
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/223836171

Chemical differentiation of the Earth: The relationship between

mantle, continental crust, and oceanic crust

Article  in  Earth and Planetary Science Letters · November 1988

DOI: 10.1016/0012-821X(88)90132-X

CITATIONS

2,808
READS

4,939

1 author:

Some of the authors of this publication are also working on these related projects:

Cenozoic intraplate magmatism in eastern China View project

Heterogeneity of the Earth mantle View project

Albrecht W. Hofmann

Max Planck Institute for Chemistry

329 PUBLICATIONS   35,194 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Albrecht W. Hofmann on 25 October 2018.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/223836171_Chemical_differentiation_of_the_Earth_The_relationship_between_mantle_continental_crust_and_oceanic_crust?enrichId=rgreq-afed6860e9be80b7623ec7a159e227a4-XXX&enrichSource=Y292ZXJQYWdlOzIyMzgzNjE3MTtBUzo2ODU1Mzg2MzgwNDEwOTBAMTU0MDQ1NjU1NjQzMw%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/223836171_Chemical_differentiation_of_the_Earth_The_relationship_between_mantle_continental_crust_and_oceanic_crust?enrichId=rgreq-afed6860e9be80b7623ec7a159e227a4-XXX&enrichSource=Y292ZXJQYWdlOzIyMzgzNjE3MTtBUzo2ODU1Mzg2MzgwNDEwOTBAMTU0MDQ1NjU1NjQzMw%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Cenozoic-intraplate-magmatism-in-eastern-China?enrichId=rgreq-afed6860e9be80b7623ec7a159e227a4-XXX&enrichSource=Y292ZXJQYWdlOzIyMzgzNjE3MTtBUzo2ODU1Mzg2MzgwNDEwOTBAMTU0MDQ1NjU1NjQzMw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Heterogeneity-of-the-Earth-mantle?enrichId=rgreq-afed6860e9be80b7623ec7a159e227a4-XXX&enrichSource=Y292ZXJQYWdlOzIyMzgzNjE3MTtBUzo2ODU1Mzg2MzgwNDEwOTBAMTU0MDQ1NjU1NjQzMw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-afed6860e9be80b7623ec7a159e227a4-XXX&enrichSource=Y292ZXJQYWdlOzIyMzgzNjE3MTtBUzo2ODU1Mzg2MzgwNDEwOTBAMTU0MDQ1NjU1NjQzMw%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Albrecht_Hofmann?enrichId=rgreq-afed6860e9be80b7623ec7a159e227a4-XXX&enrichSource=Y292ZXJQYWdlOzIyMzgzNjE3MTtBUzo2ODU1Mzg2MzgwNDEwOTBAMTU0MDQ1NjU1NjQzMw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Albrecht_Hofmann?enrichId=rgreq-afed6860e9be80b7623ec7a159e227a4-XXX&enrichSource=Y292ZXJQYWdlOzIyMzgzNjE3MTtBUzo2ODU1Mzg2MzgwNDEwOTBAMTU0MDQ1NjU1NjQzMw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Max_Planck_Institute_for_Chemistry?enrichId=rgreq-afed6860e9be80b7623ec7a159e227a4-XXX&enrichSource=Y292ZXJQYWdlOzIyMzgzNjE3MTtBUzo2ODU1Mzg2MzgwNDEwOTBAMTU0MDQ1NjU1NjQzMw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Albrecht_Hofmann?enrichId=rgreq-afed6860e9be80b7623ec7a159e227a4-XXX&enrichSource=Y292ZXJQYWdlOzIyMzgzNjE3MTtBUzo2ODU1Mzg2MzgwNDEwOTBAMTU0MDQ1NjU1NjQzMw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Albrecht_Hofmann?enrichId=rgreq-afed6860e9be80b7623ec7a159e227a4-XXX&enrichSource=Y292ZXJQYWdlOzIyMzgzNjE3MTtBUzo2ODU1Mzg2MzgwNDEwOTBAMTU0MDQ1NjU1NjQzMw%3D%3D&el=1_x_10&_esc=publicationCoverPdf


Earth and Planetary Science Letters, 90 (1988) 297-314 297 
Elsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands 

[1] 

Chemical differentiation of the Earth: the relationship between mantle, 
continental crust, and oceanic crust 

Albrecht W. Hofmann 

Max-Planck-Institut fiir Chemie, Postfach 3060, 6500 Mainz (F.R.G.) 

Received January 11, 1988; revised version accepted July 11, 1988 

The average chemical compositions of the continental crust and the oceanic crust (represented by MORB), 
normalized to primitive mantle values and plotted as functions of the apparent bulk partition coefficient of each 
element, form surprisingly simple, complementary concentration patterns. In the continental crust, the maximum 
concentrations are on the order of 50 to 100 times the primitive-mantle values, and these are attained by the most 
highly incompatible elements Cs, Rb, Ba, and Th. In the average oceanic crust, the maximum concentrations are only 
about 10 times the primitive mantle values, and they are attained by the moderately incompatible elements Na, Ti, Zr, 
Hf, Y and the intermediate to heavy REE. 

This relationship is explained by a simple, two-stage model of extracting first continental and then oceanic crust 
from the initially primitive mantle. This model reproduces the characteristic concentration maximum in MORB. It 
yields quantitative constraints about the effective aggregate melt fractions extracted during both stages. These amount 
to about 1.5% for the continental crust and about 8-10% for the oceanic crust. 

The comparatively low degrees of melting inferred for average MORB are consistent with the correlation of Na20 
concentration with depth of extrusion [1], and with the normalized concentrations of Ca, Sc, and AI (= 3) in MORB, 
which are much lower than those of Zr, Hf, and the HREE ( = 10). Ca, A1 and Sc are compatible with clinopyroxene 
and are preferentially retained in the residual mantle by this mineral. This is possible only if the aggregate melt fraction 
is low enough for the clinopyroxene not to be consumed. 

A sequence of increasing compatibility of lithophile elements may be defined in two independent ways: (1) the order 
of decreasing normalized concentrations in the continental crust; or (2) by concentration correlations in oceanic 
basalts. The results are surprisingly similar except for Nb, Ta, and Pb, which yield inconsistent bulk partition 
coefficients as well as anomalous concentrations and standard deviations. 

The anomalies can be explained if Nb and Ta have relatively large partition coefficients during continental crust 
production and smaller coefficients during oceanic crust production. In contrast, Pb has a very small coefficient during 
continental crust production and a larger coefficient during oceanic crust production. This is the reason why these 
elements are useful in geochemical discrimination diagrams for distinguishing MORB and OIB on the one hand from 
island arc and most intracontinental volcanics on the other. 

The results are consistent with the crust-mantle differentiation model proposed previously [2]. Nb and Ta are 
preferentially retained and enriched in the residual mantle during formation of continental crust. After separation of 
the bulk of the continental crust, the residual portion of the mantle was rehomogenized, and the present-day internal 
heterogeneities between MORB and OIB sources were generated subsequently by processes involving only oceanic 
crust and mantle. During this second stage, Nb and Ta are highly incompatible, and their abundances are anomalously 
high in both OIB and MORB. 

The anomalous behavior of Pb causes the so-called "lead paradox", namely the elevated U / P b  and Th/Pb ratios 
(inferred from Pb isotopes) in the present-day, depleted mantle, even though U and Th are more incompatible than Pb 
in oceanic basalts. This is explained if Pb is in fact more incompatible than U and Th during formation of the 
continental crust, and less incompatible than U and Th during formation of oceanic crust. 

1. Introduction 

T h e  i so top i c  e v i d e n c e  f r o m  the  E a r t h ' s  c rus t  

a n d  m a n t l e  d i s c u s s e d  e l s e w h e r e  in  th is  v o l u m e  [3] 

has  b e e n  dec i s ive  in  e s t a b l i s h i n g  b e y o n d  r e a s o n -  

ab l e  d o u b t  t h a t  t he  c o n t i n e n t a l  a n d  o c e a n i c  c ru s t s  

0012-821X/88/$03.50 © 1988 Elsevier Science Publishers B.V. 

are  c h e m i c a l l y  a n d  i s o t o p i c a l l y  c o m p l e m e n t a r y  in  

m a n y  r e spec t s .  O n  th is  bas i s ,  a gene ra l ly  a c c e p t e d  

g e o c h e m i c a l  p a r a d i g m  h a s  e m e r g e d :  f o r m a t i o n  o f  

t he  c o n t i n e n t a l  c r u s t  h a s  d e p l e t e d  a la rge  p a r t  o f  

t he  m a n t l e  in  m a n y  i n c o m p a t i b l e  t r ace  e l e m e n t s ,  

a n d  th is  d e p l e t e d  p a r t  o f  the  m a n t l e  is n o w  the  
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source of the oceanic crust. The continental crust 
has a mean age of about 2 × 109 years, roughly 
half the age of the Earth, whereas the oceanic 
crust is rapidly recycled into the mantle and has a 
mean life time of only about l0 s years or a fiftieth 
of the age of the Earth. 

