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ABSTRACT

Basalts from Hole 504B, Leg 83, exhibit remarkable uniformity in major and trace element composition throughout
the 1075.5 m of basement drilled. The majority of the basalts, Group D', have unusual compositions relative to normal
(Type I) mid-ocean ridge basalts (MORB). These basalts have relatively high mg values (0.60-0.70) and CaO abun-
dances (11.7-13.7%; Ca/Al = 0.78-0.89), but exhibit a marked depletion in compatible trace elements (Cr and Ni);
moderately incompatible trace elements (Zr, Y, Ti, etc.); and highly incompatible trace elements (Nb, LREE, etc.). Pet-
rographic and compositional data indicate that most of these basalts are evolved, having fractionated significant
amounts of plagioclase, olivine, and clinopyroxene. Melting experiments on similar basalt compositions from the upper
portion of Hole 504B (Leg 70; Autio and Rhodes, 1983) indicate that the basalts are co-saturated with olivine and pla-
gioclase and often clinopyroxene on the 1-atm. liquidus.

Two rarely occurring groups, M’ and T, are compositionally distinct from Group D’ basalts. Group T is strongly
depleted in all magmaphile elements except the highly incompatible ones (Nb, La, etc.), while Group M’ has moderate
concentrations of both moderately and highly incompatible trace elements and is similar to Type I MORB. Groups M’
and T cannot be related to Group D' nor to each other by crystal fractionation, crystal accumulation, or magma mix-
ing. The large differences in magmaphile element ratios (Zr/Nb, La/Yb) among these three chemical groups may be ac-
counted for by complex melting models and/or local heterogeneity of the mantle beneath the Costa Rica Ridge.

Xenocrysts and xenoliths of plagioclase and clinopyroxene similar in texture and mineral composition to crystals in
coarse-grained basalts from the lower portion of the hole are common in Hole 504B basalts. These suggest that addition
of solid components either from conduit or magma chamber walls has occurred and may be a common source of dis-
equilibrium crystals in these basalts. However, mixing of plagioclase-laden depleted melts (similar to the Costa Rica
Ridge Zone basalts) with normal MORB magmas could provide an alternate source for some refractory plagioclase
crystals found out of equilibrium in many phyric MORB.

The uniformity of major element compositions in Hole 504B basalts affords an ideal situation for investigating the
effects of alteration on some major and trace elements in oceanic basalts. Alteration observed in whole-rock samples
records primarily two events—a high-temperature and a low-temperature phase. High-temperature phases include: chlo-
rite, talc, albite, actinolite, sphene, quartz, and pyrite. The low-temperature phases include smectite (saponite), epistil-
bite or laumontite, and minor calcite. Laumontite may actually straddle the gap between the low- and high-temperature
mineral assemblages. Alteration is restricted primarily to partial replacement of primary phases. Metamorphic grade, in
general, increases from the top to the bottom of Hole 504B (Legs 69, 70, and 83) as seen in the change from a smectite-
to-chlorite-dominated secondary mineral assemblage. However, a systematic progression for the interval recovered dur-
ing Leg 83 is not apparent. Rather, the extent of alteration appears to be a function of the initial texture and fracture
density. Variations in whole-rock major and trace element concentrations cannot be attributed convincingly to any dif-
ferences in alteration observed. Compositional characteristics of the secondary minerals indicated that extensive remo-
bilization of elements has not occurred; local redistribution is suggested in most cases. Thus, the major and trace ele-
ment signature of these basalts remains effectively the same as the original composition prior to alteration.

INTRODUCTION

Basalt samples from Hole 504B (DSDP Legs 69, 70,
and 83) provide a unique opportunity for sampling the
upper part of the oceanic crust. Leg 83 has extended
Hole 504B by 514 m to a total depth of 1350 m below
the seafloor (BSF). Of this total, 1075.5 m were base-
ment. This is the deepest penetration of the oceanic base-
ment to date. The upper portion of Hole 504B (Legs 69
and 70) consists mainly of pillow lavas and massive flows
(Layer 2A). An increasing proportion of dikes were en-
countered during Leg 83, with few flows or pillows oc-
curring below 1055 m BSF. Leg 83 represents the first
unequivocal sampling of oceanic Layer 2C, the sheeted
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dike complex. Further details of basement penetration
and recovery are given in the site chapter (this volume).

Mineral chemistry and petrography, whole-rock chem-
istry, and alteration effects in Leg 83 basalts are exam-
ined in this chapter. These data are compared to Leg 69
and 70 data for the upper part of Hole 504B (e.g., Autio
and Rhodes, 1983; Natland et al., 1983) to determine
the chemical and petrological relationship of Layers
2A, B, and C. Data from the Costa Rica Rift Zone
(CRRZ) are also compared to other mid-ocean ridge ba-
salt (MORB) data. Extensive whole-rock data are used
to demonstrate the unusual chemical characteristics of
the CRRZ basalts. Mineral chemistry and zoning and
bulk rock chemistry are used to evaluate magmatic pro-
cesses associated with formation of oceanic crust at the
Costa Rica Rift and to place chemical and mineralogical
constraints on the mantle source.

The CRRZ basalts vary from slightly olivine to slightly
quartz-normative tholeiites. The samples studied range
from aphyric to sparsely phyric. Plagioclase is the most
common phenocryst phase followed by olivine, clinopy-
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roxene, and spinel. Representative microprobe analyses
are given in Tables 1-4. Samples were chosen to reflect
minimal alteration effects and do not include brecciated
or veined portions. Whole-rock chemistry is given in
Tables 5-8.

EXPERIMENTAL METHODS

Thin sections were cut from cores and studied petrographically at
Southern Methodist University (SMU). Microprobe analyses were per-
formed on a JEOL 733 electron microprobe at SMU, using mineral
standards at 15-kV accelerating potential, a 20-nA sample current,
and three wavelength dispersive spectrometers. Raw data were pro-
cessed on a PDP-11 computer to correct for dead time, background
and absorption, fluorescence, and atomic number (ZAF) using the al-
pha correction for oxides developed by Bence and Albee (1968). Back-
scattered electron imaging (BEI) was performed on the same instru-
ment at low sample currents (2-4 nA) using standard polished thin
sections to map mineralogical and textural variations that were too
fine to resolve petrographically.

Core samples (~25 g) were crushed in a tungsten carbide shatter-
box at SMU and split into aliquots for X-ray fluorescence (XRF) and
flame photometric analysis at the University of Massachusetts and in-
strumental neutron activation analysis (INAA) at the Johnson Space
Center in Houston, Texas. INAA was used to determine rare earth ele-
ment (REE: La, Ce, Nd, Sm, Eu, Tb, Yb, and Lu), trace element (Co,
Hf, Ta, and Sc), and Na,O abundances for 16 samples. Twenty-milli-
gram aliquots were sealed into glass tubes and irradiated in the rotis-
serie can of the modified Triga Mark III reactor of the Nuclear Sci-
ence Center of Texas A&M University. Samples were irradiated for
14-hour periods on two successive days, receiving a flux of 6-8 x 1012
neutrons/cm per s. Following irradiation, three measurements ranging
from 2 to 8 hours in length were made using a coaxial Ge(Li) detector
during a time period of 7-40 days. USGS standards BCR, BHVO, and

Table 1. Microprobe analyses of clinopyroxenes, Leg 83.

