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ABSTRACT

Microprobe mineral compositions of olivine, plagioclase, clinopyroxene, chrome spinel, ilmenite,
and titanomagnetite are presented for 7 samples from 4 flows of hawaiite and one flow of tholeiitic
basalt from Hole 430A at Ojin Seamount, 4 samples from 3 flows of alkalic basalt from Hole 432A
at Nintoku Seamount, and 29 samples from 2 flows of alkalic basalt and 24 flows of tholeiitic basalt
from Holes 433A, 433B, and 433C at Suiko Seamount.

The four hawaiite flows from Hole 430A on Ojin Seamount have nearly identical mineralogy.
The plagioclase phenocrysts and calculated equilibrium olivine appear to have crystallized at about
1175°C; the groundmass plagioclase crystallized from about 1135° to 1010°C; and the Fe-Ti oxides
equilibrated at temperatures from 1000°C to 720°C under oxygen fugacities of 10~!! to 10~!7. The
single tholeiitic flow contains glomerocrysts of plagioclase (Ang, to Ang) and clinopyroxene
(Wo,En,Fs,, to Wo,,En,Fs,;). The plagioclase phenocrysts give calculated temperatures as high as
1400°C, indicating that they were not equilibrated with a magma having the bulk rock composition.
The plagioclase groundmass crystallized at 1120° to 1070°C, and the Fe-Ti oxides equilibrated at
1070° to 930°C under oxygen fugacities of 10710 10 10~ !2, Using mineral compositions of Hawaiian
basalts as a guide, we infer that the hawaiite flows were erupted during the post-caldera alkalic erup-
tive stage and the tholeiite was erupted during the shield-building or caldera collapse stage.

The three alkalic basalt flows from Hole 432A on Nintoku Seamount have similar mineralogy,
although Flow Units 1 and 2 contain much more abundant plagioclase phenocrysts. The groundmass
plagioclase crystallized at temperatures between 1175° and 1000°C. The olivine and plagioclase
phenocrysts do not appear to be in equilibrium with the enclosing magmas. The mineral composi-
tions suggest that these samples are intermediate between alkalic basalt and hawaiite; they probably
erupted during the post-caldera alkalic stage of eruption.

The two analyzed alkalic basalt flows are the two youngest flows recovered at Holes 433A, 433B,
and 433C. Flow Unit 1 contains abundant sector-zoned clinopyroxene, and Flow Unit 2 contains
rare kink-banded olivine xenocrysts. The plagioclase phenocrysts yield calculated temperatures of
1440° to 1250°C, indicating that they are probably not cognate. Calculated-equilibrium olivine in-
dicates crystallization of olivine at about 1170°C. The Fe-Ti oxides equilibrated at temperatures of
1140° to 870°C under oxygen fugacities of 10~° to 10~ !4, The groundmass plagioclase crystallized at
temperatures of 1178° to 1035°C. The mineral compositions indicate that these alkalic basalts
erupted during the post-caldera alkalic eruptive stage.

The 24 analyzed tholeiitic basalts are subdivided on the basis of phenocryst abundances into
olivine tholeiites, plagioclase tholeiites, and tholeiites. The crystallization sequence appears to have
been chrome spinel, olivine, plagioclase, and clinopyroxene as phenocryst phases, followed by and
overlapping with groundmass crystallization of plagioclase (1180° to 920°C), clinopyroxene, and
Fe-Ti oxides (1140° to 670°C). At least three flows contain pigeonite. The mineral compositions in-
dicate that all the samples from Flow Unit 4 downward are tholeiitic basalts, although Flow Unit 64
has mineral compositions transitional to those in alkalic basalts.

INTRODUCTION

Four sites were drilled in the Emperor Seamounts
during Leg 55. Site 430 on Ojin Seamount, Site 431 on
Yomei Seamount, and Site 432 on Nintoku Seamount
were single-bit holes; Site 433 on Suiko Seamount was a
multiple re-entry hole. The holes on Ojin, Nintoku, and
Suiko yielded subaerial lava flows petrographically and
geochemically similar to those that form the principal
Hawaiian Islands (see Clague and Frey, this volume,
and Kirkpatrick et al., this volume).

Hole 430A on Ojin Seamount penetrated 59.3 meters
of sediments and 58.7 meters of lava flows, including

four flows of hawaiite underlain by a single flow of
tholeiitic basalt. Hole 432A on Nintoku Seamount pene-
trated three flows of alkalic basalt, totaling 31.9 meters
in thickness, below 42.1 meters of sediment consisting
of fossiliferous volcanic sandstone and calcareous con-
glomerate containing clasts of alkalic basalt, hawaiite,
mugearite, calcareous algae, shells, and bryozoans.
Four holes were drilled on Suiko Seamount. Holes
433A, 433B, and 433C recovered volcanic rocks; Hole
433 was limited to a single core taken to establish the
mudline. Hole 433A penetrated only the uppermost
flow of alkalic basalt; Hole 433B yielded the same
alkalic basalt flow recovered in Hole 433A and a second
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alkalic basalt flow (Flow Unit 2). Hole 433C yielded
both alkalic Flow Units 1 and 2, separated by 3 meters
of reef carbonate sand rich in volcanic material, and an
additional 65 numbered flow units containing as many
as 112 flows or flow lobes.

This paper reports the microprobe mineral composi-
tions of all primary phases for many of the samples
analyzed for major elements (Kirkpatrick et al., Bence
et al., this volume), trace elements (Clague and Frey,
this volume, and Bence et al., this volume), strontium
isotopic composition (Lanphere et al., this volume), and
K-Ar radiometric ages (Dalrymple et al., this volume).
The detailed petrography of the analyzed samples is
presented by Kirkpatrick et al. (this volume) and sum-
marized in Table 1. Seven samples from Site 430, 4 from
Site 432, and 30 from Site 433 were analyzed for olivine,
chrome spinel, plagioclase, clinopyroxene, ilemite, and
magnetite. We will use the mineral compositional data
to (1) characterize the phase chemistry, (2) attempt to
relate the mineral compositions to the bulk rock com-
positions, and (3) determine the crystallization history
of the basalts. Fodor et al. (1975) and Keil et al. (1972)
have shown that basalts from the tholeiitic shield-
building stage, the post-caldera alkalic stage, and the
post-erosional nephelinic stage contain compositionally
distinct feldspars and pyroxenes. We will apply their
discriminants to the drilled basalts to aid in identifying
which eruptive stages have been sampled.

ANALYTIC TECHNIQUES

The mineral analyses reported in this paper were per-
formed at MIT and SUNY Stony Brook. The analyses
at MIT were done on a 3-scanner automated EITEC
electron microprobe, and the data were reduced on line,
using correction procedures of Bence and Albee (1968)
as modified by Albee and Ray (1970). The electron
probe was operated at 15 kv accelerating potential and
0.030xA beam current. Ilmenite, magnetite, and chro-
mite were analyzed against the same standards with Still-
water chromite 52NL-11 used for Cr, Al, and Mg, a nat-
ural manganese-rich ilmenite for Ti and Mn, and a syn-
thetic spectrographically pure magnetite for Fe. Pyroxene
was analyzed using a synthetic jadeitic diopside (Di Jd 35)
for Si, Al, Na, Mg, and Ca, a natural cossyrite for Fe and
Ti, the same manganese-rich ilmenite for Mn, and a syn-
thetic chrome diopside (Cr CAT 54) for Cr.

At SUNY Stony Brook, olivine, feldspar, pyroxene,
Cr-spinel, and opaques were analyzed using an auto-
mated four-spectrometer ARL model EmX-Sm electron
probe operating at 15 kv accelerating potential and
0.015u4A specimen current. Analyses were obtained in
real time using the matrix correction procedure of Bence
and Albee (1968) with a correction matrix modified
from that of Albee and Ray (1970). Analyses were mon-
itored by interfacing natural and synthetic stoichio-
metric phases of known chemistry.

The chromite, magnetite, and ilmenite analyses have
been recalculated to divide total iron into Fet3 and Fe *2
on the basis of stoichiometry. The Fe-Ti oxides have
been recalculated so that temperature of crystallization
and oxygen fugacities could be calculated for coexisting
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ilmenite-magnetite pairs. The magnetite-iilvospinel and
the ilmenite-hematite components of the opaque min-
erals are calculated such that Mn2+ is combined with
Ti¢+ to form Mn,TiO, in the Mt-Usp series and
MnTiO; in the Ilm-Hem series and discarded. In the
Mt-Usp series, Mg2* in excess of 1/2 (AB* + Cr3*)is
also combined with Ti** and discarded.

Chrome spinel compositions are denoted by chemical
formulas, where any Ti present is calculated as TiFe; 20,
and the remaining iron is split to balance R,*3R +20,.
The clinopyroxene formulas have been calculated using
the computer program of Papike et al. (1974). The min-
eral formulas listed in the text and in the summary ta-
bles (Tables 6, 7, and 11) and plotted in the figures (la,
2a, 3a, 5a, 6a, 7a, and 11a) have recombined the Fe2+
and Fe3+ calculated for the analyses as total Fe; this is
called Fs. The tables of pyroxene analyses and mineral
formulas have listed both Fe?* and Fe3*; the quadrilat-
eral components have been calculated with all iron as
Fe2+* and called Fs. We have not used the calculated
Fe3+, although it is a useful calculation, so that the
analyses presented here may be directly compared with
other published pyroxene compositional data.

RESULTS: OJIN SEAMOUNT, SITE 430

Representative analyses of plagioclase, olivine, il-
menite, magnetite, and clinopyroxene are presented in
Tables 2 through 5, respectively. The compositional
data and calculated equilibration temperatures are sum-
marized in Table 6.

Sample 430A-4-2, 110-118 cm: Hawaiite

This sample, from near the top of Flow Unit 1, has a
trachytic texture consisting of feldspar (Ans,Or,-Ang
Ory) laths containing from 0.5 to 0.9 weight per cent
“FeQ’’ (Table 2), in a groundmass of granular clino-
pyroxene and equant Fe-Ti oxides. The clinopyroxenes
are too small to analyze, and no fresh olivine is present
in our sample. The Fe-Ti oxides consist of exsolved
equant titanomagnetite (Mty;—-Mt;;) and elongate il-
menite (Ilg-Ilg,). Most analyses yield (Table 4) com-
positions intermediate between titanomagnetite and il-
menite, the result of beam overlap. Pyrite is common
and chalcopyrite is present; both are generally located in
pools of clays in the groundmass.

Sample 430A-5-1, 21-27 cm: Hawaiite

This sample from the interior of Flow Unit 1 has a
trachytic texture consisting of andesine (AngOr;) to
potassic oligoclase (An;,Or,;) laths containing from 0.4
to 1.2 weight per cent ‘“‘FeO’’ (but averaging about 0.7
wt. % ‘“FeO’’). Clinopyroxene is generally intergran-
ular to sub-ophitic (WoyEnyFs;; to Wog,Eny;Fs,;;
ALO; = 1.5 to 2.6 wt. %; TiO, = 1.4 to 2.2 wt. %).
Both TiO, and Al,O; decrease and MnO increases with
increasing iron, and Cr,0; is below detectability limits
CpL = 0.02 wt. % Cr,0;; Na,O ranges from 0.4 to 0.6
per cent, but shows no correlation with iron. ‘‘Other”’
components account for 6 to 13 per cent; classification
as CAMGTAL or NATAL is according to the scheme of
Papike et al. (1974). No fresh olivine is present. The
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TABLE 1
Petrographic Summary of Analyzed Samples
Sample Flow Phenocrysts (%) Dominant
(Interval in cm) Unit Rock Type Ol Cpx Plag Texture Mg Value Alteration (all glass is replaced by smectite)
430A-4-2,110-118 1 Hawaiite 0 0 0 Subtrachytic 34.0 Olivine replaced by iddingsite and smectite, some magnetite re-
placed by hematite.
430A-5-1, 21-27 1 Hawaiite 0 0 0 Subtrachytic to 36.0 Olivine replaced by smectite and rare calcite.
intersertal
430A-5-2,102-115 1 Hawaiite 0 0 <1 Subtrachytic, 46.1 Most olivine replaced by iddingsite and smectite.
vesicular
430A-6-1, 17-25 2 Hawaiite 0 0 0  Subtrachytic 42.5 Most olivine replaced by iddingsite and smectite.
430A-6-3, 52-63 3 Hawaiite 0 0 0 Subtrachytic 41.9 Olivine replaced by smectite.
430A-6-4, 7-15 4 Hawaiite 0 0 0 Subtrachytic 46.1 Olivine replaced by smectite and iddingsite, some magnetite re-
placed by hematite.
430A-6-4, 140-150 <1 Plagioclase 1 2 17 Intergranular 49.6 Olivine replaced by iddingsite and smectite.
tholeiite
432A-2-1, 86-92 1 Alkalic basalt 2 0 8 Diabasic 50.9 Olivine replaced by iddingsite and smectite, some magnetite re- f
placed by hematite.
432A-2-3, 37-43 2 Alkalic basalt 3 0 14 Diabasic 39.9 Olivine replaced by iddingsite, smectite, and calcite. Vesicles filled
with smectite.
432A-3-2, 120-126 3 Alkalic basalt 1 0 0 Intergranular 48.2 Olivine is about half replaced by smectite, rare phillipsite.
432A-5-2, 57-66 3 Alkalic basalt 2 0 0 Ophitic 49.1 Most olivine replaced by smectite.
433A-20-1, 30-36 1 Alkalic basalt 0 1° 7 Intergranular 45.7 Olivine replaced by smectite.
433A-21-4,129-138 1 Alkalic basalt <1 4 11  Intergranular 44.7 Olivine replaced by iddingsite and smectite. Vesicles filled with
smectite.
433A-5-2, 61-68 1 Alkalic basalt <1 2 3 Intergranular to - Olivine replaced by smectite.
subtrachytic
433B-5-3, 85-90 2 Alkalic basalt i 2 9 Pilotaxitic 51.3 Olivine mostly replaced by smectite with iddingsite rims.
433C+4-1, 30-38 2 Alkalic basalt 7 2 12 Pilotaxitic to 54.8 Olivine replaced by smectite on rims and cracks.
intergranular
433C-10-4, 11-17 4F Olivine S 0 0 Variolitic, 65.9 Olivine replaced by clay with iddingsite rims; vesicles are clay-
tholeiite vesicular lined.
433C-12-3, 57-65 9 Tholeiite 1 1 3 Intergranular 59.9 Olivine replaced by clay and calcite with iddingsite rims; vesicles
are clay- and calcite-filled.
433C-13-2, 55-66 10 Plagioclase 1 4 12 Diabasic 57.4 Olivine and intersertal glass replaced by clays.
tholeiite
433C-14-3, 8-15 11B Plagioclase 0 1 6 Intergranular, 54.0 Vesicles are clay-lined; plagioclase cores replaced by clays.
tholeiite vesicular
433C-15-6, 16-31 13 Tholeiite <1 1 1 Intergranular 524 Olivine and groundmass glass replaced by clays.
433C-19-5, 57-65 15A Tholeiite 1 <1 3 Intergranular 58.8 Olivine replaced by clays with iddingsite rims, plagioclase cores and
groundmass glass replaced by clays.
433C-214,7-13 17 Tholeiite <1 0 1 Intergranular 57:1 Olivine replaced by iddingsite and clays; plagioclase partially, and
glass completely, replaced by clays and zeolites.
433C-22-5, 45-52 18 Plagioclase 2 0 7  Pilotaxitic 54.1 Olivine replaced by clays and iddingsite, groundmass clays after glass.
tholeiite
433C-24-7,133-139 19 Tholeiitic 39 0 0 Diabasic 79.1 Olivine partly replaced by iddingsite and clays, plagioclase partly
picrite replaced by clays.
433C-28-2, 73-80 25 Plagioclase 0 1 5 Pilotaxitic 54.5 Olivine replaced by clays, clay patches in groundmass.
tholeiite
433C-29-1,112-123 26A Plagioclase <1 1 5 Intergranular 54.9 Olivine and groundmass glass replaced by clays.
tholeiite
433C-29-2, 94-100 26B Plagioclase 1 <1 7  Pilotaxitic 53.1 Olivine, plagioclase cores, and groundmass glass replaced by clays
tholeiite and zeolites.
433C-31-1, 28-34 27 Tholeiite 6 0 7  Pilotaxitic 58.1 Olivine altered to clay along fractures, rare plagioclase cores re-
placed by clays.
433C-34-2,103-111 33 Olivine 15 0 1 Sub-ophitic 66.2 Olivine replaced by clays with iddingsite rims, rare groundmass
tholeiite patches of clays.
433C-34-7, 114-121 35 Olivine 9 <1 3 Pilotaxitic 65.0 Olivine replaced by clays and calcite with iddingsite rims, irregular
tholeiite clay patches in groundmass.
433C-37-3, 79-87 44 Tholeiite 2 0 0 Diabasic 61.8 Olivine replaced by clays, some patches of groundmass clays.
433C-38-1, 67-76 45B Olivine 9 Q 0  Sub-ophitic 67.3 Olivine partially replaced by clays and rimmed by iddingsite,
tholeiite abundant groundmass clays.
433C-39-5, 87-94 48 Olivine 5 0 0 Intergranular 65.9 Olivine mostly replaced by clays, some groundmass clays.
tholeiite
433C-40-2, 88-96 49 Olivine 8 0 0 Intergranular 67.1 Olivine partly replaced by clays and rimmed by iddingsite, some
tholeiite groundmass clays.
433C-42-1, 56-63 52 Tholeiite 1 <1 <1 Intersertal 57.4 Abundant intersertal glass replaced by clays.
433C-42-3, 11-20 53 Plagioclase 1 4 15 Intersertal 60.9 Olivine replaced by iddingsite and glass by clays.
tholeiite
433C-42-5, 85-92 54 Plagioclase 1 1 13 Diabasic, 57.8 Olivine replaced by iddingsite and glass by clays.
tholeiite intersertal
433C-47-5, 92-100 64 Tholeiite 2 1 1 Pilotaxitic 44.6 Olivine replaced by iddingsite, plagioclase partially altered to clays,
abundant phillipsite in groundmass.
433C-49-2,17-24 66 Tholeiite 1 1 2 Diabasic 49.1 Olivine replaced by iddingsite and glass to clays.

sample contains exsolved equant titanomagnetite (Mts)
and rare elongate ilmenite (Ilgs). Most analyses yield
compositions intermediate between ilmenite and titano-
magnetite, indicating analysis of both phases at once.

