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35. THOLEIITES, BASALTIC ANDESITES, AND ANDESITES FROM LEG 60 SITES: 
GEOCHEMISTRY, MINERALOGY, AND LOW PARTITION COEFFICIENT ELEMENTS1 

H. B ~ u g a u l t , ~  R. C. M a ~ r y , ~  M. El Azzouzi,-' J.-L. J ~ r o n , ~  J. C ~ t t e n , ~  and M. Treuil4 

-This chapter presents major oxide and trace elemcnt determinations of igneous whole-rock compositions from sites 
drilled during Leg 60 and electron microprobe mineral and glass analyses of sampla from Sites 454 and 458. Interarc 
basin basalts from the Mariana Trough (Sites 454 and 456) are similar in al1 respects to depleted mid-ocean ridge 
basalts. Basaltic andesites and andesites from Site 458 (Mariana forearc region) are more depleted than mid-ocean 
ridge basalts and show different geochem/cal behavior for Zr-, Hf, and Ti when compared on an extended Coryell- 
Masuda plot. - 

INTRODUCTION 

Samples recovered during DSDP Leg 60 have been 
investigated for major element geochemistry, mineral- 
ogy, and trace element behavior. Major differences be- 
tween Sites 454 to 456 (tholeiites) and Sites 458 to 459 
(basaltic andesites and andesites) correspond to differ- 
ent geological settings. Sites 454 and 456 are located in 
the Mariana Trough, an interarc basin currently spread- 
ing between the Mariana arc and West Mariana Ridge. 
The basalts are Pliocene and Pleistocene in age. At Sites 
458 and 459 we reached lower Oligocene to upper 
Eocene basement in the fore-arc region of the Mariana 
arc. The setting and lithologic character of the igneous 
recovery are described in detail in the site reports of this 
volume. 

THOLEIITES FROM SITE 454 

Chemical Composition (major elements) 
Five magmatic units were distinguished by the ship- 

board oartv at Site 454. In the oresent chaoter, Unit 1 
(massi;e abhyric basalts) is rep;esented by- thrée sam- 
ples: 454-5-1, 454-5-3, and 454-54; Unit II (fragments 
of medium-grained basalt) by Sample 454-6,CC; Unit 
III (thin pillow basalt layers) by Samples 454-8-1 and 
454-10-1; Unit IV (massive basalt flows) by Samples 
454-11-1, 454-11-2. and 454-12-1; and Unit V @illow 
fragments) by Sample 454-16-1. Al1 these lavas are 
aphyric (with the exception of sample 454-54), and 
their composition is representative of magmatic liquids. 

The analyses and C.I.P.W. norms given in Table 1 
show a relatively narrow range of composition, al1 the 
lavas from Hole 454 being clearly basaltic. Calculating 
their norms with the assumption that Fe203 = 1.50%, 
they are either olivine-hypersthene normative (5 sam- 
ples) or hypersthene-quartz normative (3 samples). The 
presence of an important percentage of normative 
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quartz in the case of Sample 454-10-1 seems to  be due to  
an analpical underestimation of Na20 and that of nor- 
mative nepheline in Sample 454-5-3 to overestimation of 
Cao .  The porphyritic Sample 454-54, which contains 
several olivine phenocrysts, is noticeably enriched in 
Mg0  and depleted in SiO2 and A1203 with respect to the 
other samples. Apart from these variations, the silica- 
saturated or oversaturated norms, the low amounts of 
K20 (0.09-0.48%), the Ti02 values close to 1 %, and the 
variation of FeO/MgO versus SiO2 indicate that the 
lavas from Hole 454 have clearly a tholeiitic character 
and that they are typical of the MORB magmas group 
on the basis of major element geochemistry. 

Mineralogy 
From the petrographic point of view, two types of 

lavas from Site 454 can be distinguished: glassy samples 
containing only phenocrysts of olivine and minute octa- 
hedra of brown spinel (454-8-1.454-16-1) and medium- 
to well-crystallized basalts with plagioclase, pyroxene, 
olivine, and magnetite in the matrix, and occasionally as 
phenocrysts. 

Spinel-OlivineClass Tholeiite (Sample 454-8-1) 

This sample contains 10% idiornorphic olivine phe- 
nocrysts and 0.1 qo brown spinel octahedra about 10 pm 
in size, both of them dispersed in brown homogeneous 
fresh glass. Some olivine phenocrysts contain glassy in- 
clusions up to  200 pm. 

The spinels (Table 2) are relatively constant in com- 
position, ranging from 43.8 to  50.5% of (Mg, Fe) 
Cr204, 41.9 to 47.4% of (Mg, Fe) A1204, and 6.1 to 
9.0% of (Mg, Fe) Fe3t0,. Their Mg/Fe2+ ratio is close 
to 2.2 (2.07-2.42); thus magnesiochromite is the most 
important compositional end member of these spinels. 
Their frequent occurrence as idiomorphic inclusions in 
olivine phenocrysts proves that they represent the liq- 
uidus phase of the tholeiitic magmas from Site 454. 

The olivine compositions (Table 3), are 
remarkably constant, without any compositional zoning 
detectable within the limits of precision of the micro- 
probe. The temperatures of possible equilibrium of 
these compositions with that of the total rock as well as 
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with that of the glassy matrix have been calculated using 
Leeman and Scheidegger's (1977) method: they Vary in a 
somewhat irregular manner from 1300°C to llûO°C; 
consequently the olivine phenocrysts cannot be consid- 
ered entirely as products of equilibrium crystallization 
of the enclosing lavas. 

Glasses. Their compositions and C.I.P.W. norms are 
given in Table 4. The homogeneity of the glassy matrix 
is fairly good; its composition is that of a quartt- 
normative tholeiite and does not differ very much from 
that of the total rock (with the exception of MgO, de- 
pleted in the glass): it is fairly similar to the composition 
of the most evolved basalts of Hole 454, which can thus 
be considered as derived from magmas close in compo- 
sition to Sample 454-8-1 by fractionation of about 10% 
olivine phenocrysts. 

The glassy inclusions in olivine (Table 4, analyses 
18-20) show compositional gradients, with systematic 
increases of SiO, and Al2O3, and decreases of FeO* and 
Mg0  from their cores to their rims; this indicates that at 
the time of quenching, olivine was still crystallizing at 
the expense of its glassy inclusions, the composition of 
which is markedly depleted in MgO. 

