 51 650 1.73 116 97 199 1202 0.40 
C25 10.5 36 479 1.16 2.13 92 63 164 3.75 OBB 0.32 66.9 
Cl95 6.2 29 414 1.05 1.56 R 59 129 2.96 665 0.24 
Cl97 5.9 33 443 1.16 l.?? 61 66 143 3.46 974 0.27 
Cl99 5.6 34 456 1.17 1.76 62 m 140 976 0.27 
CM0 6.2 32 404 1.08 1.53 74 5S 131 2.69 QO3 0.24 
c212 5.9 33 453 1.19 1.63 83 66 147 2.7 985 0.27 
Ascsnslon 

25.1 656 
14.3 399 

12.9 407 
461 

11.9 355 
307 
235 
340 
312 
343 

2.43 47 
2.69 26 

1.90 36 
1.76 36 
1.64 29 
2.02 29 
2.05 30 
2.04 32 
2.03 30 
2.04 

A93 5.3 16.7 310 0.97 0.756 
AS5 4.2 27.1 402 1.31 1.21 
AS10 
h4e&+a 
m 
MD10 
MD40 
Me.4 
Femende 
FDN26 
FDN65 
FDN72 
FDN20 
FDN36 

4.6 24.0 366 1.17 0.901 

6.5 23.5 366 0.64 1.37 
7.5 23.2 370 0.61 1.3 
10.7 152 231 0.59 0.675 
6.1 23.6 357 0.75 1.33 

~dsihnlha 

42 30.4 66.6 2.19 449 0.37 37.9 6.77 224 2.92 2.07 7.5 37 3.76 
63 45.3 101 2.66 449 0.64 56.9 12.6 316 4.16 1.74 10.5 52 5.26 
53 37.5 79.5 2.62 592 0.40 40.7 6.90 311 3.04 1.96 7.14 36 3.62 

65 63.3 106 2.49 761 0.31 50.0 9.74 303 3.02 1.73 9.04 6.55 31 3.14 2.13 0.359 
65 62.6 112 2.6 960 0.32 53.6 10.6 307 3.31 1.76 9.65 7.16 34 3.41 2.39 0.362 
34 27.2 56.6 1.46 541 0.19 31.1 6.73 165 2.19 1.51 6.53 5.04 25 2.42 1.69 0.260 
65 51.2 105 2.39 614 0.41 51.4 10.1 333 3.15 1.65 9.52 6.71 31 3.16 2.27 0.344 

10.7 31.7 263 1.04 1.01 37 30 76 3.02 567 0.16 39.6 6.46 249 2.05 25 
5.6 79 1094 1.98 5.26 100 125 233 9.16 1363 0.49 67 452 1.96 36 
6.3 65.2 707 2.26 63 87 145 1162 0.21 45.2 7.78 395 1.22 25 
12.6 66.2 956 1.66 2.36 123 ?3 146 14.5 1641 0.49 91.4 16.2 427 2.63 31 
10.7 26.5 428 0.96 1.65 63 98 3.09 789 4.6 971 

FDN71 7.9 45.7 513 1.29 71 120 899 56.1 10.4 
FDN73 9.3 75 961 2.07 4.19 102 154 7.7 1777 65.2 12 
TfiM 
m3 13.4 38 651 1.44 0.917 64 36 79 2.20 690 0.21 36.7 7.2 253 1.91 a, 
m4 5.6 60 1059 1.06 4.01 165 170 379 4.31 2511 1.40 lx) 22.3 749 2.57 63 

All data obtained by XRF and ID (TIM.31 as follows: All Ba, K, Nb, P, Zr, Ti and Y by XRF. All U, Pb, Eu, Gd, Dy, Er, Yb and Lu by ID. 

All Rb and Sr by ID except Azores-Pica, Cameroon line and Trinidade. All La and Ce by ID except Azores-Pica, Cameroon line, 

Trioidade and Fernando de Noronha. All Nd and Sm by ID except Azores-Picn and FDN25. ID data for Fernando de Noronha from [17]. 

ID data for Cameroon line samples are from [l&20]. Corresponding Nd, Sr and Pb isotopic compositions for all samples are from 

[9,17-201. U and Pb concentrations for Madeira are new determinations and do not correspond to =sU/ *04Pb reported in [9]. 
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accurate to within f 1%. Our ID and XRF analyses 
for La, Ce and Nd always agree to within better than 
f 30%. XRF accuracy for Rb and Sr is better than 
f 5%, for Ba, Nb and Zr it is considered better than 
f 20%. These uncertainties are insignificant in terms 
of the trends displayed by the data and their interpre- 
tation. 

We have also used relevant data in the literature 
for other samples for which isotope dilution U and 
Pb data were available [l-3,45,7,9,16-26]. The 
MORB trace element and isotopic data are only for 
samples of fresh glasses from the Atlantic, Pacific 
and Indian Oceans, for which U, Pb and Ce analyses 
were published by the Mainz group in f1,3,4]. These 
are generally regarded as N-MORB. Screening anal- 
yses of OIB has been more complicated. Even in 
reasonably fresh OIB the tendency for mobility of 
certain elements (Rb, Ba, U, Pb) needs to be evalu- 

ated. In this study we find that U and Ba to LREE 
ratios are surprisingly uniform in OIB and hence the 
question of heterogeneity produced by mobility of U 
does not normally arise. Hofmann and White [2] 
showed that Ba/Rb was very sensitive to alteration. 
We have therefore screened the data and excluded all 
samples if the Ba/Rb ratio is < 5 or > 20. Even 
after this screening it was found that some of the 
trace element data for Tubuai [22] are particularly 
scattered and we have therefore further excluded 
three samples with anomalous Nb/U, Cc/U, K/U 
and Ba/Ce. Finally, we have included in this study a 
suite of basaltic lavas collected during or soon after 
the 1982 eruption of Mt. Cameroon [18-201. These 
show the same extreme trends in Ce/Pb, U/Pb and 
K/U as other samples, thereby demonstrating that 
the trends are not the result of U, Pb or K mobility 
during alteration. 
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Fig. 1. Incompatible trace element concentrations normalized to values for primitive mantle for different central Atlantic islands with the 

approximate age of the ocean floor [lO-121 noted for each island. There is a more marked depletion in K and F% in areas of old lithosphere. 