The isotopic data were corroborated qualita- 
tively by the relative abundances of trace elements 
found in continental rocks and in MORB. For 
example the complementary pattern of high 
143Nd/144Nd in MORB and low 143Nd/144Nd in 

continental rocks is matched by S m / N d  ratios 
which are high in MORB and low in continental 
rocks. Because of such correlations, it has become 
common practice to use trace element concentra- 
tion ratios analogously to isotopic ratios to 
"fingerprint" crustal and mantle source reservoirs 
of volcanic rocks. 

In this paper I examine the overall chemistry of 
crust and mantle in a rough but quantitative 
manner, in order to test and extend the inferences 
made from isotopic studies of very few trace ele- 
ments. The result is a surprisingly simple and 
consistent pattern of complementary enrichment 
and depletion for nearly all lithophile elements for 
which there are analytical data. This pattern is 
adequately explained by a simple two-stage ex- 
traction model of continental and oceanic crust 
f rom an initially primitive mantle. This global 
c rus t -mant le  differentiation was not, however, the 
pr imary process that generated the present-day, 
intra-oceanic mantle heterogeneities. 

2. Element abundance patterns 

Table 1 lists the abundances of 39 major and 
trace elements in the Earth's primitive mantle 
(also often called bulk silicate Earth), the con- 
tinental crust, and average normal mid-ocean ridge 
basalts (usually called N-type MORB). These data 
are taken from the recent literature ([4-17], and 
footnote Table 1). The MORB data [4] were de- 
termined for a set of 26 MORB glasses selected 
for freshness rather than for being truly repre- 
sentative of a global average, and they may there- 
fore be affected by sampling bias. The REE abun- 
dances in this average are significantly higher than 
those given by Sun et al. [5]. However, the aver- 
ages shown by Sun et al. are based on a set of 
samples which is believed to be biased toward 

high melt fractions, for reasons given in section 
4.1. 

Klein and Langmuir  [1] have shown that N a 2 0  
concentrations in MORB are well correlated with 
the depths of the axial valley floors of the spread- 
ing ridges. This correlation is global and provides 
a test for possible sampling bias of the present set 
of data, because the global coverage of bathyme- 
try data is far more extensive than the coverage of 
dredged basalts extruded at the ridges. For the 
data set of Klein and Langmuir [1], the average 
depth of 27 ridge segments, each over 500 km 
long, and totalling about a quarter of the global 
ridge length, is about 3000 m. A revised estimate 
of the global oceanic depth versus sea-floor age 
has recently been published [18], and this yields an 
extrapolated mean zero-age depth of 2700 m. Ac- 
tual depths of axial valley floors tend to be deeper 
than extrapolated zero-age depths, and the global 
mean depth of the axial valley is estimated to be 
3000-4-300 m. The mean fractionation-corrected 
N a 2 0  concentration, interpolated at a depth of 
3000 m from Klein and Langmuir 's  fig. 2d [1] is 
about 2.4 _+ 0.2%, which is similar to the mean of 
our (identically corrected) Na  20 concentrations of 
2.53 (_+0.08)% and only slightly lower than the 
mean of our uncorrected NazO concentrations of 
2.68 (+0.07)%. The averages of F e O =  10.4%, 
MgO = 7.6% and CaO/AI203  = 0.74 given in Ta- 
ble 1 are also reasonably similar to the averages 
(FeO = 9.2%, MgO - 8.0%, CaO/A1203 = 0.76) 
inferred from the data of Klein and Langmuir. 
This indicates that the average composition of our 
sample set is within 10% of the true MORB aver- 
age. These differences are small enough, so that 
they may be neglected for the purpose of the 
present paper. 

2.1. Compatibility sequence and general proper- 
ties of the MORB pattern 

Fig. 1 shows normalized element concentration 
patterns of average continental crust and average 
MORB, plotted in the order of decreasing continen- 
tal abundances (from [17]). The concentrations are 
normalized by dividing each through the respec- 
tive concentration in the primitive mantle. The 
rationale for using the order of continental con- 
centrations to determine the sequence of elements 
plotted is that the degree of enrichment of an 
element in the continental crust is one possible 
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TABLE 1 

Major and trace element abundances in the Earth's primitive mantle, the continental crust and MORB 

Element Primitive MORB Estimated bulk continental crust 

mantle N-MORB N-MORB percent TM1 TM1 TM2 

avg. (n) normalized std. dev. normalized normalized 

SiO 2 (%) 45.96 50.45 1.098 1.8 57.3 1.247 1.262 
A1203 4.06 15.255 3.757 8.0 15.9 3.916 4.433 
FeO 7.54 10.426 1.383 14.8 9.1 1.207 0.995 
MgO 37.78 7.576 0.201 12.2 5.3 0.140 0.093 
CaO 3.21 11.303 3.521 7.2 7.4 2.305 2.336 
Na20  0.332 2.679 8.070 13.3 3.1 9.337 10.542 
Na 2 ° (MgO = 8.0%) 0.332 2.526 7.608 15.2 
TiO 2 0.181 1.615 8.925 34.0 0.901 4.978 4.420 

La (ppm) 0.6139 3.895 6.345 41.4 16 26.06 30.95 
Ce 1.6011 12.001 7.496 40.1 33 20.61 23.73 
Pr 0.2419 2.074 8.574 39.0 3.9 16.12 17.78 
Nd 1.1892 11.179 9.401 37.8 16 13.45 13.45 
Sm 0.3865 3.752 9.708 37.0 3.5 9.06 9.57 
Eu 0.1456 1.335 9.167 30.1 1.1 7.56 7.56 
Gd 0.5128 5.077 9.901 36.5 3.3 6.44 7.02 
Tb 0.0940 0.885 9.412 38.1 0.60 6.38 6.81 
Dy 0.6378 6.304 9.884 34.5 3.7 5.81 5.80 
Ho 0.1423 1.342 9.433 36.6 0.78 5.48 5.76 
Er 0.4167 4.143 9.944 34.3 2.2 5.28 5.52 
Tm 0.0643 0.621 9.663 34.7 0.32 4.98 4.98 
Yb 0.4144 3.900 9.411 33.8 2.2 5.31 5.31 
Lu 0.0637 0.589 9.246 33.8 0.30 4.71 4.71 

K 258.2 883.7 3.422 46.0 9100 35.24 48.41 
Rb 0.5353 1.262 2.357 76.2 32 59.78 78.46 
Cs (0.0268) 0.01408 (0.53) 71.9 1.0 (37.3) (63.43) 
Sr 18.21 113.2 6.216 24.1 260 14.28 21.97 
Ba 6.049 13.87 2.293 71.9 250 41.33 57.86 

Hf 0.2676 2.974 11.116 42.7 3.0 11.21 11.21 
Zr 9.714 104.24 10.705 40.0 100 10.29 10.29 
Ta 0.0351 0.192 5.467 55.0 (1.0) (28.49) - 
Nb 0.6175 3.507 5.679 55.1 11.0 17.82 17.82 
U 0.0203 0.0711 3.496 52.3 0.91 44.76 61.49 
Th 0.0813 0.1871 2.300 69.3 3.5 43.04 59.03 
Pb 0.175 0.489 2.794 30.7 8.0 45.71 57.14 

Y 3.940 35.82 9.091 31.2 20.0 5.08 5.58 
Sc 14.88 41.37 2.784 9.8 30.0 2.02 2.02 
Co 104 47.07 0.453 7.9 29.0 0.279 0.24 
Ni 2080 149.5 0.072 105 0.050 0.014 
Cu 28.0 74.4 2.657 29.1 75 2.679 2.14 
Sn 0.150 1.382 9.213 32.4 2.5 16.67 - 

The data for the primitive mantle and N-MORB average are taken from Jochum et al. [4]. The N-MORB average represents 26 fresh 
MORB glasses, defined as N-type MORB by their light-REE depletion [5]. The values for the primitive mantle are taken from Hart 
and Zindler [6] for the major elements, and their factor of 2.51 is used to obtain the mantle values of the refractory trace elements 
from the abundances in C1 charbonacous chondrites. The sources of the C1 chondrite data are: REE [7], Ba, Sr, Hf [8], Zr, Ta, Nb, 
Y, Sc [9], U [10]. Other elements were obtained as follows: Th = 4.U; Cu, Ni, Co [11], K =12,700.U [12], R b =  Ba/12.3 [13], 
Cs = Rb/20  [14], Sn [15], and Pb from ~ = 8.88 [1]. Most of these values are believed to be correct within about 10%, except for Cs, 
for which different estimates differ by a factor of 4 [13,14,16]. 
The data sources for the two continental crust averages are: TM1 [17, table 3.5, p. 67]; TM2 [17, table 3.3, p. 62] (this is the so-called 
andesite model). 
All normalized values are derived by division of the concentration through the primitive mantle value. 
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Fig. 1. Average composit ions of continental  crust ( two esti- 
mates by Taylor and McLennan,  [17], T M ]  and TM2) and 
"normal - type"  mid-ocean ridge basalts [4] f rom Table 1. All 
concentrat ions are normalized by division th rough  the respec- 
tive concentrat ion of the primitive mantle (see also Table 1). 
The sequence of elements is determined by the order  of de- 
creasing concentrat ions in the continental  crust average of 
Taylor  and McLennan,  TM1. These concentrat ions are con- 
nected by a solid line. 