DTS-1 were used as calibration standards. Data were reduced using
GELIGAM EG & G ORTEC software (version Gamma 2).

An automated Siemens SRS-2 XRF spectrometer was used to de-
termine bulk rock chemistries. Powders for major element XRF analy-
ses were dried and oxidized in air at 1000°C for 1 hr. All major ele-
ments except Na were determined by XRF on La-bearing, lithium bo-
rate fused glass disks (Norrish and Hutton, 1969) using a chromium
tube. Na values were determined by INAA or flame photometry using
an IL 443 flame photometer. The flame photometric determination of
Na used Li as an internal standard, with USGS standards AGV-1 and
PCC-1 used for calibration. The method followed is that of Bernas
(1968) modified by K. Hollocher (personal communication, 1982).
INAA and flame-photometric values agree within +0.05 wt.%.

Trace elements were determined on unfired pressed powder pellets
by XRF analysis (Y, Sr, Rb, and Ga with an Mo tube; Zr, Nb, Zn, Ni,
Cr, and V with an Au tube) using a modification of the method of
Norrish and Chappell (1967). Calibrations were based on both syn-
thetic mixtures and well-analyzed rock standards. Corrections were
made for tube contamination, interelement interference, and back-
ground nonlinearity. A Compton scattering method, modified from
that of Reynolds (1967), was used to correct for differences in mass
absorption coefficients between samples and standards.

Average values for BCR-1 analyzed as an unknown by XRF are
given in Table 5, with one standard deviation. Each element was ana-
lyzed twice in each sample, except for Nb which was measured six
times in order to improve sensitivity at the low concentration levels in-
volved (< 0.5-2 ppm). Error values labeled CRRZ in Table 5 are based
on these replicate analyses and apply directly to the CRRZ basalts un-
der the given operating conditions. The values were calculated using
the formula:

s=vV@x - X0 -1)

where x and X are observation and mean for replicate analyses of the
element in a single sample and 7 is the number of samples analyzed.

) (2) (3) @ %)
83-42 834 83-4 83-13 83-13

(6) (M (®) 9) (10) (1)

83-22 83-22 83-22 83-45 83-52 83-52

SiOy 52.87 51.62 49.96 51.97 50.48

TiO, 023 0.5 0.90 0.34 0.90
ALOy 273 38 112 3.20 2.61
Cr,03 063 039 0.13 1.41 0.02
FeO 436 677 22.35 414 1371
MnO 013 020 0.64 0.09 0.38

MgO 18.39 17.07 12.37 17.75 14.72
Ca0 20.20 19.16 12.47 21.13 17.64
NajO 0.20 0.21 0.17 0.23 0.28

100.80

49.77 46.67 49.46 51.48 52.03 50.85

1.45 2.59 1.17 0.54 0.25 0.68
4.38 6.88 2.29 2.08 3.27 1.17
0.12 0.31 0.02 0.04 1.21 0.00
8.09 8.89 15.37 13.22 4.04 20.00
0.23 0.28 0.53 0.41 0.15 0.68

14.33 13.10 13.13 16.60 17.99 12.55
22.08 21.14 17.50 15.51 21.05 14.71

0.35 0.39 0.36 0.23 0.25 0.16
100.26 99.84 100.11 100.24 100.81

Cations calculated on the basis of 6 oxygens

Total 99.73 99.99 100.11 100.27 100.75

Si 1.927 1.892 1.938 1.894 1.895
Ti 0.005 0.020 0.026 0.008 0.025
Al 0.116 0.164 0.050 0.137 0.114
Cr 0.017 0.011 0.003 0.041 0.000
Fe 0.132 0.206 0.724 0.126 0.430
Mn 0.003 0.005 0.020 0.002 0.011
Mg 0.999 0.932 0.715 0.963 0.823
Ca 0.788 0.751 0.518 0.824 0.709
Na 0.013 0.014 0.012 0.016 0.020

Total 4.000 3.995 4.006 4.010 4.026

Wo 0.414 0.401 0.269 0.438 0.374
En 0.525 0.498 0.371 0.512 0.434
Fs 0.061 0.102 0.360 0.049 0.192

1.844 1.750 1.892 1.923 1.8%4 1.944
0.040 0.072 0.033 0.014 0.006 0.019
0.191 0.304 0.103 0.091 0.140 0.053
0.003 0.009 0.000 0.001 0.034 0.000
0.250 0.278 0.492 0.412 0.123 0.638
0.006 0.009 0.017 0.012 0.004 0.021
0.791 0.732 0.749 0.924 0.976 0.714
0.876 0.849 0.717 0.621 0.820 0.603
0.023 0.028 0.027 0.016 0.017 0.011

4.024 4.031 4.029 4.014 4.014 4.003
0.472 0.475 0.381 0.326 0.437 0.313

0.426 0.409 0.397 0.484 0.520 0.371
0.102 0.116 0.222 0.190 0.043 0.315

Note: Numbers that follow are core-section, cm ranges of samples from Hole 504B. (1) 73-1, 126-130 cm: core of partially re-
sorbed clinopyroxene in xenolith; (2) 73-1, 126-130 cm: core of groundmass grain; (3) 73-1, 126-130 cm: rim of groundmass
clinopyroxene 2; (4) 88-1, 109-113 cm: core of large phenocryst with subophitic rim; (5) 88-1, 109-113 cm: rim of ground-
mass grain; (6) 93-3, 27-32 cm: core of subophitic groundmass grain; (7) 93-3, 27-32 cm: intermediate zone, maximum TiOy
concentration in groundmass clinopyroxene 6; (8) 93-3, 27-32 cm: rim of groundmass clinopyroxene 6 adjacent to mesostasis.
Notice decrease in TiO7 away from intermediate zone, analysis 7; (9) 123-1, 60-63 cm: rim of groundmass grain; (10) 129-1,
76-81 cm: Core of large subophitic grain; (11) 129-1, 76-81 cm: rim of groundmass clinopyroxene.

a Sampile identification number.
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Table 2. Microprobe analyses of FeTi oxides, Leg 83.