Data from Table 1 and [4,5,7,16,17]. 
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3. Fractionation of U, Ce, Pb, K and Ba in the 
Earth’s mantle 

Representative plots of the incompatible trace ele- 
ment concentrations for the different central Atlantic 
islands normalized to primitive mantle [5] are pre- 
sented in Fig. 1. The island closest to the Mid- 
Atlantic Ridge in the area with the youngest litho- 
sphere ( < 10 Ma) is Ascension. The data for Ascen- 
sion define relatively flat normalized plots (Fig. 1A) 
with depletion of Sr, which is probably the result of 
minor plagioclase fractionation. The Azores and St. 
Helena are located in slightly older lithosphere (35 
and 30 Ma respectively). The Azores patterns are 
also relatively flat (Fig. 1B) but the St. Helena data 
show a characteristic enrichment in Nb relative to 
other incompatible elements [5,15] and a slight de- 

pletion in K (Fig. 1C). Fernando da Noronha is 
located in 70 Ma lithosphere and shows a more 
extreme depletion in K (Fig. lD>. The remaining 
volcanic centers, all in areas of old lithosphere, 
Madeira (130 Ma), Cape Verdes (130 Ma), Trinidade 
(70 Ma) and the COB of the Cameroon line (Mt. 
Cameroon and Etinde, 120 Ma), display extreme 
depletion in K and variable depletion in Pb. Some of 
these display relative enrichment in Zr and depletion 
in Ti relative to the adjacent REEs. The Mt. 
Cameroon and Etinde samples are depleted in P, 
possibly reflecting a small amount of apatite in the 
source. Generally speaking (and there are excep- 
tions), lavas erupted further away from the Mid- 
Atlantic Ridge are more LREE enriched and are 
depleted in K and Pb relative to Ba, Th, U, Nb and 
the LREEs. However, even in the most extreme 

0 1982 Eruptieu-Mt. Carnsmen 
0 Ceeanie6Cc43CamWe0nLine 
4 Other Central Atlantic OIB 
0 Hawaii 
0 OtherOIB 
. MORB 

0.1 1 ’ ’ “‘1’S’ ’ ’ ‘.““I ’ ’ * . ..J 
1 10 100 1004 

Co ppm 
Fig. 2. Plots of Ce/Pb VS. (a) U/Pb, (b) Cc/U, (c) Pb concentration and (d) K/U, and (e) a plot of Ba/Ce against Ce concentration, for 
MORB and OfB. Compilation includes data for Atlantic, Pacific and Indian Ocean MORB glasses, and Ascension, Azores, Bioko, Cape 
Verdes, Comoros, Etinde, Fernando de Noronha, Gough, Hawaii, Madeira, Mt. Cameroon, Pagalu, Principe, Reunion, St. Helena, Samoa, 
Sb Tome, Trinidade, Tristan da Cunha and Tubuai. PM = primitive mantle. Data from Table 1 and [l-5,7,16,21,22,25]. 
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examples of K depletion (e.g., Etinde and Trinidade), 
the ratios of Ba and U to La and Ce are approxi- 
mately constant, and roughly equivalent to the chon- 
dritic proportions expected in primitive mantle. The 
details and causes of these features are now ad- 
dressed with the use of trace element ratio plots. 

The Ce/Pb ratios of MORB and OIB are gener- 
ally considered to be relatively uniform, implying 
that the bulk Ds for Ce and Pb are the same, as 
argued by Hofmann et al. [3]. As such the Ce/Pb 
ratios of OIB should be essentially independent of 
trace element ratios such as U/PI>, which vary 
greatly, presumably because U is more incompatible 
than Pb [4]. On combining the data for the central 
Atlantic islands with other high-quality published 
data we see a surprisingly large range in Ce/Pb 
(15-901, and positive correlation with U/Pb (Fig. 
2a) but not with Pb (Fig. 2~). The trend of the data in 
Fig. 2a appears to be mainly influenced by the data 
for samples from Cape Verdes, Trinidade, Tubuai 
and the oceanic and COB sections of the Cameroon 
line. This trend is not caused by alteration. Alkali 
basalts collected at the time of the eruption of Mt. 
Cameroon in 1982 yield both high U/Pb (N 0.5) 
and Ce/Pb (40-501, as shown in Fig. 2a. There is 
complete overlap between the Ce/Pb ratios of fresh 
MORB glasses and OIB with low U/Pb. Only two 
samples, one from Fernando de Noronha [17] and 
one from the Azores [7], have Ce/Pb slightly lower 
than that found in MORB. Considerable evidence 
exists that U is more incompatible than Pb in mantle 
melting [4,19,22,27-321. It might seem tempting to 
conclude, therefore, that Ce is slightly more incom- 
patible than Pb in OIB melting. However, this does 
not find support in published partition coefficients 