measure for the degree of element incompatibility 
in the mantle. The resulting sequence of elements 
is similar but not identical to the alternative se- 
quence given in section 4.3 and to those used by 
other authors (e.g. [5,19]) to represent basalt com- 
positions. The emerging patterns are strikingly 
simple. The monotonic decrease of the continental 
abundances is, of course, inherent in the design of 
the diagram. The highest abundances present are 
about 50 to 100 times those of the primitive 
mantle. Very few elements have enrichment fac- 
tors less than unity. This is in part  the result of the 
choice of elements: most siderophile elements have 
very low but poorly known abundances in crust 
and mantle (because they are concentrated in the 
core) and have been omitted from the diagram. 

The overall MORB pattern is surprisingly regu- 
lar, and most of the irregularities might well be the 
result of uncertainties in the composition of the 
average continental crust. In contrast with the 
continental pattern, the highest concentrations 
present are only about ten times primitive, and 
these are realized not by the most incompatible 
elements but by the moderately incompatible Na, 
Ti, Y, Zr, Hf, and the intermediate to heavy REE. 
The regularity of the pattern suggests that the 

chemistry of MORB is related to the chemistry of 
the continental crust by some simple relationship 
between the mechanisms that govern the extrac- 
tion of the continental crust and the production of 
MORB. More specifically, it will be shown below 
that most chemical elements have effective parti- 
tion coefficients in the two processes that are 
either approximately the same or are at least re- 
lated in some simple way. 

The variabilities of the element concentrations 
expressed by the standard deviations (Fig. 2) are 
relatively low compared with other compilations 
of MORB data. This is the result of using a 
MORB population restricted to N-type trace ele- 
ment and isotopic abundances and to MgO con- 
centrations of 5.6-9.0% (7 .6+0.9% std. dev.). 
These restrictions were applied in order to avoid 
strongly fractionated samples and basalts which 
might be derived from "anomalous"  plume-type 
sources. The inherent circularity of these selection 
criteria is obvious but unavoidable. The popula- 
tion is therefore biased toward the most depleted 
end member  of MORB. The relative chemical 
variations are still believed to be relevant for the 
purpose of this paper. If  P-type MORB were to be 
included in the MORB data set, the highly incom- 
patible element concentrations would be much 
more variable and their averages would become 
more uncertain, because of weighting uncertain- 
ties. However, the moderately incompatible ele- 
ments would not be greatly affected. 

80 
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Fig. 2. Standard deviations of the average N-type  MORB 
concentrat ions ( f rom Table 1). The compatibil i ty sequence is 
taken from Fig. 1. 



The important features of the MORB con- 
centration pattern, which should be explained by 
any global differentiation model, are: 

(1) The pattern has a distinct concentration 
maximum. 

(2) The elements that define this maximum are 
the intermediate to heavy REE, Hf, Zr, Y, Ti and 
Na. These elements have experimentally de- 
termined bulk partition coefficients in the peri- 
dot i te-basal t  system ranging from 0.01 to 0.1. 

(3) The magnitude of the abundance maximum 
is about ten times the primitive-mantle values of 
these elements. 

(4) The standard deviations of the average con- 
centrations are small for major elements and in- 
crease systematically toward the left hand side of 
the diagram, as the elements become more incom- 
patible. (A similar increase toward the right, af- 
fecting mostly Ni and Cr, is known to be caused 
by variable fractionation of olivine and chromite 
in the basalts and is not further considered here.) 

3. Extraction model 

The crust-mantle differentiation is approxi- 
mated by the following two-stage model: 

Stage 1: A partial melt (possibly including an 
aqueous fluid), is extracted from the mantle to 
form the continental crust. The residual mantle is 
concurrently or subsequently rehomogenized and 
forms the depleted mantle reservoir. 

Stage 2: After some (unspecified) period of 
time lasting perhaps 1 -2  Ga, the residual (de- 
pleted) mantle reservoir is remelted and generates 
MORB. 

The "residual mantle" is not necessarily the 
entire mantle but only that portion which par- 
ticipates in the differentiation process. Both par- 
tial melting events are modeled as simple equi- 
librium melting. The normalized concentration of 
an element in the partial melt of stage 1 is: 

Cl* cl 1 
= c7 = D1 + FI(1 _ D1 ) (1) 

The concentration in the solid residue is: 

Cre* = D1C~ (2) 
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mantle .  The  curve  labe led  " r e s i d u a l  man t l e "  represents  the 

res idue f rom the F 1 par t i a l  melt ,  and  the r ema in ing  curves 

labe led  F 2 = 0.2 to F 2 = 0.0001 represent  par t i a l  mel ts  of this  

residue. These have  been  ca lcu la ted  from equat ions  (1), (2), 
and  (3), a s suming  tha t  the b u l k  pa r t i t ion  coefficients  D 1 = D 2 

for all  e lements .  Stage 1 s imula tes  a par t ia l  mel t  wi th  the 
compos i t ion  of the con t inen ta l  crust ,  and  i ts  mel t  f ract ion is 

chosen  to ma tch  a p p r o x i m a t e l y  the m a x i m u m  normal ized  con- 

cen t ra t ion  found  in average  con t inen ta l  crust.  The second-s tage  
mel t  tha t  ma tches  the concen t ra t ion  m a x i m u m  of M O R B  ( = 9 

to 10 t imes p r imi t ive  mant l e )  is ob ta ined  for a mel t  f ract ion of 

F 2 = 0.045. 

so that the concentration in the partial melt of 
stage 2 is: 

C 2 D1 

C2"= C o =  [D 1 + F , ( 1 - D 1 ) ] [ D 2 + F 2 ( 1 - D 2 ]  

(3) 

where c is the concentration of an element in the 
melt, c o is the concentration in the primitive man- 
tle, C* is the normalized concentration in the 
melt, D is the bulk partition coefficient of the 
element (D = Cso l id /Cmel t ) ,  and F is the melt frac- 
tion. The subscripts 1 and 2 refer to stages 1 and 2 
of the model. 

Fig. 3 shows C1" and C2" as functions of D for 
the case where D 1 = D 2, F 1 = 0.016 and a series of 
F 2 values ranging from 0.0001 to 0.2. F 1 has been 
chosen so that the maximum abundances of the 
continental crust in Fig. 1 are matched by the 
calculated curve for C~*. F 1 is well constrained to 
the extent that the concentrations of highly incom- 
patible elements in the bulk continental crust are 
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known. The MORB abundance maximum of Fig. 
1 is matched by the curve for F 2 = 0.045. This melt 
fraction is more model dependent, and it will be 
seen later that the best estimate for the effective 
MORB-melt  fraction is approximately F 2 = 0.10. 
The point of the present, oversimplified approach 
is to illustrate how the fundamental  differences 
between the chemistries of the continental and 
oceanic crusts can be explained by a very simple 
two-stage process. In stage 1, the most highly 
incompatible elements are most strongly enriched 
relative to the starting material, the primitive man- 
tle. The magnitude of that enrichment factor is 
C( ~ = 1 / F  1, as long as these elements are suffi- 
ciently incompatible so that D a << F 1. This causes 
a depletion in the residual mantle which will be 
reflected by the composition of any subsequently 
produced melt. In stage 2, and in any conceivable 
additional stages, the maximum concentration rel- 
ative to the original mantle shifts to more compat-  
ible elements. It is formed by those elements with 
intermediate partition coefficients, which incorpo- 
rate the opt imum combination of least depletion 
during stage I and highest enrichment during stage 
2. 

The existence of a normalized-concentration 
maximum in MORB defined by elements of inter- 
mediate partition coefficients has not been widely 
appreciated, because in conventional represen- 
tations of MORB chemistry using normalized con- 
centrations (sometimes called spidergrams, a term 
that is misleading at best), the major elements and 
the compatible trace elements are omitted. When 
the more nearly complete lithophile element chem- 
istry is displayed, and an adequate measure for the 
relative partition coefficients is used, it becomes 
obvious that the MORB concentrations decrease 
toward the left-hand side of the curve because the 
MORB source is depleted in these elements, and 
the concentrations also decrease toward the right- 
hand side because they are progressively more 
strongly retained in the mantle. Moreover, the 
solid residue after stage 1 is virtually unchanged 
from the original primitive mantle composition on 
the right-hand side of the MORB maximum. 