(1)

(2)

(3)

4)

(5)

(6)

7

83-42 83-4 83-32 83-52 83-22 83-22 83-52
SiOp 0.14 0.14 0.13 0.15 0.42 0.40 0.30
TiOy 19.46 19.76 22.14 21.22 47.70 48.08 48.73
Aly03 2.49 1.86 2.31 1.45 0.11 0.13 0.05
Cry03 0.12 0.21 0.16 0.03 0.11 0.11 0.00
FepO3*  28.10 27.62 23.48 26.86 12.85 12.6 8.82
FeO 46.73 46.30 49.01 47.62 32.80 3B.12 38.46
MnO 1.30 2.38 1.34 1.65 5.19 4.97 3.09
MgO 0.08 0.05 0.11 0.11 0.09 0.07 0.19
Ca0 n.14 - 0.21 0.24 0.85 097 0.27
Total 98.56 98.34 98.87 99.33 100.12 100.46 99.90

Cations calculated on the basis of 32 oxygens for 1-4; 6 for 5-7

Si 0.039 0.040 0.034 0.044 0.021 0.020 0.015
Ti 4.429 4.522 5.014 4.812 1.817 1.825 1.858
Al 0.886 0.666 0.818 0.514 0.006 0.008 0.003
Cr 0.029 0.050 0.038 0.001 0.004 0.004 0.000
Fet3 6.392 6.318 5.315 6.086 0.489 0.479 0.336
Fet2 11.812  11.769 12.324 11.993 1.387 1.396 1.628
Mn 0.333 0.613 0.341 0.421 0.222 0.212 0.133
Mg 0.036 0.023 0.049 0.049 0.007 0.005 0.014
Ca 0.049 — 0.061 0.070 0.047 0.053 0.014
Total 24.005 24.000 23.995 23.998 4.001 4.002 4.001

Note: FepO3* calculated assuming stoichiometry and charge balance. Numbers
that follow are core-section, centimeter ranges of samples from Hole 504B. (1)
73-1, 126-130 cm: unaltered subhedral magnetite; (2) 73-1, 126-130 cm: unal-
tered skeletal magnetite; (3) 104-2, 24-27 cm: partially altered magnetite; (4)
129-1, 76-81 cm: unaltered skeletal magnetite; (5) 93-3, 27-32 cm: partially al-
tered primary ilmenite; (6) 93-3, 27-32 cm: secondary ilmenite in altered mag-
netite; (7) 129-1, 76-81 cm: secondary ilmentite in altered interstitial area.

2 Sample identification number.

REE and trace element values for BCR-1 analyzed as an unknown by
INAA are given in Table 7 with one standard deviation. The calculated
percent counting uncertainty (% U, 1 o) is calculated using the for-
mula

100 x gross area counts + background count
net area counts

where background counts equal the summation of continuum, peaked
background, and all net areas that are contained under the peak enve-
lope other than the net peak being considered; mg values were calcu-
lated as molecular Mg/(Mg + Fe?*), where molecular Fe has been
proportioned as Fe3* /(Fe?* + Fe’*) = 0.1 (Basaltic Volcanism Study
Project, 1981).

PETROGRAPHY AND MINERAL CHEMISTRY

Basalts recovered from Hole 504B occur as pillows,
dikes, and massive units. The massive units are those for
which the mode of emplacement is uncertain; they are
presumed to be flows or the interiors of large dikes.
Hole 504B basalts can be divided into two major petro-
graphic groups: aphyric and phyric basalts. The phyric
basalts are further subdivided on the basis of the pheno-
cryst assemblage; the relative abundance of each phase
is not considered. The groups are labeled according to
the first letter of each occurring phenocryst mineral:
OPC—olivine, plagioclase, clinopyroxene phyric basalt;
OP—olivine and plagioclase phyric basalt; and A—aphyr-
ic basalt. A similar classification exists for basalts de-
scribed from Holes 501, 504A, and the upper 562 m of
504B (Natland et al., 1983). The classification proposed
by Natland defines an additional group on the basis of
chrome spinel present in OP basalts. Chrome spinel,
however, was identified in each of the petrographic

PETROLOGY OF BASALTS FROM HOLE 504B

groups listed previously. Since no other petrographic
or chemical characteristics were observed that discrimi-
nated among the Cr spinel-bearing samples, such a group
was not included in the classification for Leg 83 basalts.

Estimated relative abundances of each petrographic
group in the stratigraphic column support the conclu-
sion derived on chemical grounds that evolved or multi-
ply-saturated compositions predominate in Hole 504B.
These estimates (A = 42%, OPC = 37%, and OP =
21% of the lower 514 m) are based on the number of
meters of core assigned to each lithologic unit defined
by the shipboard party. It assumes that the petrographic
group assigned to that lithologic unit remains unchanged
throughout the unit.

Aphyric Basalts

The aphyric basalts contain less than 1% crystals that
qualify as phenocrysts. They are, however, among the
coarsest in grain size of the lavas from the lower portion
of Hole 504B (Fig. 1). They have been recovered only
from basalts identified as dikes or massive units. Ground-
mass textures are typically subophitic to intergranular.
Grain sizes range from fine to medium.

Subhedral plagioclase laths constitute 35 to 60% (vis-
ual estimate) of the rock. The plagioclase ranges in size
from 0.4 to 1.6 mm and typically forms radiate aggre-
gates of two to four crystals. Although phenocrysts are
not present, rare glomerocrystic clusters of larger, more
equant plagioclase xenocrysts occur. In addition, some
of the large plagioclase crystals have sievelike or porous
textures that have been interpreted as the product of
partial resorption (Dungan and Rhodes, 1978; Kuo and
Kirkpatrick, 1982) and reproduced experimentally by Lof-
gren and Norris (1981). These will be discussed further
in conjunction with the plagioclase phenocrysts and xeno-
crysts from the phyric basalts. In the aphyric units pla-
gioclase composition ranges from Anyy to Angs (Fig. 2).

Clinopyroxene constitutes 30 to 50% of the aphyric
lavas. It occurs as equant, anhedral crystals in subophit-
ic to intergranular textures or as plumose quench mor-
phologies in rapidly cooled lavas. In samples with medi-
um-grained subophitic/ophitic textures it forms anhe-
dral crystals up to 2.5 mm in size. Rare clinopyroxene
xenocrysts occur that have porous textures like those of
the resorbed plagioclases (Fig. 3). The rims of these cli-
nopyroxenes typically enclose groundmass plagioclase sub-
ophitically, but euhedral crystals are also present. Both
exhibit twinning on (100). These xenocrystic clinopyrox-
enes are characteristically more Mg- and Cr-rich than
the coexisting groundmass clinopyroxenes (Fig. 4A and
Table 1). The groundmass pyroxenes are also more strong-
ly zoned; FeO increases from 6.93 to 18.61 wt.% at the
expense of calcium and magnesium. They do not exhibit
the enrichment in TiO, observed in many other MORB
clinopyroxenes (Dungan and Rhodes, 1978; Ayuso et
al., 1976). The compositional zonation observed in most
xenocrystic clinopyroxenes is one of increasing Al at the
expense of NaM2 followed by a later decrease in AlIV
(Fig. 4B). The increase in Ti seen in Figure 4B is primar-
ily a function of the decreasing aluminum as opposed to
increasing titanium concentration. In the relatively high-
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Table 3. Microprobe analyses of plagioclase, Leg 83.

