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INTRODUCTION

Hole 433C, a multiple re-entry hole drilled in 1862
meters of water on Suiko Seamount in the central Em-
peror Seamounts, penetrated 387.5 meters of lava flows
overlain by 163.0 meters of sediments. The recovered
volcanic rocks consist of three flow units (1-3) of alkalic
basalt underlain by more than 105 flows or flow lobes
(Flow Units 4-67) of tholeiitic basalt. The stratigraphy
of the site and locations of the samples studied are
shown in Figure 1.

This study reports trace-element, including rare-earth
element (REE), data for 25 samples from 24 of the least
altered tholeiitic flows. These data are used to evaluate
the origin and evolution of tholeiitic basalts from Suiko
Seamount and to evaluate changes in the mantle source
between the time when Suiko Seamount formed, 64.7 ±
1.1 m.y. ago (see Dalrymple et al., this volume), and the
present day.

Stearns (1946), Macdonald and Katsura (1964) and
Macdonald (1968) have established that chemically dis-
tinct lavas erupt during four eruptive stages of develop-
ment of a Hawaiian volcano. These stages, from initial
to final, are shield-building, caldera-filling, post-cal-
dera, and post-erosional. The lavas of the shield-build-
ing stage are tholeiitic basalts, which erupt rapidly and
in great volume. The shield-building stage is quickly fol-
lowed by caldera collapse and by the caldera-filling
stage, during which the caldera is filled by tholeiitic and
alkalic lavas. During the post-caldera stage, a relatively
thin veneer of alkalic basalts and associated differenti-
ated lavas are erupted, sometimes accompanied by mi-
nor eruptions of tholeiitic lava. After a period of vol-
canic quiescence and erosion, lavas of the nephelinitic
suite, which include both alkalic basalts and strongly
SiO2-undersaturated nephelinitic basalts, may erupt
from satellite vents during the post-erosional stage.
Many Hawaiian volcanoes develop through all four
stages; but individual volcanoes have become extinct be-
fore the cycle is complete.

We interpret the tholeiitic lavas drilled on Suiko Sea-
mount to have erupted during either the shield-building
or the caldera-filling stage, and the overlying alkalic
flows to have erupted during either the caldera-filling or
the post-caldera stage (see Kirkpatrick et al., this vol-
ume).
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SAMPLES STUDIED

The samples selected for trace-element study were
also used for analyses for major-element compositions
(Kirkpatrick et al., this volume), mineralogic studies
(Clague et al., this volume), and Sr-isotopic analyses
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Figure 1. Stratigraphic column for Holes 433A, 433B,
and 433C on Suiko Seamount, showing the flow
units and locations of the analyzed samples. Depth is
in meters below the mudline.
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(Lanphere et al., this volume). These samples were
selected after examining 204 thin sections and consid-
ering the shipboard chemical analyses (see Site 433
chapter). In general, the analyzed samples are the least
altered, although we tried to ensure a representative
stratigraphic sampling. The petrography of the samples
is summarized in Table 1. REE were analyzed for a

smaller subset of the samples, as indicated in Table 1,
and in general, these samples have the lowest total H2O
concentrations (0.99 to 5.06 wt.%, Table 1).

Most samples are tholeiitic basalt, and have hypers-
thene in the CIPW norms calculated with Fe+3/FeT =
0.15, except Samples 12-3, 57-65 cm and 47-5, 92-100
cm which are slightly nepheline-normative. Sample

TABLE 1
Petrographic Summary of Hole 43 3C Tholeiitic Basalts

Core-Section, Flow
Interval (cm) Unit

Phenocrysts (%)

01 Plag Cpx
Dominant
Texture

Mg
Value REE Alteration

10-4, 11-17

12-3,57-65

13-2, 55-66

14-3, 8-15

15-6,16-31
17-1,78-82

19-5, 57-65

21-4, 7-13

22-5,45-52

24-7, 133-139

28-2, 73-80

29-1, 112-123

29-2, 94-100

31-1, 28-34

34-2, 103-111

34-7, 114-121

37-3, 79-87

38-1,67-76

39-5, 87-94

40-2, 88-96

42-1, 56-63

42-3,11-20

42-5, 85-92

47-5, 92-100

49-2, 17-24
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Diabasic
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Olivine replaced by clay with iddingsite rims;
vesicles are clay-lined.

Olivine replaced by clay and calcite with iddingsite
rims, vesicles are clay- and calcite-filled.

Olivine and intersertal glass replaced by clays.

Vesicles are clay-lined, plagioclase cores replaced
by clays.

Olivine and groundmass glass replaced by clays.

Olivine replaced by clays.

Olivine replaced by clays with iddingsite rims,
plagioclase cores and groundmass glass replaced by
clays.

Olivine replaced by iddingsite and clays, plagio-
clase partially, and glass completely replaced by
clays and zeolites.

Olivine replaced by clays and iddingsite, ground-
mass clays after glass.

Olivine partly replaced by iddingsite and clays,
plagioclase partly replaced by clays.

Olivine replaced by clays, clay patches in
groundmass.

Olivine and groundmass glass replaced by clays.

Olivine, plagioclase cores, and groundmass glass
replaced by clays and zeolites.

Olivine altered to clay along fractures, rare
plagioclase cores replaced by clays.

Olivine replaced by clays with iddingsite rims, rare
groundmass patches of clays.

Olivine replaced by clays and calcite with idding-
site rims, irregular clay patches in groundmass.

Olivine replaced by clays, some patches of ground-
mass clays.

Olivine partially replaced by clays and rimmed by
iddingsite, abundant groundmass clays.