It is easy to verify that different assumptions 
about the exact nature of the melting process (e.g. 
fractional melting), the magnitude of the melt 
fractions, the introduction of additional stages of 
melt extraction, and the modification of the melt 

chemistry by fractional crystallization will change 
the position and the magnitude of the concentra- 
tion maximum, but the final concentration curves 
will be qualitatively similar to the hypothetical 
MORB curves in Fig. 3 and to the real MORB 
curve in Fig. 1. Fig. 3 shows that, as the melt 
fraction F 2 decreases, the concentration maximum 
increases in magnitude and shifts to elements with 
lower bulk partition coefficients. In this idealized 
model, the highest concentration that can be at- 
tained by such a stage-2 melt is the same as the 
maximum attained during stage 1. This maximum 
is approached as F 2 approaches zero. This means 
in general that the residual mantle is incapable of 
producing second-stage melts with element con- 
centrations exceeding the maximum concentra- 
tions found in the continental crust, unless there is 
another enrichment process, which either pre-en- 
riches the source or "post-enriches" the melt (for 
example by crystal fractionation). It seems likely 
that the very high trace element enrichments found 
in many alkali basalts of oceanic islands require 
such a pre-enrichment. 

3.1. Refinements of the model 

Retention of melt or reinjection of continental crust 
during stage 1. The concentrations of Rb, Ba, Th 
and Pb in MORB on the left-hand side of Fig. 1 
show an apparent  levelling off slightly above 
primitive-mantle values. (Cs must be disregarded 
because its primitive-mantle abundance is poorly 
known; see discussions in [13,14,16].) Conceiv- 
ably, this may be so because all these elements 
have similar bulk partition coefficients. More 
likely, they have very low, but different partition 
coefficients and the levelling off is caused by 
retention of small amounts of melt in the mantle 
or by reinjection of crust. 

The abundances in the second-stage melt are 
then described by the equation: 

C2" = ( D  1 q- Fl(1 - D , )  - FI(1 -- a)}  

× {[01 + F1(1 - 0 , ) ]  [02 + F2(1 -- 02)  ] 

X [ 1 -  FI(1 - a)]  } ' (4) 

where ~ is the fraction of the first-stage melt 
remaining or reinjected into the residue. Fig. 4 
shows an example of a second-stage melt for a 
value of a = 0.1. An important  point to note is 
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Fig. 4. Effect of retention of a portion of stage-1 melt on the 
concentrations in the residue and in a stage-2 melt, calculated 
from equation (4) and a = 0.1. 

that the abundance maximum is not sensitive to 
the value of a, as long as a < 0.1. 

A quantitative model for the composition of MORB. 
In the simple model discussed so far, it has been 
assumed that the bulk partition coefficient is the 
same for each element during stages 1 and 2, 
respectively. This assumption is unrealistic be- 
cause it would require not only identical mineral 
compositions and melting conditions for both 
processes but also identical melt fractions. Actu- 
ally, the coefficient D in equation (1) varies as a 
function of the melt fraction F, because the rela- 
tive proportions of the residual minerals change as 
a function of melt fraction (except for the special 
but unrealistic case of so-called modal melting). 

A better approximation to melting with con- 
stant coefficients may be modeled with the equa- 
tion of Shaw [20]: 

C 1 __ 1 

Ca* - Co D ° + V(1 - P )  (5) 

where D O is the bulk partition coefficient of the 
element in question in the unmelted source rock 
(i.e. the sum of the individual minera l /mel t  coeffi- 
cients weighted in the proportions of the minerals 
in the initial source rock), and P is the bulk 
partition coefficient "of  the melt" (i.e. the bulk 
minera l /mel t  coefficient weighted in the propor- 
tions in which the minerals are consumed by the 

melt). P will be approximately constant and inde- 
pendent of the melt fraction as long as the melt 
has an approximately invariant major element 
composition. 

If the mineralogy of the residual solid phases is 
different during stages 1 and 2, the assumption 
that D o and P remain the same is still not justi- 
fied. For example, if continental crust originates 
during subduction processes and at a depth suffi- 
cient for garnet to be stable during the generation 
of the melts, the bulk partition coefficients for the 
heavy REE will be much greater during stage 1 
than during stage 2 when MORB is generated at 
pressures below the stability field of garnet. 

In order to convert the qualitative abscissa of 
Fig. 1 to a scale of quantitative bulk partition 
coefficients, each element will be assigned a value 
of D a which is calculated as follows: F 1 is esti- 
mated from the concentration of the most incom- 
patible element in the continental crust, assuming 
that this element has a bulk partition coefficient 
D 1 = 0, so that equation (1) reduces to C1" = 1/Fv 
Once the value of F 1 has been fixed, the residual 
concentrations of all other elements may be 
calculated from their respective concentrations C,*, 
using an alternative to equation (2), which may be 
derived directly from the mass balance between 
melt and residue, namely: 

1 - C~'F 1 ( 6 )  
Cre*- 1 _ F 1  

Equations (2) and (6) may then be combined to 
obtain the bulk partition coefficient of any ele- 
ment: 

D1 Cre*s _ 1- -  C?F 1 
- Ca* (1  - F 1 ) C  ~' ( 7 )  

In this way, an effective bulk partition coefficient 
is obtained for each element from its concentra- 
tion in the continental crust. The qualitative val- 
ues on the abscissa of Fig. I have been quantified 
in this manner  and plotted in Fig. 5. 

Equation (5) has been applied to stage 2 as 
follows: The value of P2 is assumed to be higher 
than D o by a factor of four for all incompatible 
elements with bulk partition coefficients D o ~< 0.5. 
This assumption takes account of the well-known 
fact that essentially all the incompatible elements 
shown in Fig. 1, including the major elements A1 
and Ca, have much higher partition coefficients in 
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Fig. 5. Concen t ra t ion  versus bu lk  pa r t i t ion  coefficient  D 1 of a stage-1 mel t  as in Fig. 3. The  stage-2 mel t  is ca lcu la ted  f rom equa t ion  
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normal ized  M O R B - a v e r a g e  concen t ra t ions  f rom Table  1. The  D 1 value  of each e lement  has  been  ca lcu la ted  f rom equa t ion  (7) wi th  
F] = 0.016 and  C] = con t inen ta l  crust  average TM1. 

clinopyroxene and in garnet than in olivine and 
orthopyroxene. Clinopyroxene and garnet con- 
stitute only 15-20% of the mantle mineral as- 
semblage, but they are preferentially consumed by 
any melt being formed. Therefore, the value of D o 
is dominated by olivine and orthopyroxene, but P 
is dominated by clinopyroxene and, if stable, 
garnet. In addition, it is assumed that D ° = 0.2 D], 
for all 0.05 < D 1 < 0.22. This apparently arbitrary 
choice is intended to account for the differences 
caused by the possible presence of garnet during 
stage 1 and its absence during stage 2. Garnet  has 
a very strong effect on the bulk partition coeffi- 
cients of the middle and heavy REE. It is much 
less important for the light REE and other highly 
incompatible elements. Its effect on Ca and A1 
partitioning is also much smaller than on the 
heavy REE. 

Fig. 5 shows a concentration curve for MORB, 
modified by the above assumptions, which is over- 
all similar to that of the simple model used in Fig. 
3. However, the melt fraction for the generation of 
MORB is now almost twice as high ( F  2 = 0.083) as 
in the simplest model ( F  2 = 0.045), and the con- 
centrations of the elements corresponding to D] = 

0.1 to 0.22, which correspond to the middle and 
heavy REE, are higher than the respective con- 
centrations in the continental crust. 

The MORB data from Table 1 are plotted in 
Fig. 5 for comparison with the calculated MORB 
curve. The corresponding continental concentra- 
tions are not specifically shown. They lie exactly 
on the Ca* curve because equation (7) automati- 
cally yields an exact fit to that curve. 

For the major and the moderately incompatible 
elements, the fit of the MORB data in Fig. 5 is 
surprisingly tight. The scatter is greater for the 
highly incompatible elements, but this is expected 
because of their intrinsically greater variability, 
the uncertainties of the partition coefficients, and 
the fact that other effects such as retention of melt 
during stage 1 or fractional crystallization during 
stage 2 have all been neglected. 