(1) (2) 3) 4 %) (6) W) ® 9) (10) (11) (12)

83-42 83-4 83-4 83-32 83-32 83-32 83-45 83-45 83-52 83-52 83-68 83-68
SiOy 47.51 48.93 46.70 48.59 47.01 46.24 46.15 46.57 45.32 46.14 47.23 47.16
TiOy 0.01 0.03 0.09 0.05 0.05 0.05 0.00 0.00 0.00 0.00 0.00 0.00
AlyO3 32.60 30.77 33.22 31.28 33.46 33.83 33.55 33.46 34.04 33.13 33.52 33.01
FeO 0.37 0.40 0.47 0.34 0.34 0.28 0.44 0.18 0.25 0.20 0.30 0.39
MgO 0.23 0.31 0.22 0.34 0.28 0.27 0.23 0.25 0.22 0.22 0.26 0.26
CaO 16.99 15.52 17.43 15.68 17.69 17.85 18.64 17.76 18.63 17.88 17.04 17,11
NayO 1.78 2.73 1.61 2.46 1.64 1.31 1.34 1.53 1.17 1.36 1.75 1.81
K0 0.01 0.00 0.00 0.03 0.03 0.04 0.00 0.00 0.01 0.01 0.00 0.01
Total 99:50 98.68 99.74 98.75 100.51 99.87 100.36 99.75 99.65 98.94 100.12 99.76

Cations calculated on the basis of 8 oxygens

Si 2.193 2.270 2.156 2.252 2.154 2.132 2.126 2.148 2.101 2.148 2.168 2.173
Ti 0.000 0.000 0.002 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Al 1.773 1.683 1.807 1.708 1.807 1.838 1.821 1.819 1.860 1.817 1.812 1.792
Fe 0.013 0.015 0.018 0.012 0.012 0.011 0.016 0.006 0.009 0.006 0.011 0.015
Mg 0.015 0.020 0.015 0.023 0.019 0.018 0.015 0.016 0.015 0.015 0.017 0.018
Ca 0.839 0.771 0.861 0.778 0.869 0.880 0.919 0.877 0.925 0.891 0.837 0.844
Na 0.158 0.245 0.144 0.220 0.145 0.116 0.119 0.137 0.104 0.122 0.155 0.161
K 0.000 0.000 0.000 0.001 0.001 0.001 0.000  0.000 0.000  0.000 0.000  0.000
Total 4.991 5.003 5.002 4.995 5.007 4.997 5.015 5.004 5.014 4.999 5.000 5.002
Ab 0.158 0.241 0.143 0.220 0.143 0.116 0.115 0.135 0.101 0.120 0.156 0.160
An 0.842 0.759 0.857 0.780 0.856 0.883 0.885 0.865 0.899 0.880 0.844 0.840
Or 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Mg/(Mg + Fe) 0.536 0.571 0.454 0.657 0.613 0.621 0.484 0.727 0.625 0.714 0.607 0.545

Note: Numbers that follow are core-section, centimeter ranges of samples from Hole 504B. (1) 73-1, 126-130 cm: subhedral phenocryst core;
(2) 73-1, 126-130 cm: core analysis of plagioclase in xenolith composed of plagioclase and clinopyroxene. Plagioclase consists of homoge-
neous core with porous rim; (3) 73-1, 126-130 cm: boundary between porous rim and homogeneous core; location of maximum An con-
tent. Porous rim is normally zoned to Angg; (4) 104-2, 24-27 cm: euhedral phenocryst core. Core is unzoned up to thin zone of composi-
tion Angg; remainder of rim is normally zoned to a composition of Ang3; (5) Sample 104-2, 24-27 cm: core analysis of xenocryst with nu-
merous small, equant inclusions; (6) 104-2, 24-27 cm: core analysis of xenocryst with abundant large cavities; (7) 123-1, 60-63 cm: core
analysis of subhedral xenocryst with numerous cavities located near the center of the crystal; (8) 123-1, 60-63 cm: core analysis of euhedral,
lath-shaped phenocryst. Core is unzoned up to a thin zone near the rim having a composition of Angg; remainder of rim is normally zoned
to An74; (9) 129-1, 76-81 cm: core analysis of subhedral xenocryst/phenocryst with minor development of cavities in the crystal interior.
Crystal is oscillatory zoned from Angg to Angy; (10) 129-1, 76-81 cm: core analysis of euhedral phenocryst; (11) 141-1, 16-20 cm: core
analysis of euhedral phenocryst. Crystal is oscillatory zoned from Angg to Angg; (12) 141-1, 16-20 cm: core analysis of subhedral pheno-

cryst with large cavities developed throughout the crystal.
2 Sample identification number.

Ti basalt, Sample 504B-93-3, 27-32 cm, this is due to
the onset of ilmenite crystallization.

Olivine is totally replaced by one or more secondary
phyllosilicate minerals, but can be identified by the eu-
hedral morphology of the pseudomorphs. Initially, oliv-
ine 0.05-2 mm in size formed 1-15% of the rocks.

FeTi-oxides in Hole 504B are predominantly magne-
tite-ulvospinel (Mt-Usp,). Ilmenite co-crystallized with
magnetite only in the high Ti, Group M’ basalt, Sample
504B-93-3, 27-32 cm. The modal abundance of the ox-
ide phases ranges from 1 to 5%. They occur as euhedral
to skeletal crystals confined to the interstitial areas where
they formed during the late stages of crystallization
(Fig. 5A). In many samples, the oxides are partially or
completely altered to sphene (Fig. 5B). Rarely, the Mt-
Uspy is altered to an intergrowth of ilmenite plus sphene
(Fig. 5C). Hole 504B FeTi-oxides are unusual in their
high concentration of MnO—up to 5.19 wt.% MnO in
primary ilmenite and 4.89 wt.% in secondary ilmenite
intergrown with magnetite (or sphene). Primary magne-
tite has not been analyzed in an aphyric sample due to
its extensive alteration, but magnetite analyzed in phyric
basalts is also high in MnO (Table 2). These Mn concen-
trations are in the range for acidic intrusive rocks, two
to five times higher than anticipated for mid-ocean ridge
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tholeiites (Haggerty, 1976a). This suggests either that
the oxides crystallized late in the crystallization sequence
when Mn had been enriched by fractionation or that re-
equilibration took place over a long period of time to
very low temperatures.

Phyric Basalts

Groundmass

The phyric basalts from Hole 504B (Leg 83) contain
up to 15% phenocrysts, but most are sparsely to mod-
erately porphyritic (phenocrysts less than 5%). Plagio-
clase is the most abundant phenocryst phase, followed
by olivine, followed by clinopyroxene. Groundmass tex-
tures range from fine-grained sheaf and plumose quench
textures in chilled pillow margins to medium-grained,
subophitic/ophitic in dikes and massive units (Figs 6A,
6B). Skeletal to subhedral plagioclase constitutes 30 to
60% of the groundmass. Clinopyroxenes range from an-
hedral, equant crystals in intergranular or subophitic re-
lationships with radiate plagioclase clusters to skeletal
plumose textures in more rapidly cooled lavas; it forms
30 to 50% of the groundmass. The groundmass clinopy-
roxenes are strongly zoned, having up to 22.35 wt.%
FeO (Fig. 4A) and exhibit more enrichment in titanium



Table 4. Microprobe analyses of spinels, Leg 83.