Plagioclase and Pyroxene-bearing Tholeiite 
(Sample 454-11-2) 

In the matrix of this sample, the plagioclase crystals 
range in composition from labradorite (An,) to  by- 
townite (An,,); a plagioclase phenocryst (400 gm in di- 
ameter) shows a normal-.type zoning from Anb3 (core) to 
An,, (rim). 

Some clinopyroxene analyses are presented in Table 
5. In the Ca-Mg-(Fe + Mn) diagram, the phenocrysts lie 
near the augite/salite boundary, close to the diopside 
field; the composition of microlites is less calcic and 
more iron-rich (augite). These pyroxenes have high 
A1203 concentrations (4-7%). and moderate Ti02 (1.2- 
1.607,). such as many pyroxenes from MORB-type mag- 
mas (Muir and Tilley, 1964; Mevel et al., 1979). 

BASALTIC ANDESITES AND 
ANDESITES FROM SITE 458 

Lithology 

The five lithologic units in Hole 458 are represented 
in the present chapter by 14 samples: Unit I (glassy to 
fine-grained pillowed lavas) by Samples 458-28-1, 458- 
29-2, and 458-30-2; Unit II (massive flows or sills) by 
Samples 458-32-3, 458-33-2, 458-35-2, and 458-37-2; 
Unit III (glassy to fine-grained lavas) by Samples 458- 
39-3 and 458-40-1; Unit IV (glassy to fine-grained, mas- 
sive to pillowed lavas) by Samples 458-41 -1,458-43-1, 
and 458-44-1; Unit V (massive fine-grained lava) by 
Samples 458-47-1 and 458-48-1. The occurrence of a 
major discontinuity between Units III and IV has been 
proposed (see site report, this volume) on the basis of 
abrupt variations of magnetic inclination and rock com- 
position, the plagioclase-free bronzite andesites charac- 
teristic of this site occurring only in Units 1 and III. 

Petrographically, three kinds of lavas can be distin- 
guished among the samples available to us: (1) porphy- 

ritic basaltic andesites and andesites, with clinopyroxene 
and/or plagioclase phenocrysts, plagioclase, pyroxene, 
magnetite, and glass in the matrix (Sarnples 458-28-1, 
458-29-2, 458-30-2, 458-32-3, 458-37-2, 458-48-1); (2) 
aphyric, predominantly glassy to fairly crystallized ba- 
saltic andesites or andesites, with plagioclase, clinopy- 
roxene and magnetite in the matrix (Samples 458-35-2, 
458-39-3, 458-40-1. 458-41-1, 458-43-1, 458- 47-2; (3) 
plagioclase-free andesite (Sample 458-44-1) containing 
bronzite phenocrysts, clinopyroxene microphenocrysts 
and microlites, and glass. 

It is noteworthy that the single bronzite andesite sam- 
ple found among those available to us does not belong 
to Units 1 or III, where such lavas are relatively com- 
mon, but to Unit IV, which was overlooked initially. Its 
occurrence undercuts an important argument for the 
presence of a major discontinuity between Units 111 and 
IV-Le.. the restricted occurrence of bronzite andesites 
in the upper part of the Site 458 igneous pile. 

Chernical Composition (Major Elements) 

The analyses and norms of 14 samples from Site 458 
are presented in Table 6. 

1) All these lavas are clearly of orogenic affinities (in 
contrast to  Hole 454). Almost al1 of them are silica- 
oversaturated, the amount of normative quartz reaching 
more than 10%. The Ti02 percentages are character- 
istiçally very low: about 0.3% in the three upper units 
and 0.5 to 1 % in the lower ones. The K20 values, often 
higher than 1%. are too high for anorogenic basic tho- 
leiitic magmas; for similar SiOz contents, the composi- 
tions are very different from that of Hole 454 lavas, 
which are MORB-type. Lavas from Site 458 can thus be 
considered mainly aphyric or subaphyric andesitic 
(sensu laro) rocks, a type rare in island arc magmatism. 

2) If S i02 values are taken into consideration, they 
define a relatively narrow compositional range (51- 
56%); following current classifications of calc-alkaline 
series, lavas with SiOz <53% can be called basaltic 
andesites, those with SiOz >53%, andesites. 

3) Generally speaking, lavas from the different units 
are fairly sirnilar; owirig to the $maIl number of avail- 
able samples, it is difficult to distinguish these units one 
from another on the basis of major element geochem- 
istry. It is noteworthy, however, that the TiO, contents 
of the three upper units are distinctly lower than in lavas 
of the two others; this chemical difference supports the 
idea of a major discontinuity between Units III and IV. 

4) The plagioclase-free bronzite andesite Sample 
458-44-1 appears to be one of the most evolved lavas of 
the group (SiO, = 55.78%), but its chemical composi- 
tion is in no way unusual and is almost identical to that 
of some plagioclase-bearing andesites (e.g., Sample 458- 
33-2). 

Minernlogy 

Bronzite Andesite (Sample 458-44-1) 

A thin section of this rock shows a few phenocrysts 
of orthopyroxene (< 1%) in a matrix containing 65% 
brown glass and 35% elongated laths of clinopyroxene. 



Some of the latter crystals reach a size of 100 x 25 pm 
and may be considered microphenocrysts, the smaller 
ones being microlites. This rock may be considered a 
member of the boninite group (Kuroda et al., 1978); it 
differs from the boninites already dredged from the 
Mariana arc slope (Dietrich et al., 1978) by its lower 
Mg0  content and by lack of olivine and clinoenstatite. 
Representative analyses of pyroxenes and glasses from 
Sample 458-44-1 are given in Tables 7 and 8; the pyrox- 
enes have also been plotted on the Ca-Mg-(Fe + Mn) 
diagram in Figure 1. 

Bronzitephenocrysts reach in thin section a size of 800 
x 400 pm; their orthorhombic symmetry has been con- 
firmed by X-rays. The composition of their cores is 
close to Wo, En, Fs,,; their rims may be slightly more 
iron-rich (Table 7, analyses 26 to 31). They contain sig- 
nificant amounts of Cr203 (up to 0.7%). and their TiOl 
and A1203 contents are very small. 