The range of D values that correspond to the 
MORB abundance maximum is D 1 = 0.05-0.2, 
and D ° = 0.01-0.04. This may be compared with 
experimental data as a check for the internal 
consistency of the model. Of particular impor- 
tance are the partition coefficients of the heavy 
REE, because these elements have the highest 



concentrations in MORB relative to the continen- 
tal crust. This overlap requires relatively high par- 
tition coefficients during stage 1. Green and Pear- 
son [21] have recently summarized their own new 
experimental data on clinopyroxene partitioning 
as well as other data from the literature. They 
recommend Duo values ranging from 0.3 to 1.1 
for mantle melting depending on temperature and 
SiO 2 c o n t e n t  of the melt. Thus a residual mantle 
assemblage containing 10% clinopyroxene and no 
other REE-bearing minerals would have a bulk 
partition coefficient between 0.03 and 0.1. These 
values would be further increased if a small amount 
of residual garnet were present in the residue of 
stage 1. During stage 2, no garnet would be pres- 
ent, SiO 2 contents in the melt would be low, and 
temperatures would be high relative to stage 1. 
These differences would cause the clinopyroxene 
partition coefficient to be relatively low, on the 
order of 0.2-0.3, and this would lower their bulk 
partition coefficient to about 0.02-0.03. These 
considerations show that the bulk partition coeffi- 
cients estimated from experimental data are in- 
deed consistent with the model illustrated in Fig. 5 
and the actual geochemical data. This agreement 
lends support to the general validity of the model 
in spite of its extreme simplicity. 

3.2. Constraints on melt fraction during M O R B  
production 

It has just been shown that a relatively minor 
refinement in the melting model applied to stage 2 
yields a substantially higher melt fraction than the 
simplest model described by equation (3). It is 
therefore appropriate to ask whether the melt frac- 
tion of MORB can be constrained at all. An upper 
limit for F 2 is indeed found, if one assumes that 
the partition coefficients, D 2, of the elements that 
define the MORB concentration maximum are 
equal to zero. In this case, equation (3) is reduced 
to C2" = * and this may Cres/F 2, be rearranged and 
evaluated using equation (6) to yield: 

1 - C ~ F  a 
Vz (1 - F1)C ~" ( 8 )  

The most restrictive case will be given by the 
element which combines the highest value of C~* 
with the highest value of C2". This element is Zr 
which has values of Cl* = 10.4 and C2" = 10.9 and 
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yields F 2 = 0.078. This is actually lower than the 
value of F 2 = 0.083 found for the model shown in 
Fig. 5. The reason for this is that C2" of zirconium 
is exceptionally high, and a maximum value of 
C2" = 9 has been used in Fig. 5. Other elements 
near the MORB maximum, Y, Ti, Na  and the 
REE, yield maximum melt fractions between 8.3 
and 10.8%. This means that a melt fraction of 
F 2 --10% is a rather firm upper limit, provided 
that the concentrations of these elements in MORB 
have not been raised significantly by fractional 
crystallization. The problem of fractional crystalli- 
zation will be addressed further below. 

If  the two-stage melting model is replaced by 
multiple stages, the final melt fractions must be- 
come smaller, if the same abundance maximum is 
to be maintained in the final MORB production 
stage. If we relax the constraint that the depletion 
is produced by previous production of the con- 
tinental crust, and retain only the constraint of the 
maximum enrichment factor Cz* = 9 in MORB, 
the upper limit for the melt fraction producing 
MORB is still only F 2 = 0.11. This is a direct 
consequence of equation (1). Slightly larger melt 
fractions are obtained for more efficient extrac- 
tion mechanisms such as fractional melting and 
the continuous extraction discussed by Ribe [22]. 
These more detailed considerations are beyond the 
scope of this paper. 

3.3. Comparison with the melt fractions inferred 
by Klein and Langmuir 

Klein and Langmuir [1] have presented a new 
and comprehensive interpretation of the major 
element chemistry of MORB. They showed that 
the positive correlation of N a 2 0  and the negative 
correlation of FeO and CaO/AI203  with axial 
depth can be explained by temperature difference ~ 
in the mantle, which control the depth of initial 
melting, the aggregate melt fraction, the thickness 
of the resulting oceanic crust, and its depth below 
sea level. They estimated melt fractions of 8-20% 
from the total range of NazO contents ranging 
from 1.7 to 3.4% in MORB, and mantle con- 
centrations of 0.30 (--  primitive mantle) and 0.26 
( = depleted mantle). They also indicated that these 
melt fractions represent maximum estimates. For 
the average MORB composition corresponding to 
an axial depth of 3000 m, Klein and Langmuir 
obtained an aggregate melt fraction of 10%. 
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In the context of the present paper, the con- 
centration of the depleted mantle is constrained 
by the previous extraction of the continental crust, 
which has a normalized concentration of C~a = 
9.34 in Taylor and McLennan 's  [17] most recent 
estimate, of 10.54 in their earlier "andesite model".  
These correspond to normalized Na concentra- 
tions for the depleted mantle (using equation (6) 
with a value of F 1 = 0.016) of 0.864 and 0.845, 
respectively, which correspond to absolute N a 2 0  
concentrations of 0.259 and 0.253%, respectively 
(using a primitive mantle value of N a 2 0  = 0.30 
[1]). These Na  contents of the depleted mantle are 
only slightly lower than N a 2 0  = 0.26 used by 
Klein and Langmuir. Equation (5), using Dz°(Na) 
= 0.03, P2(Na) = 0 .11 (following [1]), and C2" 
( N a ) = 7 . 6 1  (the fractionation corrected mean 
MORB value), yields F 2 = (Cre*/C ~" - D2°)/(1 - 
/'2) = 0.094 and 0.091, respectively. These results 
are near the lower end of the range of 8-20% 
given by Klein and Langmuir. Overall, there is no 
serious disagreement, because Klein and Lan- 
gmuir estimated a melt fraction of 0.10 for the 
MORB composition which corresponds to the best 
present estimate of a representative mean value 
for all MORB. 

The general conclusion derived from the above 
arguments is that the only way in which the over- 
all, aggregate melt fraction of average MORB can 
be made to be greater than 9-11% (derived in this 
and the previous section) is to call for a mecha- 
nism other than melting to increase the concentra- 
tions of trace elements in MORB. The most popu- 
lar of these is crystal fractionation in a crustal 
magma chamber. Although a full discussion of 
this subject is beyond the scope of this paper, the 
following brief evaluation is in order. 

3.4. Trace element enrichment of MORB through 
fractional crystallization 

Whether fractional crystallization is quantita- 
tively important for the absolute concentrations of 
trace elements in the final melt depends to a large 
extent on the major element composition of the 
pr imary melt that crosses the mant le -crus t  
boundary. (Early fractionation of melts within the 
mantle may also occur but is not relevant in the 
present context.) If the primary melt is a basalt, 
then fractional crystallization will cause only a 
relatively minor enrichment of incompatible ele- 

ments in the average final basalt, because this 
average still has a relatively "pr imit ive"  composi- 
tion. On the other hand, if the pr imary melt is a 
highly magnesian picrite or komatiite, the amount 
of fractional crystallization needed to produce the 
final basalt is much larger and the degree of 
incompatible-element enrichment is greater. 

For the sake of argument, two "worst-case" 
scenarios will be assumed. The first is a picritic 
pr imary melt containing 18% MgO. This magma 
undergoes closed-system crystal fractionation 
which is dominated by olivine crystallization. By 
the time this magma has crystallized enough olivine 
to lower the MgO concentration to the value of 
8%, the concentrations of the olivine-incompatible 
elements have increased by only 35%. 

Alternatively, the trace element enrichment may 
be effected by the crystallization processes in a 
so-called RTF  ("replenished, tapped, fraction- 
ated") open-system, steady-state magma chamber 
[23,24]. In principle, this process may enrich the 
incompatible elements in the magma by an arbi- 
trarily large factor, which depends primarily on 
the ratio of crystallized solids to erupted melt. 
There are, however, several compelling reasons to 
conclude that in ordinary MORB this mechanism 
is not very efficient. A full treatment of this 
subject will be presented elsewhere. Here, I men- 
tion only three of the reasons: 

(1) MORB are distinguished by depletion, not 
enrichment, of incompatible elements. For exam- 
ple, the ratio of Rb to Sr in MORB is R b / S r  = 
0.011, which is almost a factor of three lower than 
R b / S r  = 0.029 of the primitive mantle: 

(2) RTF processes involving gabbroic crystal 
fractionation would change all concentration ratios 
of elements affected by feldspar crystallization. 
This includes E u / E u *  and ( N a / Z r )  N, which 
average 0.95 and 0.74, respectively, but should 
decrease significantly in response to feldspar 
crystallization. 

(3) Extensive and variable RTF  processes 
would destroy the relationship between axial 
depth and chemistry [1]. 

Overall, the enrichment factor affecting the 
concentrations of incompatible elements in the 
erupted liquid relative to the primary melt enter- 
ing the oceanic crust is probably on the order of 
1.5 or less for average MORB. 