PETROLOGY OF BASALTS FROM HOLE 504B

(1) ) 3) ) ) (6) ) (t)]

83-32%  83-32 83-37 83-37 83-37  83-38  83-38 83-45
Si0, 0.09 0.09 0.10 0.10 0.11 0.09 0.11 0.11
TiO, 0.32 0.38 0.21 0.24 0.41 0.6 0.23 0.32
AlLO3 33.72 32.03 4229 4275 3528 2825  42.15 40.18
Cry03 31.44 33.16 2422 22.59 2920 3849  22.95 24.46
Fe,O3* 5.96 7.04 5.42 5.77 6.97 4.79 5.22 6.97
FeO 10.43 10.14 8.89 9.53 12.18  10.34 8.17 10.16
MnO 0.20 0.22 0.15 0.14 0.14 0.24 0.16 0.15
MgO 17.46 17.39 19.45  18.71 16.55  16.81  19.28 18.07
Ca0 0.05 0.06 0.05 0.09 0.07 0.04 0.07 0.13
Total 99.67  100.51  100.79  99.93  100.91  99.31  98.35  100.54

Cations calculated on the basis of 4 oxygens

Si 0.001 0.001 0.002  0.002 0.002  0.001  0.002 0.002
Ti 0.007 0.007 0.004  0.005 0.009  0.006  0.005 0.007
Al 1.143 1.094 1.361  1.387 1.184  0.984  1.382 1.315
Cr 0.715 0.739 0.523  0.492 0.658  0.900  0.505 0.537
Fet3 0.129 0.154 0.111  0.120 0.149  0.106  0.109 0.146
Fet2 0.251 0.246 0.203  0.220 0.290 0.256  0.190 0.236
Mn 0.005 0.006 0.003  0.003 0.003  0.005  0.004 0.003
Mg 0.749 0.752 0.792  0.768 0.703  0.741  0.800 0.749
Ca 0.000 0.000 0.000  0.002 0.001  0.000  0.001 0.003
Total 3.000 3.000 3.000  2.999 2999  3.000  3.000 2.999
Mg/Mg + Fet? 0.749 0.754 0.796  0.778 0.708  0.743  0.808 0.760
Cr/Cr + Al 0.385 0.403 0.278  0.262 0.357  0.478  0.268 0.290
Fet2/Fet? + Fet3  0.660 0.615 0.646  0.647 0.660  0.707  0.635 0.618

Note: FepO3* calculated assuming stoichiometry and charge balance. Numbers that follow are core-section,
centimeter ranges of samples from Hole 504B. (1) 104-2, 24-27 cm: core composition of small, euhedral
crystal enclosed in plagioclase; (2) 104-2, 24-27 cm: rim composition of spinel 1; (3) 111-1, 18-24 cm:
core composition of small, euhedral crystal in dike chilled margin; (4) 111-1, 18-24 cm: rim composition
of spinel 3; (5) 111-1, 18-24 cm: average composition of large skeletal crystal in dike chilled margin; (6)
111-1, 104-106 cm: core composition of strongly zoned crystal attached to olivine pseudomorph in dike
chilled margin; (7) 111-1, 104-106 ¢cm: rim composition of spinel 6; (8) 123-1, 60-63 cm: small euhedral

crystal enclosed in plagioclase.
2 Sample identification number.

Table 5. Precision of whole-rock basalt chemistry analyses.

S-12 s-22 s-32
771, 97-2, 130-2, CRRZ

44-53cm 74-89 cm  44-58 cm BCR-1° error®
Si0y 49.4 50.3 49.5 54.40.17  0.16
TiO, 0.95 0.97 0.78 2.25 (0.005)  0.005
AlYO; 16.35 14.59 16.45  13.52(0.06)  0.06
Fe,03* 9.88 10.68 9.10  13.35(0.04)  0.03
MnO 0.18 0.19 0.17 0.19 0.01)  0.01
MgO 8.33 8.43 9.13 3.34(0.04)  0.04
Ca0 12.63 12.91 13.41 6.93(0.03)  0.03
Nay0 0.02
K50 0.02 <0.01 0.01 1.69 (0.01)  0.01
P05 0.08 0.08 0.08 038 (0.01)  0.01
Total
Rb — — — 46.7 0.6) 0.3
Sr 74 63 63 327 (3) 0.5
Y — — — 33.8 0.6) 0.2
Ga - - - 21.9 (0.5) 0.4
Zr 50 52 40 193.3 (1.4) 0.6
Nb 0.6 1.1 0.7 12.4 0.5) 0.4
Zn 70 71 62 129 (1) 1.2
Ni 139 95 162 13.8 (1.1) 1.1
Cr 337 277 433 5.8 (1.3) 2.0
v 218 282 217 361 (4) 2.5

23.1, S-2, and S-3 are whole-rock powders from Leg 83 provided to partici-
pants as interlaboratory standards.

b BCR-1 is a USGS standard analyzed with every XRF run. Mean and 1 S.D.
(expressed in wt.% or ppm; in parentheses) are given.

C Refers to the precision of analysis at the CRRZ concentrations (see text) and
is given as 1 S.D.

than most aphyric basalt clinopyroxenes. They do not
demonstrate the early enrichment in NaM2. Olivine pseu-
domorphs are present in the groundmass in abundances
of 3 to 5%. They are typically less than 0.5 mm in size
and have skeletal to equant, euhedral morphologies. As
in the aphyric basalts, the oxides are characterized by an
unusually high MnO content, up to 2.38 wt.%. Primary
ilmenite was not conclusively identified in the phyric
basalts. However, rare minute crystals of ilmenite (less
than 5 pum in size), believed to have formed by the oxida-
tion “exsolution” of primary magnetite, were located in
altered interstitial areas.

Phenocrysts

Plagioclase is the most abundant phenocryst phase in
phyric basalts from Hole 504B, comprising up to 5% of
the rock (visual estimate). The subhedral to euhedral
crystals range from large, equant phenocrysts to lath-
shaped microphenocrysts. Crystals are up to 3 mm in
size. Glomerocrystic aggregates are extremely common,
usually consisting of clumps of 2 to 15 plagioclase crys-
tals in random orientations partially enclosed or enclos-
ing each other. Olivine and/or clinopyroxene occurs with
the plagioclase in the glomerocrysts.

Large plagioclase crystals frequently contain cavities
or inclusions of devitrified melt. Petrographically, these
disequilibrium phenocrysts or xenocrysts are of three
types. The first contains abundant, rectangular, devitri-
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Table 6. Chemical composition of basalts from Hole 504B, Leg 83.