Sample 430A-5-2, 102-115 cm: Hawaiite

This sample, from the interior of Flow Unit 1, is
vesicular and has a subtrachytic texture. It contains

plagioclase laths that were not analyzed, but optical
techniques indicate that they are generally near Ang,.
Microphenocrysts of clinopyroxene occur as well-
developed grains (Wog,EngFs;s-WoyEny Fsy;; ALO,
= 1.2 to 3.0 wt. %; TiO, = 1.0 to 2.2 wt. %; MnO =
0.22 to 0.36 wt. %). Both TiO, and Al,O; increase with
increasing iron and then decrease with continued in-
creasing Fs. Na,O ranges from 0.4 to 0.5 per cent, and
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TABLE 2
Kepresentative Feldspar Analyses from Leg 55 (Oxides wt. %)
1 2 3 4 ~] 6 7 8 9 10 11 12 13 14 15 16 17
Si0p 57.5 64.3 55.0 50.1 53.7 64.2 54.4 54.0 529 49.4 49.0 48.4 57.2 51.7 50.9 48.8 53.1
AlxO3 26.6 21.3 279 317 29.4 21.8 28.5 28.5 29.2 31.8 325 325 25.7 29.9 30.3 31.8 28.0
FeO 0.63 0.62 0.72 0.72 0.37 0.59 0.91 0.95 0.90 0.82 0.64 0.67 0.98 0.79 0.56 0.61 1.05
MgO 0.00 0.00 0.00 0.07 0.00 0.00 0.01 0.01 0.00 0.10 0.02 0.02 0.09 0.12 0.07 0.05 0.03
Ca0 8.51 2.28 10.5 14.00 11.6 2.65 11.10 11.7 11.60 14.80 15.7 15.8 8.87 13.7 13.9 15.0 11.4
Na0 6.31 8.02 5.31 3.03 4.62 7.79 4.93 4.73 4.38 2.74 2.50 2.38 6.01 3.66 3.51 2.65 4.76
K70 0.54 3.23 0.26 0.07 0.24 3.12 0.38 0.29 0.31 0.10 0.08 0.08 0.48 0.11 0.15 0.15 0.24
b4 100.1 99.7 99.7 99.7 99.9 100.2 100.2 100.2 99.3 99.8 100.4 99.9 99.3 100.0 99.4 99.1 98.6
Cations, Oxygen = 8
Si 2.581 2.873 2.495 2.291 2.432 2.855 2.459 2.448 2.419 2.264 2.236 2222 2.594 2.358 2.337 2.257 2.447
Al 1.409 1,122 1.490 1.710 1.568 1.145 1.521 1.522 1.571 1.722 1.749 1.760 1.373 1.607 1.639 1.730 1.522
Fe 0.024 0.023 0.027 0.028 0.014 0.022 0.034 0.036 0.034 0.031 0.024 0.026 0.037 0.030 0.021 0.024 0.040
Mg 0.000 0.000 0.000 0.005 0.000 0.000 0.001 0.001 0.000 0.007 0.001 0.001 0.006 0.008 0.005 0.003 0.002
Ca 0.410 0.109 0.508 0.685 0.561 0.126 0.538 0.567 0.568 0.727 0.766 0.779 0.431 0.670 0.682 0.741 0.562
Na 0.550 0.695 0.467 0.268 0.406 0.672 0.432 0416 0.388 0.244 0.221 0212 0.528 0.324 0.312 0.239 0.425
K 0.031 0.184 0.015 0.004 0.014 0.177 0.022 0.017 0.018 0.006 0.005 0.005 0.028 0.006 0.009 0.009 0.014
= 5.005 5.006 5.002 4.991 4.994 4.997 5.007 5.007 4.999 5.000 5.003 5.006 4.997 5.004 5.005 5.001 5.012
Feldspar Components, mol %
Or 3.1 18.6 1.5 0.04 1.4 18.2 2.2 1.7 1.9 0.6 0.5 0.50 2.8 0.6 0.9 0.9 1.4
Ab 55.5 70.3 47.2 28.0 41.4 68.9 43.6 41.6 39.84 25.0 22.3 21.3 53.5 324 311 24.2 42.5
An 41.4 11.0 51.3 71.6 57.2 12.9 542 56.7 58.32 74.4 77.2 78.2 43.7 67.0 68.0 74.9 56.1
TABLE 2 — Continued Legend
18 19 20 21 22 23 24 25 26 27 Sample Flow
Si0, 55.0 54.8 51.9 49.8 51.7 51.6 56.9 51.9 52.8 52.1 Column (Interval in cm) Unit Rock Type Crystal Analyzed
AlO3 27.8 28.6 29.1 32:1 29.5 30.3 26.1 30.0 29.2 30.1 .
FeQ 0.82 0.90 0.64 0.62 0.76 0.49 0.99 0.57 0.60 0.49 1 430A-4-2,110-118 1 Hawaiite Groundmass
MgO 0.00 0.28 0.09 0.03 0.12 0.11 0.02 0.18 0.11 0.09 2 430A-5-1,21-27 1 Hawaiite Groundmass
Ca0 10.9 10.2 12.8 15.2 13.0 14.0 9.3 12.8 13.1 12.9 3 430A-6-4,07-15 4 Hawaiite ) Phenocryst core
Na20 5.13 4.96 3.95 2 71 3.95 3.70 6.00 3.85 4.14 3.95 4 430A-6-4, 140-150 5 Plaglqclase tholeitte ~ Phenocryst core
K20 0.31 0.32 0.10 0.06 0.08 0.07 0.32 0.09 0.14 0.12 5 432A-2-1, 86-92 1 Alkalic basalt Phenocryst core
P 100.0 100.1 98.6 100.5 99.1 100.3 99.6 99.4 100.1 99.8 6 452A-2-3,37-43 2 Alkalic basalt Phenocryst core
7 432A-5-2, 56-66 3 Alkalic basalt Inclusion in olivine
Cations, Oxygen = 8 (Table 3 #3)
si 2.491 2473 2.394 2.265 2376 2.346 2574 2372 2.399 2.370 ¢ By 'one T et ﬁ’i‘c’r"o“sh’:zfm "
Al 1.482 1.520 1.581 1.720 1.596 1.624 1.393 1.617 1.565 1.619 10 433B.5.2 61-68 1 Al bagalt i i Coi'e
Fe 0.031 0.034 0.025 0.024 0.029 0.019 0.037 0.022 0.023 0.019 11 433B-5.3. 85-90 5 Alkalic basalt PhEEGISt BTe
Mg 0.000 0.019 0.006 0.002 0.008 0.007 0.001 0.012 0.007 0.006 12 433041 30-38 5 Alkaiic. basalt Incluston in
Ca 0.530 0.493 0.631 0.743 0.633 0.682 0.452 0.624 0.637 0.630 2 clinopyroxene
Na 0.450 0.434 0.353 0.239 0.35 0.326 0.526 0.341 0.365 0.349 s 5 - .
K 0.018 0.018 0.006 0.003 0.005 0.004 0.018 0.005 0.008 0.007 13 43C104.11-17 a5  [Dlivine tholeiite Groundmass
x 5.002 4.993 4.995 4.996 5.005 5.007 5.002 4.993 5.005 4999 14 4C100760 ) Dholiie Microphenocryst
4 ' % " : < ke 2 - ¢ 15 433C-13-2, 55-66 10 Plagioclase tholeiite Phenocryst rim
e 16 433C-14-3, 8-15 11B Plagioclase tholeiite Phenocryst core
FeldspacComponents, mol % 17 433C-156, 16-31 13 Tholeiite Groundmass
Or 1.8 1.9 0.6 0.3 0.5 0.4 1.8 0.5 0.8 0.7 18 433C-22-5, 45-52 18 Plagioclase tholeiite ~ Groundmass
Ab 45.1 45.9 35.7 24.3 35.3 32.2 52.8 35.2 36.1 35.4 19 433C-24-7,133-139 19 Tholeiitic picrite Groundmass
An 53:1 52.2 63.7 75.4 64.2 67.4 45.4 64.3 63.1 63.9 20 433C-28-2, 73-80 25 Plagioclase tholeiite Phenocryst core
21 433C-31-1, 28-43 27 Plagioclase olivine Phenocryst core
tholeiite
22 433C-34-2,103-111 33 Tholeiitic picrite Phenocryst core
23 433C-37-3, 79-87 44 Tholeiite Microphenocryst
24 433C-38-1, 67-76 45B Olivine tholeiite Groundmass
25 433C-42-3, 11-20 53 Plagioclase tholeiite Phenocryst
26 433C-47-5, 92-100 64 Tholeiite Phenocryst
27 433C-49-2,17-24 66 Tholeiite Microphenocryst

HONEM ' 'V ASId ¥ ‘W ‘dNOVIO 'V 'd



TABLE 3
Representative Olivine Analyses of DSDP Leg 55 (Oxides wt. %)
1 2 3 4 5 6 7
Si0y 36.0 39.4 39.6 39.1 39.7 38.6 39.9
Aly03 0.04 0.17 0.12 0.10 0.10 0.00 0.09
FeO 35.6 13.6 16.3 17:5 14.1 19.1 12.4
MnO 0.62 0.13 0.15 0.21 0.18 0.27 0.13
MgO 28.6 45.6 43.8 42.8 45.5 40.8 47.0
Ca0O 0.29 0.27 0.24 0.28 0.22 0.32 0.22
Cry03 0.05 0.05 0.07 0.02 0.07 0.02 0.10
z 101.2 99.2 100. 100.0 99.9 99.1 99.8
Cations, Oxygens = 4
Si 0.991 0.992 0.998 0.995 0.995 0.999 0.993
Al 0.001 0.005 0.004 0.000 0.003 0.000 0.003
Fe 0.891 0.285 0.344 0.374 0.295 0.414 0.257
Mn 0.014 0.003 0.003 0.005 0.004 0.006 0.003
Mg 1.173 1.712 1.643 1.624 1.699 1.573 1.741
Ca 0.009 0.007 0.006 0.008 0.006 0.009 0.006
Cr 0.001 0.001 0.001 0.000 0.001 0.000 0.002
> 3.008 3.005 3.000 3.005 3.003 3.001 3.005
Olivine Components, Mol %
%Fo 58.9 85.7 82.7 81.3 85.2 79.2 87.1
Legend
Sample
Column (Interval in cm) Rock Type Crystal Analyzed
1 430A-5-2, 102-115 Hawaiite Microphenocryst core
2 432A-3-2,120-126 Alkalic basalt ~ Phenocryst core
3 432A-5-2, 57-66 Alkalic basalt  Phenocryst core
4 433C-4-1, 30-38 Alkalic basalt Phenocryst core
5 433C-24-7,133-139  Oceanite Phenocryst core
6 433C-31-1, 28-34 Tholeiite Phenocryst core
7 433C-381,67-76 Tholeiite Phenocryst rim

Cr,0, is below detectability limits. Neither Na,O nor
MnO correlates with Fs. The total ‘‘other’’ components
make up 7 to 13 per cent. The sample contains both il-
menite (Ilgy-Ily;) and titanomagnetite Mts;-Mt,,). Some
of the titanomagnetite crystals contain optically resolv-
able ilmenite exsolution lamallae. Both groundmass and
microphenocrysts of olivine (Fosg_¢;) are present. These
iron-rich olivines contain about 0.7 weight per cent
MnO and 0.3 per cent CaO.

Sample 430A-6-1, 17-25 cm: Hawaiite

This sample, from the base of Flow Unit 2, has a
trachytic texture consisting of plagioclase (Ang,Or,-
An,,Or,) laths up to 100um and dispersed tabular or
equant plagioclase (Ans;Or,-Any;Or,) micropheno-
crysts (up to 600um). The groundmass consists of inter-
stitial clinopyroxene (Wo,;En;oFs;s-Wo,En;sFs,g;
AlL,O; = 2.2 to 3.1 wt. %; TiO, = 1.7 to 2.9 wt. %;
MnO = 0.22 to 0.30 wt. %; Na,O = 0.4 to 0.6 wt. %;
others = 10 to 14 mole %), ilmenite (Ily,-Ily,), titano-
magnetite (Mts,-Mts,), and brown clay alteration prod-
ucts, presumably after glass and iddingsite.

Sample 430A-6-3, 52-63 cm: Hawaiite

This sample from near the base of Flow Unit 3 has
trachytic texture, and contains plagioclase (Ang,Or,-
AnygOrs) up to 100um. The clinopyroxene (Wo,En;q
Fsy-Wo,sEnssFs,) is present as rare granules in the
groundmass. They have a small range of compositions:
Al O; = 2.5t04.4 wt. %, TiO, = 2 to 3.15 wt. %, Na,O
= 0.6 to 0.8 wt. %, MnO = 0.29 to 0.34 wt. %, unde-
tectable Cr,0; and total ‘‘other’” components range
from 11 to 15 per cent. The sample contains equant ex-
solved titanomagnetite (Mt,;-Mt,,) and elongate ilmen-
ite (Ilgg).

MINERAL CHEMISTRY OF BASALTS

Sample 430A-6-4, 7-15 cm: Hawaiite

The sample from the center of Flow Unit 4 has tra-
chytic texture and contains labradorite (AnssOr,-Ans;
Or,) as rare rounded phenocrysts and intergranular
clinopyroxene too small to analyze. The sample con-
tains both titanomagnetite (Mt,-Mt;y,) and ilmenite

(Tgg).
Sample 430-6-4, 140-150 cm: Tholeiite

This sample is from the single piece of Flow Unit 5
recovered at Hole 430A.. The rock is glomeroporphyritic
with glomerocrysts of plagioclase, clinopyroxene, and
very rare olivine that is totally altered to clays, and
plagioclase phenocrysts (up to 1.5mm). Zoning in the
plagioclase glomerocrysts is complex, with cores
(AngyOry-AngsOr) and rims (Ans;sOrp-An; Or). The
groundmass plagioclase is more sodic, and ranges in com-
position from AnsyOr; to Ans;Or,. The clinopyroxene
phenocryst cores (Wo,;EnggFs;;-Wo4,EnysFs;3) have
Al O; = 2to 3.3 weight per cent, TiO, = 0.5 t0 0.9 weight
per cent, Na,O = 0.3 to 0.39 weight per cent, Cr,0O; up
to 0.43 weight per cent, MnO = 0.10 to 0.18 weight per
cent, and total ‘‘other’’ components = 7 to 13 mole per
cent. The clinopyroxene microphenocrysts, groundmass,
and phenocryst rims are nearly identical (Wo,; EnyFs;,
-Wo3,En,;Fs,), with ALO; = 2 to 4.8 weight per cent,
TiO, = 0.8 to 1.75 weight per cent, Na,O = 0.29 to 0.37
weight per cent, Cr,0O; up to 0.33 weight per cent, MnO
= 0.18 to 0.30 weight per cent, and total ‘‘other’’ com-
ponents 6 to 22 per cent. Flow Unit 5 contains both ti-
tanomagnetite (Mty,~Mt,,) and ilmenite (Ily;). Pyrite is
present but rare.

Hole 430A: Summary and Interpretation

The hawaiites from Flow Units 1 to 4 are very similar
in mineral chemistry. Plagioclase compositions range
from sodic labradorite and calcic andesine to anor-
thoclase (See Figure 1c). Pyroxene compositions are
more uniform: the total range in compositions is from
Wo,EngFs;; to WoyEn;;Fsy; (See Figure la). The
clinopyroxene has undetectable Cr,0; and rather high
Na,O (0.4 to 0.8%). ALO; and TiO, are variable; the
sample with the highest TiO, content is 430A-5-1, 21-27
cm, which contains the least titanian augite and the sam-
ple with the lowest TiO, content contains the most titan-
ian augite (430A-6-3, 52-63 cm). The ‘‘other’’ com-
ponents of Papike et al. (1974) are shown in Figure 1b.
All four flow units contain both ilmenite and titano-
magnetite in grains that are generally exsolved and ox-
idized (See Figure 1d). Only one analyzed sample (430A-
5-2, 102-105 cm) contains unaltered olivine (Fog,) as
microphenocrysts (plotted along the base of Figure 1a).

The tholeiitic basalt that makes up Flow Unit 5 con-
tains plagioclase phenocrysts (AngyOry-AngOr;) and
groundmass crystals (AnsgOr;-Ans, Or,), clinopyroxene
phenocrysts (Wo,;EngFs;; to Woy,EnysFs ;) and
groundmass crystals (Wog,EngFs;, to Wo3,Eng;Fsy),
ilmenite (Ily;) and titanomagnetite (Mt,,_5,). No fresh
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TABLE 4
Representative Fe-Ti Oxide Analyses from Leg 55 (Oxides wt. %)
1 2 3 4 5 6 7 8 9 10 11 12
AlyO3 1.45 1.35 1.43 1.38 1.03 1.30 1.66 0.71 1.67 1.27 1.88 1.48
TiOp 17.38 19.74 27.41 19.96 24.53 9.71 25.02 25.27 25.05 22.13 23.00 2.1
FeO 47.76 47.35 52.35 46.55 51.54 36.01 51.70 51.07 51.70 48.65 50.81 49.99
Fey03 33.32 28.48 15.04 28.09 21.14 48.63 18.97 19.35 18.65 25.34 21.06 21.05
MnO 0.44 0.50 0.60 0.42 0.61 0.54 0.61 0.55 0.49 0.42 0.41 0.52
MgO 1.72 0.80 2.33 1.42 1.23 2.09 1.34 1.70 1.36 1.71 0.53 0.67
Crp03 0.00 0.03 0.09 0.00 0.00 0.04 0.00 0.00 0.00 0.07 0.00 0.74
TOTAL  98.07 98.25 99.25 97.83 100.08 98.31 99.29 98.65 98.92 99.59 97.69 97.16
Cations, Oxygen = 4
Al 0.065 0.060 0.062 0.062 0.045 0.058 0.073 0.031 0.073 0.056 0.084 0.067
Fe3+ 0.948 0.813 0.417 0.801 0.589 1.387 0.530 0.545 0.523 0.707 0.602 0.605
Ci 0.000 0.001 0.003 0.000 0.000 0.001 0.000 0.000 0.000 0.002 0.000 0.022
Ti 0.494 0.563 0.759 0.569 0.683 0.277 0.699 0.712 0.702 0.618 0.657 0.653
Fe2t 1.383 1.502 1.613 1.475 1.596 1.141 1.605 1.599 1.611 1.510 1.614 1.598
Mn 0.014 0.016 0.019 0.013 0.019 0.017 0.019 0.017 0.015 0.013 0.013 0.017
Mg 0.097 0.045 0.128 0.080 0.068 0.118 0.074 0.095 0.076 0.095 0.030 0.038
Magnetite Components, Mol %
Usp 52.6 58.3 86.2 60.5 123 27.0 74.7 77.4 75.2 66.7 67.5 67.6
Mt 47.4 41.7 13.8 39.5 274 73.0 253 22.6 24.8 33.3 325 324
13 14 15 16 17 18 19 20 21 22 23 24
AlO3 0.21 0.20 0.19 0.16 0.19 0.22 0.20 0.24 0.29 0.30 0.21 0.26
TiOy 49.09 49.30 49.18 48.75 50.30 49.55 47.22 50.63 51.14 49.67 48.88 48.65
FeO 38.59 41.41 41.26 40.20 41.61 42.57 37.81 39.93 35.82 41.72 41.60 42.59
Fe03 8.39 7.43 6.86 7.69 6.04 5.70 11.09 6.41 6.84 7.42 7.73 7.14
MnO 0.68 0.32 0.64 0.60 0.48 0.54 0.30 0.43 0.34 0.43 0.44 0.41
MgO 13 1.46 1.30 1.70 1.76 0.81 2.44 2.90 5.51 1.41 1.07 0.42
Cry03 0.00 0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TOTAL 99.69 100.23 99.43 99.10 100.37 99.39 99.06 100.53 99.95 100.94 99.94 99.47
Cations, Oxygen = 3
Al 0.006 0.006 0.006 0.005 0.006 0.007 0.006 0.007 0.008 0.009 0.006 0.008
Fe3+ 0.157 0.140 0.130 0.146 0.113 0.109 0.210 0.119 0.125 0.138 0.146 0.136
Cr 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.918 0.926 0.932 0.925 0.941 0.942 0.892 0.937 0.933 0.926 0.924 0.928
FelZt 0.803 0.865 0.870 0.848 0.865 0.900 0.794 0.822 0.727 0.865 0.874 0.903
Mn 0.014 0.007 0.014 0.013 0.010 0.012 0.006 0.009 0.007 0.009 0.009 0.009
Mg 0.101 0.054 0.049 0.064 0.065 0.031 0.091 0.106 0.199 0.052 0.040 0.016
Ilmenite Components, Mol %
I 92.0 93.0 93.4 92.6 94.3 94.5 89.5 94.0 93.7 93.0 92.6 93.1
Hm 8.0 7.0 6.6 7.4 5.9 5.5 10.5 6.0 6.3 7.0 7.4 6.9
Legend
Sample Flow
Column (Interval in cm) Unit Rock Type Crystal Analyzed
1 430A-5-2, 102-115 1 Hawaiite Groundmass
2 430A-64, 140-150 S Tholeiite Groundmass
3 432A-5-2, 57-66 3 Alkalic basalt Groundmass
4 433A-21-4, 129-138 1 Alkalic basalt Groundmass
5 433C-4-1, 30-38 2 Alkalic basalt Groundmass
6 433C-10-4, 11-17 4F Olivine tholeiite Groundmass
7 433C-13-2, 55-66 10 Plagioclase tholeiite Groundmass
8 433C-22-5, 45-52 18 Plagioclase tholeiite Groundmass
9 433C-28-2, 73-80 25 Plagioclase tholeiite Groundmass
10 433C-31-1, 28-34 27 Plagioclase tholeiite Groundmass
11 433C-37-3, 79-87 44 Tholeiite Groundmass
12 433C-49-2,17-24 66 Tholeiite Groundmass
13 430A-4-2,110-118 1 Hawaiite Groundmass
14 430A-6-4, 140-150 5 Tholeiite Groundmass
15 433B-5-2,61-68 1 Alkalic basalt Groundmass
16 433C-4-1, 30-38 2 Alkalic basalt Groundmass
17 433C-13-2, 55-66 10 Plagioclase tholeiite Groundmass
18 433C-14-3, 08-15 11B Plagioclase tholeiite Groundmass
19 433C-21-4,07-13 17 Tholeiite Groundmass
20 433C-22-5, 45-52 18 Plagioclase tholeiite Groundmass
21 433C-24-7,133-139 19 Tholeiite picrite Groundmass
22 433C-28-2, 73-80 25 Plagioclase tholeiite Groundmass
23 433C-37-3, 719-87 44 Tholeiite Groundmass
24 433C-42-3,11-20 53 Plagioclase tholeiite Groundmass
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Represnetative Pyroxenes from Holes 430A and 432A (Oxides wt. %)