Olivine mostly replaced by clays, some ground-
mass clays.

Olivine partly replaced by clays and rimmed by
iddingsite, some groundmass clays.

Abundant intersertal glass replaced by clays.

Olivine replaced by iddingsite and glass by clays.

Olivine replaced by iddingsite and glass by clays.

Olivine replaced by iddingsite, plagioclase partially
altered to clays, abundant phillipsite in ground-
mass.

Olivine replaced by iddingsite and glass to clays.
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12-3, 57-65 cm, however, is a tholeiitic basalt: it con-
tains groundmass clinopyroxene with Wo as low as 30
per cent (see Clague et al., this volume). Sample 47-5,
92-100 cm could be a single flow of alkalic or transi-
tional basalt within the tholeiitic sequence of flows. It
contains abundant groundmass olivine; but this is also a
characteristic of tholeiitic Sample 49-2, 17-42 cm. Sam-
ple 47-5, 92-100 cm (K2O = 1.51 wt.%) contains abun-
dant phillipsite, which probably accounts for its ap-
parent alkalic nature.

Many of the tholeiitic flows, including some that
were analyzed, are moderately to badly altered. Abun-
dances of mobile cations such as the alkali metals were
probably increased by this alteration; e.g., the K2O con-
tent in several tholeiitic samples is far higher than ex-
pected in Hawaiian tholeiites (i.e., >0.5 wt.% K2O).
Furthermore, Samples 21-4, 7-13 cm and 29-2, 94-100
cm, with anomalously high K2O contents (~0.9 wt.%),
contain minor amounts of secondary zeolites and have
sanidine replacement of plagioclase cores.

DATA AND ANALYTICAL TECHNIQUES
All tholeiitic samples analyzed for major elements

(Kirkpatrick et al., this volume) were also analyzed by
X-ray fluorescence for Ba, Cr, Ni, Sr, Zn, and Zr, in the
U. S. Geological Survey laboratory at Menlo Park
(Table 2).

A subset of 17 samples was analyzed by instrumental
neutron activation analysis (INAA) for Sc, Cr, Co, Hf,
Ta, Th, and the rare-earth elements La, Ce, Nd, Sm,
Eu, Tb, Yb, and Lu at Massachusetts Institute of
Technology (Table 3). Table 4 compares the Cr data ob-
tained by XRF with that obtained by INAA. The results
are generally acceptable, except where the XRF data ap-
proach the detection limit of 100 ppm. Accuracy of the
INAA data can be evaluated with the BHVO-1 data in
Table 3, and precision is indicated by duplicate analyses
of the samples from Sections 13-2, 19-5, and 22-4 in
Table 3.

DISCUSSION

Rare Earth Elements

The chondrite-normalized REE abundances in strati-
graphic sequence are plotted against atomic number in
Figure 2. All samples have patterns of similar shape,
showing relative light-REE enrichment with a distinctive
slope that is quite flat from Eu to La. The parallel
character of the patterns suggests that the different ab-
solute REE abundances in the various samples result
either from shallow fractionation involving phases such
as olivine, which do not fractionate the REE, or from
slightly different degrees of partial melting of a homo-
geneous source.

If these lavas represent residual liquids generated by
shallow crystal fractionation from a common parental
magma, we would expect to find a strong inverse cor-
relation between REE abundances and Mg number or
Ni content (Table 2). A plot of La against Mg number
(Figure 3) shows considerable scatter, and demonstrates
that samples having the same Mg-value differ by a fac-

tor of nearly 1.5 in La concentration. This suggests that
the lavas are not derived from a single parental magma
by shallow fractionation but rather represent differen-
tiates from a range of parental liquid compositions.
This conclusion is valid, however, only if the Mg
numbers of the samples have not been changed by
alteration and the FeVFeT ratios were similar for each
magma. In Figure 3 the samples appear to fall into two
main fractionation trends with 30 to 40 per cent dif-
ferences in La content for samples with the same Mg
number.

The two lava groups with different La abundances
are identical to the two groups defined by differences in
TiO2 content (see Kirkpatrick et al, this volume). Sam-
ples with relatively high TiO2 contents at a given Mg
number also contain high abundances of La (see Figure
4). The stratigraphic distribution of the two groups in-
dicates that they are interlayered. Therefore, the paren-
tal lava compositons for a single volcano may have al-
ternated from one lava group to the other, or the drill
core sampled interfingered flows from two adjacent vol-
canoes with distinct parental magmas.

In order to evaluate the mantle source compostion of
these tholeiites, it is necessary to see through the effects
of shallow crystal fractionation and low-temperature al-
teration. The most direct way to do this is to consider
only unaltered samples that have not experienced crystal
fractionation. All these tholeiites have been altered;
therefore, at best we can only infer the abundances of

TABLE 2
Trace-Element Analyses of Lava Flows from Suiko Seamount,

DSDP Hole 433C (Concentrations in ppm)

Core-Section,
Interval (cm)

10-4, 11-17
12-3,57-65
13-2, 55-66
14-3, 8-15
15-6, 16-31

19-5, 57-65
21-4, 7-13
22-5, 45-52
24-7,133-139
29-1, 112-123

29-2, 94-100
34-2, 103-111
34-7,114-121
37-3, 79-87
38-1,67-76
39-5, 87-94
40-2, 88-96
42-1, 56-63
42-3, 11-20
42-5, 85-92