83-2 83-4 83-5 83-6 83-7 83-9 83-10 8311 83-12 83-13 83-14  83-15 83-16 83-17 83-18 83-19 83-20 83-21 83-22 83-23
Core-Section 72-1, 73-1, 76-1, 71-3, 81-1, 82-3, 84-1, 85-2, 87-1, 88-1, 89-1, 90-1, 90-2, 90-2, 90-4, 91-1, 91-4, 93-1, 933, 94-1,
Interval (incm)  67-69  126-130  45-47  11-13  64-68  88-92  77-19  66-68  73-77  109-113 1-4 8-12 23-26  101-104  49-53  127-132  39-43  106-108  27-32  67-72
Depth (m BSF)  844.18  853.78  879.96  891.62  920.16  932.40  947.28  957.67  967.75  977.61  985.54  994.60  996.24  997.03  999.51  1004.80 1008.41  1022.57 1024.80  1031.20
Type? D’ D’ D’ D’ D’ D’ D’ D’ D’ T D’ D’ D’ D’ D’ D’ T D’ M’ D’
Group oP op oP A OPC OPC OPC A OPC A oP A A A A OPC A OPC A oP
Alteration® 1 1 1 3% 2 2 i 2 3 3 3 3 4 2 2 4 3 3 3 1
Si0, 49.8 49.6 49.5 50.4 49.8 49.6 49.5 50.0 50.5 49.6 49.0 49.9 49.8 50.1 49.9 49.1 51.6 50.4 48.7 49.9
TiO, 0.87 0.83 0.93 1.04 0.93 0.90 0.92 1.04 1.06 1.10 0.93 1.02 1.01 1.03 0.96 0.78 1.08 0.98 1.58 0.97
AlyO4 16.57 15.84 16.36 14.70 15.64 15.83 15.75 15.16 14.78 15.45 16.18 14.90 14.77 14.45 16.08 16.00 15.10 15.46 16.00 15.43
Fep03* 9.13 9.46 9.83 10.68 10.05 9.69 9.73 10.46 10.34 9.96 9.41 10.18 10.55 11.47 9.67 9.82 9.75 9.93 10.71 10.31
MnO 0.15 0.17 0.19 0.18 0.27 0.26 0.25 0.22 0.27 0.24 0.24 0.25 0.26 0.22 0.21 0.24 0.25 0.23 0.21 0.17
MgO 8.55 8.99 8.88 8.29 8.41 9.00 8.71 8.53 8.08 8.83 8.96 8.96 9.09 8.23 8.69 8.91 8.59 8.29 8.66 8.42
Ca0 13.12 12.93 12.72 12.25 13.21 13.12 13.18 13.18 12.98 12.74 13.16 13.06 12.58 13.00 12.67 13.61 11.74 12.87 11.88 12.70
NayO 2.22 1.93¢ 2.16 2.44° 1.96 1.83 1.87¢ 1.95 2.19 2.13¢ 2.19 1.9 1.90 1.82 1.74° 1.65¢ 2.17 2.08 2.34° 1.92
K0 0.03 0.04 0.02 0.02 0.01 0.02 0.01 0.03 0.03 0.05 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.01
P05 0.09 0.07 0.09 0.08 0.08 0.09 0.09 0.10 0.10 0.13 0.08 0.10 0.09 0.09 0.09 0.08 0.09 0.09 0.19 0.07
Total 100.53 99.86  100.68  100.08  100.36  100.34  100.01  100.67  100.33  100.23  100.17  100.37  100.06  100.42  100.03  100.20  100.38  100.34  100.28 99.90
Rb 0.6 <0.5 0.5 0.6 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.5 <0.5 <0.5 <0.5 0.6 0.5 <0.5 <0.5 <0.5 <0.5
Sr 65 61 72 56 54 49 51 62 59 75 69 54 55 47 66 39 72 60 76 57
Y 21.1 203 22 26.4 23.1 223 22.7 25.5 26.7 24.2 224 25.5 25.1 26.8 226 20.4 22.8 23.2 33.0 23.9
Ga 13.8 15.0 14.8 15.5 15.2 15.4° 14.8 15.6 14.1 15.0 14.1 14.5 15.2 16.0 14.6 14.8 14.5 15.0 16.4 15.9
Zr 44 42 49 54 48 46 46 56 54 68 55 52 54 52 54 36 67 53 132 50
Nb 0.8 0.6 <0.5 0.7 0.6 0.7 <0.5 0.7 0.8 3.8 0.5 <0.5 0.5 0.7 0.6 0.6 4.2 1.1 1.4 0.9
Zn 76 68 67 85 102 97 99 92 108 104 97 98 98 87 88 102 109 89 89 84
Ni 150 150 166 92 116 138 121 101 82 105 136 95 99 87 102 132 108 97 134 117
Cr 398 437 381 242 377 393 373 351 205 330 427 308 352 204 355 424 353 338 287 312
v 242 230 227 311 283 264 275 281 278 256 251 305 294 308 250 262 257 270 236 269
mg valuel 0.673 0.677 0.665 0.631 0.648  0.672  0.663 0.642  0.632 0.661 0.677 0.660  0.655 0.612  0.664 0.666  0.660 0.648 0.640  0.643
FeO* 8.22 8.51 8.85 9.61 9.04 8.72 8.76 9.41 9.30 8.96 8.47 9.16 9.49 10.32 8.70 8.84 8.77 8.94 9.64 9.28
FeO*/MgO 0.96 0.95 1.00 1.16 1.07 0.97 1.00 1.10 1.15 1.01 0.95 1.02 1.04 1.25 1.00 0.99 1.02 1.08 111 1.10
Ca0/NayO 5.9 6.7 6.9 5.0 6.7 7.2 7.0 6.8 5.9 6.0 6.0 6.6 7.1 7.3 8.2 5.4 6.2 5.1 6.6
Zr/Y 2.06 2.08 2.21 2.03 2.06 2.04 2.01 2.20 2.02 2.82 2.4 2.02 2.16 1.93 2.37 1.76 2.92 2.28 4.00 2.08

Note: The first number in each column head represents the laboratory sample identification number.
2 Type refers to chemical units discussed in text.

b Group refers to petrographic groups defined in text.

€ Alteration refers to the alteration index defined in text.

d FepO3* and FeO* refer to total Fe expressed as Fe

* or Fe

€ NayO determined by INAA. Major elements are expressed as wt.% oxides, trace elements as ppm.
f Caiculation of mg-value is discussed in the text.
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Table 6. (Continued).