TABLE 5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
SiO9 49.50 50.56 50.04 50.48 49.23 50.76 50.40. 47.88 49.69 52.58 50.95 48.29 50.77 50.13 49.69 46.54
AlpO3 2.66 1.82 2.04 2.39 3.00 1.75 2.18 3.11 2.55 1.99 2.88 4.81 2.18 2.88 2.83 5.25
FeO 10.99 12.05 1213 11.97 12.50 12.86 10.80 12.09 11.87 7.711 7.14 8.79 11:32 10.85 10.11 10.18
MnO 0.28 0.29 0.28 0.31 0.26 0.34 0.25 0.25 0.31 0.16 0.11 0.18 0.30 0.23 0.23 0.21
MgO 13.38 13.13 12.91 13.60 13.40 13.20 13.41 11.73 12.34 17.04 16.18 15.14 14.51 14.33 13.27 11.50
CaO 20.26 20.05 19.79 19.19 18.72 18.89 20.62 20.56 20.70 19.56 20.92 19.93 19.24 19.35 21.48 21.38
Na0 0.43 0.41 0.59 0.45 0.48 0.54 0.55 0.50 0.61 0.32 0.38 0.36 0.37 0.33 0.44 0.60
TiO7 1.95 1.36 1.63 1.5 2.16 1.04 1.71 2.40 1.99 0.67 0.56 1.75 1.19 1.29 1.79 3.10
Crp03 0.01 0.01 0.00 0.05 0.00 0.03 0.05 0.05 0.01 0.20 0.39 0.33 0.14 0.03 0.08 0.01
TOTAL  99.46 99.68 99.41 100.19 99.75 99.41 99.97 98.57 100.07 100.23 99.51 99.58 100.02 99.42 99.92 98.77
Cations, Oxygen = 6
Si 1.872 1.913 1.899 1.894 1.860 1.922 1.877 1.894 1.845 1.927 1.880 1.794 1.900 1.882 1.866 1.773
ALY 0.119 0.081 0.091 0.106 0.134 0.078 0.114 0.97 0.141 0.073 0.120 0.206 0.096 0.118 0.125 0.227
AIVI 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.013 0.005 0.005 0.000 0.010 0.000 0.009
Fe2* 0.309 0.348 0.343 0.337 0.349 0.350 0.330 0.301 0.352 0.196 0.121 0.154 0.302 0.283 0.264 0.241
Fe3+ 0.039 0.034 0.042 0.038 0.046 0.057 0.045 0.039 0.038 0.040 0.099 0.119 0.052 0.058 0.054 0.084
Mg 0.754 0.740 0.730 0.760 0.755 0.745 0.695 0.751 0.673 0.931 0.890 0.838 0.809 0.802 0.743 0.653
Mn 0.009 0.009 0.009 0.010 0.008 0.011 0.010 0.008 0.008 0.005 0.003 0.006 0.010 0.007 0.007 0.007
Ti 0.055 0.039 0.047 0.049 0.061 0.030 0.057 0.048 0.070 0.018 0.016 0.049 0.033 0.036 0.051 0.089
Cr 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.001 0.002 0.006 0.011 0.010 0.004 0.001 0.002 0.000
Ca 0.821 0.813 0.805 0.771 0.758 0.766 0.838 0.830 0.849 0.768 0.827 0.793 0.771 0.779 0.864 0.873
Na 0.032 0.030 0.043 0.033 0.035 0.040 0.045 0.040 0.037 0.023 0.027 0.026 0.027 0.024 0.032 0.044
Pyroxene Components, Mol %
Ca 42.7 42.0 41.9 40.5 39.7 40.0 43.2 44.4 43.9 39.7 42.7 41.6 399 40.5 44.9 47.2
Mg 39.2 383 38.1 39.9 39.5 38.8 39.1 352 36.4 48.1 45.9 44.0 41.8 41.7 38.6 35.3
Fer 18.1 19.7 20.0 19.7 20.7 21.2 17.7 20.4 19.7 12.2 11.4 14.3 18.3 17.7 16.5 17.5
Others 11.9 8.1 9.1 10.6 13.4 8.8 11.4 9.7 14.1 1.7 13.2 20.6 9.6 117 12.5 2257
TABLE 5 — Continued Legend
Sample Flow
17 15 19 20 21 - 22 24 = Column (Interval in cm) Unit Rock Type Crystal Analyzed
Si07 50.02 48.38 47.97 49.54 48.28 46.34 47.97 49.54 49.93
AlpO3 2.7 5.11 4.43 2.1 3.94 4.78 3.81 3.25 2.48 1 430A-5-1, 21-27 1 Hawaiite Groundmass
FeO 9.36 9.74 11.16 14.68 11.00 12.03 9.98 10.14 11.18 2 430A-5-1, 21-27 1 Hawaiite Groundmass
MnO 0.16 0.13 0.16 0.27 0.23 0.29 0.17 0.22 0.25 3 430A-5-1, 21-27 1 Hawaiite Groundmass
MgO 13.88 12.28 11.27 9.61 11.65 10.59 12.85 1291 11.98 4 430A-5-2,102-115 1 Hawaiite Groundmass
CaO 21.45 21.89 21.66 20.72 21.71 21.11 21.23 21.21 20.75 5 430A-5-2,102-115 1 Hawaiite Groundmass
Nay0 0.39 0.57 0.64 0.78 0.59 0.65 0.60 0.49 0.69 6 430A-5-2,102-115 1 Hawaiite Groundmass
TiO 1.67 2.55 2.25 1.98 2.30 3.25 2.39 2.21 1.80 7 430A-6-1, 17-25 2 Hawaiite Groundmass
Crp03 0.05 0.02 0.00 0.00 0.00 0.00 0.03 0.04 0.01 8 430A-6-1, 17-25 2 Hawaiite Groundmass
TOTAL  99.75 100.67 99.54 100.29 99.7 99.04 99.03 100.01 99.07 9 430A-6-3,52-63 3 Hawaiite . Groundmass
10 430A-6-4, 140-150 5 Plagioclase tholeiite Phenocryst core
Cations, Oxygen = 6 11 430A-6-4, 140-150 N P]agiuclase thole;?le Phenocryst core
6l 3 4 e
si 1873 L8OI 1817 (891 185 L778 LIS 1858 189 13 430A64 140130 5 Plagioclse tholeite  Phenoeryetrim
Allv\; 0.122 0.199 0.183 0.109 0.175 0.216 0.170 0.142 0.102 14 430A-6-4: 140-150 5 Plagioclase tholeiite Groundmass
Al2+ 0.000 0.025 0.015 0.013 0.001 0.000 0.000 0.002 0.010 15 432A-2-1, 86-92 1 Alkali basalt Microphenocryst core
Fe 0.238 0.232 0.267 0.430 0.261 0.309 0.239 0.268 0.316 16 432A-2-1, 86-92 1 Alkali basalt Microphenocryst rim
Fe3+ 0.055 0.072 0.087 0.039 0.087 0.077 0.077 0.050 0.040 17 432A-2-1. 86-92 1 Alkali basalt Groundmass
Mg 0.774 0.681 0.636 0.547 0.656 0.606 0.726 0.722 0.679 18 432A-2‘l‘ 86-92 ! Alkali basalt Groundmass
Mn 0.005 0.004 0.005 0.009 0.007 0.009 0.005 0.007 0.008 19 432A-2-1 . 86-92 1 Alkali basalt Gioiindifiass
Ti 0.047 0.071 0.064 0.057 0.065 0.094 0.068 0.062 0.051 20 432A»2~]‘ 86-92 1 Alkali basalt Groundmass
Cr 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.000 21 432A-2-3‘ 37-43 2 Alkali basalt Groundmass
Ca 0.861 0.873 0.879 0.848 0.879 0.868 0.862 0.852 0.845 22 432A-2-3: 37-43 2 Alkali basalt Groundmass
Na 0.028 0.041 0.047 0.058 0.043 0.048 0.044 0.036 0.051 23 432A-5-2. 57-66 3 Alkali basalt Microphenocryst core
24 432A-5-2, 57-66 3 Alkali basalt Groundmass
Pyroxene Components, Mol % 25 432A-5-2, 57-66 3 Alkali basalt Groundmass
Ca 44.6 47.0 47.0 45.5 46.7 46.7 45.3 45.0 45.0
Mg 40.2 36.7 34.0 29.4 349 32.6 38.1 38.1 36.1
Fer 15.2 16.3 18.9 25.2 18.5 20.8 16.6 16.8 18.9
Others 12:2 19.9 18.3 10.9 17.5 21.6 17.0 14.2 10.2
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TABLE 6
Hole 430A, Mineralogy Summary Table
Sample Opaques
(Interval in cm) Olivine (Fo)? Plagioclase (An)b Pyroxene Mt 11
(F.U.,Rock Type)  Temp. (°C) Temp. CC) Wo-En-Fs Temp. (°C) log O Chrome Spinel
430A-4-2,110-118 GP 54106 30 to 37 78 to 92
(1, Hawaiite) 1135° to 1010° 1000°-960° -11to-12 none
430A-5-1, 21-27 G48to 11 56 86 none
(1, Hawaiite) 6 miope SRkl m9EETRA 990° -10
430A-5-2,102-115 61-59 (80) 44 to 51 90 to 91 none
(1, Hawaiite) 1177°-1167 G42-40-181040-37-23  970°.890°  -11to-12
430A-6-1, 17-25 P57 to G22 32 to 52 92 to 94 none
(2, Hawaiite) 1179° to 1040°  O#3-39-181044-35-20 980 g50° 11 t0-13
430A-6-3, 52-63 G54 to 39 24 to 43 96 none
(3, Hawaiite) 1148° to 1067° ~ G44-36-201045-35-20 00 7000 141017
430A-6-4, 7-15 P55to 51 32to 48 93 none
(4, Hawaiite) 1163° to 1134° 970°-870° -12to -13
430A-6-4, 140-150 P80 to 65 P4346-11 to G37-43-20 22 to 42 93 none
(5, Plag. thol) 1400°-1161° 1070°-930°  -10to -12
G59to 51
1117°-1068°
() indicates calculated equilibrium olivine composition for this rock.
bP indicates phenocrysts, G indicates groundmass.
Ca Ca Oor Or
\
B
=
Mg ’ I l ‘ Fe+Mn Ab An
(a) (c) - Ti
Ti J
/ g /
Na in My Al (tet) Fo2t o3+

(b)

(d)

Figure 1. Mineralogy of Hole 430A basalts. (a) Quadrilateral components of clinopyroxene. The
forsterite content of olivine in Sample 430A-5-2, 102-115 cm is plotted along the En-Fs join.
Symbols are groundmass (+ ), phenocryst core (x), phenocryst rim (/\), microphenocryst core
(), and microphenocryst rim ((J). The pyroxenes form tholeiitic basalt Sample 430A-6-4,
140-150 cm are enclosed and labelled T those from the overlying four hawaiite flows are labelled
A. (b) ““Other’’ components of clinopyroxene in tholeiitic basalts (circles) and hawaiites
(squares). (c) Anorthite, albite, orthoclase components of tholeiitic basalts (circles) and hawaiites
(squares). (d) Ti*+, Fe?’*, Fe3+ of opaque oxides. The analyses are not on the Usp-Mt and Ilm-
Hem joins, because components containing Mg and Mn are ignored. Tholeiites (circles); hawai-
ites (squares).
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olivine was observed. The plagioclase, pyroxene, and
Fe-Ti oxide compositions are shown in Figures la
through 1d.

The most calcic groundmass plagioclase in Flow 1
(Samples 430A-4-2, 110-118 cm, 430A-5-1, 21-27 cm,
and 430A-5-2, 102-115 cm) is Ang,. This composition
gives a calculated crystallization temperature of 1135°C
when geothermometer #8 of Drake (1976) is used. This
assumes that the liquid composition is that of the bulk
rock (see Table 2 in Kirkpatrick et al., this volume).

The olivine (Fog,) cannot have crystallized from a lig-
uid of the bulk composition of the rock assuming K, =
0.30, where K, = (FeOqo/MgOg)(MgO,/FeOy)
(Roeder and Emslie, 1970). The olivine saturation sur-
face of Roeder and Emslie (1970) indicates that olivine
(Foqs) should start to crystallize from this basalt at
1140°C. Since the most forsteritic microphenocryst in
this basalt is Fog, the calculated initial olivine (Fos)
must have re-equilibrated with the magma as it cooled.

The Buddington-Lindsley (1964) geothermometer
based on coexisting ilmenite and magnetite indicates
that the opaques equilibrated at 1000 to 890°C under
oxygen fugacities of 10-10 to 10~ !! atmospheres. These
temperatures and oxygen fugacities lie on the FMQ buf-
fer.

Hawaiite Flow Units 2 and 3, Samples 430A-6-1,
17-25 cm and 430A-6-3, 52-63 cm, respectively, are
chemically and texturally similar to Flow 1. The crys-
tallization temperatures of the most calcic groundmass
plagioclase (Ansg) in Flows 2 and 3 are about the same
as that in Flow 1.

The core compositions of the plagioclase phenocrysts
(Ang;) in Sample 430A-6-1, 140-150 cm do not appear
to have crystallized from a melt with the same composi-
tion as the whole rock, since the calculated plagioclase
crystallization temperature is 1400°C. This temperature
is well above the expected liquidus temperature of about
1170°C for an oceanic island tholeiite with Mg#=0.50
(Thompson and Tilley, 1969). The feldspar groundmass
appears to have crystallized over a temperature range of
1070 to 1120°C, similar to the range of feldspar crystal-
lization in the hawaiite flows. The plagioclase pheno-
crysts, therefore, probably crystallized from a magma
different in composition from that of the host tholeiite,
while the groundmass feldspar could have crystallized
from a magma of the composition of the tholeiite.

The paragenetic sequence of tholeiitic Flow Unit 5, as
determined from textural and phase compositional rela-
tionships, is olivine (now altered), plagioclase, and cli-
nopyroxene, followed by groundmass plagioclase and
pyroxene. The crystallization sequence in the hawaiite
Flow Units 1 through 4 appears to be plagioclase (Anss)
phenocrysts, olivine microphenocrysts (Fog), followed
by groundmass plagioclase, pyroxene, and Fe-Ti ox-
ides.

Plagioclase and pyroxene compositions have been
associated with the various volcanic eruptive stages on
Maui: (1) shield-building, (2) post-caldera or alkalic
stage, and (3) post-erosional or nephelinic stage, (Keil et
al., 1972, Fodor et al., 1975). The hawaiite flow units (1
through 4) from Ojin Seamount have groundmass feld-
spar (AnssOr,-AngOr,;) intermediate between the feld-
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spar in the hawaiites and mugearites of the alkalic erup-
tion stage (Keil et al., 1972). The pyroxenes in the Ojin
hawaiites (Wo,3En, Fs,;;-Wo,En;;Fs,;) are similar to
those of the alkalic basalts or hawaiites of Maui (Fodor
et al., 1975).

The basalt we classify as tholeiite on the basis of
major-element chemistry has groundmass plagioclase
(AnsoOr;-Ans;Or;) that is most similar to plagioclase
from alkalic basalts of Maui and unlike the groundmass
plagioclase (AngsOr;-AngOr;) of Maui tholeiites (Keil
et al., 1972). Keil et al. (1972) note, however, that the
plagioclase phenocrysts in the tholeiitic basalts show lit-
tle zoning (between 5 and 9% An), whereas phenocrysts
in alkalic basalts generally have sodic rims similar in
composition to the groundmass plagioclase. The rims of
phenocrysts in Sample 430A-6-4, 140-150 cm overlap in
composition with the phenocryst cores; none of the rims
approach the composition of the groundmass plagio-
clase. Keil et al. (1972) also indicate that the ground-
mass plagioclase composition is lower in tholeiitic
basalts containing phenocrysts of plagioclase than in
those that are phenocryst-free. We suggest that the
rather low An content of the groundmass plagioclase in
Sample 430A-6-4, 140-150 cm reflects the high abun-
dance of calcic plagioclase phenocrysts, and that the
sample is indeed a tholeiitic basalt of the shield-building
stage. Groundmass pyroxene from this flow is chemical-
ly transitional between pyroxene in the tholeiitic and in
the alkalic flows of Maui. The large range of ground-
mass compositions (Fsj;_0) is consistent with the large
intra-rock compositional variation observed only in
tholeiitic basalts (Fodor et al., 1975).We conclude that
Sample 430A-6-4, 140-150 cm from Flow Unit § is a
tholeiitic basalt of the shield-building eruptive stage, as
indicated by major- and trace-element chemistry (Kirk-
patrick et al., this volume). The similarity between the
compositions in this tholeiite and those in alkalic basalts
may be related to similar conditions of cooling and
crystal growth rather than to whole-rock chemistry.

RESULTS: NINTOKU SEAMOUNT, SITE 432

Representative analyses of plagioclase, olivine, il-
menite and magnetite, and clinopyroxene are presented
in Tables 2, 3, 4, and 5, respectively. The analyses are
plotted in Figure 2. The compositional data and cal-
culated equilibration temperatures are summarized in
Table 7.