Problem of the ferroaugite phenocrysts. In an at- 
tempt to measure the transition metals content of the 
pyroxenes from Sample 458-44-1, 1 gram of these py- 
roxenes was separated from the total rock by density 
and magnetic sorting. Thirty grains of dark green clino- 
pyroxene, up to 200 pm in size, were recovered during 
this operation. Microprobe study proved that they are' 
Ca-Fe-rich clinopyroxenes (Table 7, analyses 31-36). In 
the pyroxene classification diagram (Fig. 1) most of 
them lie in the ferroaugite field, near the ferrosilite/ 
hedenbergite-ferrohedenbergite boundary. They con- 
tain significant amounts of Na20 (0.8 to 1 %) and M n 0  
(0.7 to 1%) and are poor in Ti02 and A1203. Although 
these crystals have not been observed in thin section and 
the small available weight of sample precludes further 
study, contamination of the oxides during sorting seems 
to be excluded. Furthermore, some Fe-Ca-rich clinopy- 
roxenes, including ferroaugite, have been found in situ 
in the matrix of the sample; boninites contain relatively 
iron-rich clinopyroxenes (Kuroda et al., 1978). Obvi- 
ously such a Fe-rich clinopyroxene cannot have crystal- 
lized in equilibrium with bronzite; the orthopyroxene- 
clinopyroxene geothermometry (Wood and Banno, 

1973; Wells, 1977) gives unreasonable results (650°C- 
850°C) for this pair. If the occurrence of Ca-Fe-rich 
clinopyroxene phenocrysts in other bronzite andesite 
samples from Site 458 is confirmed, it will be necessary 
to consider these minerals as coming from a late stage of 
crystallization of calc-alkaline magmas of the boninite 
family. 

Microphenocrysts and microlites. Their composition 
is surprisingly variable: extremely magnesian pigeonite 
(En,,.,,), augite, ferroaugite, subcalcic augite, and sub- 
calcic ferroaugite have been found (Table 7 and Fig. 1). 
Strong compositional variations can be observed in in- 
dividual microphenocrysts. Table 7 (analyses 37-42) 
presents three examples of these variations: a core of 
subcalcic ferroaugite with a rim of magnesian pigeonite, 
a core of magnesian pigeonite with a rim of augite, and 
a core of ferroaugite with a rim of subcalcic augite. The 
most calcic microphenocrysts and microlites (augite, 
ferroaugite) contain very high amounts of alumina, a 
peculiarity for which we have no explanation at present. 
Magnesian pigeonite and augite are the most abundant 
clinopyroxene varieties in the matrix. 

The considerable compositional scatter of these py- 
roxenes is probably a result of their rapid crystallization 
in a heterogeneous liquid (see the following). Generally, 
the major trend (Fig. 1) is a progressive increase of Ca 
and Fe from bronzite phenocrysts to ferroaugite micro- 
lites and microphenocrysts, and eventually (at a later 
stage of magmatic evolution?) to the ferroaugite pheno- 
crysts described earlier. It is compatible with the hy- 
pothesis of a progressive separation of bronzite pheno- 
crysts (together with olivine?) from the initial liquid. 

Glasses (Table 8). Their composition is dacitic and 
roughly similar to that of the perlitic dacite of the bo- 
ninite group described by Kuroda et al., 1978, excepted 
for their high AI,03 contents (18%), which may repre- 
sent secondary alteration. The glasses analyzed far from 
pyroxene microlites or microphenocrysts are fairly iden- 
tical (Table 8, analyses 51-56). Compositional gradients 
can be observed in the vicinity of the pyroxenes (Table 
8, analyses 55-59): Si and Al increase, Fe, Mg, and Ca 

Figure 1. Hole 458: Samplc 45844-1, clinopyroxene composition from bronzite andesite. 
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decrease toward the pyroxenes, indicating that the rate ences in TiO, content between pyroxenes from these two 
of crystallization of the pyroxenes was higher than the types of lavas. 
rate of diffusion in the surrounding liquids; near the The compositions of plagioclases (Table 10) are lab- 
pyroxenes, the glasses are thus depleted in the main radorite or bytownite. The microlites are usually more 
components of these minerais, as predicted by Albarede calcic (An,,.,,) than the phenocrysts, the zoning of 
and Bottinga (1972). which is predominantly normal. 

Plaeioclase-bearine Baseltic Andesites and Andesites CHEMICAL COMPOSITlON OF LAVAS FROM - - 
Four samples of plagioclase-bearing and orthopyrox- OTHER S~TES (HOLES 456,45649, AND 4598) 

ene-free andesites. 458-29-2 (Unit 1). 458-33-2 and The analvses of five lavas from Holes 456 and 456A 
458-37-2 (Unit II), and 45847-1 (Unit Y), have been in- 
vestigated by microprobe. They range in composition 
from relatively basic basaltic andesites (Sample 458- 
29-2, with Si02 = 51.54) to andesites (Sample 454-33-2, 
with SiOz = 55.50) chemically similar to the bronzite 
andesite sample described earlier. 

Pyroxenes (Table 9 and Figure 2). The phenocrysts 
from Samples 458-29-2, 458-33-2, and 458-37-2 have a 
restricted range of composition, and most of them lie in 
the endiopside field near the endiopside/augite bound- 
ary. According to the composition of the total rock, the 
pyroxenes from Sample 458-47-1 are less magnesian and 
lie in the augite field as do most of the pyroxenes of 
orogenic magmas series. With respect to the pheno- 
crysts, the microlites are enriched in iron, with or with-. 
out corresponding decrease of their calcium contents; 
most of them lie in the augite field. Pyroxenes of en- 
diopsidic compositions have been reported from a num- 
ber of lavas, most of them located in orogenic series 
(Konda, 1970; Lowder, 1970; Ewart, 1976); their occur- 
rence in MORB-type lavas seems to  be less frequent 
(Wood et al., 1979a). The pyroxenes from plagioclase- 

and seven fiom Hole 4598 are given in Table 11A. Ma- 
jor element composition of gabbros recovered in Hole 
453 are given in Table 11 B. 