for clinopyroxene and garnet, the most likely major 
phases to control such trace element ratios in mantle 
melting [27-351. There should also be a negative 
relationship between Ce/Pb and Cc/U if Ce is more 
incompatible than Pb because U is more incompati- 
ble than Ce. In fact, the Cc/U ratios in MORB 
display a large range (Fig. 2b), and are not correlated 
with Ce/Pb, which is relatively uniform. In contrast, 
in the case of OIB it is the Ce/Pb ratios that are 
more variable (by a factor of 6) and these are not 
correlated with Cc/U ratios (which vary by only a 
factor of 3). The relative standard errors from the 
mean (RSEM) for the data shown in Fig. 2 are given 
in Table 2. It can be seen that MORB Cc/U and 
U/Pb ratios for the same suite of samples have the 
same RSEM (0.441, entirely consistent with uniform 
Ce/Pb in the MORB source (RSEM = 0.21). In 
contrast, despite the smaller dataset for MORB, 
U/Pb is more uniform in OIB (RSEM = 0.34). Fur- 
thermore, in contrast to MORB, U/Pb shows vari- 
ability similar to that for Ce/Pb (RSEM = 0.32). 
This is a little greater than the RSEM for Cc/U 
(0.291, which is significantly less than the RSEM for 
Cc/U in MORB (0.44). The Cameroon line is some- 
what unusual in its setting [14,18-211 and in order to 
demonstrate that this is not unduly influencing the 
statistics, the relative variability defined by the OIB 
dataset without the Cameroon line is also shown 
(Table 2). The changes in all the trace element ratio 
means are negligible. The biggest changes in vari- 
ance are increases for U/Pb (RSEM = 0.39) and 
ce/Pb (RSEM = 0.36) and a decrease for K/U 
(RSEM = 0.45). 

These data present something of a paradox. In the 
simplest melting models and assuming a uniform 

Table 2 

Mean and standard errors from the mean for incompatible trace element ratios in MORB and OIB 

Ratio 
U/Pb 

Primitive MORB O/S O/B (less Cameron) 
Mantle Meanio a(%) Meania a(%) Mean*u a(%) 
0.11 0.16iO.07 44 0.45f0.15 34 0.43 f0.17 39 

CeiPb 25 24*5 21 35fll 32 33f12 36 
celu 05 16Oi79 44 66f26 29 9Of29 32 
BaJCe 3.9 1.1 f0.6 60 4.5i1.3 30 4.6il.S 32 
Ba/Nb 9.6 3.5 f 1.6 46 7.9i2.3 29 6.0 f 2.5 31 
K/U 11,900 12,700 i2.300 16 9,600f4,600 49 10,900*4,900 45 
NWU 34 49*9 16 46fll 23 49fll 22 

Primitive mantle values from [5]. 
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source, incompatible trace element ratios are ex- 
pected to vary with degree of partial melting as a 
function of differences in bulk distribution coeffi- 
cient [6]. The degree of fractionation in the melt 
should decrease with increasing degree of partial 
melting. Hence if Cc/U is more uniform in OIB 
than MORB either (a) the OIB source is more uni- 
form than the MORB source, which on isotopic 
grounds would appear unlikely, or (b) the degree of 
partial melting in OIB is larger than it is in MORB 
such that Cc/U is unfractionated in the former but 
fractionated in the latter, which runs contrary to 
traditional thinking based on the experimental petrol- 
ogy of basalt, or (c) OIB melt fractions are very 
uniform, which given the range of trace element 
concentrations in OIB appears implausible, or (d) the 
variabilities in Ce/U/Pb imparted to MORB and 
OIB are the products of processes other than frac- 
tionation during melting. A similar problem for other 
incompatible trace element ratios has been noted by 
Allegre et al. [36]. 

The decoupling of U-Pb from other isotopic sys- 
tems has been discussed previously (e.g., [37]). 
Therefore, the correlated behavior of Ce/Pb and 
U/Pb in OIB, but lack of relationship with Cc/U, 
might be thought to implicate a process that affects 
Pb preferentially, totally unrelated with melting, such 
as core formation [38] or recycling of oceanic crust 
depleted in Pb by hydrothermal scavenging [39]. 
However, if the large-scale composition of the man- 
tle is being affected in this manner it is unclear why 
such Pb-depleted reservoirs should be more apparent 
in the Madeira, Cape Verdes, Trinidade and 
Cameroon line basal& from areas of old lithosphere. 
Furthermore, the high U/Pb ratios characteristic of 
these magmas would produce extremely radiogenic 
lead if they were long-term features of their sources 
that were allowed to evolve for longer than the age 
of the lithosphere (lo* yr). Hence they cannot be the 
products of processes such as core formation, or 
recycling of hydrothermally depleted lithosphere 
[9,19]. This is illustrated in Fig. 3, which shows the 
Pb isotopic compositions of mantle that has been 
fractionated in U/Pb to varying degrees and com- 
pares these with normal Pb isotopic compositions of 
oceanic basalts. The arrays are constructed assuming 
that ‘typical mantle’ is defined by the ‘northern 
hemisphere reference line’ (NHRL) of Hart [8]. This 
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Fig. 3. The calculated effects of high U/Pb, such as is measured 

for some erupted lavas, on Pb isotopic heterogeneity, if these were 

long-term features of OIB and MORB sources. The lines are 

model values for the NHRL [8], if the mantle sources for MORB 

and OIB had been fractionated in U/Pb to the various degrees 

shown at 0.2 and 1.0 Ga. See text for discussion. 

is arbitrary and does not affect the outcome of the 
model. The p for such ‘typical’ mantle is further 
assumed to vary linearly from 5 to 15 between 
‘06Pb/ ‘04Pb = 17 and 22. The effect on the NHRL 
of an increase in U/Pb to 0.4, 0.6, 0.8 and 1.0 ( p of 
25, 38,50 and 63) at 1.0 and 0.2 Ga is shown in Fig. 
3. It is clear that U/Pb ratios corresponding to those 
observed in the lavas cannot be long-term features of 
the asthenosphere and must be destroyed or diluted 
by mixing with low-U/Pb mantle. Therefore, while 
the process that fractionates Ce/Pb and U/Pb does 
not fractionate Cc/U, it must be a relatively young 
feature [9,19]. 