83-24 83-25 83-26 83-27 83-28 83-30 83-31 83-32 83-33 83-34 83-35 83-36 83-39 83-40 83-41 83-42 83-42 83-44 83-45 83-47
Core-Section 94-3, 95-1, 99-1, 100-2, 101-1, 101-2, 104-1, 104-2, 107-2, 108-1, 109-1,  110-1, 112-1, 113-1, 116-1, 117-1, 118-1, 121-1, 123-1, 124-1,
Interval (in cm)  143-147  137-140  112-116  26-31 2-5 16-20 15-19 24-27 71-75 95-97 49-52 17-19 34-36  129-133  43-46 9-13 48-53 15-19 60-63  98-100
Depth (m BSF)  1034.95  1040.89  1072.64 1082.28 1089.53 1091.18 1116.67 1118.26 1145.73 1153.46 1154.01 1157.18 1166.35 1172.31  1185.45 1189.61 1194.51 1207.67 1223.12 1232.49
Type? D’ D’ D’ D’ D’ D’ D’ D’ D’ D' D’ D’ D’ D’ D’ D’ D’ D’ D’ D’
Group? A OPC A OPC A A OPC OPC A A OPC A opP oP OPC OPC OPC A OoP OPC
Alteration® 3 4 2t 2t 2k 2 2 3 1 1 3 2 1 3 4 2 2 3 1 3
Si0, 50.2 51.7 50.1 50.1 49.9 50.6 50.1 50.0 50.6 50.8 50.3 50.4 50.0 50.3 49.0 50.7 50.6 50.7 48.8 50.4
TiO, 1.06 1.01 0.94 0.90 0.90 1.12 1.03 0.95 0.84 0.89 0.93 0.90 0.81 0.82 0.98 0.97 0.97 1.05 0.85 0.96
AlLO3 15.04 14.51 14.65 14.98 14.77 14.31 14.85 16.01 15.11 14.76 15.54 14.91 15.30 15.38 15.01 15.29 15.11 14.45 16.50 14.86
Fey03%4 11.01 10.62 10.79 10.24 10.40 11.62 11.01 9.84 9.78 10.11 10.22 9.97 9.88 9.87 10.79 10.40 10.49 11.27 9.90 10.60
MnO 0.22 0.20 0.21 0.19 0.20 0.20 0.19 0.17 0.17 0.17 0.18 0.19 0.17 0.17 0.18 0.17 0.17 0.19 0.17 0.20
MgO 7.87 8.11 8.79 8.65 8.60 7.72 8.05 7.97 8.86 8.79 8.01 8.63 9.05 8.75 8.81 8.09 8.38 7.9 8.67 8.42
CaO 12.78 12.29 12.94 13.37 13.01 12.61 12.69 13.05 13.06 12.86 13.03 13.11 13.34 13.32 12.67 13.10 12.95 12.51 13.20 13.14
NayO 1.86 1.95 2.10 1.85 2.33 1.98 1.76 1.84° 2.07 1.96 1.86° 2.14 1.75 1.64° 2.52¢ 1.81 1.90 1.85 1.88 1.87
K,0 0.02 0.03 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.03 0.01 0.01 0.17 0.01 0.02 0.01 0.01 0.01 0.01 0.04
P05 0.10 0.09 0.09 0.08 0.08 0.10 0.10 0.09 0.08 0.08 0.10 0.09 0.07 0.07 0.09 0.09 0.09 0.10 0.08 0.12
Total 100.16  100.51 100.62  100.37  100.21  100.27 99.79 99.93  100.58  100.45  100.18  100.35  100.54  100.33  100.07  100.63  100.67  100.12  100.06  100.61
Rb 0.5 <0.5 0.5 <0.5 <0.5 <0.5 0.7 0.5 <0.5 0.9 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Sr 47 51 49 48 46 52 54 61 58 59 50 57 51 43 49 49 51 43 60 45
Y 26.7 25.2 24.1 23.6 23.7 28.0 25.8 229 20.5 22.4 23.3 22.5 20.3 20.1 24.8 24.7 24.5 26.9 23.0 24.5
Ga 15.4 15.0 14.9 16.0 15.0 16.1 16.8 16.4 15.7 15.3 15.9 15.2 15.4 15.0 15.9 15.7 15.5 16.0 15.7 16.1
Zr 54 51 45 43 38 56 51 49 43 46 46 45 38 38 44 47 47 49 43 43
Nb 0.5 0.5 0.8 0.8 1.1 <0.5 0.6 0.9 0.5 0.5 <0.5 0.9 0.7 0.7 0.5 0.7 1.1 0.5 1.0 0.7
Zn 104 79 80 77 81 84 79 70 67 75 72 71 84 79 50 79 73 94 75 66
Ni 91 89 92 106 87 76 % 104 102 99 90 99 124 116 99 98 103 90 137 92
Cr 256 209 228 490 210 168 228 363 333 314 267 315 427 384 342 292 297 218 178 339
v 303 280 292 283 302 319 282 246 245 262 272 256 249 254 286 294 286 320 240 281
mg valuel 0.611 0.627 0.642 0.650 0.645 0.594 0.617 0.641 0.666 0.657 0.633 0.656 0.668 0.661 0.642 0.631 0.637 0.609 0.658 0.636
FeO* 9.91 9.56 9.71 9.21 9.36 10.46 9.91 8.85 8.80 9.10 9.20 8.97 8.89 8.88 9.71 9.36 9.44 10.14 8.91 9.54
FeO*/MgO 1.26 1.18 1.11 1.07 1.08 1.36 1.23 1.11 0.99 1.03 1.15 1.03 0.98 1.01 1.10 1.15 1.12 1.26 1.02 1.14
Ca0/Nay0 6.9 6.3 6.2 7.2 5.6 6.4 7.2 7.1 6.3 6.6 7.0 6.1 7.6 8.1 5.0 7.2 6.8 6.8 7.0 7.0
Zr/Y 2.03 2.02 1.85 1.81 1.61 2.00 1.98 2.14 2.08 2.04 1.97 2.00 1.88 1.91 1.77 1.89 1.92 1.81 1.88 1.77
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Table 6. (Continued).