47-5, 92-100
49-2, 17-24

Flow
Unit

4F
9

10
11B
13

15A
17
18
19D
26A

26B
33
35
44
45B

48
49
52
53
54

64
66

Ba

174
107
144

87
95

178
163
156

70
101

98
79
98
66
94

99
98
85
63
64

118
215

Note: The analyses have an i
2.5, 9.0, 3.3, 4.9, 4.0 and

Cr

<IOO
<IOO

224
116
110

250
172
186
390

<IOO

<IOO
470
385
310
440

410
410
235
255
255

270
113

Ni

275
127

89
43
56

101
106

99
860

70

61
350
260
142
385

270
310

82
81
76

127
111

iverage relative (
3.7 per

Sr

200
305
245
285
290

275
340
350

87
300

305
240
280

96
260

150
235
260
265
250

270
320

Zn

121
128

85
116
117

101
150
117
128
113

128
99

114
<5

119

114
111
112

87
70

113
123

Zr

129
143
140
162
163

127
173
173

79
169

194
121
151
111
133

131
137
156
101
129

183
175

:rror (accuracy) of
cent for Ba O , Ni, Si- 7n

and Zr, respectively. The relative error cited i& the deviation
of values for standard rocks from a ünear working curve after
matrix corrections (see discussion in King et al., 1978).
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TABLE 3
INNA Trace-Element Data, Tholeiitic Basalt Flows from Suiko Seamount, DSDP Hole 433C (Concentrations in ppm)

Core-Section, Flow
Interval (cm) Unit Sc Cr Co Hf Ta Th La Ce Nd Sm Eu Tb Ho Yb Lu

13-2,55-66*

14-3, 8-15
17-1,78-82

19-5,57-65*

22-5,45-52*

28-2, 73-80
29-1, 112-123
29-2, 94-100
31-1,28-34
34-7, 103-111
39-5, 87-94
40-2, 88-96
42-1,56-63
42-3, 11-20
42-5, 85-92
47-5,92-100
49-2, 17-24

BHVO-1 (mean

of 4 analyses)

10

11A
13

15

18

25
26A
26B
27
35
48
49
52
53
54
64
66

33
±0.7

33
33

31
±0.7

27
±0.7

32
31
32
27
29
28
28
33
29
31
29
28

33

239
±8

72
75

272
±4

181
±1

146
143
140
232
448
470
459
220
279
276
288
213

290

46
±0.7

47
48

45
±0.7

49
±0.7

46
49
43
57
55
56
57
46
42
43
49
48

46

3.4
±0.1

3.8
4.0

3.0
±0.1

4.4
±0.1

3.9
4.3
4.8
4.4
3.6
3.25
3.1
3.5
2.7
3.0
4.9
4.4

4.7

0.8
±0.1

0.81
0.80

0.6
±0.1

0.95
±0.07

0.71
0.80
0.99
0.89
0.78
0.64
0.57
0.73
0.51
0.57
0.96
0.85

1.1

1.1
±0.2

0.8
0.9

0.6
±0.05

1.0
±0.05

0.85
0.9
0.9
0.9
0.9
0.9
0.6
0.7
0.5
0.7
1.1
0.9

1.2

11.5
±0.2

10.6
10.6

8.5
±0.9

12.9
±0.1

10.2
12.1
13.6
11.7
10.4

8.75
8.46
9.13
6.45
7.31

12.8
11.4

15.0

30
±3

27.3
28.2

21.2
±0.2

33
±2

26.7
32.9
34.4
30.8
28.4
22.3
22.1
24.1
18.5
19.3
32.6
29.2

37

16
±0.8

17.0
17.0

14
±1

21.2
±0.2

17.0
20.9
22.6
20.0
18.0
14.9
15.2
15.3
11.9
13.0
22.3
19.4

24

4.27
±0.04

5.26
5.04

4.0
±0.2

5.9
±0.6

5.11
5.63
6.63
5.62
4.59
4.12
4.21
4.72
3.62
3.80
6.04
5.46

6.2

1.68
±0.03

1.94
2.00

1.60
±0.03

2.23
±0.01

1.97
2.17
2.49
2.19
1.77
1.60
1.56
1.80
1.47
1.52
2.32
2.09

2.10

0.79
±0.05

0.96
1.01

0.85
±0.04

1.08
±0.04

1.02
1.05
1.24
1.01
0.96
0.78
0.76
0.90
0.73
0.79
1.15
0.97

0.9

0.9
±0.2

0.8
1.0

1.0
±0.5

0.8

1.0
0.9
1.1
1.1
-

0.7
0.7
0.9
0.7
0.7
0.9
0.9

1.3

1.9
±0.1

2.28
2.36

2.0
±0.2

2.39
±0.02

2.42
2.72
2.97
2.48
2.16
1.90
1.87
2.37
1.73
2.05
2.58
2.42

2.08

0.28
±0.03

0.31
0.31

0.29
±0.04

0.32
±0.01

0.33
0.38
0.40
0.33
0.29
0.26
0.26
0.31
0.26
0.28
0.35
0.32

0.30

^Duplicate analysis.

TABLE 4
Comparison of Cr Determined

by XRF and by INAA

Core-Section,
Interval (cm)

13-2,55-66
14-3, 8-15
19-5, 57-65
22-5, 45-52
29-1, 112-123

29-2, 94-100
34-7, 114-121
39-5, 87-94
40-2, 88-96
42-1, 56-63

42-3, 11-20
42-5, 85-92
47-5, 92-100
49-2, 17-24

XRFCr

224
116
250
186
100

100
385
410
410
235

255
255
270
113

INAA Cr

234
72

270
181
143

140
448
470
459
220

279
276
288
213

relatively non-mobile trace elements (e.g., REE) in the
mantle source. In addition, most of these tholeiites do
not have compositions characteristic of primary mag-
mas derived from a pyrolite mantle (e.g., Frey et al.,
1978). However, 6 samples (Table 2) have Ni concen-

1 It has been postulated (e.g., Shaw and Jackson, 1973) that the
source materials for Hawaiian tholeiites are more iron-enriched (Mg
number ~82) than pyrolite; however, the similarity between
Hawaiian spinel lherzolite inclusions and those from continental
localities (Kuno and Aoki, 1970; Reid and Woods, 1978) provide
strong evidence that the upper mantle lherzolite source materials are
similar beneath Hawaii and continental areas such as the southwest
U.S.