Fractional crystallization is one of the ways in 
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Fig. 6. Concentration curves for a stage-I melt (F 1 = 0.16 as in 
Fig. 3), a primary stage-2 melt with a melt fraction F 2 = 0.18, 
and a fractionated stage-2 melt labeled "RTF". The fractiona- 
tion model used is that of O'Hara [23] for a steady-state 
magma chamber which is periodically refilled, tapped and 
fractionated. The ratio of the amounts of crystal cumulate to 
liquid tapped from the chamber is X/Y  = 2. The steady-state 
fractionated melt shows a concentration curve which overlaps 
the stage-1 melt at D values between 0.1 and 0.5. This is in 
qualitative agreement with the relationship found in Fig. 1. 
However, for values of D >1, the RTF melt has much lower 
concentrations than the F l melt. For a bulk partition coeffi- 
cient of D = 10, the difference is almost a factor of ten. 

which the crossover of the concentrat ion curves in 
Fig. 1 might be produced.  (A significant decrease 
in parti t ion coefficients during stage 2 was another  
way discussed earlier.) Fig. 6 shows an example of 
this. A relatively high melt fraction of  F 2 = 0.18 
has been used, and the concentrat ions of the 
incompatible elements have been increased by as- 
suming an R T F  model  with the parameter  X = 0.1 
( =  fraction crystallized in each fract ionation cycle) 
and Y =  0.05 ( =  fraction erupted in each cycle; 
see [23,24]). This increases the concentrat ions of  
the most  highly incompatible elements by a factor  
of three (i.e. much higher than inferred f rom the 
small negative Eu anomaly  actually found in aver- 
age MORB).  This purposely exaggerated example 
illustrates how fractional crystallization can, in 
principle, cause the observed crossover of M O R B  
and continental  abundances.  

4. Other  properties of  M O R B  

4.1. Retention of Ca, Al  and Sc in the M O R B  
SOblrCt2 

These elements consti tute a por t ion of the 
r ight-hand descending limb of  the M O R B  abun- 
dance curve (Fig. 1), and their abundances  are 
substantially lower than the maximum of that 
curve. Consequently,  they are sufficiently compat -  
ible to be part ly retained in the mantle by the 
residue of  MORB.  Of  the major  minerals in the 
mantle (olivine, or thopyroxene,  clinopyroxene, 
garnet and spinel), only aluminous cl inopyroxene 
is capable of  retaining sufficient concentrat ions of  
all three of  these elements. Cl inopyroxene has a 
part i t ion coefficient for Sc ranging from about  1 
to 3 [25], depending on temperature, and it ap- 
pears that it is the only phase capable of buffering 
the Sc abundances  in M O R B  at the observed 
value of  about  41 + 4 ppm. If this is correct, then 
the degree of  M O R B  melting must  normal ly  be 
low enough so that cl inopyroxene survives in the 
residue, and this residue cannot  be a severely 
depleted harzburgite  consisting only of olivine and 
orthopyroxene.  Buffering of  Ca by residual clino- 
pyroxene has also been confirmed by observations 
in oceanic peridotites [26,27]. 

Sun and Nesbi t t  [28] and Sun et al. [5] have 
used the same reasoning to show that in some 
M O R B  samples in the A1/T i  and C a / T i  ratios do 
approach  primit ive-mantle values. In these cases 
the degree of  melting is indeed high enough so 
that c l inopyroxene has been consumed by the 
melt. The lower A1/T i  and C a / T i  ratios of aver- 
age MORB,  on the other  hand, show that such 
high degrees of  melt ing are the exception rather 
than the rule. 

The retention of  Sc, AI and Ca in the mantle  is 
probably  the strongest evidence in favor of  degrees 
of  melting that are low enough for cl inopyroxene 
to survive in the residue. This result is in apparent  
disagreement with most  conventional  petrological 
thinking about  the oceanic crust and specifically 
with the inferences drawn from the ophiolite model  
of  the oceanic crust. One of the reasons for infer- 
ring high degrees of  melt ing has been the c o m m o n  
occurrence of  highly depleted harzburgites be- 
neath the cumulate  gabbroic  sections in ophiolites. 
I believe that  this observat ion is misleading, be- 
cause the harzburgites represent only the upper- 
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most portion of the residual mantle, which is not 
representative of the entire mantle colunm from 
which partial melts are extracted. The melt frac- 
tion in this column is smaller at its base than at its 
top. Therefore, observations on residual peri- 
dotites are biased toward the top of the column, 
where melt fractions are largest. Observations on 
incompatible element concentrations and ratios 
are biased toward the lower part  of the column, 
where melt fractions are smaller. Overall, the batch 
melting model can only be used as a very rough 
approximation to the actual melt extraction. 

Another reason for the disagreements lies in the 
differences in sampling philosophies. Most authors 
(e.g. [5,28]) believe that the basalts richest in MgO, 
or highest in Mg /Fe ,  represent the most "pr imi-  
tive" melts and are therefore also the best repre- 
sentatives of the parental liquids of the more 
evolved, less magnesian basalts. I believe that this 
approach automatically introduces a serious sam- 
pling bias toward basalts derived from high 
primary melt fractions. Bryan et al. [29] have 
shown that the more common, "garden variety" of 
MORB, which contain about 7-8% MgO, are not 
derived from these more magnesian melts but 
stem from different parent liquids. Klein and 
Langmuir [1] demonstrated that melt fractions 
vary by more than a factor of two along the global 
ridge system. If one selects only the basalts highest 
in MgO, which are most likely to be derived from 
the highest melt fractions, basalts derived from 
lower melt fractions will be systematically ex- 
cluded. By avoiding the bias toward high melt 
fractions, one must accept another: the "garden 
variety" MORB have almost certainly evolved to 
some degree by fractional crystallization. How- 
ever, for a given change in MgO concentration, 
the effect of fractional crystallization on the in- 
compatible element concentrations in the melt is 
much smaller t h a n  the effect of differences in the 
pr imary melt fraction (see also section 3.4). 

4.2. Variation of the element abundances in 
M O R B  

The standard deviation of the MORB data is 
used as a measure for the real variability of the 
element abundances. This approach must be 
questioned because the sample selection has been 
biased in favor of the more depleted, so-called 
N-type MORB in order to avoid plume type basalts 

which may be derived from qualitatively different 
source reservoirs. This sample bias causes a large 
reduction in the variations of the highly incompati- 
ble elements, because these elements are strongly 
enriched in plume-type basalts. Nevertheless, the 
standard deviations of the MORB population thus 
restricted still show a strong correlation with the 
degree of incompatibili ty (Fig. 2). 

The observed variability may be ascribed to 
three causes: variable fractional crystallization, 
variable degrees of partial melting, and variable 
source depletion. The effects of these three 
processes on the concentration of a given element 
depend strongly on the bulk partition coefficient 
of that element. The degree of source depletion is 
likely to be nearly constant for the moderately 
incompatible elements that form the right-hand 
portion of the concentration maximum in MORB, 
because the depletion of these elements in the 
residual mantle is small. For example, the deple- 
tion factor for Na  was calculated in the previous 
section to be about 0.85 for a stage-1 melt fraction 
of F 1 =0.016.  Changing F 1 by a factor of two 
causes a change in Cr* s of only 10%. It is therefore 
a reasonable approximation to treat the source 
concentrations of this element as constant and to 
ascribe the differences in the observed, fractiona- 
tion-corrected Na  20 concentrations to differences 
in melt fraction. The (corrected) Na  2 O concentra- 
tions summarized in Table 1 range from 1.62 to 
3.32% with a standard deviation of 15% of the 
mean. The melt fractions calculated from equation 
(5) range from 6 to 16% with a mean of 9.7% and 
a standard deviation of 26%. 

This range of melt fractions will affect the 
concentrations of the highly incompatible ele- 
ments more severely than the Na  concentration, 
because C = Co/F  as D approaches zero. In ad- 
dition, the more highly incompatible elements are 
probably more heterogeneous in the MORB 
source, because changes in stage-1 melt fractions 
will be more directly translated into changes in the 
residual concentration. For  example, for elements 
with bulk partition coefficients of D = 0.01, the 
residual concentration changes by a factor of two 
if the F l melt fraction changes by a factor of 
three. 

These considerations lead to the expectation 
that the bulk partition coefficients of the elements 
should be negatively correlated with the standard 



deviations of the concentrations in MORB, and 
this is indeed observed in Fig. 2. The most 
noticeable exceptions in this general trend are the 
anomalously low standard deviations of the Pb, 
Sr, and Na concentrations. Part of this effect is 
caused by variable fractionational crystallization 
involving plagioclase, which will cause the REE 
and other incompatible element concentrations to 
vary, while at the same time buffering Na, Sr, and 
possibly also Pb because of its high partition 
coefficient for these elements. In addition, it will 
be shown below that the compatibility sequence 
used in Fig. 2 is inappropriate for Pb in MORB, 
where its actual, effective partition coefficient is 
closer to that of Ce. 