Lavas from Holes 456A and 456 can be classified 
either as aphyric basalts with olivine, pyroxene, plagio- 
clase, magnetite, and glass in the matrix (Samples 456A- 
12-1 and 456-18-1) or as basalts containing some plagio- 
clase phenocrysts, the matrix remaining identical to the 
former (Samples 456A-14-1, 456-16-2, and 456-19-1). 
All of these lavas are olivine-hypersthene normative, 
low in K20  (<0.4%), and moderately low in TiOz 
(1 .l-1.2%). Their similarities with Hole 454 lavas are 
striking, and they can be related to a MORB-type mag- 
matism. 

Lavas from Hole 4598 contain plagioclase, olivine. 
pyroxene, magnetite, and glass in their matrix; they are 
either aphyric (Samples 459B-60-2, 4598-61-2, 459B- 
66-2, and 459B-72-3) or porphyritic with plagioclase, 
clinopyroxene, and olivine phenocrysts (Samples 459B- 
60-1,459B-69-1, and 459B-73-2). All of them are quartz- 
normative, low in TiO, (0.7-1.1 %), and have a compo- 
sition similar to that of basaltic andesites and andesites 

bearing lavas at Site 458 also have very low ~ i ~ i c o n t e n t  from Site 458 (orogenic magma type). 
(mean value: 0.18%), and their A1203 percentage is 
close to 22%. These characteristics are in good agree- LOW COEFFICIENT ELEMENT: 

ment with the orogenic affinity of the surrounding Nb/Ta. Zr/Hf, AND Y/Tb RATIOS 
lavas; indeed, Le Guen et al. (1979) have shown that py- Concentrations of these elements related to the first 
roxenes from orogenic basic volcanic rocks contain less (Ti, V), second (Y, Zr, Nb), and third transition series 
TiO, and A1,0, than those from ocean crust basalts; (rare earths: La, Ce, Eu, Tb, Hf, Ta) plus Th are given 
Nisbet and Pearce's (1977) diagrams also show differ- in Tables 12 to 16. Because of the similarities of their 
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Figure 2. Hole 458: Clinopyroxene composition from lavas. (Black symbols = cora  of phenocrysts, 
open symbols = rims of phenocrysts. symbols with crosses or lincs = matrix.) 



chemical and physical properties, the elements of the 
pairs Y-Tb (group IIIA), Zr-Hf (group IVA), and Nb- 
Ta (group VA) do not fractionate or fractionate very lit- 
tle with respect to each other during magmatic proc- 
esses. This has been shown to be the case for oceanic 
tholeiites (Bougault et al., 1979). We shall first, then, 
examine the behavior of these three pairs of elements ac- 
cording to the two main groups of samples recovered, 
respectively, at Sites 454 and 456 (tholeiites) on the one 
hand and 458 and 459 on the other (basaltic andesites 
and andesites). 

Y is plotted versus Tb in Figure 3. As exPeiteci, there 
is a very good correlation between both elements; the 
data plots near a straight line passing through the 
origin. The Y/Tb ratio observed in abyssal tholeiites 
(Bougault et al., 1979) is between 40 and 50, close to the 
chondritic ratio of 46, taking 2.16 ppm for Y and 0.047 
ppm for Tb as average values in chondrites. The ratio 
defined by the line in Figure 3, about 50, is in the upper 
range of Y/Tb ratios observed for oceanic tholeiites. 
We note that there is no significant difference between 
the two groups of samples at Sites 454 and 456 on the 
one hand and 458 and 459 on the other. 

The plot Hf-Zr is presented in Figure 4. It is also 
represented by a straight line passing through the origin; 
the ratio Zr/Hf is 40; this ratio, together with the dis- 
persion of points around the line, is aiso the same as for 
oceanic tholeiites-the chondrite ratio. Again, there is 
no significant difference between Holes 454 and 456 and 
458 and 459. 

Nb and Ta are plotted in Figure 5.  The cross repre- 
sents the reproducibility of measurements, which is not 
in the confidence range of absolute values. lt seems that 
the Nb/Ta ratio presents a slight difference between 
Holes 454 and 456 and 458 and 459. Although the aver- 
age ratio is higher than the ratio observed in oceanic 
tholeiites (18). the difference is probably not analytic- 
ally different, given the precision of the measurements. 
In addition to  the reproducibility of measurements 
themselves, the absolute concentration in Nb cannot be 
specified with a precision better than 1 ppm. Thus if Nb 
concentrations have been overestimated by 1 ppm, the 
corrected Nb/Ta ratio would correspond to the ratio 
already observed in oceanic rocks. This is highly prob: 
able, especially if we take into account the results ob- 
tained for the two other pairs, Zr-Hf and Y-Tb, which 
have ratios identical to oceanic basalts. 

In spite of the Nb/Ta ratio, which has to be inter- 
preted with analytical precision in mind, we can affirm 
that the three pairs of elements Nb-Ta, Zr-Hf, and Y-Tb 
present the ratios observed in oceanic rocks and that 
there are no significant differences between the tholei- 
ites and the basaltic andesites and andesites. 

Behnvior of Hygromagmnphile Elements: 
The Use of an Extended Coryell-Masuda Plot 

Figure 3. Y vcrsus Tb, al1 samplcs. 

ing both notions into consideration it has been shown 
that the low partition coefficient elements can be classi- 
fied according their "bulk" partition coefficients, at 
least as far as oceanic tholeiites are concerned (Bougault 
et al., 1979). Recently, Sun et al. (in press) and Wood et 
al. (1979) proposed an extension of the plot of Coryell 
and Masuda (Masuda, 1962; Coryell et al., 1963) in- 
cluding other elements besides rare earths. It can be 
shown that not al1 elements can be included in such a 

The adjective "hygromagmaphile" was first intro- plot, but only lithophile and hygromagmaphile elements 
duced by Treuil (1973) to emphasize that the behavior of (Bougault et al, in preparation). The big difficulty in 
low partition coefficient elements is not a question only making such an extended Coryell-Masuda plot is the 
of incompatibility in a crystai structure (the notion of knowledge of chondritic average concentrations for ele- 
L.I.L. elements) but also of affinity for the liquid. Tak- ments such as Th. Ta, Nb. Zr, and Hf. We have deter- 



Figure 4. Zr versus Hf. (Symbols same as in Fig. 3.) 