While lead isotope data are inconsistent with 
long-term high U/PI, in the mantle, there is evi- 
dence that high U/PI> has been a feature of the 
source regions of the high U/Pb lavas for periods of 
the order of lo8 yr. There is a small but significant 
increase in 206Pb/ 204Pb relative to 207Pb/ 204Pb that 
is consistent with an increase in U/Pb within the 
upper mantle at about the time of formation of the 
lithosphere [9,19]. This is illustrated in Fig. 4, in 
which A206Pb/ 204Pb is plotted against U/Pb for 
the same suite of samples, averaged by location. 
A206Pb/ 204Pb is defined as the deviation of 
“‘Pb/ 204Pb from the NHRL of Hart [S], and by 
definition is inversely correlated with the results for 
Hart’s expression for A207Pb/ *04Pb. It provides a 
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Fig. 4. Am’%/ rs4Pb is defined as the deviation of ?‘b/ u)4Pb 
from the NHRJ., of Hart [8], and by definition is inversely 
correlated with the results for Hart’s expression for Azo7Pb/ m4Pb. 
A”6Pb/204Pb is plotted against U/Pb for the same suite of 
samples, averaged by location. The calculated effects of high 
U/Pb, such as is measured for some erupted lavas, on Pb isotopic 
heterogeneity, if these were short-term and young features of OIEt 
and MORB sources, is to increase 20aPb/ 204Pb relative to 
zo7Pb/zo4Pb and hence increase A206Pb&‘204Pb. The amount of 
time corresponding to the differences in ‘Pb/ m4Pb for a given 
U/Pb is marked with the reference lines. Data from Table 1 and 
[l-5,7,9,16-26]. See text for discussion. 

P ammeter quantify$r~ the degree of scatter in 
06Pb/ u)4Pb when Pb/ zo4Pb is plotted against it. 

A possible reason for such scatter is young (N lo* 
yr) extreme enrichment in U/Pb. Ancient enrich- 
ment would also result in major increases in 
zo7Pb/ ‘04Pb (Fig. 3) whereas if the fractionation in 
U/Pb is young there would be a greater increase in 
zoaPb/zo4Pb relative to 207Pb/u)4Pb, and therefore 
in Azo6Pb/ 204Pb. The choice of particular reference 
line is not critical to this argument. Using a best-fit 
regression line produces a similar effect. It can be 
seen that A206Pb/ zo4Pb is higher in regions with 
lavas with high U/Pb. Overall, the data define a 
rather broad trend with MORBs having relatively 
low U/Pb and A206Pb/ 204Pb, and high 

A206Pb/ u)4Pb for their U/Pb. DUPAL centers such 
as Tristan da Cunha and Gough have very low 
A206Pb/u)4Pb and U/Pb, consistent with recycling 
of continental crust with high A207Pb/u)4Pb and 
low U/Pb [8]. Centers with high U/Pb (Mt. 
Cameroon, Trinidade, Madeira, Tubuai) have high 
A206Pb/ u)4Pb. The simplest explanation for this is 
that the high U/Pb is a feature of the source. In 
order to develop the differences in 206Pb/ 204Pb with 
the high U/Pb measured for the lavas (i.e., assuming 
little or no fractionation during melting) would re- 
quire timespans of the order of only lo8 yr (as 
shown in Fig. 4). The Atlantic centers with high 
U/Pb and high A206Pb/204Pb (Mt. Cameroon, 
Trinidade, Madeira) are therefore probably tapping 
sources fractionated in U/Pb in the relatively recent 
(N lo8 yr) past. Some sources, such as Tubuai, may 

la1 NSF mantle formed at rkf!JeS 

______________----. “~~~ 
P’$$ 

(b) NSF mantle formed in compacting plumes 

Lithosphere 

(c) NSF mantle migratint$;ith lnhosphsre 

(d) NSF mantle recycled and remelted 

Fig. 5. Cartoons illustrating the types of mechanisms that may be 
responsible for producing near-surface fractionated (NSF) mantle 
near (a) ridges [40,41] and (b) plumes [19,42,43], and the (c) short 
(lo* yr) and (d) long (lo9 yr) term consequences of such NSF 
mantle on OfB sources. p’ = peridotite wet solidus; p = peridotite 
dry solidus. 
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have already had moderately elevated U/Pb prior to 
this time, and this would contribute to their overall 
high 207Pb/u)4Pb as well as high 206Pb/ u)4Pb. 
However, the high Azo6Pb/ 204Pb is probably not 
the product of such long-term recycling alone, and 
the very high average U/Pb of the lavas cannot be a 
long-term feature of the source (Fig. 3). Neither can 
the high U/Pb simply be the result of the partial 
melting that generated the sampled lavas (Fig. 4). 

That U/Pb and A206Pb/ 204Pb tend to be higher 
in the source regions of lavas from regions of old 
lithosphere, and that the time scales required for this 
are of the order of lo8 yr, is consistent with fraction- 
ation in U/Pb (and Ce/Pb) around the time of 
formation of new lithosphere. The fractionation in 
Ce/Pb and U/Pb in the upper mantle may be 
caused by metasomatic enrichment via small degree 
partial melts, such as those that may form between 
the wet and dry solidi (p’ and p in Fig. 5) of mantle 
peridotite near ridges 140,411. The melts that enrich 
the source region and produce this ‘near-surface 
fractionated’ (NSF) mantle would need to form in 
the presence of critical residual phases that fraction- 