4.3. Alternative compatibility sequence based on 

oceanic basalts 
Up to this point, the compatibility sequence of 

the elements (which is taken to be synonymous 
with the order of their bulk partition coefficients 
between solid and melt) has been based exclu- 
sively on the relative element concentrations in the 
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Fig. 7. Normalized element concentrations of average con- 
tinental crust TM1 and average MORB (Table 1). The se- 
quence of elements corresponds to the order of compatibility 
determined by Jochum et al. [4] on the basis of element ratio to 
element concentration correlations in oceanic basalts. The se- 
quence is similar to that based on continental average con- 
centrations (Fig. 1), but Nb, Ta, and Pb are significant excep- 
tions. The "negative anomalies" of Nb and Ta in continental 
crust and island arc volcanics commonly discussed in the 
literature are based on approximately this kind of plot rather 
than Fig. 1. The even larger Pb anomaly is not found in the 
literature, because Pb is erroneously assumed to be highly 
incompatible in MORB because of its low concentration. 
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Fig. 8. Standard deviation versus compatibility for the compat- 
ibility sequence used in Fig. 7. 

continental crust. This approach implied that the 
bulk partition coefficient of each element is identi- 
cal (or at least similar) during the first (continen- 
tal) and the second (oceanic) stages of melt extrac- 
tion, respectively. This assumption is supported by 
the regularity of the element concentration pattern 
in average MORB (Fig. 1). Nevertheless, the 
anomalies in the standard deviations of the MORB 
sequence shown in Fig. 2, and discussed above, 
point to possible inconsistencies for some ele- 
ments. 

An alternative compatibili ty sequence has been 
derived which is based directly on the chemistry of 
oceanic basalts and is independent of the con- 
tinental crust [4]. The method for this uses the 
slope of the concentration ratio of two elements 
versus the concentration of one of the elements. If 
the slope is zero, then both elements are equally 
incompatible [2]. If the slope is greater than zero, 
the element in the numerator  is more incompati- 
ble. We have systematically examined our set of 
MORB and OIB data in this manner  and have 
thus derived a basalt-based compatibility sequence 
[4]. Fig. 7 shows the average continental crust and 
MORB concentrations plotted in this sequence. 

It  is remarkable that the two compatibility se- 
quences shown in Figs. 1 and 7, which are based 
on entirely independent assumptions, are quite 
similar for most elements. The chief difference lies 
in the positions of the elements Pb, Nb and Ta. In 
addition, the concentrations of these elements in 
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both continental and oceanic crust are anomalous 
in Fig. 7. 

Fig. 8 shows the standard deviations of the 
MORB concentration averages plotted in the com- 
patibility sequence given in Fig. 7. The decrease in 
variability with increasing compatibili ty is now 
much more nearly monotonic than in Fig. 2. The 
slight negative anomalies for Pb, Sr, and Eu are 
probably caused by buffering of these elements 
during fractional crystallization (see previous sec- 
tion). All other anomalies (except for Cu, which 
remains unexplained), may be ascribed to analyti- 
cal uncertainties or uncertainties in the exact ele- 
ment sequence. 

5. The significance of Pb, Nb and Ta 

In the preceding sections it was shown that Pb, 
when plotted in the compatibility sequence of Fig. 
1, has an anomalously low variability in MORB 
(Fig. 2), although its mean concentration is nor- 
mal. If, on the other hand, the compatibility se- 
quence is based on the data from the oceanic 
basalts themselves, then Pb has nearly normal 
variability (Fig. 8) but highly anomalous mean 
concentrations in both MORB and the continental 
crust (Fig. 7). Concentration anomalies are also 
evident for Nb  and Ta in Fig. 7. * The differences 
in the two compatibility sequences and the 
anomalies just noted are not consistent with the 
assumption that these elements have the same 
partition coefficients in stages 1 and 2. 

The above observations suggest that lead is 
strongly depleted; but, unlike other highly de- 
pleted elements, it is comparatively uniformly dis- 
tributed in the residual mantle. If the heteroge- 
neous concentrations of the other highly depleted 
elements had been produced during the extraction 
of the continental crust ( =  stage 1), then the Pb 
concentrations should have been just as heteroge- 
neous, and a special mechanism would have to 
have intervened to homogenize Pb but not the 

* Ta is not plotted in this paper, because the estimated 
concentration in the continental crust of 1 ppm from [17] 
yields a ratio of Nb/Ta =11, which is inconsistent with 
observed Nb/Ta ratios elsewhere, which appear to be uni- 
form at Nb/Ta = 16-18 [9]. For the purpose of the present 
paper, I assume that Ta has exactly the same normalized 
concentration as Nb in all reservoirs considered. 

other similarly depleted elements in the residual 
mantle. Convection combined with diffusion, the 
mechanism generally accepted to cause mixing, is 
incapable of such selective homogenization, be- 
cause diffusion (the only homogenization process 
which might be element-selective) is effective only 
on a scale of centimeters. 

Similar considerations have previously led the 
author [2] to the conclusion that all the incompati- 
ble elements in the residual mantle were fairly well 
homogenized or rehomogenized after the sep- 
aration of the bulk of the continental crust. The 
present-day heterogeneities evident from the iso- 
topic and elemental abundances of incompatible 
elements must have been created subsequently 
and without major involvement of the continental 
crust. Although the arguments were similar, the 
evidence used in [2] was in part  independent, 
because it was based on the similarity of C e / P b  
(and N b / U )  ratios in MORB and OIB rather than 
on the variability of the absolute concentrations 
within MORB. 

The secondary differentiation is suggested to be 
the creation of the oceanic crust and lithosphere. 
It  fractionated the residual mantle into a variably 
depleted N-type MORB mantle and a variably 
enriched P-type MORB and OIB mantle. During 
this differentiation, the partitioning behavior of 
Pb, Nb and Ta was "oceanic" rather than "con- 
tinental". Therefore, the concentration heterogene- 
ities were produced during the second, "oceanic" 
stage, and this produced the regular pattern of 
standard deviation shown in Fig. 8. The absolute 
concentrations in MORB, on the other hand, are 
dominated by the first, "continental" stage. The 
additional changes in the average element con- 
centrations resulting from the secondary differ- 
entiation are comparatively small because the 
complementary enriched (OIB source) reservoir is 
much smaller than the continental crust. In the 
context of the rough two-stage model, the effect of 
this additional differentiation on the mean con- 
centrations of the other elements in MORB is 
negligible. 

The switch in partitioning is illustrated in Fig. 
9. Nb  and Ta were moderately incompatible (simi- 
lar to Ce and Pr) during the extraction of the 
continental crust and became highly incompatible 
(similar to U and K) during the extraction of 
MORB. Conversely, Pb was highly incompatible 
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Fig. 9. Difference in partition coefficients between stage-1 
("continental melting") and stage-2 ("oceanic melting"). The 
arrows trace the process forward in time. They go from the 
concentration in the continental crust, which defines the parti- 
tion coefficient D], to the point of intersection with the 
residual mantle. The shift in partition coefficient is shown by 
the horizontal portion, which ends at the location of the 
respective coefficient appropriate for MORB melting. This is 
defined by the position of Ce for Pb, and U for Nb and Ta, 
respectively (see Fig. 7). Each arrow ends at the concentration 
value in MORB, calculated from equation (5) as in Fig. 5. For 
comparison, the measured MORB averages from Table 1 are 
also shown. 

(similar to Ba) during extraction of the continental 
crust and became moderately incompatible (simi- 
lar to Ce) during extraction of MORB. This ex- 
planation has previously been advanced [2] to 
explain the uniform but non-primitive C e / P b  and 
N b / U  ratios in MORB and OIB. It provides a 
plausible rationale for the so-called lead paradox 
[30], as has already been noted [2,31]. 

The process is traced quantitatively in Fig. 9, 
using the specific melting model of Fig. 5. Starting 
with the continental Pb concentration estimate 
TM1 (see Table 1), for example, the Pb concentra- 
tion in the residue is given by the intersection of 
the vertical arrow with the curve labeled "residue". 
The new partition coefficient appropriate for stage 
2 is found from the position of Ce, and the Pb 
concentration in MORB is calculated from equa- 
tion (5) as in Fig. 5. The calculated Pb concentra- 
tion in MORB is found to be quite similar to the 
measured MORB value from Table 1. A similar 
trace is shown for Nb and Ta. The agreement 
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between calculated and observed abundances in 
MORB is slightly poorer, but considering the sim- 
plifying assumptions, it is still surprisingly good. 