Sample 432A-2-1, 86-92 cm: Alkalic Basalt

This sample, from near the top of Flow Unit 1, has a
diabasic texture consisting of plagioclase phenocrysts
(Anyp0r;-AngOr,) up to 2 mm; microphenocrysts of
olivine altered to clays; clinopyroxene microphenocrysts
with pale brown cores (WoysEngFs;s-Wo4sEnsgFsg)
and purple-tinted rims (Wo47En;sFs;; — WossEns Fsyg);
groundmass plagioclase (AngOr;-An;gOrg); ground-
mass clinopyroxene (WoysEngFe;s-Wo46EnygFs;s);
equant grains of titanomagnetite (Mt;g-Mts); and rare
pyrite. Some plagioclase phenocrysts contain abundant
glass inclusions up to 10um, and all phenocrysts are
reverse-zoned. Clinopyroxene microphenocrysts and
groundmass have “‘other’’ components = 9-29 mole per
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Figure 2. Mineralogy of Hole 432A basalts (all alkalic). (a) Quadrilateral components of clinopyroxene.
The fosterite content of olivine is plotted along the Fs-En join. Symbols as in Figure la. (b) ‘‘Other’’
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TABLE 7
Hole 432A, Mineralogy Summary Table
Sample Opaques
(Interval in cm) Olivine (Fo)2 Plagioclase (An)b Pyroxene Mt I
(F.U., Rock Type) Temp. (°C) Temp. (C) Wo-En-Fs Temp. °C) log fO4 Chrome Spinel
432A-2-1, 86-92 P70 to 46 G45-40-15 to 46-29-25 Sto18 none none
(1, Alk. bas.) 1254°-1060°
G60to 18
1148°-971°
432A-2-3,37-43 P65to 11 G47-36-17 to 47-32-21 12to 18 none none
(2, Alk. bas.) 1178°-965°
G58to4
1122°-928°
432A-3-2,120-126 87-55 (80) P56 to G46 27 to 35 none none
(3, Alk. bas.) 1213°-1131°  1065° to 1000°
432A-5-2, 57-66 85-50 (80) G62to 11l G45-38-17 to 45-36-19 12to 17 none none
(3, Alk. bas.) 1267°-1134°  1174° to 1015°

a() indicates calculated equilibrium olivine composition for this rock.

P indicates phenocryst, G indicates groundmass.

cent; TiO, up to 3.7 wt. per cent; Al,O; up to 6.5 wt. per
cent; Na,O = 0.4 to 0.8 wt. per cent; and Cr,O; less
than 0.02 wt. per cent.

Sample 432A4-2-3, 37-43 cm: Alkalic Basalt

This sample, from near the base of Flow Unit 2, has a
diabasic texture consisting of plagioclase phenocrysts
(AngOr,-An,;,0r,,); microphenocrysts of olivine com-
pletely altered to iddingsite; groundmass plagioclase
(AnsgOr;-An,Ors,); intergranular groundmass clino-
pyroxene (W047En36FS17—W047En32F321, A1203 = 3.5-
5.7 wt.%, TiO, = 2.3-3.6 wt. %, Na,O = 0.56-0.74
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wt. %, Cr,0; less than 0.02 wt. %, ‘‘others’’ = 16-26
mole %); and equant grains of titanomagnetite (Mt;,-
Mt,;g, MnO = 0.6-1.1 wt. %). The plagioclase pheno-
crysts contain glass inclusions, and one grain shows kink
banding resulting from deformation. In the clinopyrox-
ene, Al,O, and TiO, correlate inversely with SiO,.

Sample 432A-3-2, 120-126 cm: Alkalic Basalt

This sample, from within 2 meters of the top of Flow
Unit 3, has an intergranular texture consisting of olivine
phenocrysts (Fogs-Fog;) up to 1.5mm; olivine microphe-
nocrysts (Fog-Foso) up to 0.3mm, partially altered to



iddingsite; rare plagioclase microphenocrysts (AnssOr,);
groundmass plagioclase (AnssOr,-AngOr,) and clino-
pyroxene (not analyzed); equant titanomagnetite (Mt;s-
Mt,;, MnO = 0.6-0.7 wt. %, MgO = 2.2-3.0 wt. %);
and rare pyrite and calcopyrite.

Sample 432A-5-2, 57-66 cm: Alkalic Basalt

This sample, recovered at 19 meters into Flow Unit 3,
has an ophitic texture and contains olivine phenocrysts
and microphenocrysts (Fogs-Fosp) up to 2mm and a
groundmass of plagioclase laths (Ang,Or,-An,;Or,;)
and titanomagnetite (Mt,,-Mt;;, MnO = 0.6-1.3 wt. %
and Cr,0; up to 0.4 wt. %) in ophitic pale brown to
mauve clinopyroxene (WousEn;gFs;q-Wo,sEnscFso;
“‘others’’ = 10-17 mole % and Cr,0; <0.02 wt. %). In
this pyroxene, Al,O, decreases and Na,O increases with
increasing iron. Tiny rare elongate grains, possibly il-
menite, and pyrite are also present in the groundmass.

Hole 432A Summary and Interpretation

The mineralogy of all three alkalic basalt flows is
quite similar and is summarized in Table 7. All three
flow units contain phenocrysts of plagioclase and
olivine. Flow Units 1 and 2 have much more plagioclase
than olivine (completely altered); Flow Unit 3 has more
olivine than plagioclase (no plagioclase phenocrysts are
present in the polished probe section). All three flows
contain clinopyroxene with high TiO,, Al,O,, and Na,O
contents, and undetectable Cr,0;. All three flows con-
tain titanomagnetite but very rare or no ilmenite. The
analyses of plagioclase, clinopyroxene and olivine, and
titanomagnetite are shown in Figure 2.

Textural relations indicate that the three flows have
similar crystallization histories, in which olivine and pla-
gioclase crystallized together. The groundmass plagio-
clase equilibrated with the magma at temperatures
around 1175°C to below 1000°C. Some of the plagio-
clase phenocrysts in Flow Units 1 and 2 contain abun-
dant glass inclusions or pockets of groundmass crystals,
and are resorbed or deformed. These crystals have re-
verse zoning, with Ans, cores and more calcic rims. The
olivine phenocrysts in Flow Unit 3 are more forsteritic
than the calculated equilibrium olivine, as well. We sug-
gest that both the olivine and the plagioclase cores are
xenocrysts not in equilibrium with the magma.

We can use the groundmass mineral compositions to
try to determine during which eruptive stage — the post-
caldera alkalic or the post-erosional nephelinic — these
alkalic basalts erupted. The groundmass plagioclase in
these basalts (Ang,Or,-An,Ors;) is similar to that found
in hawaiites of the Maui alkalic eruptive stage (Keil et
al., 1972), and is far less calcic than that in the post-
erosional alkalic basalts (Ans,Or, 3, ;). Groundmass
clinopyroxene chemistry in these basalts is within the
range of the compositions found for alkalic basalts of
the alkalic stage, but also very close to the compositions
for clinopyroxenes in post-erosional alkalic basalts
(Fodor et al., 1975). The high TiO,, Al,0;, and Na,O
contents in these groundmass pyroxenes overlap the
compositional ranges of pyroxenes from the post-
erosional nephelinic suite and the post-caldera alkalic
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suite. The type of rock having pyroxenes most similar to
those in Flow Units 1 through 3 is hawaiite from the
alkalic eruptive stage (Fodor et al., 1975).

RESULTS: SUIKO SEAMOUNT, SITE 433

The upper three flows recovered at Suiko Seamount
are alkalic basalts. Hole 433A penetrated 11 meters of
basalt; only Flow Unit 1 was recovered. Hole 433B
yielded about 3 meters of Flow Unit 1 and eight large
pieces and several smaller chips of Flow Unit 2. Hole
433C yielded about 2 meters of Flow Unit 1, overlying
an interval of at least 4 meters of reef carbonate sand
rich in volcanic material, which in turn overlies about 10
or 11 meters of Flow Unit 2, and a single 6-cm piece that
is from Flow Unit 3. The total drilled interval below the
top of Flow Unit 1 and before recovery of tholeiitic
basalts of Flow Unit 4 is 41.5 meters (163.0 to 204.5 sub-
bottom depth). From, and including, Flow Unit 4
downward, all the flows are tholeiitic basalts (less than 5
model % of any phenocryst phase), olivine tholeiites
(more than 5 modal % olivine phenocrysts), tholeiitic
picrites (more than 15 modal % olivine phenocrysts),
and plagioclase tholeiites (more than 5 modal % pla-
gioclase phenocrysts). The terms plagioclase tholeiite
and olivine tholeiite do not imply paragenetic sequence
as proposed for abyssal tholeiites by Miyashiro et al.,
(1970). Instead, those terms are used here only to desig-
nate the abundance of phenocrysts present. The ship-
board descriptions and analyses suggested that some of
these flows are alkalic to transitional basalts, but we
now believe that all these flows are tholeiitic (see Kirk-
patrick et al., this volume). Part of the evidence for this
conclusion is derived from the compositions of the
groundmass pyroxene and plagioclase in these samples;
pertinent data are presented in what follows.

We have analyzed a few to all the primary igneous
phases in 29 samples from 26 flows. Because of the large
number of samples, we shall describe each sample brief-
ly and summarize the results for each major rock type.
The figures (3, 4, 5, 6, 7, 8) show variation in mineral
composition. Representative analyses of plagioclase,
olivine, ilmenite and magnetite, pyroxene, and chrome
spinel are given in Tables 2, 3, 4, 8, 9, respectively. The
compositional data and equilibration temperatures are
summarized in Table 11.

Sample 433A-21-1, 30-36 cm: Alkalic Basalt

This sample, from near the top of Flow Unit 1, has
intergranular texture containing 2-mm phenocrysts of
plagioclase (Ang,Ory-AnsgOr,) that often have oscil-
latory zoning, 0.5-mm microphenocrysts of clinopyrox-
ene, and olivine that is now completely altered to clays,
in a groundmass of plagioclase laths and 50 um equant
grains (AnsyOr;-AnsgOr,) and equant titanomagnetite
(Mt -Mt,e) grains with ilmenite exsolution. The
clinopyroxene microphenocrysts have sector zoning si-
milar to that described by Leung (1974) and Wass
(1973). The colorless sectors have compositions in the
range W038En46FSI6 to W040En42F518, and the pale
brown sectors have compositions in the range Wog;
Eny,Fs;; to Wo,sEnsgFs g. In addition, the colored sec-
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Figure 3. Mineralogy of the alkalic basalts from Holes 433A, 433B, and 433C. (a) Quadrilateral com-
ponents of sector-zoned clinopyroxene: Forsterite content of olivine in Sample 433C-4-1, 30-38 cm plot-
ted along the Fs-En join. Pyroxene symbols are groundmass (+), colorless phenocryst core (Xx), pale
brown phenocryst core (0\), colorless phenocryst rim (), and pale brown phenocryst rim (O). (b) ““Oth-
er’’ components of clinopyroxene phenocrysts and groundmass. (c) Anothite, albite, and orthoclase
components of felspar phenocrysts and groundmass. (d) Ti**, Fe?*, Fe3* cations of ilmenite and mag-
netite opaque oxides in the groundmass. (e) Cr3*+/(Cr3+ + AP+ + Fe3*) versus Mg?+/(Mg?* +
Fe?+) of chrome spinel in olivine, alkalic basalts from Holes 433A, 433B, and 433C. Some grains are in
contact with the groundmass assemblage and have lower A13+, Cr3+ and Mg?+ and higher Fe’+, Fe?*

and Ti%t,

ors contain more TiO,, Al,O3, Na,O, and Cr,0; than
the colorless sectors. Figure 4 shows one such sector-
zoned clinopyroxene crystal, and Table 10 lists 12 analy-
ses from this crystal that are keyed to Figure 4. The rims
of the colorless sectors are nearly identical to the cores;
both contain 9 to 13 per cent total ‘‘other’’ components.
The colored sectors have rims within the compositional
range of the cores. The colored cores contain 18 to 25
mole per cent total ‘“‘other’’ components, and the rims
contain 21 to 27 per cent. The colored rims have Al,O,
contents as high as 6.7 per cent and TiO, contents as high
as 2.9 per cent. These distinctive clinopyroxene crystals
are the basis for correlating Flow Unit 1 in the three
holes that reached basement on Suiko Seamount.

Sample 433A4-21-4, 129-138 cm: Alkalic Basalt

This sample, from near the bottom of Flow Unit 1, is
nearly identical to Sample 433A-20-1, 30-36 cm. The
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sample has intergranular texture consisting of oscil-
lating zoned plagioclase phenocrysts (An;;_ssOr;_y),
sector-zoned clinopyroxene identical to that in Sample
433A-20-1, 20-36 cm, and relict olivine (altered to clay
minerals). The groundmass phases include feldspar
(Ang; Or; to AnsOrss), small equant exsolved titanomag-
netite (Mts;—Mty,), ilmenite (Ilgg), and rare pyrite. The
ilmenite is equant, whereas it is elongate in nearly all the
other samples.

Sample 433B-5-2, 61-68 cm: Alkalic Basalt

This sample, from the base of Flow Unit 1, is nearly
identical to samples 433A-20-1, 30-36 cm and 433A-21-
4, 129-138 cm. The sample has intergranular texture,
but unlike the other samples from Flow Unit 1, its feld-
spar laths are strongly aligned. It contains 2-mm plagio-
clase phenocrysts (Ang;_¢gOro-;) with oscillatory zoning;
1-mm clinopyroxene phenocrysts with both concentric
(WouEnyFs;s-Wo4 EngFsyo) and sector (pale brown
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Figure 4. Photomicrograph (a) of sector-zoned clinopyroxene in alkalic basalt Sample 433A-20-1, 30-36 cm. Num-
bers in (b) are keyed to analyses in Table 10. The other sketches show the distribution of per cent Wo (c), TiO, (d),

Al,0; (e), and Na,0 (f).

sectors are WoyEnyFs ¢ to WoysEnsgFs ;7 and colorless
sectors are Wo4EnyFs s to Wo, EngFs,¢) zoning, and
relict olivine now altered to clay minerals. The altered
olivine phenocrysts are more abundant than in the pre-
vious samples. The groundmass consists of feldspar
(An590r1—An530r2), Clil’lOpyl’OXCne (W044En37F819—
Wo,EngyFs;o) in two compositional groups correspond-

ing to the colored and colorless sectors of sector-zoned
phenocrysts, equant titanomagnetite (Mts;-Mt,;) and il-
menite (Ilg3_g5), and rare pyrite and calcopyrite. One pla-
gioclase phenocryst (core = Angg, rim = Ang;) contains a
single 20um feldspar grain (AnssOr,-An;gOrgg) in its
core. Some titanomagnetite grains contain visible il-
menite exsolution lamellae.
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Figure 5. Chromian spinel that has partly reacted with the adjacent groundmass in Sample 433C-4-1, 30-38 cm.
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Secondary X-ray scans are shown for Ti (a), Al (b), Cr (c), Fe (d), and Mg (e). The reflecting-light photomi-
crograph (f) shows the sharp boundary between aluminous chromian spinel and a titaniferous chromite that
results from reaction of the aluminous chromian spinel and the groundmass. The aluminous chromian spinel
is enclosed in olivine and saponite that is secondary after olivine; the titaniferous chromite is in contact with
the groundmass. The numbers in (f) correspond to analyses 3, 5, 7, and 8 given in Table 9.
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Figure 6. Mineralogy of olivine tholeiites (modal olivine >5%) and picrites (modal olivine >15%) from
Hole 433C. (a) Quadrilateral components of clinopyroxene phenocrysts and groundmass, and pigeonite
groundmass. Olivine forsterite content is plotted along the enstatite-ferrosilite join. Pyroxene symbols
as in Figure la. (b) ““Other’’ components of pyroxene phenocrysts and groundmass. (c) Ternary diag-
ram of the anorthite, albite, and orthoclase components of feldspar in the olivine tholeiites and picrites.
(d) Ti*+, Fe2*, and Fe’* in opaque oxides. (e) Variation diagram of Cr3+/(Cr3+ + AP+ + Fe3*) ver-

sus Mg2+/(Mg?+ + Fe?*) in chromian spinel.

Sample 433B-5-3, 85-90 cm: Alkalic Basalt

This sample, from near the top of Flow Unit 2, has a
pilotaxitic texture with oscillatory zoned, 1-mm plagio-
clase (An;yOry-AngOr;) phenocrysts; 2-mm rounded
clinopyroxene (WoyEny,Fs;4) phenocrysts with occa-
sional plagioclase inclusions (Any;Orp); clusters of
1-mm clinopyroxene with compositions falling into two
discrete groups (Wo4 EngFs;s to WosEngyFs;s and
WoyEny,Fsi4 to Woy3EnggFs g); and olivine phenocrysts
and kink-banded xenocrysts (not analyzed) partially
altered to clays. The groundmass consists of plagioclase
(not analyzed); clinopyroxene that also has two discrete
compositional groups within the range WoyEn;gFs ;-
WosgEnyFsig; and titanomagnetite (Mtsg-Mt,ys). Oliv-
ine phenocrysts contain rare euhedral chromian spinel
to picotite grains ((Crys_s Als 3 6.0Fe3%5 3)(Mgj 14 4Mng g
Fe3§4.4)(Tigs.0.0Fei | §)Ox).

Sample 433C-4-1, 30-38 cm: Alkalic Basalt

This sample, from near the top of Flow Unit 2, has a
pilotaxitic to intergranular texture, and contains olivine
(Fog,-Fog;) phenocrysts and kink-banded xenocrysts,
plagioclase (An,5Or,), and clinopyroxene (WoEnysFsy,
to Wo,Eny,Fs,3; ‘‘others” = 11-19 mole %); and rare
euhedral to rounded spinel in olivine. The groundmass
consists of clinopyroxene (Wo,,Eng,Fs;;-Wo,, EnygFs,,;
“others’’ = 6-22 mole %); feldspar (not analyzed), and
both titanomagnetite (Mts,_,5) and ilmenite (Ilg;); and
rare pyrite and calcopyrite. The groundmass pyroxene
generally has lower Al,O; and Wo contents than the
phenocrysts. The rims on the clinopyroxene phenocrysts
have the same composition as the groundmass clinopy-
roxene. The chromian spinel is zoned to chromian titan-
omagnetite where chrome spinel is in contact with the
groundmass. In Figure 5, Fe, Mg, Ti, Al, and Cr scans
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Figure 7. Mineralogy of plagioclase tholeiites (modal plagioclase >5%) from Hole 433C. (a)
Quadrilateral components of clinopyroxene phenocrysts and groundmass. All the olivine in these sam-
ples is completely altered. Pyroxene symbols as in Figure la. (b) “‘Other’’ components of clinopyrox-
ene phenocrysts and groundmass. (c) Ternary diagram of feldspar components in plagioclase pheno-
crysts and groundmass. (d) Ilmenite and magnetite opaque oxides plotted in a ternary diagram of
Ti*+, Fe?*, and Fe3+, (e) Variation diagram of Cr3*+(Cr3+ + A3+ + Fe3*) versus Mg?+/(Mg?+ +

Fe2*) in chromian spinel.

of one of these zoned grains and a photomicrograph of
the same grain in reflected light show that the boundary
seen in reflected light is not a major discontinuity for
Cr, but rather for Mg, Al, and Ti, and marks the bound-
ary between a chromian spinel within the olivine crystal
and a chromian titanomagnetite in contact with the
groundmass. Representative analyses of several spots on
the crystal shown are given in Table 9 and keyed to the
photograph in Figure 5. Similar zoned chrome spinel
grains are described by Haggerty (1976).