Lα Ce Pr Nd Pm Sm EL Gd Tb Dy Ho Er Tm Yb Lu
RARE-EARTH ATOMIC NO.

Figure 2. Rare-earth element abundances, normalized
to a chrondite average; rocks arranged in stratig-
raphic sequence.
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100 Mg/(Mg +Fe

trations exceeding 250 ppm and 3 of these (from Sec-
tions 34-7, 39-5, 40-2, all members of the high-TiO2
group) have been analyzed for REE. These samples also
have the highest Mg numbers (~68, Table 2) and the
lowest Al?O3/CaO ratios (Kirkpatrick et al., this vol-
ume), indicating that their compositions are not far re-
moved from a primary magma in equilibrium with a py-
rolite composition mantle. As discussed by Leeman et
al. (1979), it is likely that Hawaiian tholeiites with simi-
lar and slightly lower Mg numbers are simply related to
primary magmas by < 15 per cent olivine fractionation.
Because olivine does not fractionate the relative abun-
dances of incompatible elements, we can infer the rela-
tive abundances of immobile incompatible trace ele-
ments in the mantle source. Of course, if the mantle
source of Hawaiian tholeiites is Fe-rich relative to pyro-
lite (Shaw and Jackson, 1973), the three high-Ni tholei-
ites may be very close to a primary magma composition.

The chondrite-normalized REE distributions in the
Suiko Seamount tholeiites are similar to those of tholei-
ites from active Hawaiian volcanoes (Figure 5), al-
though the Suiko samples have even less relative frac-
tionation of the light and middle REE, La to Eu. These
REE characteristics, little relative fractionation of light
REE compared with extensive relative fractionation of
heavy REE, are typical of Hawaiian tholeiites, and they
provide important constraints on the composition and
mineralogy of the mantle source (Leeman et al., 1977,
1979). Melts with REE abundances similar to the Suiko
tholeiites can be generated from a source with relative
REE abundances as in chondrites if (1) the extent of
melting is large enough and the amount of residual clin-
opyroxene is small enough so that all of the light REE
are partitioned into the melt, and (2) a few per cent gar-

100Mg/(Mg + Fe2)

net is retained in the source in order to fractionate the
mid and heavy REE. As shown in Figure 6 (middle), the
average melt derived in a fractional melting process
(source with REE abundances equal to 2 × chondrites)
can match the observed data very well. These models are
not unique, and Leeman et al (1977, 1979) have illustra-
ted the range of equilibrium melting models that ac-
count for the REE content of Hawaiian tholeiites. Al-
ternatively, successful models can be developed with
sources relatively depleted in light REE compared with
chondrites (Leeman et al., 1979). For Hawaiian tholei-
ites, such sources are suggested by Nd-isotope data (De-
Paolo and Wasserburg, 1976; O'Nions et al., 1977).
Further, some Hawaiian tholeiites (Koolau: Schilling
and Winchester, 1969; but see discussion by Frey, 1979
and Leeman et al., 1979; Lanai: Leeman et al., 1979)
and Hawaiian ridge tholeiites (La Perouse Pinnacle:
Frey and Clague, unpublished) have chondrite-normal-
ized La less than Ce. Consistent with these data, a small
proportion of Hawaiian lherzolites (Frey, 1979) are rela-
tively depleted in light REE, compared with chondrites
(e.g., PAL-3 in Figure 6; lower). A source such as
PAL-3 could yield the REE abundances in the Suiko
(and Hawaiian tholeiites) tholeiites by small degrees of
melting (see Figure 6, middle).

Green (1970) concluded that primary tholeiitic ba-
salts from Kilauea formed in equilibrium with olivine
and orthopyroxene but not garnet. As demonstrated by
Frey et al. (1978, page 494 and figure 9), if Hawaiian
tholeiites did not form in equilibrium with residual gar-
net, the REE abundances in the mantle source must

563

Figure 3. La as a function of Mg number [100 Mg/(Mg
+ Fe+2)J, calculated with Fe+3/FeT = 0.15. Note
that the samples may be subdivided into two discrete
groups with only a few samples of intermediate
composition. The individual samples are identified
by flow unit (see Figure 1 or Table 1).

Figure 4. TiO2 as a function of Mg number [100
Mg/(Mg + Fe+2)], calculated with Fe+3/FeT =
0.15. Symbols denote those samples in the high-REE
group (A), the low-REE group (×), and those not
analyzed for REE (+). Note that, in general, the
groups identified using La abundances also form
groups of high and low TiO2 contents. There are,
however, more intermediate samples than were iden-
tified using the REE.
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have a ratio of light REE to heavy REE similar to that in
the Hawaiian tholeiites. Magmas derived from such
sources will have REE abundances like the Suiko tholei-
ites after melting eliminates all residual phases except ol-
ivine and orthopyroxene. Therefore, the experimental
petrological constraint (Green, 1970) that Hawaiian
tholeiites did not form in equilibrium with garnet re-
quires a mantle source with relative abundances of REE
similar to that of Suiko tholeiites. Presumably, this rela-
tive light-REE enrichment resulted from a recent (rela-
tive to the half-life of 147Sm) "metasomatic" event, as
postulated by Frey and Green (1974) and Frey and Prinz
(1978).