mined theoretical chondritic concentrations through 
comparative geochemistry of several oceanic basalts 
(Table 17) and the precise locations where these ele- 
ments should be plotted with respect to the rare earths. 
These locations confirm the previous classification of 
these elements comparative to rare earths (Bougault et 
al., 1979). From a theoretical point of view we propose 
the following relationship to account for both the in- 
compatible and hygromagmaphile character of these 
elements: 

where Ri is the ionic radius of the low partition coeffi- 
cient element, n its charge, and A R,  the difference be- 
tween the ionic radius of the element and the major ele- 
ment for which it substitutes in the crystal structure. 
The parameter a represents the relative weight of the in- 
compatibility and the hygromagmaphile character. This 
relationship allows us to place the elements Th, Ta, Nb, 
Zr, Hf, Ti, and Y in exactly the same position as they 
occupy in the comparative geochemistry (Bougault et 
al., in preparation). Thus rather than present a Coryell- 
Masuda plot based on atomic numbers (which is some- 
what difficult for non-rareearth elements), the ex- 
tended Coryell-Masuda plots in the present chapter are 
based on the parameter @ plotted against the abscissa. 
An example is given in Figure 6 for Mid-Atlantic Ridge 
basalts, 45ON, FAMOUS area and Leg 37, and 22"N 
(Leg 45). On this figure can be seen the difference in 

Figure 5.  Nb versus Ta. (Symbols same as in Fig. 3.) 

Ta/La ratio beween the FAMOUS area (37ON and 
45"N on the one hand and 22"N on the other, a dif- 
ference described elsewhere by Bougault et al. (in prep- 
aration). 

The extended Coryell-Masuda plot for Sites 454 and 
456 is presented in Figure 7. These plots are very similar 
to mid-ocean ridge tholeiites with flat to light rare- 
earthdepleted patterns. They resemblp what have been 
called normal or "depleted" tholeiites, such as 22"N 
samples (Fig. 6). Samples from Sites 434 and 456 show 
the same "Ta, Nb a n ~ m a l y " ~  as 22ON samples (Fig. 6). 

"Ti. Nb anomslv" means thsr Ta and Nb normabud vduri arc difkrcni land lown) 
ihm the La norrndizcd rducr II hnr k m  rhawn ihni irnnsitiand IO altalic affiniiy briills 
have the urne Ta. Nb. and La normslizcd vslun t h g  6) .  ihis ir no1 thc u w  foi 11'N 
runoles The nallon of "Ta Nb morndr" corrcrwndr te the Iwo differrni h,Ti raiiol 



Figure 6. North Atlantic: Exampks of normaliz+ chrondrite abundances. 
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Figure 7. Normalired chondrite abundancn for Hole 454 and Site 456. For Hole 454 and Site 456 the 
limits corresponding to dots are related to the range of variation in the hole or site. For Hole 456A, 
Sample 456A-12-1, 6244 cm (open squares) is outside the limits. 



Figure 8 shows the extended Coryell-Masuda plot for 
Sites 458 and 459. On the basis of these patterns, Hole 
458 samples can be divided into two groups: (1) samples 
from Cores 28 to 40, plus Samples 458-44-1 and 458- 
54-58 (boninite affinity), and (2) others. Group 1 pre- 
sents two characteristic features: low rare earth content 
and Zr, Hf, and Ti anomalies compared to oceanic tho- 
leiites. These anomalies are characterized by higher 
chondrite normalized ratios compared to adjacent rare 
earths (Eu, Tb); in addition there is fractionation of Zr, 
and Hf with respect to Ti. For comparison, the data of 
Dietrich et al. (1978) from the Marianas region are plot- 
ted in Figure 9. The samples of dredges 1398 and 1404 
have characteristic patterns of tholeiites. This is ob- 
viously not the case for sample of dredge 1402, which 
has shoshonitic affinities, and probably not the case for 
basalts of 1402, which present a fractionation of heavy 
rare earths. The boninite type rocks of dredge 1403 
show similar features with Group 1 in Hole 458: low 
abundances of rare earths and Zr-Ti fractionation. In 
addition, in both cases V does not plot on the rare earth 
pattern. Whether a similar phenomenon occurs among 
Leg 60 samples needs to be confirmed by analyîis of 
heavy rare earth elements. In the lower middle part of 
the diagram, from Zr to Y,  the points are linked by a 
continuous line to emphasize the atypical behavior of 
these elements at  Sites 458 and 459 samples compared 

with the typical behavior of tholeiites, which should be 
represented by the discontinuous line (rare earth curve). 

Considering Group 2, those samples of Hole 458 with 
higher rare earth abundances have less, even negligible, 
fractionation of Zr and Hf with respect to Ti, but the 
chondrite normalized abundances of these three ele- 
ments are still higher than those of Eu and Tb. Al- 
though to  a lesser degree, the same feature is observed 
among Hole 459B samples. All samples from Sites 458 
and 459 show a higher Y/Tb ratio than chondrites. 

Al1 samples in Group 1 in Hole 458 are glassy or 
aphyric and may be considered to represent liquid com- 
positions. The difference in the behavior of hygromag- 
maphile elements between these rocks and the tholeiites 
at Sites 454 and 456 is probably due to major differences 
both in the initial solid materials and in the manner of 
melting. 

From the figures presented, it is easy to  see that the 
diagram Zr, Ti, Y proposed by Pearce and Cann (1973) 
distinguishes no significant differences among oceanic 
tholeiites. For oceanic tholeiites, Zr and Ti do  not frac- 
tionate with respect to each other (Bougault et al., 
1978). and the Pearce-Cann diagram is limited to the 
fractionation of Zr and Ti with respect to Y. From the 
position of these elements in the extended Coryell- 
Masuda plot it is clear that the fractionation is the same 
as that of Sm with respect to Tb. We know that such 

Sample 458-44-1. 54-58 cm 
iban~nire affin~rier) 

O Sample 458-47 2.34-37 cm 
A Sample 458.44.1.54-58 cm 

Figure 8. Normal id  chondrite abundances for Holes 458 and 459B. 
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Figure 9. Normalized chondrite abundances from Dietrich et al. (1978). 

fractionation is very slight among oceanic tholeiites. By 
contrast, the Pearce-Cann diagram would show signifi- 
cant differences between Site 458 samples and oceanic 
tholeiites because of the fractionation of Zr, Ti, and Y 
in these rocks. Nevertheless we prefer to use the pro- 
posed extended Coryell-Masuda plot, which emphasizes 
the same features but at the same time allows a com- 
parison of several hygromagmaphile elements. 