Site 433 Alkalic Basalts: Summary and Interpretation

The mineralogy of alkalic basalt Flow Units 1 and 2 is
summarized in Table 11. The analyses of plagioclase,
clinopyroxene, and olivine, Fe-Ti oxides, and chrome
spinel are shown in Figure 3.

Flow Unit 1 (Samples 433A-20-1, 30-36 cm; 433A-
21-4, 129-138 c¢m; and 433B-5-2, 61-68 cm) contains
oscillating zoned phenocrysts of plagioclase (Ang; ¢
Ory_;) (cores are commonly Ang,-An,, and rims An,y-
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Ang;), clinopyroxene with distinctive sector zoning (pale
brown sectors have Wo,;EngFs;; to Wo,sEnsgFs;; and
colorless sectors have Wo33En gFs;c to Wo,, EngFs,g),
and olivine completely altered to clays. The groundmass
consists of feldspar (AngOr;-AnsOrss), ilmenite (Ilgg-
Ilgs), and titanomagnetite (Mts;-Mt,;) with common il-
menite exsolution lamallae. Pyrite and chalcopyrite are
present, particularly near the bottom of the flow, but
rare.

Flow Unit 2 (Samples 433B-5-3, 85-90 cm and 433C-
4-1, 30-38 cm) contains phenocrysts of plagioclase (An;q_
63010_1), clinopyroxene (WoyEnysFs;; to Wo,;En;oFs;s
and Woy, EnyFs;s to Wo,EnyFs;¢) and olivine cores
(Fog,_g;) with rims as iron-rich as Fog;. Some of the oliv-
ine crystals are xenocrysts with kink bands. Many of the
olivine phenocrysts contain small euhedral to rounded
chromian spinel to picotite crystals that are zoned to
chromian titanomagnetite where in contact with the
groundmass. The groundmass clinopyroxene ranges
from WoyEn;gFs;; to Wo,iEnygFs,;. Both titanomag-
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Figure 8. Mineralogy of Hole 433C tholeiites (no phenocryst phase >5 modal %). (a) Quadrilateral com-
ponents of groundmass and phenocryst clinopyroxene. All olivine in these samples has been complete-
ly altered. Pyroxene symbols as in Figure la. (b) “‘Other’’ components of groundmass and phenocryst
clinopyroxene. (c) Feldspar components of plagioclase phenocrysts and groundmass. (d) Ilmenite and
magnetite opaque oxides, plotted on a Ti*+, Fe?*, Fe3+ ternary diagram. (e) Chrome spinel variation
diagram of Cr3+/(Cr3+ + AP+ Fe3*) versus Mg?+/(Mg?+ + Fe?+).

netite (Mtzg_»5, wWith most between Mt,y and Mt,;) and il-
menite (Ily;) are present. Pyrite and chalcopyrite are
present but rare.

The calculated temperature of plagioclase phenocryst
(Angg_gg) crystallization in Flow 1 is 1440°C to 1250°C,
assuming that these phenocrysts crystallized from a
magma of the same composition as the present whole
rock. These unreasonably high temperatures indicate
that the plagioclase phenocrysts are not cognate. The
temperature of crystallization of the olivine (now al-
tered to clay) is not known.

In Flow 2, we estimate the equilibrium olivine com-
position to be Foqg (based on a Kp = 0.3, from Roeder
and Emslie, 1970, and Fe3+/(Fe3* + Fe2+) = 0.1, and
assuming that the olivine crystallized from a magma of
the same composition as the whole rock (Kirkpatrick et
al., this volume). This olivine (Foy9) would have crystal-
lized at 1168°C, if we use the geothermometer of Fisk et
al. (1978). The Fisk geothermometer was calibrated on
oceanic and Iceland basalts, and agrees closely with the
geothermometer of Bender et al. (1978). The plagioclase

in equilibrium with the whole-rock composition at this
temperature is Ang;, so plagioclase phenocrysts rims
(Angy_gs) could have crystallized at the same time as the
olivine cores. The plagioclase cores (Anys_g;) and clino-
pyroxene crystallized before olivine, since some are en-
closed in olivine. Application of the Evans and Frost
(1975) olivine-spinel geothermometer indicates crystalli-
zation of the olivine-spinel pairs at temperatures near
1000°C, and suggests that the spinel has been altered.
The coexisting ilmenite-titanomagnetite pair indicates
equilibrium at 1020°C to 990°C under an oxygen fuga-
city of 10~ !! atmospheres (Buddington and Lindsley,
1964). Texturally, the Fe-Ti oxides were the last miner-
als to crystallize, indicating that the groundmass crystal-
lized between 1150°C and 990°C. These temperatures
are similar to those reported by Peck (1978) for crystalli-
zation of the Alae lava lake at Kilauea, where the max-
imum temperatures were 1140°C and the solidus was at
980°C.

The groundmass pyroxene and plagioclase composi-
tions in Flow Units 1 and 2 are similar to those found in
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TABLE 8
Representative Pyroxene Analyses from Site 433 (Oxides wt. %)

1 2 3 4 5 6 7 8 9 10 11
Si0, 50.90 47.73 50.70 49.78 46.76 50.05 49.21 51.34 51.91 48.57 50.22
TiOy 1.22 2.36 1.13 1.34 2.51 1.52 1.58 0.64 0.60 1.49 0.85
Aly03 2.49 5.04 2.71 4.31 5.50 2.59 4.66 2.30 2.30 4.88 1.48
FeO 10.18 10.61 10.30 7.25 10.09 10.64 7.40 9.73 6.91 6.24 17.98
MnO 0.27 0.18 0.27 0.13 0.18 0.24 0.18 0.22 0.20 0.14 0.47
MgO 15.64 12.82 15.31 14.53 13.11 13.81 15.46 19.71 17.87 15.40 11.89
Ca0 18.96 20.75 19.55 21.79 20.96 20.30 20.54 14.83 19.06 20.75 16.59
Na70 0.38 0.56 0.33 0.34 0.49 0.49 0.30 0.32 0.19 0.24 0.29
Cry03 0.05 0.02 0.04 0.67 0.24 0.00 0.62 0.16 0.57 1.24 0.00
TOTAL 100.09 100.07 100.34 100.14 99.84 99.64 99.95 99.25 99.61 98.95 99.77

Cations, Oxygen = 6
Si 1.888 1.786 1.879 1.840 1.752 1.880 1.817 1.891 1.907 1.809 1.931
AllV 0.109 0.214 0.118 0.160 0.243 0.115 0.183 0.100 0.093 0.191 0.067
AVl 0.000 0.008 0.000 0.028 0.000 0.000 0.019 0.000 0.006 0.023 0.000
Fe2t 0.249 0.219 0.241 0.161 0.186 0.270 0.149 0.217 0.162 0.129 0.539
Fe3t 0.067 0.113 0.078 0.063 0.130 0.065 0.080 0.083 0.051 0.066 0.040
Mg 0.865 0.715 0.845 0.800 0.732 0.775 0.851 1.802 0.978 0.855 0.681
Mn 0.008 0.006 0.008 0.004 0.006 0.008 0.006 0.007 0.006 0.004 0.015
Ti 0.034 0.066 0.031 0.037 0.071 0.043 0.044 0.018 0.017 0.042 0.025
Cr 0.001 0.001 0.001 0.020 0.007 0.000 0.018 0.005 0.017 0.037 0.000
Ca 0.754 0.832 0.776 0.863 0.842 0.817 0.812 0.585 0.750 0.828 0.683
Na 0.027 0.041 0.024 0.024 0.036 0.036 0.021 0.023 0.014 0.017 0.022
Pyroxene Components, Mol %

Ca 40.5 44.3 40.0 45.7 44.5 42,5 42.9 29.8 38.6 44.1 35.2
Mg 44.0 38.1 43.6 42.4 38.7 40.2 45.0 55.0 50.4 45.5 35.1
Fer 15.5 17.7 16.4 11.9 16.7 17.4 12.1 15.2 10.9 10.4 29.8
Others  10.9 21.4 11.8 16.0 24.3 11.5 18.3 10.5 9.3 19.1 6.7

24 25 26 27 28 29 30 31 32 33 34
Si03 49.44 49.04 50.11 49.73 52.41 49.73 48.83 49.94 50.27 52.12 50.42
TiOy 1.43 2.11 1.44 1.66 0.58 1.21 1.26 1.69 1.53 0.48 1.23
Aly03 4.32 3.36 3.64 2.36 1.95 1.73 1.39 3.46 2.41 2.71 2.45
FeO 11.85 10.64 7.59 15.55 6.83 19.69 25.79 8.54 15.13 6.70 10.26
MnO 0.32 0.25 0.19 0.41 0.14 0.35 0.56 0.21 0.41 0.21 0.23
MgO 14.27 14.06 15.80 15.36 17.50 14.42 10.21 15.31 14.64 17.20 16.31
Ca0 16.54 19.81 19.94 14.42 19.34 10.92 11.63 19.50 15.35 19.65 17.64
Na0 0.47 0.40 0.37 0.21 0.25 0.18 0.17 0.29 0.30 0.29 0.21
Cr03 0.06 0.00 0.50 0.05 0.68 0.00 0.00 0.66 0.00 0.61 0.05
TOTAL  98.70 99.67 99.58 99.75 99.68 98.23 99.84 99.60 100.04 99.97 98.80

Cations, Oxygen = 6
Si 1.870 1.843 1.856 1.884 1.927 1.932 1.928 1.860 1.895 1.909 1.891
AllV 0.130 0.149 0.144 0.105 0.073 0.068 0.065 0.140 0.105 0.091 0.108
AIVI 0.063 0.000 0.015 0.000 0.011 0.011 0.000 0.012 0.002 0.026 0.000
et 0.357 0.276 0.173 0.468 0.182 0.639 0.849 0.231 0.439 0.164 0.269
3+ 0.018 0.059 0.062 0.025 0.028 0.001 0.003 0.035 0.038 0.041 0.053
Mg 0.805 0.787 0.872 0.867 0.959 0.835 0.601 0.850 0.822 0.939 0.912
Mn 0.010 0.008 0.006 0.013 0.004 0.012 0.019 0.007 0.013 0.007 0.007
Ti 0.041 0.060 0.040 0.047 0.016 0.035 0.037 0.047 0.043 0.013 0.035
Cr 0.002 0.000 0.015 0.001 0.020 0.000 0.000 0.019 0.000 0.018 0.001
Ca 0.670 0.798 0.791 0.585 0.762 0.454 0.492 0.778 0.620 0.771 0.709
Na 0.034 0.029 0.027 0.015 0.018 0.014 0.013 0.021 0.022 0.021 0.015
Pyroxene Components, Mol %
Ca 36.2 41.6 41.7 30.1 39.5 23.6 25.3 41.1 32.3 40.3 36.5
Mg 43.5 41.0 45.9 44.6 49.7 43.3 30.9 44.9 429 49.0 46.9
Fer 20.3 17.4 12.4 25.3 10.9 33.2 43.8 14.0 24.8 10.7 16.6
Others  13.0 14.9 14.4 10.5 7.5 6.8 6.5 14.0 10.5 9.8 10.8
Hawaiian alkalic basalts erupted during the alkalic stage Suiko Seamount: Tholeiitic Basalts

(Keil et al., 1972; Fodor et al., 1975). We therefore infer . . i
that these alkalic flows (1 and 2), and presumably Flow Sample 433C-10-4, 11-17 cm, Olivine Tholeiite

Unit 3 as well, erupted during the post-caldera alkalic This sample, from Flow Unit 4F, is highly vesicular,
stage of eruption. and has an intersertal texture. Olivine phenocrysts are
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TABLE 8 — Continued

12 13 14 15 16 17 18 19 20 21 22 23
51.87 49.93 50.52 51.30 51.90 50.33 48.99 53.24 52.27 52.72 52.09 51.11
0.71 1.46 1.17 0.99 0.54 1.20 0.80 0.50 0.70 0.79 1.04 1.10
2.15 2.78 3.78 1.95 1.64 4.25 1.21 1.07 2.61 1.18 1.88 2.19
73 12.86 9.38 12.91 9.98 7.70 25.36 17.55 7.82 19.78 10.19 11.22
0.14 0.32 0.15 0.30 0.25 0.16 0.52 0.35 0.20 0.42 0.29 0.25
17.01 14.93 16.31 15.11 19.70 16.91 10.45 24.04 17.86 21.01 16.89 15.58
19.38 16.74 18.67 16.87 14.69 18.32 10.91 3.63 17.82 4.85 17.66 18.16
0.25 0.23 0.28 0.30 0.20 0.35 0.28 0.07 0.25 0.13 0.21 0.26
0.08 0.00 0.23 0.05 0.18 0.94 0.02 0.00 0.95 0.00 0.10 0.00
99.32 99.25 100.49 99.78 99.08 100.16 98.54 100.45 100.48 100.88 100.35 99.87
1.918 1.885 1.856 1:925 1.919 1.846 1.950 1.945 1.909 1.947 1.921 1.905
0.082 0.115 0.144 0.075 0.071 0.154 0.050 0.046 0.091 0.051 0.079 0.095
0.012 0.008 0.020 0.011 0.000 0.030 0.007 0.000 0.021 0.000 0.003 0.002
0.192 0.365 0.216 0.376 0.258 0.180 0.828 0.513 0.217 0.594 0.285 0.300
0.047 0.041 0.072 0.029 0.051 0.056 0.016 0.024 0.022 0.017 0.030 0.050
0.937 0.840 0.893 0.845 1.086 0.924 0.620 1.309 0.972 1.156 0.929 0.866
0.004 0.010 0.005 0.010 0.008 0.005 0.018 0.011 0.006 0.013 0.009 0.008
0.020 0.041 0.032 0.028 0.015 0.033 0.024 0.014 0.019 0.022 0.029 0.031
0.002 0.000 0.007 0.001 0.005 0.027 0.001 0.000 0.027 0.000 0.003 0.000
0.768 0.677 0.735 0.678 0.582 0.720 0.465 0.142 0.697 0.192 0.698 0.725
0.018 0.017 0.020 0.022 0.014 0.025 0.022 0.005 0.018 0.009 0.015 0.019
39.5 35.2 38.4 35.2 29.4 38.3 24.1 7.1 36.5 . 9.8 36.0 37.4
48.2 43.7 46.6 43.8 54.9 49.2 23.1 65.9 50.9 59.0 47.8 44.6
12.3 21.1 15.0 21.0 15.6 12.6 43.8 27.0 12.5 31.2 16.2 18.0
8.2 11.5 14.4 7.5 Tl 15.4 5.0 4.6 9.1 5.1 7.8 9.5
Legend
35 36 37 38 Sample Flow
49.82 48.96 4825 4741 Column (Interval in cm) Unit Rock Type Crystal Analyzed
i;i ;gi i?é igi 1 433A-21-4,129-138 1 Alkalic basalt Colorless phenocryst core
19'71 12'20 10‘07 13'44 2 433A-21-4, 129-138 1 Alkalic basalt Brown phenocryst rim
0'40 - 0'23 0‘26 3 433B-5-2, 61-68 1 Alkalic basalt Colorless phenocryst core
11'75 14.96 13‘46 12'23 4 433B-5-3, 85-90 2 Alkalic basalt Phenocryst core
15'41 17.56 20'05 1 8.39 5 433B-5-3, 85-90 2 Alkalic basalt Groundmass
0‘27 0'49 0'40 0-46 6 433C-4-1, 30-38 2 Alkalic basalt Phenocryst rim
0.00 0.02 0.33 0.03 7 433C-12-3, 57-65 9 Tholeiite Microphenocryst
’ ’ : . 8 433C-12-3, 57-65 9 Tholeiite Groundmass
100.45 99.31 99.58 99.10 9 433C-13-2,55-66 10 Plagioclase tholeiite Phenocryst core
10 433C-13-2, 55-66 10 Plagioclase tholeiite Phenocryst core
11 433C-13-2, 55-66 10 Plagioclase tholeiite Groundmass
1.915 1.845 1.815 1.814 12 433C-14-3, 8-15 11B Plagioclase tholeiite ~ Phenocryst core
0.079 0.143 0.185 0.182 13 433C-14-3, 815 11B Plagioclase tholeiite =~ Groundmass
0.000 0.000 0.000 0.000 14 433C15-6,16-31 13 Tholeiite Microphenocryst core
0.613 0.315 0.260 0.378 15 433C-15-6, 16-31 13 Tholeiite Groundmass
0.021 0.070 0.056 0.052 16 433C-19-5, 57-65 15A Tholegte Microphenocryst core
0.673 0.840 0.755 0.697 17 433C-19-5, 57-65 15A Tholeiite Microphenocryst core
0.013 _ 0.007 0.008 18 433C-19-5, 57-65 15A Tholeiite Groundmass
0.039 0.054 0.074 0.082 19 433C-24-7,133-139 19 Tholegte p%cr%te M%crophenocryst
0.000 0.001 0.010 0.001 20 433C-24-7, 133-139 19 Tholeiite picrite Microphenocryst
0.635 0.709 0.808 0.754 21 433C-24-7,133-139 19 Thole}}te picrite Groundmass
0.020 0.036 0.029 0.034 22 433C-24-7,133-139 19 Tholeiite picrite Groundmass
23 433C-28-2, 73-80 25 Plagioclase tholeiite Phenocryst core
24 433C-28-2, 73-80 25 Plagioclase tholeiite Groundmass
327 36.7 43.0 40.0 25 433C-31-1, 28-34 27 Plagtl}cx);l:isi:ohvme Groundmass
g‘;g ‘gg ‘1‘2; 3 26 433C-34-2,103-111 33 Tholeiite picrite Groundmass
7'9 14' X : 27 433C-34-2,103-111 33 Tholeiite picrite Groundmass
: -3 18.5 18.2 28 433C-37-3, 79-87 44 Tholeiite Microphenocryst core
29 433C-37-3, 79-87 44 Tholeiite Groundmass
30 433C-37-3, 79-87 44 Tholeiite Groundmass
31 433C-38-1, 67-76 45B Olivine tholeiite Groundmass
32 433C-38-1, 67-76 45B Olivine tholeiite Groundmass
33 433C-42-3,11-20 53 Plagioclase tholeiite Phenocryst core
34 433C-42-3,11-20 53 Plagioclase tholeiite Groundmass
35 433C-42-3,11-20 53 Plagioclase tholeiite Groundmass
36 433C-47-5, 92-100 64 Tholeiite Groundmass
37 433C-49-2,17-24 66 Tholeiite Groundmass
38 433C-49-2, 17-24 66 Tholeiite Groundmass
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TABLE 9
Representative Chromite Analyses from Leg 55 (Oxides wt. %)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Al»O3 23.86 20.49 26.45 18.79 5.75 4.07 3.21 2.54 20.02 20.15 8.16 21.19 14.02 18.53 13.28
TiOy 2.49 4.711 1.91 4.76 14.85 17.65 20.22 22.29 1.20 1.39 10.85 202 4.86 2.04 §.53
FeO 19.04 26.34 27.14 29.29 40.27 43.87 45.76 47.69 23.82 15.86 34.44 21.69 25.71 22.31 30.02
Fe)03 17.46 17.13 12.50 16.94 19.01 20.05 20.01 20.31 9:57 5.11 25.71 7.53 10.05 10.87 9.03
MnO 0.52 0.55 0.57 0.63 0.71 0.64 0.67 0.62 0.69 0.65 0.54 0.82 0.80 0.65 0.71
MgO 12.08 7.98 6.65 5.71 3.24 2.64 257 2.49 7.68 13.18 5.18 9.39 7.62 8.92 5.38
Cry03 25.27 21.97 25.10 22.59 15.97 11.83 717 3.68 37.30 44.45 15.63 36.60 35.87 36.47 35.88
TOTAL 100.72 99.23 100.31 98.71 99.61 100.75 99.62 99.63 100.28 100.79 100.51 99.25 98.93 99.79 99.82
Cations, Oxygen = 4
Al 0.866 0.784 0.985 0.739 0.243 0.172 0.138 0.109 0.760 0.733 0.334 0.798 0.553 0.706 0.530
Fe3+ 0.404 0.419 0.297 0.425 0.512 0.541 0.548 0.559 0.232 0.119 0.671 0.181 0.253 0.264 0.230
Cr 0.615 0.564 0.627 0.596 0.466 0.335 0.206 0.106 0.950 1.084 0.429 0.924 0.949 0.931 0.959
Ti 0.058 0.116 0.045 0.119 0.400 0.476 0.554 0.613 0.029 0.032 0.283 0.049 0.122 0.050 0.141
Fe2t 0.490 0.715 0.717 0.818 1.205 1.315 1.394 1.458 0.642 0.409 0.999 0.579 0.720 0.602 0.849
Mn 0.014 0.015 0.015 0.018 0.022 0.019 0.021 0.019 0.019 0.017 0.016 0.022 0.023 0.018 0.020
Mg 0.554 0.386 0.313 0.284 0.173 0.141 0.139 0.136 0.369 0.606 0.268 0.447 0.380 0.429 0.271
Mg/(Mg+
Fe2t) 531 .351 304 .258 126 .097 .091 .085 .365 597 212 .436 .345 .416 242
C:i(lg:ﬁ 415 .418 .389 446 657 661 599 493 .556 .597 562 537 632 .569 .644
TABLE 9 — Continued Legend
Sample Flow
16 17 18 19 20 21 22 Column (Interval in cm) Unit Rock Type Crystal Analyzed
AlxO3 18.05 13.96 16.46 21.38 11.92 5.51 3.10
TiO, 1.04 1.84 3.24 4.34 9.70 13.64 15.62 1 433B-5-3, 85-90 2 Alkalic basalt Phenocryst in olivine, core
FeO 16.45 27.32 24.79 22.98 34.32 38.04 42.32 2 433B-5-3, 85-90 2 Alkalic basalt Phenocryst in olivine, core
Fep03 6.32 9.31 18.11 11.98 8.03 10.09 17.08 3 433C-4-1, 30-38 2 Alkalic basalt Point 1 in Figure §
MnO 0.75 0.81 0.81 0.52 0.69 1.05 0.98 4 433C-4-1, 30-38 ) Alkalic basalt Phenocryst in olivine, core
MgO 12.34 5.24 7.90 10.26 4.58 3.74 1.67 S 433C-4-1, 30-38 2 Alkalic basalt Point 2 in Figure §
Cry03 46.04 42.61 29.86 28.62 29.03 27.11 17.61 6 433C-4-1, 30-38 2 Alkalic basalt Phenocryst touching groundmass
‘ outside the olivine
TOTAL 100.98 101.08 10117 100.08 98.28 99.18 98.37 7 433C4-1,30-38 2 Alkalic basalt Point 3 in Figure 5
= 8 433C-4-1, 30-38 2 Alkalic basalt Point 4 in Figure §
Cations, Oxygen = 4 9 433C-10-4,11-17 4F Olivine tholeiite Phenocryst in olivine
Al 0.665 0.549 0.631 0.795 0.488 0.232 0.136 10 433C-24-7, 133-139 19 Tholeiitic picrite Tiny euhedral crystal in olivine
Fe3* 0.149 0.234 0.443 0.285 0.210 0.271 0.477 11 433C-31-1,28-34 27 Plagioclase—olivine Tiny crystal in groundmass
Cr 1.137 1.124 0.767 0.714 0.796 0.765 0.516 tholeiite
Ti 0.024 0.046 0.079 0.103 0.253 0.366 0.436 12 433C-34-2,103-111 33 Tholeiitic picrite Tiny euhedral crystal in olivine
Fel2+ 0.430 0.763 0.674 0.607 0.996 1.135 1.313 13 433C-34-2,103-111 33 Tholeiitic picrite Euhedral crystal in olivine
Mn 0.020 0.023 0.022 0.014 0.020 0.032 0.031 14 433C-37-3, 79-87 44 Tholeiite Tiny euhedral crystal in olivine
Mg 0.575 0.261 0.383 0.483 0.237 0.199 0.092 15 433C-37-3, 79-87 44 Tholeiite Tiny euhedral crystal in olivine
Mg/ Mg+ 572 255 362 443 192 149 065 16 433C-38-1,67-76 458 Olivine tholeiite Phe::rirysl touching groundmass,
Fe2t) 19 433C-38-1, 67-76 45B Olivine tholeiite Phenocryst touching groundmass,
Cr/(Cr+ 631 672 .549 473 620 767 791 between core & rim
Al 18 433C-47-5,92-100 64 Tholeiite Phenocryst in olivine, core
19 433C-49-2,17-24 66 Tholeiite Phenocryst in olivine, core
20 433C49-2,17-24 66 Tholeiite Phenocryst touching groundmass,
core
21 433C-49-2,17-24 66 Tholeiite Phenocryst touching groundmass,
near rim
22 433C-49-2,17-24 66 Tholeiite Phenocrysts touching groundmass,
near rim