Table 3 

Partition coefficients used in melting calculations 

ate Pb relative to Ce and U by partitioning during 
low degree partial melting. With the exception of 
Madeira and Ascension [9] it is clear from Nd and Sr 
isotopic data that the central Atlantic islands are not 
derived from MORH-like sources. The source re- 
gions also involve less depleted heterogeneous mate- 
rial, dispersed in the asthenosphere or accreted under 
the lithosphere. Models of partial melting in plumes 
highlight the role that small degree partial melting 
may play in generating nephelinitic magmas away 
from the region of major picritic melting [42]. A 
model for secondary enrichment of a compacting 
sub-lithospheric accreted plume head (Fig. 5b) result- 
ing in NSF mantle has been presented previously to 
account for the Pb isotopic data for the Cameroon 
line basalts [19]. Clearly, several scenarios can be 
envisaged that involve small melt fractions that upon 
migration will metasomatize the upper mantle near 
the base of the lithosphere at around the time of its 
growth and then migrate relative to the ridge (Fig. 
5c) as the lithosphere ages. Melts from NSF mantle 
may not survive as erupted lavas close to ridges or in 
major plumes in regions of thin lithosphere because 

K 2x10" 
U 9x104 
Nb 5x10-5 
La 0.0002 
Ce 7x10-5 
Pb 0.0003 
Pr 0.0003 
Sr 4x10-5 

:z 0.0003 0.0009 
c: 0.0029 0.001 

EU 0.0005 

Ti 0.015 
Gd 0.0011 
DY 0.0027 
Y 0.0062 
Ho 0.01 

E 0.0109 0.024 

Phase Olivine 
LJmw Ref. 

Rb 0.0003 1 0.0004 5 0.0002 1.11.13 0.0002 11.14 15 6.1815 

Ba 5x10* 
0.023 1.7 

0.0003 2 6~10~ 2 7x10* 17.11 0.010 15 1.5 6.14 

Th 7x10s 
2 

2 

1 

2 

3 

3 

3 

2 

4 

1.2 
3 

3 
3 

3 

3 

3.4 
3 

3 

3 

5 
3 

3 

2 

5 

2 

6.7 

2.8 
5 
2.7 

0.0021 
0.001 
0.001 
0.0069 
0.054 

OqO% 
0.15 
0.091 
0.19 
0.27 
0.26 
0.33 
0.43 
0.40 
0.44 
0.44 
0.47 
0.4 
0.39 
0.43 

2x10= 
0.0001 
4X10-5 
0.003 
0.0031 
0.0021 
0.0014 
0.0026 
0.0007 
0.0023 
0.0037 
0.012 
0.019 
0.009 
0.066 
0.0065 
0.011 
0.015 
0.016 
0.021 
0.036 

2 

1.11.13 

2 

12 

3 

3 

11.13 

3 

2 

3 

3 

3 
3 

3 

3 

3 

3 

3 

3 

3 
3 

0.0021 
0.013 
0.011 
0.01 

0.0007 
0.0026 
0.0003 
0.005 
0.0007 
0.027 
0.22 
0.2 
0.23 
0.61 
0.6 
1.2 
2.0 
2 
2.5 
3.3 
6.4 

0.001 
0.22 

0.0012 
0.06 
0.075 
0.11 

1.5 
0.0003 

0.019 
0.15 
0.27 

6.7.9 
7.6.10 

5 

7.10 

5 

5 

7 

17 

11 

17 

12 

11.12 

11.12 
17 

5 

17.14 

11.12.14 

11.12.14 
12 

5 

11.12 
12 

11.12 

11,lZ 
5 

5 

11.12 
11.12 

13.15 

2.13 

6 

15 

13.15 

13 10 16 

0.23 
0.32 
0.25 
0.3 
0.52 
0.95 
0.53 
0.50 
0.54 
0.5 
0.46 
0.50 

5 

11 

2.11.15 

6 

11.15 

1l.B 

11.15 

5 

6.11.15 

11.15 

11.15 

6 

5 

11.15 

6 

11.15 

11.15 

6 

5 
11.15 

11.15 

0.14 
0.003 
0.021 
0.0043 

0.044 
0.0063 
0.0059 
0.13 

13-15 

13,15 

13.15 
6 

0.031 
0.96 

0.0062 
0.026 

E 
0.030 
0.030 

13.15 

6 

15 

15 

5 

5 

15 

15 

References and notes: ‘[Sl], ‘1311, 3[52], 4[53], 

“[32]. 
‘interpolated, 6[.54], ‘[33], ‘[28], 9[45], “[47], “[34], ‘*[35], 13[46], 14[48], 15[49], 16[50], 
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they will be diluted in larger degree (less enriched) 
partial melts that also form in those environments. 
However, the degree of partial melting in plumes is 
predicted to decrease as a function of the thickness 
of lithosphere or mechanical boundary layer [43]. 
Therefore, NSF mantle that survives and is trans- 
ported away from the vicinity of a ridge melt zone 
may be preferentially resampled in regions of older, 
thicker lithosphere by smaller degrees of partial 
melting at greater depth [9,43,44]. 

4. Constraints on the generation of NSF mantle 
from trace element partition coefficients 

Experimental partition coefficients for garnet (gt), 
orthopyroxene (opx) and olivine (01) (Table 3) indi- 
cate that they are not capable of fractionating 
Ce/U/Pb ratios greatly, whereas the Ds for 
clinopyroxene (cpx) define a broad range with ap- 
proximate values of 10m4 < U < lo-’ = Pb < 10-l 
= Ce. The variability in Nb/U, Cc/U, Ce/Pb, 
U/Pb, Ba/Ce, Ba/Nb, Ba/Rb and K/U in a liquid 
as a function of degree of batch melting (F) of 
different assemblages is illustrated in Fig. 6. Similar 
results are obtained using cumulative products of 
Rayleigh fractional melting. In general, only higher 
quality recently determined partition coefficients have 
been used (Table 31, based either on experimental 
data or on isotope dilution measurements of sepa- 
rated minerals from peridotite xenoliths. For the 
purposes of this paper, the compilation in Table 3 
has been made from selections of data that showed 
the greatest consistency, with a prejudice of rejecting 
higher Ds. 