CONCLUSIONS 
Major element composition and mineralogy define 

samples recovered at  Sites 454 and 456 as oceanic tholei- 
ites. The extended Coryell-Masuda plots, including 
within rare earths other low partition coefficient ele- 
ments, correspond to typical light-rare-earth-depleted 
tholeiites with a La/Ta ratio about 20 (this ratio is about 
9 in tholeiites which have flat- or light-rare-earth-en- 
riched patterns). 

The samples recovered at Sites 458 and 459 are ba- 
saltic andesites or andesites, based on major element 
compositions and mineralogy. The bronzite andesite 
Sample 458-44-1 may be considered as a member of the 
boninite group; it shows a very complex pyroxene 
mineralogy (bronzite and ferro-augite phenocrysts and 
wide compositional range in the matrix). The extended 
Coryell-Masuda plots show three major differences be- 
tween these rocks and tholeiites: The absolute abun- 
dances of rare earths and other low partition coefficient 
elements are lower than in tholeiites, the Zr-Hf pair 
does not plot on the line defined by rare earths, and 
fractionation exists with respect to Ti. 
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Table 1. Hole 454: Major elmenu and C.I.P.W. norms. 

Sample 454-5-1. hmple  454-5-3. S.mple 454- 4 Sunplc 4544,CC. Sample 454-8-1. Sunplr 454-10.1. Simple 454-1 1-1. Sampk 454-1 1-2. Samplc 4S4-12-1. &mplc 454-14.1, Sample 4%-16-1 
38-40 cma 52-54 cm' 50-52 cm 1618cma 35-37 cm 58-60 cm" 78-80 cma 41-43 cma 88-90 cma 12-14 cm 138-141 cm 

Total 100.81 100.03 

Lors on 1 .O9 0.99 
I8nation 
IlO'C 

2 Lors on l .27 3.95 
Ignition 
inqn-r 

il 1.90 1.83 1.61 1.79 1.70 1 .Y 1.82 
.P 0.31 0.31 0.37 0.26 0.31 0.34 0.31 
S.I. 36.75 43.07 58.02 44.62 30.61 44.28 , 42.68 
D.I. 26.46 19.57 18.41 . 21.69 20.14 18.99 23.42 

Note: The norms are calculated on the baris of F e p j  = 1.5% (total Fe uidyrir is dven as Fe203). 
Subaphyric basalts: 8Iarr. ol~vinc. pyroxene. plagioclase. and magnctite are prewnt in the matrix 
Porphyritic: oliv~ne, pl.<ioclpx. and pyroxcne arc prexnt as phenocrysis. The matrix is olivine. piagiocluc. pyroxenc. rmsnetite. and glus. 



Table 4. Hole 454: Major elements and C.I.P.W. norms of glasses 
from Sample 454-8-1. 

Table 2. Hole 454: Sample 454-8-1, spincl analyses normalizcd 
to 32 oxygens. 

Analysis 

Si02 
Ti02 
Al203 
Cr203 
Fe203 
Fe0 
Mn0 
Mg0 
C a 0  
Na20 
K20 
Total 

Note: Fe2+ and Fe3 + estimated from stoichiometry. All mi- 
croprobe analyses reported in this chapter were performed 
with a CAMEBAX automatized microprobe (working con- 
ditions: HISkV, 10-12 nA. counting lime: 6 s). 

Table 3. Hole 454: Samplc 454-8-1, olivine analyse normalized to 4 
oxygens. 
- 
Analys~s 

si01 
r,oz 

:::O: 
Fa>. 
M n 0  
M g 0  
Cao  
Na20 
K 2 0  

Total 

Si 
TI 
A l  
Cr 
f r  
M n  

M g  
C. 
N i  
K 
Fo Ii 

7 
-. - 

41 04 
0 00 
0 0 1  
0 0 0  
9 70 
O 26 

48 89 
O 12 
O 00 
O m 

lm 25 

1 M 2  
O m o  
O mi 
OMO 
O 198 
oc06  
1 780 
O M8 
O MO 
O m o  

89 74 

40 63 
O UO 
0 to 
om 

10 20 
O 18 

48 83 
O IO 
O O1 
O m 

im 25 

O 995 
O m o  
O 003 
OMO 
O 2Ov 
O n>o 
1 783 
O M8 
O mi 
O m o  

89 14 

41 16 
O 00 
O M  
O m 

10 19 
O 14 

48 59 
0.27 
0 0 0  
O m 

im 13 

1006 
O m o  
OMm 
O mi 
O 208 
O 001 
1770 
O a>, 
O mo 
O m 

89 14 

10 

40 64 
O 00 
O 08 
O m 

10 48 
O 11 

49 11 
O 26 
0 01 
O 01 

lm 10 

O 992 
O MO 
O 002 
O M o  
O 214 
O M 2  
1 788 
O 007 
O m o  
O m o  

69 21 

41 04 
O 00 
0.04 
0.0s 
9 70 
0.27 

49 71 
0.15 
0.01 
0.03 

101 15 

0.995 
O m o  
O MI 
0.002 
O 197 
O OM 
1 797 
orna 
o.mi  
O mi 

89 88 

40 (* 
O 01 
O 02 
0 0 0  
8 95 
O 16 

49 61 
O 27 
O 01 
O 01 

99 70 

O 996 
O m o  
O 001 
O MO 
0 184 
0 003 
1 812 
O 007 
O m o  
O m o  
9066 

40 RI 
0 O 1  
O O1 
O 06 
9 29 
O 03 

48 W 
0 15 
O m 
Ou)  

99 46 

1 ml 
O m o  
O m o  
O MI 
O 191 
O mi 
1 791 
O m, 
O MO 
O au 
90 13 

Note. 6: phrnaryr t  (. = Uapm)cori 7-10.rorc io iim analyrcr o l r  phcnocryrl about MO 
r m  large 11-13 corc IO rim anslys.. of a phcnecryrt about lm r m  I q c .  Fm.: total 
iron cxpmird 81 Fm. 