Suiko tholeiites of the low-TiO2-La group with the
highest Mg numbers (58 to 61) have lower REE,
especially light-REE, abundances than the more mafic
(Mg number -68) members of the high-TiO2-La group
(Figure 6, upper). These differences would be accen-
tuated if these low-TiO2-La group tholeiites (with
relatively low Mg number) had experienced more exten-
sive fractional crystallization than the mafic members of
the high-TiO2-La group. Thus, it is likely that there are
small but significant differences in source composition

J j

—

c

<J 20
CO

li
b

g I0
"~ 8
t o

i 20o
o
X
<_>

£ I0
LU

* 7
Q
o
s
co 2.0
t

o
•n | 0
o ••u

CO
11 1

o
% 0.6p

uj 0.4
Q
o

1

:

-

-

— 1 —

-

1
1

%
1

1 1 1 1 1 1
^ ^ _ _ ^ , ^ -H IGH-T iO ,

'—"ηr*̂ - ^
^LOW-TiO2 GROUP

(19-5,42-3,42-5)

H 1 1 1 1 1

MOOEL

THOLEIITE

4 2 - 3 (•)

1 1 1 1 [ 1
| | | ) 1 I

^MODEL A S0URCE=2X

M

1 1 I

3R0UP (34-7,39-5

i 1 1 1

/
B MELT 7

1 |

CHONDRITES

• — • - — '

1 1 1 ( —

ΛODEL A MELT

^̂  \Ns
N

1 1 1 I
_ _ _ 1 1 J 1

/ \MODEL B SOURCE=SLC LHERZOLITE -PAL-3 _

•

I I I I I 1

_

1 1 1 Iα I I I I I I I I I I I I I I I I I

Lα Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

RARE-EARTH ATOMIC NO.

Figure 6. Upper: Range of chondrite-normalized REE
abundances for most mafic (highest Mg number)
members of the high-TiO2-La and low-Ti02~La
groups. Middle: Solid circles indicate chondrite-nor-
malized data for low-TiO2-La tholeiite, Sample 42-3.
The solid line, Model A melt, is the average melt for
10 per cent fractional melting of a source with REE
abundances equal to 2× chondrites and an initial
mineralogy of 50 per cent olivine, 25 per cent ortho-
pyroxene, 19 per cent clinopyroxene, and 6 per cent
garnet. Melt is formed of 5 per cent olivine, 5 per
cent orthopyroxene, 45 per cent clinopyroxene, and
45 per cent garnet. Partition coefficients are set num-
ber 3 of Frey et al. (1978). The dashed line, Model B
melt, is a 1.4 per cent batch melt of a source with
REE abundances equal to Hawaiian Iherzolite PAL-3
and an initial mineralogy of 50 per cent olivine, 25
per cent orthopyroxene, 22 per cent clinopyroxene,
and 3 per cent garnet. Melt proportion and partition
coefficients are same as in Model A. Lower: Model A
source equal to2× chondrites; Model B source equal
to chondrite-normalized REE abundances for Salt
Lake Crater Iherzolite inclusion (PALS).

or melting condition (e.g., variation in degree of melting
or residual mineralogy) for the two Suiko tholeiite
groups. Leeman et al. (1977, 1979) reached a similar
conclusion for recent Hawaiian tholeiites.

Incompatible Trace Elements: Sr, Ba, Zr, Hf, Ta, Th
There are strong positive correlations between abun-

dances of some incompatible trace elements, such as Zr,
Hf, Ta, REE, and TiO2. For example, these
Suiko Seamount tholeiites have Ti/Zr = 98 ± 5 (Figure 7
and Table 5). The strong abundance correlations among
the 'light REE, Zr, Hf, Ta, and P2O5 are indicated in
Figure 8 and Table 5. Thus, the high-La-TiO2 group
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Figure 5. Chondrite-normalized REE abundances in
Suiko tholeiites (range for Samples 34-7, 39-5, and
40-2 from high-TiO2 group and for Samples 19-5,
42-3, and 42-5 from the Iow-Tiθ2 group), compared
with Kökö Seamount tholeiites, Sample 43-51
(Clague and Dairymple, 1973; data from Frey and
Clague, unpublished), Midway Island tholeiites
(three flows from Dalrymple et al., 1977; data from
Frey and Clague, unpublished), Kauai tholeiite (74
POH-6, Clague, unpublished), and recent tholeiites
from Hawaii (Kilauea, average of 10 and Mauna
Loa, average of 12, Leeman et al., 1977, 1979).

RARE-EARTH ATOMIC NO.