The small range in Cc/U in OIB (Table 2) is 
difficult to reconcile with the larger variability found 
for Ce/Pb and U/Pb, since the bulk distribution 
coefficients should be closer for U and Pb, and for 
Ce and Pb, than for U and Ce (Table 3) and Fig. 6). 
All combinations of gt, cpx, opx and 01 require 
> 1% for F to minimize Cc/U fractionation. Higher 
gt/cpx ratios also serve to minimize Cc/U fraction- 
ation. No combination of 01, cpx, opx and gt gener- 
ates liquids with higher Ce/Pb than their source. 
This is hardly surprising, given the consistency of 
Ce/Pb in many basalts [3]. The fractionation in 
Ce/Pb found in regions of old lithosphere must 

F F 

Fig. 6. Plot of incompatible trace element ratios vs. melt fraction 

for a batch melting model with the following assemblages: C = 5% 

cpx, 95% 01; 0 = 25% opx, 5% cpx, 70% 01; G = 2% gt, 25% 

opx, 5% cpx, 68% ol; P = 2% phl, 2% gt, 25% opx, 5% cpx, 66% 

01; A = 2% amp, 2% gt, 25% opx, 5% cpx, 66% ol; A-S = 0.2% 

su, 2% amp, 2% gt, 25% opx, 5% cpx, 65.8% 01. All calculated 

assuming the D values given in Table 3. 

therefore be brought about by minor phases only 
present at small degrees of partial melting. Similarly, 
the K/U ratios in MORB are relatively uniform 
(Table 21, a feature inferred to reflect similar bulk D 
for K and U during MORB melt production [l]. 
However, the K/U ratios in OIB are more variable 
(Table 2) and can be extremely low, associated with 
marked U enrichment and high Ce/Pb in the case of 
the Cape Verdes, Trinidade and the Cameroon line 
(Fig. 1 and Fig. 2d and 7). As with Ce/Pb, some 
minor phase must exist at small degrees of partial 
melting that fractionate K from U and that is more 
prevalent in enriched OIB (NSF) sources than in 
MORB sources (Fig. 7). 

Such fractionations in enriched continental man- 
tle-derived magmas have been ascribed to the impor- 
tance of potassic phases, such as feldspar and phlo- 
gopite (phi), in the sub-continental lithospheric man- 
tle [55,56]. However, Ba/Ce is surprisingly uniform 
in OIB compared with MORB (Table 2 and Fig. 2e). 
This is the opposite of that expected if phlogopite or 
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feldspar fractionate K because Ba tends to partition 
into these minerals [57] (Table 3 and Fig. 6). The 
most likely residual phase that could fractionate K 
strongly without affecting Ba/Ce ratios so greatly is 
amphibole (amp) [13] (Table 3 and Fig. 6). The 
importance of amp as opposed to phl as a storage 
site for H,O in the upper mantle has been proposed 
previously [58]. However, any combination of 01, 
opx, cpx, gt and amp will generate a bulk D for Ba 
that is less than that for Ce (Fig. 6). That Ba/Ce 
does not vary with Ce concentration in OIB (Fig. 2e) 
is inconsistent with the results of such models. 
Therefore, unfractionated Ba/Ce ratios provide evi- 
dence of an additional trace phase that is rendering 
Ba less incompatible in NSF mantle. Trace ( < 0.3%) 
amounts of phlogopite (Fig. 6) would be sufficient. 
If the bulk D for Ba is equivalent to that of Ce, 
because of minor phl in NSF mantle, one would 

expect to observe variability in Ba/U (and Ba/Nb) 
but no change in Ba/Ce with degree of partial 
melting, exactly as observed in OIB (Fig. 2e and 7). 

No combination of silicates, carbonates, phos- 
phates or oxides is capable of producing the deple- 
tion in Pb and fractionations in U/PI, and Ce/Pb. 
However, sulfide (su) is likely to fractionate both 
U/Pb and Ce/Pb, while maintaining only minor 
fractionation of Cc/U [59]. Experimental studies of 
Pb partitioning between silicate and sulfide liquids 
indicate a high D for Pb that is a function of oxygen 
fugacity [50]. Low U/PI> ratios have been measured 
in sulfide inclusions in diamonds 1601; sulfide is 
ubiquitous in mantle samples [61] and there is evi- 
dence that it fractionates Re/Os in basalt genesis 
[62]. If small degrees of partial melting leave amp 
and su as residual (or dense immiscible) phases, 
fractionations in K/U, U/Pb and Ce/Pb are to be 
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Fig. 7. Incompatible trace element ratios in MORB and OIB with U as the denominator, plotted against U concentration. Uranium would 

appear to be the most incompatible trace element in enriched OIB. Also note that the shape of the MORB field changes depending on the 

geometry relative to the OIB field, implicating mixing with OIB as a major contributor to the trace element variability, and in some cases 

uniformity in MORB. Data from Table 1 and [l-5,7,16,21,22,25]. 
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expected. The predicted effects of batch melting a 
source with 5% cpx, 20% opx, 2% gt, 2% am, 0.2% 
ph, 0.2% su and 70.6% 01 mimic many features of 
mantle-normalized incompatible trace element pat- 
terns of OIB from areas of old lithosphere (Fig. 11, 
including depletions in K and Pb. Titanium is also 
depleted and Zr enriched. Ba/Ce and Cc/U are only 
slightly fractionated, consistent with the observations 
for OIB. We propose that such melts enrich portions 
of the uppermost mantle and that this NSF mantle is 
subsequently remelted to form enriched OIB from 
regions of older lithosphere. 