common but completely altered to clays. The ground-
mass contains plagioclase laths (Ang;Or; to AnyyOry),
clinopyroxene (not analyzed), and small exsolved skel-
etal titanomagnetite (Mt;_73). Some of the titanomag-
netite crystals contain up to 2 wt. per cent Cr,O; and 5.1
wt. per cent MgO. The olivine phenocrysts contain chro-
mite {(Crys7.6Alg.1-4.4Fei$35) (Mgao4oMng Felt )
(Tig.1-02Fe§3.0.4)03,). A single grain of magnesioferrite
was analyzed; it is probably of secondary origin.

Sample 433C-12-3, 57-65 cm, Tholeiite

This sample, from near the bottom of Flow Unit 9,
has hyalopilitic texture, and contains microphenocrysts
of plagioclase (AngyOr;-AngOr;), clinopyroxene
(W042EH47F511—W041E1145FS]3; A1203 up to 4.5 wt. M
and Cr,O; up to 0.9 wt %) and olivine totally replaced
by calcite and clays. Many of the plagioclase pheno-
crysts have clay replacing the cores. The groundmass
consists of plagioclase laths (AngsOr;-AngOr,),
clinopyroxene (Wo3oEnssFs;s—WossEnyFsy), equant
skeletal titanomagnetite (Mty;_¢;), and rare elongate
crystals of possible ilmenite.
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Sample 433C-13-2, 55-66 cm, Plagioclase Tholeiite

This sample, from the interior of Flow Unit 10, has
diabasic to intersertal texture. It contains phenocrysts of
plagioclase (AngOr;-AngOr,), sector-zoned clinopy-
roxene (Wo4 EnggFs;;-Wo33Eng Fs;o and WosEnys
Fs;1), and olivine completely altered to clays. Compared
to low-Ca pyroxene sectors, high-Ca pyroxene sectors
have high contents of ALO; (4.8-4.9 % versus 1.7-2.3
%), TiO, (1.3-1.5 % versus 0.6-0.7 %), and Cr,0O4
(0.85-1.24 % versus 0.20-0.57 %), and lower SiO, con-
tents (48.6-49.15 % versus 51.9-52.4 %). These sector-
zoned pyroxenes are similar to those from Flow Unit 1
and to those described by Wass (1973), except that these
have much lower ALO; and TiO, contents and much
higher SiO, contents than the sector-zoned pyroxenes
found in alkalic basalts. The groundmass consists of
plagioclase laths (AngOr;-Ans;Ors), clinopyroxene
(W041En45Fsl4—W035En35FS30), equant exsolved titano-
magnetite (Mt;g-Mtys), ilmenite (Ilgs-Ilys), and rare
pyrite. The groundmass clinopyroxene contains 4 to 11
per cent total ‘‘other’’ components.
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TABLE 10
Clinopyroxene Analyses from Sample 433A-20-1, 30-36 cm (Oxides wt. %)

1 2 3 4 S 6 7 8 9 10 11 12
Si09 49.85 50.65 50.06 46.54 46.16 51.18 50.66 50.89 45.89 47.85 51.47 46.45
TiOp 1.5§ 1.01 1.19 2.31 2.63 1.05 1.02 1.27 2.86 1.96 0.95 273
AlyO3 3.04 2.58 3.02 5.32 5:51 2.55 2.54 2.44 6.68 5.37 2.40 6.40
FeO 10.49 9.73 10.07 9.93 9.65 10.26 10.25 10.60 10.70 9.93 9.68 10.55
MnO 0.28 0.25 0.22 0.26 0.22 0.26 0.23 0.25 0.23 0.22 0.20 0.25
MgO 14.66 15.75 15.19 13.27 13.05 16.24 15.78 15.14 12.61 13.46 16.24 12.64
CaO 19.85 19.16 19.59 20.58 20.82 18.34 18.38 18.91 19.78 19.96 18.26 20.02
Na0 0.34 0.34 0.31 0.45 0.48 0.30 0.27 0.35 0.56 0.50 0.37 0.50
Crp03 0.01 0.10 0.08 0.20 0.24 0.08 0.05 0.00 0.08 0.10 0.11 0.14
TOTAL 100.07 99.57 99.73 98.86 98.76 100.26 99.18 99.85 99.39 99.35 99.68 99.68

Cations, Oxygen = 6
Si 1.860 1.885 1.865 1.759 1.748 1.891 1.894 1.897 1.729 1.795 1.909 1.745
ALY 0.134 0.113 0.133 0.237 0.246 0.109 0.106 0.103 0.271 0.205 0.091 0.255
AIVI 0.000 0.000 0.000 0.000 0.000 0.002 0.006 0.004 0.025 0.032 0.014 0.029
Fe2t 0.256 0.225 0.228 0.181 0.181 0.249 0.261 0.278 0.214 0.216 0.253 0.228
Fe3+ 0.071 0.078 0.086 0.133 0.124 0.068 0.060 0.053 0.123 0.096 0.048 0.104
Mg 0.815 0.873 0.843 0.747 0.737 0.894 0.879 0.841 0.708 0.752 0.898 0.708
Mn 0.009 0.008 0.007 0.008 0.007 0.008 0.007 0.008 0.007 0.007 0.006 0.008
Ti 0.043 0.028 0.033 0.066 0.075 0.029 0.029 0.036 0.081 0.055 0.026 0.077
Cr 0.000 0.003 0.002 0.006 0.007 0.002 0.001 0.000 0.002 0.003 0.003 0.004
Ca 0.793 0.764 0.782 0.833 0.845 0.726 0.736 0.755 0.798 0.802 0.726 0.806
Na 0.025 0.025 0.022 0.033 0.035 0.021 0.020 0.025 0.041 0.036 0.027 0.036
Pyroxene Components, Mol %

Ca 41.0 39.4 40.3 44.0 44.8 37.5 38.0 39.2 43.3 43.0 37.7 43.7
Mg 42.1 45.0 43.5 39.4 39.1 46.2 45.4 43.6 38.4 40.3 46.6 38.4
Fer 16.9 15.6 16.2 16.6 16.1 16.3 16.6 17.2 18.3 16.7 15.7 17.9
Others 13.4 11.3 13.3 23.7 24.6 10.9 10.5 10.3 27.1 20.5 9.1 255

Sample 433C-14-3, 8-15 cm, Plagioclase Tholeiite

Sample 433C-14-3, 8-15 c¢m, from the interior of
Flow Unit 11B, has an intersertal texture with about 15
% vesicles. Phenocrysts and microphenocrysts are pla-
gioclase (AnssOro-AngOr;), clinopyroxene (WouEn,g
Fs12-WogEnysFs,4), and olivine altered to iddingsite.
The groundmass contains plagioclase laths (AnssOr;—
Ang;0r,), clinopyroxene (WosgEnysFs;s—Wo3Eny;Fsyr),
skeletal exsolved titanomagnetite (Mt;;-Mts4), and il-
menite (Ilgs-Ilgg). The clinopyroxene phenocrysts con-
tain 8 to 11 per cent total ‘‘other’’ components; the
groundmass crystals contain 9 to 14 per cent.

Sample 433C-15-6, 16-31 cm, Tholeiite

Sample 433C-15-6, 16-31 cm, from the interior of
Flow Unit 13, has pilotaxitic texture and contains glom-
erocrysts of plagioclase (AngsOry-AnsgOr;), clinopyrox-
ene (Wo4 EngFs;), and olivine that is completely
altered to clays, and clinopyroxene microphenocrysts
(cores = Wo34Ens Fs;4;-Wo39EnysFs;, rims Woy
Eny3Fs;7-Wo39Eny; Fsyy). The microphenocrysts fall into
two groups: one that has high contents of Al,O; (3.6-
4.25 wt. %), TiOy(1.2-1.65 wt. %), Na,O (0.25-0.34
wt. %), and Cr,0O; (0.17-0.23 wt. %), and low SiO,
contents (49.6-50.5 wt. %), and a second group with
low contents of Al,O; (1.7-1.8 wt %), TiO, (0.64-0.70
wt. %), Na,O (0.15-0.16 wt. %), and Cr,0; (0.03-0.05
wt. %), and high SiO, contents (52.2-52.9 wt. %).
These chemical groups are nearly identical in composi-
tion to those found in the sector-zoned clinopyroxene in
Sample 433C-13-2, 55-66 cm. The groundmass contains
plagioclase (AnsgOr;—-An;;Ors,), clinopyroxene (Wosg
EnysFs;;-Wo3sEngFs,;), ilmenite (Ilys), and equant
titanomagnetite (Mt,o—Mt;¢) with minor ilmenite exsolu-

tion. Some clinopyroxene phenocrysts enclose plagio-
clase grains, indicating that plagioclase may be the li-
quidus phase; the time of olivine crystallization is not
known.

Sample 433C-19-5, 57-65 cm, Tholeiite

This sample, from the lower part of the Flow Unit
15A interior, has intersertal texture and contains olivine
(altered to clays) and phenocrysts and micropheno-
crysts of plagioclase (Angy¢5Orp.;), clinopyroxene (cores
= WO39EI149FS]2—W031El’l53FSIG; rims = W035En52Fsl3—
Wos39Eny;Fsy4; ‘‘others” = 6-16 mole %, Cr,O; up to
0.94 wt. %, ALO; = 3.4-4.2 wt. %, TiO, = 1.0-1.5
wt. %, and Na,0O = 0.29-0.35 wt. %). The Fe-rich
microphenocrysts contain lower abundances of all these
oxides. The groundmass contains plagioclase laths
(AnssOr,-An,,0ry), clinopyroxene (Wo37EngeFs;7-
Wo,4En;,Fsyy), equant titanomagnetite (Mtys—-Mtss), il-
menite (Ilgs-Ily7), and rare pyrite.

Sample 433C-21-4, 7-13 cm, Tholeiite

This sample, from the interior of Flow Unit 17, has
pilotaxitic texture, and contains glomerocrysts of pla-
gioclase and olivine that is completely altered to idding-
site. The sample is moderately altered: even the plagio-
clase is altering to clays. The only phases analyzed were
groundmass titanomagnetite (Mtg) and ilmenite (Ilgo—
Ily). The ilmenite has a high MgO content (2.3-4.2 wt.
%); some of the titanomagnetite contains up to 0.5 wt.
per cent Cr,0;. Pyrite is present but rare.

Sample 433C-22-5, 45-52 cm, Plagioclase Tholeiite

This sample, from the lower part of the interior of
Flow Unit 18, has pilotaxitic texture, and contains
glomerocrysts of plagioclase (Anye_s5~Or1p) and olivine
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TABLE 11
Holes 433A, 433B, 433C: Mineralogy Summary Table
Sample Opaques
(Interval in cm) Olivine (Fo)2 Plagioclase (An)b Pyroxene Mt 11 Chrome Spinel®

(F.U., Rock Type) Temp. °C Temp. (°C) Wo-En-Fs Temp. (°C) log fO) Cr# Mg#
433A-20-1, 30-36 P80 to 58 G59 to 56 P38-46-16 to P40-42-18 26 to 41 none none

(1, Alk. bas.) 1440°-1160°  1170°-1145°  P43-44-13 to P45-38-18

433A-21-4,129-138 P77 to 58 G61to 5 P39-45-16 to P41-43-17 22to 57 89 none

(1, Alk. bas.) 1374°-1152°  1178°-1035°  P44-41-16 to P44-38-18  1140°-900° -9 to-12

433B-5-2, 61-68 P81 to 68 G59to 53 P40-44-16 to P41-40-19 21 to 41 93 to 95 none

(1, ALk. bas.) P44-40-16 to P45-38-17  1000°-870°  -12to -14

433B-5-3, 85-90 P79 to 63 P41-44-15 to G38-44-18 25 to 39 none 0.418-0.585 0.351-0.513
(2, Alk. bas.) 1415° to 1180° P44-42-14 to P43-39-18
433C-4-1, 30-38 82-63 (83) P78 to 60 P43-46-11 to G43-37-21 28 to 32 93 0.386-0.661 0.085-0.304
(2, Alk. bas.) 1280°-1207° 1406° to 1152° 1020°-990° -11

433C-104, 11-17 G63 to 29 7to 73 none 0.555-0.628 0.365-0.515
(4F, Oliv. thol.) 1110° to 940°

433C-12-3, 57-65 P69 to 66 G65 to 60 P44-45-11 to G36-40-24 27 to 62 none none

(9, Thol) 1210° to 1122°
433C-13-2, 55-66 P69 to 63 G49 to 31 P38-51-10 to G35-35-30 18 to 25 94 to 95 none
(10, Plag. thol.) 1183° to 968° 1055°-930° -11to-13
433C-14-3, 8-15 P76 to 64 G55 to 43 P38-49-12 to G30-43-27 11 to 34 95 to 98 none

(11B, Plag. thol.) 1310°-1185°  1095°-1030° 1060°-900°  -10 to -13
433C-15-6, 16-31 P84 to 58 G56to 12 P42-47-11 to G35-44-21 19 to 36 96 none
(13, Thol) 1495° 950°-810° -13to-15
433C-19-5, 57-65 P80 to 65 G55 to 22 P39-49-12 to G24-32-44 26 to 33 94 to 97 none
(15A, Thol.) 1344°-1156° 970°-730°  -12to-17
433C-21-4, 7-13 46 89 to 90 none
(17, Thol) 970° -11
433C-22-5, 45-52 P76 to 65 G63 to 31 5to 40 93 to 92 0.475-0.689 0.056-0.124
(18, Plag. thol.) 1320°-1180°  1170°-990° 1000°-880° -12to -13

443C-24-7, 133-139 86-77 G69 to 45 P7-67-26 to G10-59-31 19 to 36 94 to 99 0.557-0.725 0.319-0.597
(19, Picrite) 1060° to 920° P37-51-12 to G32-50-18 1030°-870°  -11to=-15 (1100°)
433C-28-2, 73-80 P79 to 52 P41-48-11 to G33-34-24 24 to 48 91 to 94 none

(25, Plag. thol.) 1376° to 1086° 1060°-800°  -10 to -15

433C-29-1,112-123 none 91 to 100

(26A, Picrite)

433C-29-2, 94-100 19 to 39 92to 97 0.587-0.626 0.230-0.291
(26B, Oliv. thol.) 1095°-890°  -10to -14
433C-31-1, 28-34 79-66 (79) P76 to 57 G58to 33 G43-41-16 to G41-38-21 33 to 46 92to 94 0.562 0.211
(27, P1-Ol thol.) 1168° 1300°-1105°  1105°-1000° 1000°-850°  -11to -14 (1000%)
433C-34-2, 103-111 P74 to 52 G49 G42-46-12 to G37-37-26 36 96 to 98 0.537-0.632 0.114-0.436
(33, Oliv. thol.) 1220°-1030° 1010°

433C-34-7, 114-121 37 to 77 85 to 91 0.553-0.706 0.178-0.430
(35, Oliv. thol) 985°-795° -9 to-13
433C-37-3, 79-87 P67 to G36 P39-50-11 to G25-31-44 24 to 31 92to 93 0.570-0.644 0.242-0.416
(44, Thol.) 1160° to 970° G14-54-32 to G15-40-45 1030°-960° -11to-12

433C-38-1,67-76 87-78 (86) G66 to 45 G41-45-14 to G35-42-23 none 90 to 98 0.630-0.730 0.153-0.585
(45B, Oliv. thol.) 1260° 1135° to 1005° (1100%)
433C-39-5, 87-94 79 to 97 0.584-0.783 0.140-0.514
(48, Oliv. thol.)