TRACE-ELEMENT GEOCHEMISTRY

100 150

Zr (ppm)

Figure 7. TiO2 content as a function of Zr abundance
for Suiko tholeiites. Symbols as in Figure 4.

leiites with the highest Mg values as parental magmas
and the most fractionated (lowest Mg-value) basalts as
differentiates. Two parent-daughter relations are shown:
one for the high-La-TiO2 group and one for the low-
La-TiO2 group. The calculations assume that the bulk
Dcrystal/liquid for e a c n e i e m ent is zero. The most consis-
tent results are obtained from P2O5, Zr, Hf, Ta, and the
light REE; K2O, Ba, and Th produce inconsistent re-
sults. Elements yielding consistent calculated fractiona-
tion percentages are the same elements with strong posi-
tive covariation. These results indicate that differenti-
ated basalt Sample 433C-47-5, 92-100 cm represent about
52 per cent residual liquid of a Iow-La-Ti02 parental
magma having the composition of Sample 433C-42-3,
11-20. The poor mass balance for K2O is because of the
abundant late-stage zeolites found in Section 433C-47-5.
Differentiated basalt Sample 433C-29-2, 94-100 cm rep-
resents about 66 per cent residual liquid of a high-La-
TiO2 parental magma having a composition of the aver-
age of Samples 433C-39-5, 87-94 cm and 433C-40-2,
88-96 cm. Based on phenocryst mineralogy, the 48 per

TABLE 5
Comparison of Key Average Oxide and Element Abundance Ratios 15

in Suiko Tholeiites, Recent Hawaiian Tholeiites, and
Mid-Ocean Ridge Basalts (MORB) and Chondrites 12

A12O3/TO2

CaO/TiO2

TiO 2/P2θ 5

Ti/Zr

Zr/Hf

La/Hf

La/Yb

P2O5/Ce

Suiko

6±1

4.2±0.8

9.7+1

98±5

39±3

2.7±0.3

3.8-4.6

95±8

Kilauea

5.9

4.9

10.3

76

53

3.9

7.8

72

Mauna
Loa

6.0

4.4

10.5

96

38

2.7

4.7

80

MORB

22

16.3

11

100

?

s^s 1

<1.65

120

Chondrites

20.4

16.8

0.5

110

44

1.6

1.65

2900

? 9
b

3 6

3

0

E

4

r
Data from Kirkpatrick et al. (this volume), Leeman et al. (1979),
Sun and Nesbitt (1977), Wedepohl (1975), Frey et al. (1974).

and low-La-TiO2 group are characterized by differences
in abundance of all immobile, incompatible trace ele-
ments. These uniform differences may reflect mantle
heterogeneity of incompatible trace-element abun-
dances on an absolute basis.

K2O, Ba, Sr, and Th do not correlate as strongly with
each other or with any of the first group of incompatible
elements. For example, Figure 8 demonstrates the rather
poor correlation of Ce and Sr. The poor correlations
among K2O, Ba, Sr, and Th abundances probably result
from several causes, including element mobility during
low-temperature alteration, poor precision of the
analytical data (particularly Th), and possibly from real
abundance variations created during petrogenesis.

Incompatible trace elements may be used as a quan-
titative measure of crystal fractionation between as-
sumed or calculated parental magmas and proposed dif-
ferentiates. Table 6 lists the results of fractionation
calculations (Anderson and Greenland, 1969) using tho-

A*

.4 .6
Ta (ppm)

.A*

10 20 30 40 50
Sr (ppm) (x 10-1)

15

12

? 9

a

3 6

50

40

? 3 0

δ 20

10

2 3 4
Hf (ppm)

.04 .08 .12 .16
P (wt. %)

.04 .08 .12 .16 .20

P (wt. %)

Figure 8. Variation diagrams for incompatible element
pairs, La vs. Ta, La vs. Hf, Hf vs. Zr, Ce vs. P, Ce
vs. Sr, and Zr vs. P. All but Ce vs. Sr form strongly
correlated trend lines. Symbols as in Figure 4. Note
that the low-REE group (×) has higher Zr relative to
P than the high-REE group (A).
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TABLE 6
Models of Shallow Fractionation for Hole 433C Tholeiitic Basalts

(all values in ppm, except P2O5 and K^O in wt. %.)

Parental Magma, Differentiate,
Sample Sample Calculated %

42-3, 11-20 cm 47-5, 92-100 cm Residual Liquid

P2O5
K2O
Ba
Zr
Hf
Ta
Th
La
Ce

P2O5
K2O
Ba
Zr
Hf
Ta
Th
La
Ce

0.16
0.24

63
101

2.7
0.51
0.5
6.45-

18.5

Avg. of Samples
40-2, 88-96 cm

and 39-5,
87-94 cm

0.25
0.22

99
134

3.75
0.6
0.8
8.60

22.2

0.34%
1.60%

118
183

4.9
0.96
1.1

12.8
32.6

Sample
29-2, 94-100 cm

0.35%
0.95%

98
194

4.8
0.99
0.9

13.6
34.4

47.1
15.0
53.4
55.2
55.1
53.1
45.5
50.4
56.7

avg.a52±4

71.4
23.2

_
69.1
67.7
60.6
88.9
63.2
64.5

avg.a 66±4

not included in averages.

cent and 34 per cent crystals removed during fractiona-
tion are dominated by olivine in the early stages and
plagioclase and clinopyroxene in the later stages.

Compatible Trace Elements

Ni, Co, and Cr abundances decrease rapidly with
decreasing Mg number, as expected if olivine (with a
trace of chrome spinel) is a major fractionating mineral.
Figure 9 shows Ni plotted as a function of MgO for all
the shipboard and shore-based analyses. Leeman and
Scheidegger (1977) have shown an apparent inverse cor-
relation of D$/hq with temperature; Hart and Davis
(1978) concluded, however, that this correlation is
caused by changes in melt composition with tempera-
ture and that Z>$/liq increases with decreasing MgO con-
centration. For the range of basalt compositions in this
study, the Hart and Davis (1978) data indicate that
D£l iq ranges from about 3 at MgO = 30 per cent to 22
at MgO = 6 per cent. The linear correlation of MgO
and Ni (Figure 9) indicates that accumulation of olivine
is required to account for the high Ni and MgO contents
in the picritic basalts.