A significant result of such modelling is that U 
and Th are the most incompatible elements, more so 
even than Ba (Fig. 8). This runs contrary to 
mineral/melt partition coefficients for major mantle 
minerals [31,32], U-Th-Ra disequilibrium data for 
MORB and Hawaiian basalts [[63-651 and interpre- 
tations of trace element ratios in basalts more gener- 
ally [2,4,5]. However, it is entirely consistent with 
the trace element ratios for OIB shown in Fig. 7. It 
can be seen that the ratios Rb/U, Ba/U, K/U, 
Nb/U, Pb/U and Cc/U all decrease with increasing 
U in enriched OIB. Since these trends are dominated 
by the data for enriched OIB, we conclude that U is 
notably more incompatible and/or Ba and Rb are 
less incompatible in the melting that produces en- 
richment in the source regions of OIB in areas of 
old lithosphere (NSF mantle) than is thought to be 
the case for MORB and OIB melt production. A 
similar feature has been noted for Th concentrations 
in OIB [36]. 

When the MORB field in Fig. 7 is collinear with 
the OIB array it defines a distinct correlated trend 
extending into the OIB field (e.g., Cc/U or Pb/U 
vs. U). When the MORB field plots at an acute angle 
to the OIB array the MORB trace element ratios 
display only a slight variability, plotting toward the 
center of the OIB field (e.g., K/U or Nb/U vs. II). 
When the MORB field plots entirely to one side of 
the OIB array it defines a broad field with no trend 
(e.g., Rb/U and Ba/U vs. II). These relationships 
are entirely consistent with contamination of MORB 
or the MORB source by OIB or the OIB source, as 
suggested by many others (e.g., [30,68]). When the 
vectors for contamination of MORB by OIB and for 
variability in OIB itself (whatever the cause) are not 
collinear, the MORB data define a scattered field. 

On a plot of Ba/Ce ratio against 87Sr/86Sr (Fig. 9) 
the MORB data define a trend consistent with con- 
tamination by OIB-like components. There is also a 
tendency for Pb to be more radiogenic in MORB 
with low Cc/U. Therefore, these isotopic data lend 
support to the view that some N-MORB are contami- 
nated by OIB components [30]. Furthermore, the 
homogeneity in isotopic composition for less incom- 
patible elements such as Nd and Sr but greater 
heterogeneity in highly incompatible trace element 
ratios and Pb isotopic compositions of MORB may 
be explained by the influence of contamination by 
enriched small degree partial melts on a depleted 
peridotite source. Such an effect is found in spine1 
lherzolite xenoliths from the sub-continental litho- 
spheric mantle for example [34]. 

Rb Th " La Pb 24 Srn m 11 Dy Ha Vb 
@a K Nb Ce Pr Nd Zr Eu Gd Y Er Lu 

Fig. 8. Calculated trace element enrichments in 2% partial melts 

relative to their source compositions for different assemblages 

using the the D values given in Table 3. Note the positive Pb 

anomaly for all assemblages unless sulfide is included, the strong 

depletion in Ba if too much phlogopite is present, the tendency for 

U to be the most incompatible element if minor phlogopite or 
amphibole are present and the similarity between the final pattern 

and that found in many enriched OIB (Fig. 1). 
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5. Effect of NSF mantle on large-scale mantle 
reservoirs 

NSF mantle must become re-entrained in astheno- 
spheric flow (Fig. 5d). It would then become a 
long-term heterogeneity producing isotopically en- 
riched mantle, albeit greatly diluted, in a manner 
similar to that proposed for enrichment by subduc- 
tion of oceanic crust [22,66] or erosion/delamination 
of sub-continental lithosphere [67]. Some OIBs, such 
as St. Helena, might inherit both their marked K 
depletions and high U/Pb (Fig. 1) from such longer 
term heterogeneities in the mantle. The striking fea- 
tures of such recycled NSF mantle would be LREE 
enrichment, higher U/PI> and Ce/Pb and lower 
K/U with normal Ba/Ce and Cc/U. This is dis- 
tinctly different from the predicted effects of recy- 

cling either continental or oceanic crust and it is 
significant that Cc/U and Ba/Ce in OIB are close 
to chondritic or primitive mantle values (Fig. 9 and 
Fig. lo), and yet not greatly fractionated by melting 
(Fig. 2 and Fig. 7). The variation in Ba/Nb ratio in 
OIB is often argued as reflecting the competing 
effects of recycling of Ba-depleted MORB on the 
one hand and Ba-enriched, Nb-depleted continental 
crust on the other [5,22,66]. However, the variability 
in both Ba/Ce and Cc/U in OIB is identical to that 
in Ba/Nb (Table 2). Furthermore, recycling models 
that advocate U enrichment or Pb depletion of MORB 
as the mechanism for generating radiogenic Pb in 
OIB (e.g., [22,39,66]) are difficult to reconcile with 
the fact that U/Pb variability in OIB is 
that in pristine MORB (Table 2). 