Analysis 14 15 16 17 18 19 20 

Si02 
Ti02 
Al203 
;;;O3 

Mn0 
Mg0 
Ca0 
Na20 
K20 
p205 
Total 

Q 
or 
ab 
an 

WO 

di en 
fs 

en 
fs 
mt 
il 
ap 
S.1. 
D.1. 

Note: 14-17: glassy matrix. 18-20 glassy inclusions in olivine (18: 
core; 20: rim). 

Table 5. Hole 454: Sample 454-11-2, pyroxene analyses 
normalized Io 8 oxygens. 

Analysis 
-- 

Si02 
Ti02 
A1203 
Cr203 
FeO* 
M n 0  
Mg0 
C a 0  
Na20 
K20 
Total 

Si 
Ti 
Al 
Cr 
Fe 
Mn 
Mg 
Ca 
Na 
K 
Ca 
Mg 
Fe + Mn 

Note: 21 and 22: cores. 23: rim of a phenocryst. 24 and 
25: matrix. 



Table 6. Hde 458: Major ekwFts end C.I.P.W. nomu. 

- ~ 

1111 2.18 2.20 2.19 2.21 2.20 2.21 2.20 2 . B  2.22 2.20 2.18 2.19 2.22 
iI 0.61 0.61 0.61 0.52 0.56 0.66 0.58 0.67 0.66 2.02 1-05 O.% 1.95 
*P 010  0.10 0.10 0.17 0.14 0.17 0.17 0.10 0.62 0.21 0.21 0.14 0.34 
S.I. 39M 42.50 7 34.77 39.27 29.94 28.34 33.24 39.51 11.27 26.34 38.09 24.68 
D.I. 24.48 25.89 28.49 32.32 10.31 32.93 26.98 31.73 29.74 50.71 37.11 30.45 11.60 



Table 7. Hole 458: Sample 458-44-1, pyroxrne analyses of bronzite andesite normalized to  6 oxygens. 

Phenocrysts 

Analysis 26 27 28 29 30 3 1 32 33 34 35 36 37 

S i02  
T i 0 2  
*l203 
Cr203  
FeO* 
M n 0  
M g 0  
C a 0  
N a 2 0  
K 2 0  
Total 

Si 
Ti 
Al 
Cr 
Fe 
Mn 
Mg 
Ca 
Na 
K 
Ca 
Mg 
Fe + Mn 

- - 

Note: 26 t0 36: phenocrysts (> 100 pm) of  bronzite (26 to 31) and ferroaugite (32-36). 26 and 27: core; 28-31, core to rim analyses of  a 
200 Pm in diameter crystal: 32-34: cores; 35 and 36: rims. 37 42: 20 CO Pm microphenocrysts; 37, 39 and 41: cores; 38, 40, and 42: 
rims; 43-50: microlites (< 20 pm). 



Table 7. (Continucd). 

Microphenocrysts Microlites 

38 ' 39 40 41 42 43 44 45 46 47 48 49 50 

55.49 5 5 .  45.05 50.55 53.96 50.10 47.17 46.01 44.15 55.U 55.08 50.44 54.21 
0.05 0.09 0.97 0.58 0.16 0.56 0.83 0.78 1.19 0.03 0.07 0.01 0.08 
1.13 1.15 10.55 14.55 2.83 5.63 7.90 8.53 10.34 1.14 1.18 1.11 2.58 
0.00 0.24 0.00 0.01 0.06 0.07 0.00 0.00 0.00 0.25 0.31 0.09 0.09 

10.85 11.57 15.08 15.33 9.96 9.64 !3.29 14.39 16.91 11.22 11.06 11.06 14.22 
0.31 0.20 0.22 0.21 0.26 0.15 0.30 0.24 0.13 0.16 ' 0.31 0.22 0.28 

28.57 28.25 10.44 5.32 22.59 15.90 12.51 11.73 19.89 28.23 27.90 28.59 25.68 
3.68 3.43 17.63 10.97 10.01 17.96 17.52 17.37 16.54 3.76 4.11 3.39 4.37 
0.03 0.005 0.27 1.13 0.05 0.23 0.31 0.19 0.23 0.02 0.03 0.29 0.07 
0.02 0.00 0.00 0.31 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.00 

100.13 100.64 100.21 98.96 99.87 100.14 99.83 99.24 99.40 100.06 100.05 101.20 101.58 

1.967 1.971 1.705 1.873 1.948 1.843 1.774 1.753 1.697 1.964 1.%4 1.980 1.931 
0.001 0.002 0.028 0.016 0.045 0.016 0.023 0.022 0.034 0.001 0.002 0.000 0.002 
0.047 0.048 0.470 0.636 0.120 0.244 0.350 0.383 0.469 0.048 0.050 0.046 0.108 

. 0.007 0.007 0.000 0.000 0.002 0.002 0.000 0.000 0.000 0.007 0.009 0.003 0.003 
0.322 0.343 0.477 0.475 0.301 0.297 0.418 0.458 0.544 0.334 0.330 0.324 0.424 
0.009 0.006 0.007 0.006 0.008 0.005 0.010 0.008 0.004 0.005 0.009 0.007 0.008 
1.509 1.491 0.589 0.294 1.215 0.866 0.701 0.666 0.567 1.4% 1.483 1.495 1.364 
0.140 0.130 0.715 0.436 0.387 0.708 0.706 0.709 0.681 0.143 0.157 0.127 0.167 
0.002 0.004 O.OM 0.081 0.004 0.017 0.022 0.014 0.017 0.002 0.002 0.020 0.005 
0.001 0.000 0.000 0.015 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
7.100 6.600 40.000 36.000 20.300 37.700 38.500 38.500 37.900 7.200 7.900 8.500 8.500 

76.200 75.700 32.900 24.300 63.600 46.200 38.200 36.200 31.600 75.700 74.900 76.500 69.500 
16.700 17.700 27.100 40.700 16.100 16.100 23.300 25.300 30.500 17.100 17.100 17.000 22.000 





Table 1IA. Holes 456A, 456, and 459: Major elcments and C.I.P.W. norms of lavas. 