Co abundances show considerable scatter relative to
Mg number, but the trend of decreasing Co content with
decreasing MgO content is clear (Table 2). This trend is
consistent with fractionation of olivine, although the
£)coi/hq decreases with temperature (Leeman et al., 1977)
which may reflect compositional dependence on tem-
perature (Hart and Davis, 1978). If the temperature

Gunn (1970) Hawaiian Data

5% Olivine
Accumulation

20% Fractional Crystalization

14 20
MgO (wt . '

Figure 9. Ni as a function of MgO for shore-based
analyses (+) (Table 2) and the shipboard analyses
(×). The line is not a best fit to the data, but is the
best fit to data from Kilauea basalts (Gunn, 1971) as
shown by Hart and Davis (1978). The olivine ac-
cumulation and fractional crystallization curves for
variable T>^(llq are shown as calculated by Hart and
Davis (1978). The data from Suiko Seamount are
compatible with an olivine accumulation model.

dependence of £>Co
1/Uq i s reinterpreted as a composi-

tional dependence, the £>c°
1/liq for basaltic magmas hav-

ing 6 to 11 per cent MgO is probably on the order of 3 to
5. This implies that Co abundances should not decrease
with decreasing MgO nearly as rapidly as Ni, which has
an average D$ iq of about 15 for the compositional
range considered. The much smaller variation in Co
content (factor of 1.3) in the tholeiites with about 6 to
11 per cent MgO, compared with Ni abundance varia-
tion (factor of 7.2), is consistent with this prediction.

Chromium abundance decreases with decreasing
MgO content, as expected if the fractionating olivine
contains a trace amount of chromite. Examination in
reflected light shows that all olivine accumulative
samples contain chrome spinel with high abundances of
Cr2O3 (see Clague et al., this volume, for representative
microprobe analyses of the chrome spinels in these
basalts). In contrast to Ni, Co, and Cr, Sc abundances
tend to increase with decreasing Mg number (Figure 10),
as expected for olivine fractionation (Gunn, 1971;
Leeman and Scheidegger, 1977).

Zinc abundances are rather constant at about 110 to
120 ppm; Zn contents weakly tend to increase with in-
creasing abundances of incompatible trace elements.
Clague and Beeson (1979) showed that the bulk D^for
olivine, clinopyroxene, and plagioclase fractionation is
slightly less than unity for a series of fractionated ba-
salts from Molokai. The uniform concentration of Zn in
the Suiko Seamount tholeiitic basalts suggests that the
^oi/iiq j s n e a r unity, and this result agrees with a value
of 0.95 determined by Gunn (1971) for the 1959 Kilauea
Iki basalts.
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The two compositional groups defined on the basis of
La and TiO2 concentrations are not distinguishable on
the basis of compatible trace-element abundances. This
result implies a similar source concentration of compati-
ble trace elements and similar residue mineralogy for the
two compositional groups.

Comparison of Suiko and Hawaiian Tholeiites

The ratios of moderately incompatible element abun-
dances in Suiko tholeiites are similar to those in Hawai-
ian tholeiites. For example, the P2O5/Zr ratios of Suiko
tholeiites overlap with those of Hawaiian tholeiitic and
alkalic basalts, but are distinct from that of the post-
erosional basalts (Clague and Frey, unpublished data).

Further, the distinctive features (little light-REE frac-
tionation with more extensive mid- and heavy-REE
fractionation) of the chondrite-normalized REE pat-
terns of the Suiko tholeiites are similar to the REE pat-
terns of modern Hawaiian tholeiites (e.g., Kilauea,
Mauna Loa, and Kauai), Hawaiian Ridge tholeiites
(e.g., Midway Island), and younger Emperor seamounts
such as Kökö (Figure 5). We agree with Leeman et al.
(1977, 1979) that in detail there are important dif-
ferences in trace-element abundances between Hawaiian
volcanoes (e.g., Kilauea and Mauna Loa) that imply dif-
ferences in mantle-source composition and/or residual
mineralogy. At this stage in our understanding of Ha-
waiian-Emperor volcanism, however the gross similar-
ity in REE distributions is most striking. In addition,
these REE distributions are distinct from those in tholei-
ites from other proposed "hot spot" regions. For exam-

ple, tholeiitic basalts from Iceland, Galapagos (Pinzon
Island), and the northwest U. S. have lower La/Yb
ratios, reflecting higher heavy-REE abundances (Figure
11). Also, most of these tholeiites have more extensive
relative fractionation of light REE (cf. Figures 5 and 11)
than Hawaiian tholeiites.

As a group, Hawaiian tholeiites, including Suiko
tholeiites, have very low A12O3/ TiO2 and CaO/TiO2
ratios (Table 5), compared with chondrites and primi-
tive mid-ocean ridge tholeiites (MORB). These differ-
ences probably reflect crystal fractionation, but in part,
these low ratios may also result from the unusually high
TiO2 contents of Hawaiian tholeiites and their inferred
mantle source; e.g., Hubbard (1969) noted the high TiO2
contents of Hawaiian tholeiites relative to MORB of
similar Mg number, and Frey et al. (1978, page 478)
commented on the high TiO2 content of Hawaiian tho-
leiites relative to southeastern Australian tholeiites.

However, Ti/Zr and TiO2/P2O5 ratios are very
similar in Suiko, Hawaiian, and ocean ridge tholeiites
(Table 5), whereas other ratios, such as La/Yb, La/Hf
and P2O5/Ce, clearly distinguish MORB from Hawai-
ian and Emperor tholeiites (Table 5). Consistent with
the slight differences in REE abundances of Suiko, Kila-
uea, and Mauna Loa tholeiites (Figure 6), the ratios of
incompatible trace elements in Suiko tholeiites are inter-
mediate between ratios for modern Hawaiian tholeiites
from Kilauea and Mauna Loa (Table 5).