The mantle evolution model proposed by Hof- 
mann et al. [2] is consistent with all the observa- 
tions noted above. It specifies that the residual 
mantle was homogenized during or after extrac- 
tion of the bulk of the continental crust. The 
fractionation between MORB and OIB sources 
occurred subsequently and by a process which 
differed from continent formation in that it left 
the previously homogenized N b / U  and Ce /Pb  
ratios unchanged. The model also explains why 
the concentrations of Nb and Ce have similar 
variabilities as U and Pb, respectively: the het- 
erogeneities of the present-day MORB source were 
not produced during the extraction of the con- 
tinental crust but during the subsequent fractiona- 
tion of the residual mantle into more or less 
depleted MORB and more or less enriched OIB 
sources. The chemistry of this latter fractionation 
process was apparently similar to the chemistry of 
present-day M O R B  product ion in that it 
fractionated many element ratios such as Rb/Sr ,  
Sm/Nd ,  or U / P b ,  but not the ratios N b / U  and 
Ce/Pb.  These observations reinforce the hypothe- 
sis [32,33] that the chief mechanism responsible 
for causing the OIB source enrichment is the 
magmatic processes producing the oceanic crust. 

The view of the mantle that emerges is that 
convection has erased most of the heterogeneities 
left in the residual mantle region when the main 
mass of the continental crust was formed. The 
heterogeneities observed in the present-day source 
regions of MORB and OIB are younger than the 
mean age of the continental crust. They were 
produced by the production of oceanic crust and 
lithosphere and returned to the mantle by subduc- 
tion. In contrast, recycling of continental material 
plays only a very subordinate role in controlling 
mantle chemistry. The "oceanic" differentiation 
still continues on a large scale, and mantle convec- 
tion has not yet erased the secondary heterogene- 
ities thus created. 

5.1. Mineralogical causes of the compatibility 
switch 

Fig. 9 shows that Nb (together with Ta, not 
shown) shifted to the left between stage 1 and 
stage 2, whereas Pb shifted to the right. What 
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mineralogical mechanisms might have produced 
these shifts? Much speculation and some experi- 
mentation has been devoted to the negative Nb-Ta 
anomaly found in nearly all continental rocks 
(Fig. 7) but also in all island arc volcanics, and a 
full review of this subject is beyond the scope of 
this paper. Ti-minerals such as rutile and ilmenite 
have high partition coefficients for Nb and Ta [34] 
and could hold these elements back in the mantle 
during subduction melting, but the solubility of Ti 
in mafic silicate melts is also so high that it is 
unlikely that these minerals could survive partial 
melting at reasonable melt fractions [35,36]. If 
Ti-minerals are indeed responsible for depleting 
the continental crust and enriching the residual 
mantle in Nb and Ta, the transfer of those ele- 
ments which are positioned to the left of Nb and 
Ta in Fig. 1 must occur predominantly by a 
mechanism other than the extraction of a mafic 
partial melt. Dehydration of the subducted oce- 
anic crust may well be such a mechanism [37]. 
This would require that the titanium mineral(s) 
which hold Nb and Ta would not dissolve in the 
hydrothermal solution, but the solubilities of Cs, 
Rb, K, Th, U, Pb and La would be high enough 
for an efficient transfer into the melting region to 
produce island arc magmas and ultimately con- 
tinental crust. An alternative mechanism might be 
the extraction of a silicic partial melt from the 
subducted oceanic crust [38]. This melt would 
have a sufficiently low Ti solubility to keep rutile 
stable in the residue. It would intrude and modify 
the composition of the overlying mantle wedge, 
which in turn would yield the melts that actually 
reach the surface and ultimately produce new 
continental crust. 

Another possibility that has not been suffi- 
ciently explored is the role of amphiboles in this 
transfer process. Partition coefficients for Nb and 
Ta are apparently higher than unity in some 
amphiboles [39,40], and if the separation of partial 
melt from its residue occurs within the stability 
field of such an amphibole, the negative Nb-Ta 
anomaly could be produced by magmatic processes 
also. When the melting conditions are "dry"  as is 
true for MORB, amphibole would not be present, 
and Nb and Ta would become highly incompati- 
ble. 

The mineralogical mechanism for the shift in 
the partitioning of Pb is even less obvious. The 

highly incompatible behavior during stage 1 is 
consistent with the experimentally determined very 
low partition coefficient of Pb in clinopyroxene 
[41]. On the other hand, it seems unlikely that Pb 
could be as incompatible as Ba during purely 
magmatic processes, because its ionic radius is 
similar to that of Sr and significantly smaller than 
that of Ba. Again, perhaps the solution lies in an 
enhanced hydrothermal transfer of Pb from the 
subducted slab to the overlying mantle. 

The relatively compatible behavior of Pb dur- 
ing MORB melting might be related to the par- 
ticipation of plagioclase either during the partial 
melting or subsequent fractional crystallization. 
This inference is supported by the observation 
that the elements with unusually low variances in 
Fig. 2, Pb, Sr, and Na, have relatively high parti- 
tion coefficients in plagioclase. In Fig. 8, the effect 
is diminished but still discernible for Pb and Sr. 
Further support comes from the slight negative Eu 
anomaly seen in average MORB [4,42]. Presnall 
and Hoover [43] and Klein and Langmuir [1] have 
suggested that residual plagioclase may be present 
in at least the upper portion of the melting mantle 
column producing MORB. Another possibility is 
that Pb may be retained by residual sulfide during 
MORB melting. This is suggested by the observa- 
tion that MORB are usually saturated in sulfide, 
which buffers the sulfur concentration in MORB 
at about 1000 ppm [44]. 

The "anomalous"  continental concentrations 
seen in Fig. 7, namely low Nb and Ta, and high 
Pb, are characteristic of all types of island arc 
volcanics, even when these are depleted tholeiites 
otherwise similar to MORB, as well as in almost 
all types of continental rocks (except for some 
apparently hot-spot-related basalts). This streng- 
thens the genetic link between subduction 
processes and the mechanism(s) that generate the 
continental crust, including the Archean crust, the 
origin of which remains controversial. 

In summary, the specific mechanisms causing 
the special behavior of Nb, Ta, and Pb are not yet 
well understood. It seems clear that different 
mineral phases are responsible for the anomalous 
behavior of Nb and Ta on the one hand, and of 
Pb on the other. It is certainly not surprising that 
chemical elements exist which behave very differ- 
ently in (presumably hydrous and relatively deep- 
seated) subduction processes than in (compara- 



tively dry and shallow) ocean ridge processes. To 
this author, it is much more surprising that all the 
other chemical elements conform to the simple 
and complementary relationship displayed by Figs. 
1 and 7. 

6. Conclusions 

Normalized element abundances in the con- 
tinental crust have been contrasted with those in 
average MORB, which is taken to represent the 
oceanic crust. The two abundance patterns form a 
simple, complementary relationship which can be 
explained by a simple two-stage differentiation 
model of the mantle. 

In the continental crust, the maximum normal- 
ized abundances of C* = 40-80 are realized by 
the most incompatible elements Cs, Ba, Rb, Th 
and U, which are strongly depleted in the residual 
mantle. The oceanic crust has an abundance maxi- 
mum of C* = 10 for the moderately incompatible 
elements Zr, Hf, Na, Ti, and the heavy REE. 
These abundance maxima are used to constrain 
the effective melt fractions of the mantle melts 
that ultimately form both types of crust. 

The apparent aggregate melt fraction is be- 
tween 1 and 2% for the continental crust and 
about 10% for average MORB. Such compara- 
tively low melt fractions are consistent with low 
abundances in MORB of Ca, A1, and Sc (relative 
to the heavy REE, Zr, Hf, and Ti), which are best 
explained by the retention of residual clinopyrox- 
ene. 

The simplicity of the abundance patterns and 
the model based on these abundances imply that 
the production of continental and oceanic crust 
are governed by similar bulk partition coefficients 
for most of the elements considered. Striking ex- 
ceptions are Nb and Ta, which are comparatively 
compatible during production of continental crust 
but highly incompatible during production of oce- 
anic crust, and Pb, which is highly incompatible 
during production of continental crust and much 
more compatible during production of oceanic 
crust. Because of this contrasting behavior, these 
elements are more discriminating indicators than 
Nd, Sr, or Hf isotopes for tracing possible recy- 
cling of either continental or oceanic crust into the 
mantle. 
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The batch melting equations used to construct 
the model are not meant to imply that the con- 
tinental or oceanic crusts were actually produced 
by simple batch melting. Rather, they demonstrate 
that a satisfactory global mass balance exists for 
the chemistries of these crusts, the residual mantle, 
and the initial primitive mantle. Such a balance 
had previously been shown to exist only for the 
combined Rb-Sr and Sm-Nd abundances and iso- 
topic compositions, and the results had been in 
apparent conflict with the isotopic data for Pb. 
This conflict is resolved by the dual partitioning 
behavior of Pb. 
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