433C-40-2, 88-96 99 79 to 90 0.642-0.743 0.294-0.359
(49, Oliv. thol.)
433C-42-1, 56-63 36 to 86 92 to 98
(52, Thol.) 965°-685°  -12to-14
433C-42-3,11-20 P79 to 54 G64 P41-49-10 to G33-35-32 25 to 31 93 to 99 none
(53, Picrite) 1330°-1090° 1010°-970° -11to-12
433C-42-5, 85-92 20 to 46 91 to 95 0.642 0.359
(54, Picrite) 1020°-845°  -11to -14
443C-47-5, 92-100 P65 to 64 G60 to 47 G34-49-17 to G37-43-20  32to 67 0.521-0.668 0.324-0.371
(64, Thol.) 1175°-1090°  1155°-1045°
433C-49-2,17-24 P66 to 34 G61 to 31 P43-41-16 to G39-26-35 20 to 33 93 to 99 0.470-0.810 0.065-0.449
(66, Thol.) 1195°-1030°  1040°-980° 1050°-670°  -11to-15

a( ) indicates calculated equilibrium olivine composition for this rock.
P indicates Phenocryst, G indicates groundmass.

CCr#is Cr/(Cr+Al), Mg# is Mg/(Mg+Fe2%)
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(altered to iddingsite and clays) that partially encloses
chemically variable spinel {(Cr,;_q4Al; g sFeit s s)
(Mgo.o_1 Mg 1 Fei’ o s)(Tiz6.6.3F€55 15.6)03,). The
groundmass consists of plagioclase (Ang;Or; to Ang,
Or,), clinopyroxene (not analyzed), elongate ilmenite
(Ilg3-Ilgy; MgO = 2-3 wt. %), equant titanomagnetite
(Mts-Mt,g), and rare pyrite and chalcopyrite.

Sample 433C-24-7, 133-139 cm, Tholeiitic Picrite

This sample, from the lower part of the interior of
Flow Unit 19, has a porphyritic intergranular texture,
and contains nearly 40 per cent olivine phenocrysts
(Fogg_77) and microphenocrysts of augite (Wos,Ens,Fs;,-
WogygEnyFs,;) and pigeonite (WogzEng,Fs,s—Wo,Eng
Fs,7). The groundmass consists of plagioclase (AngyOr,-
AnsOr,), augite (Wo,y4En,gFs;s~-Wo3,Ens Fs,g), pigeo-
nite (WogEngFs,s-Wo,,EnyFs,;), equant titanomag-
netite (Mt;g-Mtsq), ilmenite (Ily,-Ilge), and rare pyrite.
The olivine phenocrysts contain numerous euhedral to
rounded chromian spinel {(Crg,_63Als g, oFed35 4)
(Mgy 3.5,6Mng y_92Fe3? s )(Tig25.0Fef}-4.0)052). The
pigeonite microphenocrysts and groundmass have lower
Al,O; and Na,O contents and total ‘‘other’’ com-
ponents, and higher MnO contents than the coexisting
augite phenocrysts and groundmass.

Sample 433C-28-2, 73-80 cm, Plagioclase Tholeiite

This sample, from the interior of Flow Unit 25, has a
pilotaxitic to intergranular texture, and contains glom-
erocrysts of plagioclase (An,yOr,-Ans,Or,) and clino-
pyroxene (WoyEngFs;;-Wo3,EnFs;;; ‘‘others” =
6-19 mole %). Plagioclase (AnssOr;~Ang,Or,) is en-
closed by clinopyroxene and is the liquidus phase. The
groundmass consists of plagioclase, clinopyroxene
(Wo30Eny Fs ,~Wo3;En ;Fs,,; ‘‘others”” = 6-19 mole
%), equant titanomagnetite (Mt,,~Mt,;), and elongate
ilmenite (Ilg;~Ily,).

Sample 433C-29-1, 112-123 cm: Plagioclase Tholeiite

This sample, from the lower part of the massive in-
terior of Flow Unit 26A has 0.5- to 2-mm vesicles, an in-
tersertal texture, and contains phenocrysts of plagio-
clase, clinopyroxene, and olivine that is completely al-
tered to clays. The only phase analyzed was elongate
groundmass ilmenite (Ily;_,o)- Pyrite is present but rare.

Sample 433C-29-2, 94-100 cm: Plagioclase Tholeiite

This sample, from the interior of Flow Unit 26B,
contains rare irregular vesicles filled with clays, has a
pilotaxitic to intergranular texture, and contains pheno-
crysts of plagioclase, clinopyroxene, and olivine. The
groundmass consists of plagioclase, clinopyroxene, tiny
exsolved titanomagnetite (Mt3g-Mt,,), ilmenite (Ily,-1lg,),
and rare pyrite. The olivine phenocrysts contain euhedral
chromian spinel {(Crg;s.60Al;g46Fe33 (Mg, 26Mng,
Fei} 4 )(Tigs 1 1Fets 2201

Sample 433C-31-1, 28-34 cm: Plagioclase-Olivine
Tholeiite

This sample, from the bottom part of the interior of
Flow Unit 27, has pilotaxitic texture, and contains phe-
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nocrysts of plagioclase (An;sOr;-Ans,;Or,;), olivine
(Foq9_¢¢) With clay replacement along fractures and on
the rims, and rare clinopyroxene. The groundmass con-
sists of plagioclase laths (AnsgOr;-An,;0r,), clinopy-
roxene (WoyEn, Fs c~Wo4 EnsgFs,;), equant titano-
magnetite (Mt;;-Mtyg; CryO; up to 0.2 wt. %), rare
elongate ilmenite (Ilg,-Ily,;; MgO = 2.3-2.9 wt. %).
Compared with other clinopyroxenes from Hawaiian
tholeiitic basalts (Fodor et al., 1975), the pyroxenes in
this sample are Wo-rich as well as TiO,- and Na,O-rich.
The olivine phenocrysts contain chromian spinel
crystals, some of which have reacted with the adjacent
groundmass to form chromian titanomagnetite. The full
range of compositions found is {(Crs ¢ ; ,Als ;o sFe33s.6)
(Mg; 4 ;Mg Fef 3, 7)(Tig 4. 0Fel § 5003}

Sample 433C-34-2, 103-111 cm: Tholeiitic Picrite

This sample, from the upper part of the interior of
Flow Unit 33, has ophitic to intersertal texture, and con-
tains phenocrysts of olivine (completely altered to clays
with iddingsite on the rims), and resorbed plagioclase
(An,,Or,-Ans,Or,). The groundmass consists of plagio-
clase (AngOr,), clinopyroxene (WosEnFs;,-Wos;
En;,Fs,, ‘‘others” = 9-14 mole %, TiO, = 0.9-1.7
wt. %, AlL,O; = 1.9-3.6 wt. %), tiny equant exsolved
titanomagnetite (Mts¢), and elongate ilmenite (Ilog-Ilgg).
The olivine phenocrysts contain rare chromian spinel
that is continuously zoned to chrome-rich titanomagne-
tite where it is in contact with the groundmass. The full
range of compositions is {(Cr;75,Als 4 cFeltae)
(Mg4.0-l.4Mn0.1—0.3Fe‘21.§—l.9)(Ti0.3—4.6Fe0.6-9.2)32}'

Sample 433C-34-7, 114-121 cm: Olivine Tholeiite

This sample, from the upper part of the interior of
Flow Unit 35, has intergranular texture, and contains
phenocrysts of olivine (completely altered to iddingsite,
clays, and calcite), plagioclase, and rare clinopyroxene.
The only minerals analyzed were the opaque oxides.
These are abundant tiny equant exsolved titanomagne-
tite (Mt,;-Mt;;, MnO up to 2.5 wt. %), elongate il-
menite (Il,4-Ily,, MgO = 2.9-3.8 wt %), and chromian
spinel enclosed in the olivine pseudomorphs. The full
range of analyzed chrome spinel compositions is {(Crg ,_
2.6ALs o 7Fel 6 )(Mgy 71 oM o Fedd 4 ) (Tigz 25
Fed% s ¢)O3,}). Pyrite is present within the saponite to
nontronite clays replacing olivine.

Sample 433C-37-3, 79-87 cm: Tholeiite

This sample, from the upper part of the interior of
Flow Unit 44, has diabasic to intersertal texture, and
contains olivine phenocrysts (completely altered to
clays), and microphenocrysts of clinopyroxene (Wo;q
EngyFs;;-Wo3,EnysFs,;, ‘‘others’”” = 7-12 mole %,
Cr,O; up to 0.9 wt. %, ALO; = 1.9-2.8 wt. %, TiO, =
0.6-1.2 wt. %) and plagioclase (Ang;Ory-An;¢Or;) that
are gradational in size to the groundmass. The ground-
mass contains augite to sub-calcic augite (Wo3EnsyFs,,-
Wo,sEn;, Fsyy, ‘‘others’” = 4-10 mole %), pigeonite
(Wo4Eng Fs;,-Wo sEnyyFsys, “‘others’ = 4-6 mole %)
equant to skeletal titanomagnetite (Mt,,—~Mt;;, MnO up
to 1.9 wt %), and elongate ilmenite (Ilg,-Ily;). The oliv-
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ine phenocrysts contain chromian spinel crystals that
have a narrow range of compositions {(Cry ;7 4Al4 5 s s
2 : 2
ge?;ti-z.1)(M83.4-2.2Mno.1-0.2Fe4.5-4.6)(T10.4-1.1Feo.§-2.2)
325

Sample 433C-38-1, 67-76 cm: Olivine Tholeiite

This sample, from the upper part of the interior Flow
Unit 45B, has an ophitic texture, and contains pheno-
crysts of olivine (Fogy_75) altered to clays on the rims
and along fractures. The groundmass is plagioclase
(AngOr-AnysOr,) partially altered to clays and zeo-
lites, clinopyroxene (Wo4 EnysFs;s~Wo035Eny,Fs,;, Cr,0,
up to 0.7 wt. %, AL,O; up to 4 wt. %, ‘‘others’’ = 7-17
mole %), elongate ilmenite (Ilgy-Ilgg, MgO = 2.5-3.8
wt. %), and rare pyrite. The olivine phenocrysts con-
tain chromian spinel that is zoned to chrome-rich ti-
tanomagnetite where the crystals are in contact with the
groundmass. The full range of analyzed compositions
s, {(CF9.g-o.4A15.32-1.SFC?.JE-s.s)(Mg‘m-l.7Mno.1-0.2
Fe3§_s3)(Tig5-3.5Feq 3-7.0)03,}-

Sample 433C-39-5, 87-94 cm: Olivine Tholeiite

This sample, from the lower part of the interior of
Flow Unit 48, has intergranular texture, and contains
phenocrysts of olivine (mostly altered to clays) and rare
plagioclase. The groundmass contains pigeonite as well
as high-Ca clinopyroxene. Only the opaque oxides were
analyzed. The groundmass contains elongate ilmenite
(Il,g-Ily;, MgO = 2.1-3.0 wt. %) with minor exsolu-
tion. The olivine phenocrysts contain chromian spinel
zoned to chrome-rich titanomagnetite where it is in con-
tact with the groundmass. The full range of composi-
tions is {(Crg ;.4 5Als 51 3Fe] % 30)(Mg42-1.sMng i
02Fe33.5.8)(Tig 2-3.0F€3 3 6.0003)-

Sample 433C-40-2,88-96 cm: Olivine Tholeiite

This sample, from the interior of Flow Unit 49, has
an intergranular texture, and contains phenocrysts and
microphenocrysts of olivine replaced by clays, rare pla-
gioclase, and rare clinopyroxene. Olivine pseudomorphs
contain euhedral to rounded chromain spinel similar in
composition to that in Flow Unit 48, although no crys-
tals were found that are zoned to chrome-rich titano-
magnetite. The full range of composition is {(Crg g g s
Feyo-3.3Fe]5_1.0)(Mgyg_»4Mng Fet i 4 2)(Tigs3_0.7
Fe§%_14)03}. The groundmass contains elongate il-
menite (Il;9—Ilgy) that is mottled as a result of a com-
bination of secondary oxidation and exsolution; rare
nearly pure magnetite (Mtgy,), probably of secondary
origin; and rare pyrite and calcopyrite.

Sample 433C-42-1, 56-63 cm: Tholeiite

This sample, from the massive interior of Flow Unit
52, has an intersertal texture, and contains rare pheno-
crysts of plagioclase, clinopyroxene, and olivine (com-
pletely replaced by clays and iddingsite). Only the opaque
oxides were analyzed. The groundmass contains equant,
exsolved, titanomagnetite (Mtgs — Mt,s, Cr,O; up to 0.2
wt. %), elongate ilmenite (Ily, — Ilgg), and rare pyrite.
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Sample 433C-42-3, 11-20 cm: Plagioclase Tholeiite

This sample, from the lower part of the massive in-
terior of Flow Unit 53, has an intersertal texture, rare
clay-filled vesicles, and contains glomerocrysts of pla-
gioclase (An,4Or, — Any,Or,), clinopyroxene (Wo,,Enyg
Fs;o— Wo;sEngFs;s, Cr,0; = 0.4—1.1 wt.% , “others”
= 5—16 mole %), and olivine that is completely altered
to clays. The groundmass contains plagioclase (Ang,Or,),
clinopyroxene (Wo;En,gFs,; — Wo33En; Fs3,), skeletal
titanomagnetite (Mt,;— Mt;,), elongate ilmenite (Ily; —
Ilgo), and rare pyrite. Some of the plagioclase occurs as
xenocrysts that have cores (AngOr; —Ang, Or;) and
rims (Ang;Or,— Ans;Or,).

Sample 433C-42-5, 85-92 cm: Plagioclase Tholeiite

This sample, from the massive interior of Flow Unit
54, has an intersertal texture, and contains glomero-
crysts of plagioclase, rare clinopyroxene, and rare oliv-
ine that is completely altered to clays and iddingsite.
The only minerals analyzed were the opaque oxides. The
groundmass contains equant exsolved titanomagnetite
(Mt — Mt,, MnO up to 1.3 wt. %) and elongate ilmen-
ite (Ily; — Ilyg, Cr,O5 up to 0.4 wt. %). A single chromian
spinel enclosed in olivine was analyzed {(Cr;qAl,,
Fe3})(Mg; oMn ,Fei$)(Tig JFef§)Os}.

Sample 433C-47-5, 92-100 cm: Tholeiite

This sample, from the upper part of the massive in-
terior of Flow Unit 64, has a hyalopilitic texture, and
contains sparse microphenocrysts of plagioclase (Ang;s
Or; — Any;0Or;,), olivine altered to iddingsite, tiny clino-
iddingsite. The groundmass contains plagioclase (Ang,
Or, — An,,Or,), olivine altered to iddingsite, tiny clino-
pyroxene grains (Wos,EnygFs,; — Woy,Eny;Fs,,, ‘‘others’
= 8to 14 mole %), and tiny equant exsolved titanomag-
netite (Mt;, — Mty;,MgO = 3.2-5.4 wt. %), and rare
pyrite. The rare olivine pseudomorphs contain chromi-
an_spinel {(Crg;_ssAli;_sgFeid_35)(Mgs;_Mng,
Fet_4 1) (Tige_osFelt 1605}, Pyrite is present but
rare. This sample was originally designated an alkalic ba-
salt on the basis of shipboard chemical analysis and the
presence of olivine in the groundmass. We have reclassi-
fied it according to the mineral compositions, trace-ele-
ment abundances (see Clague and Frey, this volume),
and the presence of secondary phillipsite that shifts the
whole-rock composition toward alkalic basalt (see Kirk-
patrick et al., this volume).

Sample 433C-49-2, 17-24 cm: Tholeiite

This sample, from the massive interior of Flow Unit
66 (the bottom flow recovered), has an intersertal tex-
ture, and contains rare phenocrysts of plagioclase (Angg
Or, — An,;,Or;y), clinopyroxene (WogEny Fs;q—Woy
Eny,Fs,;, Cr,O; up to 0.4 wt %, ALL,O; up to 4.4 wt. %,
“‘others’” = 7—19 mole %), and olivine that is altered
to clays. The groundmass contains plagioclase (Ang;
Or, — An;,0Or,), clinopyroxene (Wo,3EngFs;;—Wosg
En,cFsys), olivine altered to clays, equant titanomag-
netite (Mt,;, — Mty;, Cr,O; up to 2.4 wt. %), and elong-
ate ilmenite (Ilg; — Ily). The olivine phenocrysts contain
chromian spinel zoned to chrome-rich titanomagnetite



rims where the chrome spinel is in contact with the
groundmass. The full range of compositions is {(Crg 4_
a1Alg 41 Fell 3 8)(Mgs g o sMng o Fei% 5 7)
(Tios_35Fei§_7905}

Site 433 Tholeiitic Basalts: Summary and Interpretation

To facilitate discussion, we have subdivided the tho-
leiitic basalts into three groups according to modal phe-
nocryst abundances. The three groups are (1) olivine
tholeiites containing more than 5 per cent olivine pheno-
crysts, (2) plagioclase tholeiites containing more than 5
per cent plagioclase phenocrysts and less than 5 per cent
of either olivine or clinopyroxene phenocrysts, and (3)
tholeiites containing less than 5 per cent of any phe-
no-cryst phase.

Tholeiites with 5 Per Cent Olivine

The mineral compositions for olivine, pyroxene, pla-
gioclase, Fe-Ti oxides, and chromite are shown in Fig-
ure 6. Table 11 summarizes the mineralogical data for
these samples, as well as temperature estimates for oliv-
ine, plagioclase, olivine-chromite pairs, and ilmenite~
magnetite pairs.