Hydrothermally altered MORB, or 

smaller than 

its depleted 

t.,,..... 1oL 
0.5124 0.5126 0.5128 0.5130 0.5132 0.5124 0.5128 0.5128 0.5130 0.5132 

Fig. 9. Plots of Ba/Ce and Cc/U vs. Nd, Sr and Pb isotopic composition for MORB and OIB. Data from Table 1 and [l-5,7,9,16-26]. See 

text for discussion. 
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Fig. 10. (a) Cc/U vs. Ba/Ce for MORB (0) and OIB ( 0 1. Data 
sources as in Fig. 1. (b-e) The same data fields as in (a) but with 
the calibrated mixing trajectories of (b) average continental crust 
[71] and average MORB kalculated using dam shown in (a)), (c) 
depleted altered MORB residue [66] and average continental crust, 
(d) average MORB and primitive mantle [5], and (e) average 
continental crust and primitive mantle [5]. (f) The same fields as 
in (a) but with the calibrated fractionation paths for an assemblage 
comprising 5% Ca perovskite and liquid, where the numbers 
define the fraction of liquid in simple batch melting and Rayleigh 
fractional crystallization, assuming Ba, Ce and U are perfectly 
incompatible in all other fractionating phases. Partition coeffi- 
cients from [70]. 

residue after fluid/melt extraction in a subduction 
zone, should be closer in Cc/U and Ba/Ce to 
chondritic ratios [66]. Furthermore, if continental 
lithosphere were added in an appropriate amount and 
these heterogeneities became well mixed they might, 
coincidentally, generate a source with chondritic pro- 
portions. Samples with the highest Ba/Ce have un- 
radiogenic Pb (Fig. 9d) consistent with recycling of 
small amounts of continental crust. Samples with the 
lowest Ba/Ce have radiogenic (HIMU) Pb (Fig. 9d) 
consistent with recycling of U-enriched ocean floor 
basalt. However, in order to balance the Ba/U/Ce 
in most OIB, about lo-30% of average continental 
crust must be combined with average MORB (Fig. 
lob), or about 510% must be combined with the 
residual depleted altered MORB composition of 
Weaver [66] (Fig. 10~). These amounts would seem 
excessive given the considerable thickness of rela- 
tively unaltered basaltic oceanic crust and the fact 
that elastic sediments are diluted by siliceous oozes 
and carbonates that carry negligible Ba, U and Ce. 
The amount of basaltic/gabbroic ocean crust sub- 
ducted can be estimated to be in the range 3-5 X 1016 

g yr-‘, whereas the current flux of subducting elastic 
sediment is estimated to be a maximum of 1 X 101’ 
g yr-’ [D.K. Rea and L.J. Ruff, pers. commun., 
19941. Not even allowing for the fact that only a 
fraction of this sediment becomes entrained in the 
asthenosphere, this is too small to match the require- 
ments of the Ba, U and Ce data for OIB. This is 
scarcely surprising. To consider this in somewhat 
different terms, it is improbable that primitive man- 
tle, the ultimate source of depleted mantle, oceanic 
lithosphere and continental lithosphere can survive 
as a reasonably uniform composition sustained dom- 
inantly by the random admixing of two components 
(continental and oceanic lithosphere) with radically 
different compositions and survival times. 

A more realistic scenario is one in which a signif- 
icant component of OIB sources is mantle that has 
not undergone the major Ba/Ce/U fractionation 
found in MORB, the MORB source and the pro- 
cesses associated with subduction zone magmatism. 
Such mantle may be fractionated in Rb/Sr, Sm/Nd, 
Lu/Hf etc. by a prior history of melting in the 
garnet stability field. It may also be affected by 
minor amounts of enriched NSF mantle component 
with higher U/Pb and Ce/Pb and slightly lower 
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K/U, Ba/Nb and Ba/Ce. If such NSF mantle were 
recycled in diluted form (Fig. 5d), it would generate 
an ‘end-member’ composition with relatively radio- 
genie Pb and trace element characteristics that are 
similar to those of HIMU centers such as St. Helena. 
However, it would have near-chondritic Ba/Ce and 
Cc/U, and the contribution of material that is 
strongly fractionated in Ba/Ce and Cc/U (e.g., 
MORB and continental crust) would be relatively 
minor, preserving close to primitive mantle ratios for 
OIB source regions. 

However, subducted MORB must be contributing 
to some degree in the trace element composition of 
the mantle. If we assume that the remainder of the 
source did indeed have primitive mantle relative 
concentrations [5] of Ba, Ce and U, the more scat- 
tered OIB data allow for a contribution to the OIB 
source of 10% of average modem unaltered MORB 
(Fig. 10d) and a greater contribution from altered 
MORB. If the absolute concentrations in the OIB 
source are depleted relative to primitive mantle, as 
seems inevitable, the amount of permissible recycled 
MORB contamination would be less. The difficulty 
with all these models based on Ba/Ce/U is that 
they do not explain the non-chondritic Nb/U of the 
mantle [31. 

Finally, the data presented here place constraints 
on the processes that must have been involved in the 
early development of Earth’s mantle. It has been 
proposed that the major element composition of the 
mantle can be explained by perovskite fractionation 
in a magma ocean [69]. However, it has also been 
argued that such a model is irreconcilable with the 
partitioning of Lu relative to Hf in Mg perovskite 
and the resulting fractionation expected in Lu/Hf 
[70]. The partition coefficients for Ba, Ce and U 
between Ca perovskite and silicate melt increase in 
the order Ba = 0.1, Ce = 4, U = 20 [70] and are so 
extreme that if it were an important phase during 
melting or fractional crystallization in the early Earth, 
the mantle could not maintain near-chondritic Cc/U 
and Ba/Ce. This is illustrated in Fig. 10f in which 
the effects of Rayleigh fractional crystallization and 
batch melting are shown starting with a primitive 
mantle composition. In contrast, majorite fractiona- 
tion of the OIB source is not inconsistent with 
near-chondritic Cc/U and Ba/Ce. Garnet-like min- 
eral phases in the early Earth and in modem melting 

are not expected to greatly fractionate U, Ba or Nb 
from the LREE, unless the degree of partial melting 
is unrealistically small. The data presented here are 
therefore more readily accommodated by models in 
which the early Earth had at most a shallow magma 
ocean at pressures less than those required for phases 
such as Ca perovskite to be significant fractionating 
phases. 
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