We conclude that the trace-element abundance fea-
tures of Suiko tholeiites are similar to younger tholeiites
formed along the Emperor and Hawaiian ridges and on
the modern Hawaiian Islands. Therefore, the data re-
quire an overall similarity in the source composition and
the petrogenesis of tholeiites erupted along the Hawai-
ian hot-spot trace; furthermore, there is no evidence for

i—i—r

Lo Ce Pr Nd Pm Sm Eu Gd Tb Ly Ho

RARE-EARTH ATOMIC NO.

Tm Yb Lu

Figure 11. Chondrite-normalized REE abundances for
tholeiites from other postulated hot-spot areas. Least
differentiated neovolcanic Icelandic tholeiites (m,
Skagi, IC-122; o, Langjokull, HS 605; ®, Reyk-
janes Peninsula, IC-55) from Schilling et al. (1978).
Galapagos tholeitte (+, DH-8K, from Pinzon,
Island) from Lindstrom (1976). Steens Mountain,
Oregon (A, group E average from Helmke and
Haskin, 1973). Picture Gorge type of Columbia
River (V, average of high-Mg-type from Nathan and
Fruchter, 1974). The strippled area indicates the
range for 17 Suiko tholeiites (this paper).
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Figure 10. Sc as a function of 100 Mg/(Mg + Fe+2),
calculated with Fe+3/FeT = 0.15. Note the general
trend of increasing Sc with decreasing Mg value. The
high- (A) and low- (×) REE-group basalts are desig-
nated, but there is no apparent correlation of REE
group and Sc concentration. The solid line indicates the
trend of Sc-enrichment for 0 to 20 per cent batch crys-
tallization of olivine from tholeiite Sample 40-2. D°s'c

/(

0.15 (Leeman and Scheidegger, 1977).

52 58

100Mg/(Mg + Fe2)



D. A. CLAGUE, F. A. FREY

systematic geochemical differences with time. The
unique trace-element features of Hawaiian tholeiites,
compared with MORB, can be explained by differences
in source composition (e.g., higher La/Yb, La/Hf, and
Ce/P2O5 in the Hawaiian source mantle), but some geo-
chemical differences between "hot-spot" tholeiites may
reflect systematic differences in the melting process
(e.g., residual garnet in the Hawaiian mantle but not in
the Icelandic mantle).

During the approximately 64 m.y. of Emperor-Ha-
waiian volcanism, about 106 km3 of tholeiitic basalt
with similar geochemical characteristics was erupted to
form about 90 separate volcanoes. The larger volcanoes
are composed of about 2 × 104 km3 of basalt and, using
a conservative estimate of 20 per cent partial melting of
the mantle source region (Ringwood, 1975), requires 105

km3 of source region for a single volcano. There are
three possible source areas that underlie the volcanoes:
(1) the lithospheric plate, (2) the shallow asthenosphere,
and (3) the lower mantle.

Present mantle convection models (McKenzie, 1979,
Richter and Ribe, 1979) do not allow for preservation
over long time periods of a large-scale geochemical
anomaly in the asthenosphere such as that required to
generate the Hawaiian-Emperor volcanism. The lower
lithosphere is a possible source region, although the vol-
ume problem remains critical, as only lithosphere geo-
chemically distinct from that accreted near mid-ocean
ridges could be a possible source region for the Hawai-
ian-Emperor volcanism. This constraint limits the po-
tential source region to the lower lithosphere, at best, or
could eliminate the lithosphere as a source region, at
worst. If the lower lithosphere is a geochemically appro-
priate source region, the volume of basalt generated
would require partial melting of a 50-km-diameter cylin-
der 50 km tall underlying each volcano. This is a severe
constraint, since it requires partial melting of nearly the
entire lower lithosphere underlying the chain. Detrick
and Crough (1978) presented convincing arguments in
favor of hot spots being caused by thermal anomalies.
Their model of the heating, thinning, and uplift of the
lithosphere above hot spots suggests that the magmas
that form the volcanoes could result from partial
melting of the lower lithosphere by heating and decom-
pression.

The final possible source region is the lower mantle,
which remains a convenient and plausible source for the
observed volcanism.

CONCLUSIONS

1) All flows from flow Unit 4 to the bottom of Hole
433C are tholeiitic basalts partially altered by low-
temperature processes.

2) These tholeiites can be subdivided into two groups
on the basis of TiO2 and incompatible-element contents.

3) Shallow crystal fractionation has modified most
samples, and the most differentiated basalts may repre-
sent as little as 48 per cent residual liquid.

4) The least fractionated tholeiitic basalts from
Suiko seamount have chondrite-normalized REE pat-
terns with uniform relative light-REE enrichment (La to

Eu = 20 to 30 × chondrites) and relatively lower but
fractionated abundances of mid and heavy REE (Tb to
Lu = 20 to 8 × chondrites).

5) Comparison of Hole 433C tholeiitic basalts with
modern Hawaiian tholeiitic basalts shows that the dis-
tinctive REE pattern is typical of tholeiites from the
Emperor Seamounts, Hawaiian Ridge and Hawaiian
Islands.

6) The mantle source region for the tholeiitic basalts
making up the vast bulk of the Hawaiian-Emperor
chain has not changed dramatically during 64 m.y. of
eruption generating 106 km3 of basalt. We suggest that
these basalts are generated from within the lower por-
tion of the lithospheric plate or in the lower mantle.
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