The tholeiitic basalts containing more than 5 per cent
olivine include tholeiitic picrites or oceanites (containing
>15% olivine), olivine tholeiites (containing > 5%, but
< 15% olivine) and a single olivine-plagioclase tholeiite
that contains more than 5 percent of both olivine and
plagioclase. In all these samples, chromian spinel ap-
pears to be the liquidus phase; it is generally enclosed
within olivine that is about Fog,_g, and is zoned to
Fo,3_47. The olivine-plagioclase tholeiite (Sample
433C-31-1, 28-34 cm) contains less magnesian olivine
(Fos9_g6), and the enclosed chromian spinels is more
titaniferous and less magnesian than spinels in the oliv-
ine tholeiites and oceanites. The equilibrium olivine
compositions (noted n parentheses in Table 11) were
estimated assuming a K, = 0.3 (Roeder and Emslie,
1970), and Fe3+/(Fe3+ + Fe2+) = 0.1 (atomic). The ol-
ivine crystallization temperatures (Table 11) were calcu-
lated using the geothermometer of Fisk et al. (1978) and
assuming that the equilibrium olivine crystallized from a
magma of the same composition as the whole rock
(from Kirkpatrick et al., this volume). In olivine tholei-
ite Sample 433C-38-1, 67-76 cm, the equilibrium oliving
Fogs compositions crystallized at about 1260°C. The
picritic tholeiite (Sample 433C-24-7, 133-139 cm), con-
tains 22 per cent cumulate olivine (Fogg), and no reliable
crystallization temperature can be calculated for the ol-
ivine in this rock. In the olivine-plagioclase tholeiite
(Sample 433C-31-1, 28-34 cm), olivine (Fos9) crys-
tallized at 1168 °C. Olivine-chrome spinel temperature
estimates are based on the analysis of Evans and Frost
(1975), with an additional 1000°C isotherm from the
harzburgite tectonite at Thetford Mines, Quebec
(Clague, unpublished data), in which clinopyroxene-or-
thopyroxene pairs coexist with the olivine-chromite
pairs. This geothermometer indicates that the equilibra-
tion temperature of olivine-chromite from the picritic
tholeiite and the olivine tholeiite is about 1100 °C; the
olivine-plagioclase tholeiite yields a temperature of
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about 1000 °C. These low temperatures and the chrome
spinel compositions suggest that the spinel has been
altered even where it is enclosed in olivine.

The chromian spinel in the olivine-bearing basalts is
similar to that from Kilauea tholeiites (Evans and
Wright, 1972). Most of these samples contain some
chromian spinel that is not completely enclosed by oliv-
ine. These spinels show dramatic zoning to chrome-rich
titanomagnetite, similar to that described by Evans and
Wright (1972) for the tholeiitic lavas of Kilauea Iki and
Makaopuhi, by Beeson (1976) for transitional to alkalic
lavas from East Molokai, and by Ridley (1977) for tran-
sitional basalts from Rhum. The zoning between chro-
mite and titanomagnetite most probably results from
reaction of the chromite with the magma at tempera-
tures well below the original chromite crystallization
temperatures.

The plagioclase phenocryst cores in Sample 433C-
31-1, 28-34 cm indicate temperatures of 1300 °C, on the
basis of the Na-exchange reaction of Drake (1976),
when it is assumed that they crystallized from a magma
having the same composition as the whole rock. These
high crystallization temperatures of the plagioclase
cores probably indicate that they crystallized from a
magma different in composition from the present whole
rock, or that they crystallized at high pressure. The
plagioclase phenocryst rims appear to have crystallized
after olivine at temperatures as low as 1105 °C.

Groundmass phases in the olivine-bearing tholeiitic
basalts include clinopyroxene low in Ca (Wo3(_3, is the
lowest in each sample) and generally quite variable in
composition. This variability is due mainly to substitu-
tion of Fe for Mg; many of the groundmass crystals are
notably Fs-rich. In general the groundmass pyroxenes
are low in total ‘‘other’” components. One sample
(433C-24-7, 133-139 cm) contains pigeonite (Wo;Eng;
Fs,6 to Wo,oEngsgFs3;) both as microphenocrysts and as
groundmass crystals. The groundmass plagioclase is
variable, but the more calcic crystals are generally Angg_
Ang;, except in the sample containing abundant plagio-
clase phenocrysts in which it is less calcic (Ansg). The
most sodic groundmass plagioclase is generally
(Ans,0Or,-Any,Org). The groundmass plagioclase crys-
tallized between about 1135 °C and 930°C. Most of the
samples contain both ilmenite andd titanomagnetite,
although Sample 433C-10-4, 11-17 cm contains only
titanomagnetite, and Samples 433C-38-1, 67-76 cm,
433C-39-5, 87-94 cm, and 433C-40-2, 88-96 cm contain
only ilmenite. The titanomagnetite-ilmenite pairs equi-
librated at temperatures ranging from 1030 °C to 850°C,
under oxygen fugacities of 10~11 to 10~ 1% atmospheres
(Lindsley and Rumble, 1977).

Tholeiites with 5 Per Cent Plagioclase

The mineral compositions for pyroxene, plagioclase,
Fe-Ti oxides, and chromite are shown in Figure 7. Table
11 summarizes the mineralogic data for these samples,
as well as temperature estimates for plagioclase and for
ilmenite-magnetite pairs.

All the plagioclase tholeiites contain, in addition to
plagioclase, phenocrysts of clinopyroxene and altered
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olivine, except Sample 433C-28-2, 73-80 cm, which con-
tains only plagioclase and clinopyroxene phenocrysts,
and Sample 433C-22-5, 45-52 cm, which contains only
plagioclase and olivine phenocrysts. In all these samples
it appears that plagioclase is the (high pressure?) liqui-
dus mineral or is xenocrystic, since its calculated crys-
tallization temperature is over 1300 °C. The olivine is all
altered now, but several samples contain chromite that
is enclosed in olivine pseudomorphs. These chromite
crystals contain less Cr,0; and more TiO, than those
enclosed in olivine in the olivine tholeiites. The pheno-
crysts of clinopyroxene are generally Fs-poor, and have
moderate Wo content (Wo33En; Fs;y to WoyEngFs;4).
The clinopyroxene phenocrysts crystallized after the
plagioclase phenocrysts (xenocrysts) in Sample 433C-
28-2, 73-80 cm, and presumably did so in the other pla-
gioclase tholeiites as well. The groundmass consists of
plagioclase laths ranging in composition from Ang, to
Anj,. The groundmass plagioclase crystallized at tem-
peratures of 1170 to 968 °C, and overlap with the tem-
peratures at which the plagioclase phenocryst rims crys-
tallized. Both ilmenite and titanomagnetite are present
in all samples except 433C-20-1, 112-123 c¢m, which
contains only ilmenite. The coexisting ilmenite-titano-
magnetite pairs equilibrated to temperatures of 1060 °C
to 800°C; the opaque oxides were crystallizing simulta-
neously with the groundmass plagioclase. The ground-
mass clinopyroxene is generally low in Wo content, and
has a large range of Fs within each rock. The low Wo
content and wide range of Fs are identical to character-
istics of clinopyroxene in tholeiite basalts from Maui
(Fodor et al., 1975).

Sample 433C-42-3, 11-20 cm has reverse - zoned pla-
gioclase phenocrysts with cores of Ansg and rims of
Ang;. A zone of glass inclusions separates the Ansg core
from the rim, and may represent a zone of reaction of
the core with the magma before crystallization of the
rim. The phenocrysts have a texture similar to those in
Flow Units 1 and 2 at Hole 432A, and the cores may be
remnants of xenocrysts.

Tholeiites

The mineral compositions for pyroxene, plagioclase,
Fe-Ti oxides, and chromite are shown in Figure 8. Table
11 summarizes the mineralogic data for these samples,
as well as the temperature estimates for plagioclase and
coexisting ilmenite-magnetite pairs. Each of the ana-
lyzed tholeiitic basalts contains sparse phenocrysts of
plagioclase, clinopyroxene, and olivine that is complete-
ly altered, except Samples 433C-21-4, 7-13 c¢cm and
433C-47-5, 92-100 cm, which do not contain clinopy-
roxene. The cores of the plagioclase phenocrysts in
Samples 433C-15-6, 16-31 cm and 433C-19-5, 57-65 cm
are Angs and Ang, respectively. The plagioclase cores
are calculated to have crystallized at temperatures over
1300°C, and must be either xenocrysts or high-pressure
phenocrysts. The plagioclase phenocrysts continued to
crystallize down to temperatures of about 1156 to
1125°C. The clinopyroxene phenocrysts generally have
low Fs and moderate Wo contents; they range in com-
position from Wo,,Eng,Fs;; To Wo39En,sFs; to less cal-
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cic, more iron-rich rims. Rare chromite found enclosed
in the few olivine phenocrysts is generally rather Cr-
poor and Ti-rich, even where totally enclosed in olivine.
Samples 433C-37-3, 79-87 cm; 433C-47-5, 92-100 cm;
and 433C-49-2, 17-24 cm all contain plagioclase pheno-
crysts that began to crystallize at temperatures between
1195° and 1160°C and continued to crystallize to tem-
peratures as low as 1030°C.

The groundmass plagioclase crystallized in the tem-
perature range 1155° to 970°C, and therefore was crys-
tallizing at the same time as the rims on the plagioclase
phenocrysts. The groundmass pyroxene generally has a
low Wo content, and shows a wide range of iron con-
tents. The least calcic pyroxenes are Woy,~Wo3g in the
six samples where clinopyroxene was analyzed. In addi-
tion, Sample 433C-37-3, 79-87 cm contains pigeonite
with Wo content as low as 14 per cent. Most of the sam-
ples have groundmass pyroxene that is strongly zoned to
iron-rich compositions; the most Fs-rich grains have 21
to 45 per cent. All the samples contain both ilmenite and
titanomagnetite, except for Samples 433C-12-3, 57-65
cm, and 433C-47-5, 92-100 cm, which contain only
titanomagnetite. Application of the Buddington and
Lindsley (1964) geothermometer indicates equilibration
at temperatures of from 1050 °C to as low as 670 °C.

MINERAL CHEMISTRY

Olivine

All the olivine analyzed in this study is present as phe-
nocrysts and microphenocrysts in volcanic rocks. The
range of compositions encountered is Fog; _5o. All the
olivine crystals contain trace amounts of CaO (0.2 to
0.5%), MnO (0 to 0.8%), and NiO (0.25% in the more
magnesian olivines). Figure 9 shows the relationship be-
tween MnO and MgO in all the analyzed grains. There is
no apparent difference between the MnO contents of of
olivine, at the same MgO, from alkalic and tholeiitic ba-
salts. The alkalic basalts and hawaiites (Fogs—Fos,) con-
tain less magnesian, higher MnO olivine that the tholei-
itic basalts (Fog;—~Fog), but this reflects the more differ-
entiated nature of the alkalic basalts rather than any dif-
ference between alkalic and tholeiitic basalts. Very few
of the analyzed flows contain fresh olivine. Most con-
tain saponite pseudomorphs after olivine that have id-
dingsite (orange) rims. Flow Unit 2 at Site 433 contains
olivine xenocrysts with kink bands (Figure 10e).

Felspar

The feldspar present in these flows ranges from by-
townite (Ang,) to sanidine. All feldspar analyses from
both basalt suites are plotted in the feldspar ternary dia-
gram (Figure 11a, 11b), where a slight but significant
difference in Or content is apparent. The tholeiitic ba-
salt feldspars have systematically lower orthoclase con-
tents compared with those in the alkalic basalts. This re-
flects the lower K content of the tholeiitic basalts. All
the feldspars contain appreciable iron (0.1 to 0.7 cations
per formula) that is probably present as Fe,O; and
substitutes into the octahedral site for Al,O;. Figure 12
shows the relationship between atomic Fe and per cent
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Figure 9. Variation diagram of MgO (wt. %) versus
MnO (wt. %) in olivine in alkalic and tholeiitic ba-
salts from all Leg 55 sites where olivine was pre-
served. Alkalic basalts (filled squares), tholeiitic
basalts (open squares).

anorthite for all the analyzed feldspars, including phe-
nocrysts and groundmass crystals. It appears that Fe in-
creases with decreasing An until about Anyy. As An con-
tent continues to decrease, Fe also decreases. There are
no significant differences in Fe content between feld-
spars from alkalic and tholeiitic basalts.

Pyroxene

All the analyzed phenocrysts and groundmass crystals
of pyroxene are clinopyroxenes. Tholeiitic Samples 433C-
24-7, 133-139 ¢cm and 433C-37-3, 79-87 cm contain pi-
geonite (Wo <15%), but the rest of the tholeiitic and all
the alkaline basalts contain augite to subcalcic augite.
Figures 13b through 13d show the fields enclosing the
pyroxene compositions for the tholeiitic and alkalic ba-
salts for each site, and for comparison, the fields for
tholeiitic, alkalic, and nephelinic lavas from Maui
(Fodor et al., 1975) and Niihau, (Clague, unpublished
data)(Figure 13a). Despite the considerable overlap be-
tween these fields, it is possible to identify which erup-
tive suites the drill flows represent. This identification is
based on per cent Wo, the extent of fractionation within
a single sample, and the compositional trent (i.e., does
Wo increase or decrease as Fs increases?) of the ana-
lyzed crystals. A ternary plot (Figure 14) of the ‘‘other”’
components Ti, AI'Y, and NaM, (Papike et al., 1974)
shows that the pyroxenes in the tholeiitic and in the al-
kalic basalts are the same, except that the Hole 432A al-
kalic basalts have higher Ti and Na contents in M, com-
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ponents. In general, the phenocrysts in both the alkalic
and tholeiitic basalts are higher in Cr,O; concentrations
and per cent En and lower in TiO,, AL,O3, Na,0, and
MnO contents and per cent Fs than the coexisting
groundmass. In both the alkalic and tholeiitic basalts,
the compositions of the rims of phenocrysts overlap
with the groundmass compositions in the same rocks.
Samples from several flows (Flow Units 1, 2, and 10, all
from Site 433) contain striking sector-zoned clinopyrox-
ene similar to that described by Wass (1973) and Leung
(1974).

Chrome Spinel

Chrome spinel is present only in the samples from
Suiko Seamount (Site 433). The chrome spinel in the
alkalic flows has Al > Cr; the tholeiitic flows all con-
tain chrome spinel with Cr > Al. The Al,O, contents of
the alkalic and tholeiitic basalts are nearly identical; this
suggests that the Al content of the chrome spinel may be
controlled by pressure, the chrome spinel in the alkalic
flows being equilibrated at higher P than spinels in the
tholeiites (Sigurdsson and Schilling, 1976). This Al/Cr
relation is opposite that reported by Ridley (1977) for al-
kalic basalts and olivine tholeiites from Rhum and
Muck.

The chrome spinel cores in the alkalic basalts contain
significant Fe3+ (calculated according to spinel stoichio-
metry); those in the tholeiitic basalts generally contain
far less Fe3+, perhaps reflecting a lower fO, during ear-
ly crystallization of the tholeiitic basalts. The picritic
tholeiites contain chrome spinel that has higher Cr/(Cr
+ Al and Mg/(Mg + Fe2?*) than spinels in the
tholeiitic basalts. At the same time, Fe3* content is
higher in the chrome spinel in the tholeiitic basalts than
in the picritic basalts.

Figure 15 shows the range of chrome spinel composi-
tions.

It is clear from these diagrams that several flows,
both alkalic and tholeiitic, contain chrome spinel con-
tinuously zoned to chromian titanomagnetite. In gener-
al this extreme zoning occurs only where the chrome spin-
nel is no longer completely enclosed in an olivine pheno-
cryst, and represents a reaction with the groundmass.
Beeson (1976) and Ridley (1977) have described similar
zoning of chrome spinel in basalts from Molokai, and
from Rhum and Muck, respectively. Figure 5 shows
electron-beam scans for one of these zoned spinels from
Flow Unit 2 at Site 433. The boundary seen in reflecting
light marks a sharp transition between an aluminous
core and titaniferous rim. Cr,0;, FeO, and MgO are
more continuously zoned across the boundary.

Chrome spinel is present in all flows having MgO > 8
per cent and in 3 of 14 flows having MgO < 8 per cent.
The TiO, content of chrome spinel, including those
enclosed in olivine, is greater in the flows containing less
MgO.

We have used the Evans and Frost (1975) olivine-
chromite geothermometer to estimate temperatures for
a number of samples. The results are shown in Figure
16. An additional isotherm is shown that is based on ol-
ivine-chromite pairs and calculated temperatures from
clinopyroxene-orthopyroxene pairs for a series of
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0.2 mm

Figure 10. (a) Sample 430A-4-2, 110-118 cm. Reflecting-light photomicrograph, showing extensive pyrite replace-
ment near the top of hawaiite Flow Unit 1. (b) Sample 433B-5-3, 85-138 cm. Crossed polarized light photomicro-
graph, showing large sector-zoned clinopyroxene phenocryst in the alkalic basalt that makes up Flow Unit 2 on
Suiko Seamount. (c) Sample 433A-21-4, 129-138 cm. Plane polarized light photomicrograph, showing sector-
zoned clinopyroxene microphenocrysts that are common in alkalic basalt Flow Unit 1 on Suiko Seamount. The pale
brown sectors have higher Al,03, Na,O, Cr;0;, and TiO, contents and lower Wo and SiO, contents than the color-
less sectors. See Figure 4 for detailed analyses of a similar crystal. (d) Same crystal as in (c), but in cross-polarized
light. (e) Sample 433B-5-3, 85-90 cm. Cross-polarized light photomicrograph of kink-banded olivine xenocrysts
found only in alkalic basalt Flow Unit 2 on Suiko Seamount. (f) Sample 433C-31-1, 28-34 cm. A small plagio-
clase-olivine inclusion in a tholeiitic basalt from Suiko Seamount.
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samples from the Thetford Mines ophiolite in Southern
Quebec (Clague, unpublished data).

Fe-Ti Oxides

Most of the flows contain both ilmenite and titano-
magnetite, except those from Site 432, which contain
only titanomagnetite. In general, the titanomagnetite is
partially exsolved and contains lamellae of ilmenite; the
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ilmenite commonly contains lamellae of rutile. There is
usually little exsolution near flow margins and more ex-
tensive exsolution in the massive flow interiors. The de-
gree of secondary oxidation is just the opposite, with
more extensive oxidation near flow margins.

Figures 1d, 2d, 3d, 6d, 7d, and 8d show the analyses
plotted in part of the Ti-Fe2+-Fe3+* system. The analy-
ses have been recalculated into spinel formula (R;0,)
and rhombohedral ilmenite formula (R,0;). the data
points deviate from the ideal ilmenite-hematite and
iilvospine-magnetite joins because of the presence of
the other cations, particularly Mg and Al. Ilmenite has
very low Al,O; contents (0.2 to 0.3%) and variable
MgO contents (up to 5%); the titanomagnetite generally
contains more Al,O; (0.5 to 3.1%) and moderate MgO
contents (up to 5.4%). When ilmenite and titanomagne-
tite coexist, MgO is partitioned roughly evenly between
the two phases. Groundmass titanomagnetite often con-
tains a trace of Cr,O;. There are no systematic dif-
ferences between the Fe-Ti oxides in the tholeiitic and
alkalic basalts.

The equilibration temperatures for ilmenite-magne-
tite pairs (Table 6, 7 and 11) are based on Lindsley and
Rumble’s (1977) modification of the original Buddington-
Lindsley (1964) geothermometer. All the determinations
of T and fO, fall on or near the FMQ buffer.
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