Total 

Loss ai 
Ignition 
110°C 
Lors on 
Igniiion 
IO5O"C 
Q 
or 
ab 
an 
ne 

Y0 

di m 
fi 

m 
fs 
10 
fa 
mi 
II 
ap 
S.I. 
D.I .  

nu, 6% 1 R I  n 71 

Table 1 IB. Hole 453: Major elements @pm). 

Sarnplc 453-53-3, 453-53-5, 453-55-1. 453-55-4. 
(interval in cm) 44-47 77-88 36-48 118-123 

Total 

Loss on 
Ignition 
llO°C 
Loss on 
Ignition 
1050°C 



Table 12. Hole 453: Trace elernents. 

Sample Sc Ti V Cr Mn Fe Co Ni Zn Rb 
(interval in cm) NAA XRF XRF XRF XRF XRF XRF NAA XRF NAA XRF XRF 

Note: XRF = X-ray fluorescence analysis, NAA = neutron activation analysis. 

Table 13. Hole 454: Trace elernents (ppm). 

Sample 
(interval in cm) 

-. - 

454-5-1.38-40 

454-5-3.52-54 

454-54,5&52 

454-6.CC. 16-18 

454-8-1.35-37 

054-10-1.58-60 

454-1 1-1,78-80 

454-1 1-2,41-43 
454-12-1, 88-90 

454-14-1, 12-14 

454-16-1. 138-141 

Average 
Dispersion 

Sc 
NAA 

Ti 
XRF 
- -- 

6MO 

5760 

4980 

5610 

5340 

6000 

5760 

6360 
6120 

7380 

6660 

5964 
i 670 

V Cr 
XRF XRF 

Mn 
XRF 
- 

968 

867 

898 

898 

883 

1069 

968 

1161 
929 

1146 

1216 

Fe 
XRF 
- .- 

56840 

53900 

61180 

58450 

61390 

57960 

57%0 

65100 
57120 

62860 

66220 

Co Ni 

XRF NAA XRF NAA 
Zn Rb 

XRF XRF 
Sr 

XRF 

Note: XRF = X-ray fluorescence analysis. NAA = neutron activation analysis. 

Table 14. Hola 456 and 456A: Trace elements (pprn). 

Sample Sc Ti V Cr Mn Fe Co Ni Zn Rb 
(intervalincm) NAA ' XRF XRF XRF XRF XRF XRF NAA XRF NAA XRF XRF 
-- 
456A-12-1.62-64 36 7380 292 219 1224 70840 30 54 47 742 

34 65 
456A-14-1.25-27 34 6900 247 272 1166 62370 40 84 50 6.13 

42 85 
456-16-2.98-100 30 7140 290 233 2246 71120 37 74 86 O 

33 72 
456-18-1.25-27 32 7260 257 335 1286 66640 34 71 56 7.13 

35 73 
456-19-1.12-15 33 6840 285 314 914 68880 29 44 89 4.46 

29 57 
Average 7635 270 
Dispersion 200 21 

Note: XRF = X-ray fluorcxcnce analysis, NAA = neutron activation analysis. 

38 



Table 12. (Continued). 

Sr Y Zr Nb Sb Cs Ba La Cc Eu Tb Hf Ta Tb 
XRF XRF XRF XRF NAA NAA NAA NAA NAA NAA NAA NAA NAA NAA 

Table 13. (Coniinued). 

Y Zr Nb Sb Cs Ba La Ce Eu Tb Hf Ta Th U 
XRF XRF XRF NAA NAA NAA NAA NAA NAA NAA NAA NAA NAA NAA 

Table 14. (Continued). 

Sr Y Zr Nb Sb Cs Ba La Ce Eu Tb Hf  Ta Th U 
XRF XRF XRF XRF NAA NAA NAA NAA NAA NAA NAA NAA NAA NAA NAA 

232 30 72 3.55 0.08 0.17 51 5.05 11.8 1.23 0.66 1.94 0.16 0.69 0.13 



Table 15. Hole 458: Trace elements @pm). 

Sample Sc Ti V Cr Mn 
(interval in cm) NAA XRF XRF XRF XRF 

Fe 
XRF 

Co 

XRF NAA 

Ni 

XRF NAA 
Zn Rb 

XRF XRF 
- - 

458-28-1, 102-104 
458-29-2, 51-54 35 

458-30-2,32-35 34 

458-32-3.110-1 12 32 

458-33-2,115-117 34 

458-35-2,95-98 
458-37-2.31-35 
458-36-3.24-27 32 

45840-1,116-118 30 
Average 
Dispersion 
458-41-1.60-63 24 

458-43-1.88-92 
458-44-1.54-58 30 

458-47-1.56-59 30 

458-47-2.34-37 28 

4584-1.41-43 30 

- 

Note: XRF = X-ray fluorescence analysis, NAA = neutron activation analysis. 

Table 16. Hole 4598: Trace elements (ppm). 

Sample Sc Ti V Cr Mn Fe Co Ni Zn Rb 
(interval in cm) NAA XRF XRF XRF XRF XRF XRF NAA XRF NAA XRF XRF 

Note: XRF = X-ray fluorescence analysis, NAA = neutron acrivation analysis. 

Table 17. Rare rnrth abundances (ppm) chosni for normalization. 

Tha Taa La ~b~ Cc Pr Nd Zra Hra Sm ~ i '  

0.028 0.031 0.315 0.53 0.81 0.112 0 . M  3.11 0.128 0.19 460 - 
Eu Cid Tb ya Dy Ho Er Tm Yb Lu va 

0.072 0.26 0.047 2.16 0.12 0.07 0.21 0.01 0.2 0.032 22 - 



Table 15. (Continued). 

Sr Y Zr Nb Sb Cs Ba La Ce Eu Tb Tb Ta Th U 
XRF XRF XRF XRF NAA NAA NAA NAA NAA NAA NAA NAA NAA NAA NAA 

100 6.% 35 1.60 
98 4.56 35 1.33 0.12 0.06 16 0.50 1.3 0.28 0.11 0.81 0.05 0.13 

Table 16. (Continued). 

Sr Y Zr Nb Sb Cs Ba La Ce Eu Tb Hf Ta Th U 
XRF XRF XRF XRF NAA NAA NAA NAA NAA NAA NAA NAA NAA NAA NAA 