83-48 83-49 83-50 83-51 83-52 83-53 83-55 83-56 83-57 83-58 83-59 83-60 83-61 83-62 83-63 83-64 83-65 83-67 83-68
Core-Section 125-1, 126-1, 127-1, 128-1, 129-1, 129-2, 130-1, 130-3, 131-1, 1321, 133-1, 133-1, 134-1, 136-1, 137-1, 137-1, 138-1, 140-1, 141-1,
Interval (in cm) 32-36 38-41 38-42  115-118  76-81  130-132  15-20 94-99 3-7 141-144  10-15  101-106  72-74 4-7 11-16 93-97 62-67 40-42 16-20
Depth (m BSF)  1240.84  1249.90  1253.90  1262.17 1270.78  1272.81  1279.17 1282.97 1287.55 1296.42 1304.13  1305.03 1313.73 1322.06 1327.14 132795 1332.65 1341.41 1345.68
Type? D’ D’ D’ D’ D’ D’ D’ D’ D’ D’ D’ D’ D’ D’ D’ D’ D’ D’ D’
Group? A OPC OPC OPC OPC A OPC OPC OPC OPC oP OPC OPC A OPC OPC OPC A OPC
Alteration® - 2 2 2 3 3 2 2 4 3 o+ ot 2t == 2 3 2 3 3
Si0, 49.8 49.3 49.8 48.9 49.4 50.1 49.5 48.9 49.4 49.3 49.5 50.0 49.7 50.0 49.5 49.0 49.7 48.8 49.3
TiO, 1.01 0.76 0.77 0.74 0.71 1.05 0.75 0.73 0.74 0.86 0.86 0.96 0.98 1.09 0.79 0.78 0.82 1.14 0.84
AlLO3 14.72 16.45 16.32 16.36 15.80 14.66 16.46 16.15 16.57 15.89 16.29 14.65 15.48 14.44 16.23 17.19 16.21 14.70 16.35
Fe,03+4 10.96 8.95 9.19 8.93 9.14 11.00 9.06 9.19 8.83 9.91 9.87 10.64 10.42 11.28 9.30 8.89 9.27 11.59 9.37
MnO 0.23 0.15 0.15 0.14 0.15 0.21 0.16 0.15 0.16 0.18 0.17 0.19 0.17 0.19 0.18 0.16 0.16 0.22 0.16
MgO 8.51 8.89 9.51 9.34 10.65 8.31 9.23 10.43 9.51 8.57 8.36 834 8.18 8.08 9.19 8.52 8.65 8.44 8.40
CaO 13.16 13.28 13.29 13.39 12.93 12.93 13.37 12.81 13.41 13.39 13.43 13.02 12.98 12.48 13.35 13.69 13.36 12.99 13.26
NayO 2.07 1.75 1.71 1.63 1.48¢ 2.15 1.76 1.61 1.65 1.83 1.85 1.89¢ 1.95 2.00 1.81 1.82 1.85 1.68¢ 1.96°
K,0 0.02 0.01 0.01 0.01 <0.01 0.01 0.01  <0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.02 0.03 0.03
P05 0.09 0.08 0.08 0.08 0.07 0.09 0.07 0.08 0.06 0.07 0.08 0.08 0.08 0.10 0.07 0.07 0.07 0.11 0.07
Total 100.57 99.62  100.83 99.52  100.33 100.51 10037  100.06  100.34 100.01  100.42 99.79 99.95 99.68  100.43  100.13  100.11 99.70 99.74
Rb <0.5 <0.5 Z05 <0.5 <035 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.6 <0.5 <0.5 <0.5 <0.5 <0.5
Sr 48 64 61 60 54 58 62 55 58 57 59 45 58 58 61 61 59 51 60
Y 25.9 18.7 18.8 18.1 172 25.7 18.2 18.2 18.1 22.5 223 24.9 23.9 26.6 19.3 19.4 20.1 20.8 20.6
Ga 15.2 14.7 15.0 14.8 13.1 16.4 15.1 14.4 13.9 14.8 15.4 15.6 15.9 15.6 14.3 14.7 14.5 15.4 15.8
Zr 48 40 40 37 36 56 39 37 38 44 44 45 49 58 42 40 41 59 42
Nb 0.7 0.8 0.7 0.8 0.5 0.6 0.5 0.6 0.9 0.8 0.8 0.7 0.9 1.0 0.9 0.7 0.6 1.0 0.6
Zn 90 77 66 66 68 73 63 65 76 78 74 76 76 101 7 67 72 71 66
Ni 92 150 164 169 246 83 160 211 157 127 122 89 102 84 154 143 133 91 120
Cr 323 427 416 447 532 219 456 389 451 395 382 317 286 177 424 457 417 267 384
v 296 220 219 217 204 298 218 196 167 261 256 287 269 307 225 222 233 326 239
mg valuel 0.631 0.686 0.695 0.697 0.719 0.624 0.692 0.714 0.703 0.656 0.651 0.633 0.633 0.612 0.685 0.678 0.673 0.616 0.664
8.86 9.59 9.32 10.10 10.29 8.01 8.39 10.38 8.40
FeO* 9.86 8.05 8.27 8.04 8.22 9.90 8.15 8.27 7.95 8.92 1.06 1.15 1.14 1.25 1.12 0.94 0.97 1.23 1.00
FeO*/MgO 1.15 0.91 0.87 0.89 0.77 1.18 0.88 0.79 0.83 1.04 7.3 6.9 6.7 6.2 7.4 7.5 7.2 7.7 6.8
Ca0/NayO 6.4 7.6 7.8 8.2 8.7 6.0 7.6 8.0 8.1 7.3 1.99 1.80 2.03 2.17 2.18 2.04 2.03 2.84 2.05
Zr/Y 1.86 2.15 2.13 2.05 2.09 2.18 2.11 2.04 2.07 1.96
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PETROLOGY OF BASALTS FROM HOLE 504B

Table 7. Trace element abundances (ppm) in selected samples from Hole 504B basalts.

83-42 83-6 83-7 83-10 83-13 83-18 83-19 83-22  83-32 83-35 83-40 83-41 83-52 83-60 83-67 83-68
73-1, 77-3, 81-1, 84-1, 88-1, 90-4, 9-1, 93-3, 104-2, 109-1, 113-1, 116-1,  129-1, 133-1, 140-1,  14i-1,
126-130  11-13  64-68 77-79 109-113  49-53  127-132 27-32  24-27 49-52  129-133 43-46  76-81 101-106  40-42  16-20 BCR-1? N¢

La 1.08 1.49 1.20 1.30 3.22 1.66 1.03 3.09 131 1.31 1.27 1.59 1.09 1.25 1.70 222 24.53(0.48) 0.33
Ce 5.2 5.4 4.8 5.1 9.3 6.0 3.9 123 55 4.9 4.0 5.4 4.1 4.3 6.2 6.1 53.7 (0.7) 0.88
Sm 1.87 2.41 1.92 1.95 2.38 2.06 1.62 3.67 2.09 1.97 1.73 2.30 1.57 2.13 2.47 1.80 6.73 (0.09) 0.181
Eu 0.73 0.95 1.00 0.78 0.84 1.02 0.67 1.19 0.94 0.74 0.67 0.88 0.71 0.80 1.14 0.79 1.92 (0.05)  0.069
Tb 0.55 0.78 0.67 0.58 0.69 0.55 0.50 0.9 0.7 0.64 0.56 0.73 0.49 0.71 0.8 0.52 1.09 (0.09) 0.047
:{b 2.16 3.2 2.4 2.4 26 2:1 223 3.6 29 2.7 23 2.8 1.9 2.8 3.1 2.0 33.15 0.2
Lu 0.34 0.52 0.42 0.41 0.42 0.37 0.39 0.55 0.44 0.42 0.39 0.48 0.31 0.46 0.51 0.38 0.51 (0.02) 0.034
:",‘o 58.3 59.0 52.5 597 49.2 50.0 53.8 49.9 50.6 51.5 58.3 59.5 116.8 66.0 74.1 54.8 35.4 (0.4)
Sc 429 48.1 40.7 41.7 42.6 40.8 40.9 38.5 40.1 42.7 40.6 46.1 36.8 34.9 44.6 40.6 31.9 (0.9)
Hf 1.3 2.0 1.4 1.3 2.0 19 1.0 3.1 1.7 1.3 1.1 1.7 0.9 1.5 1.6 1.3 5.1(0.4)
Ta 0.3 0.4 0.4 0.4 0.5 0.5 0.2 0.5 0.4 — 0.5 0.3 0.4 0.5 0.9 0.6 0.9 (0.2)
La/Yb 0.30 0.28 0.30 0.33 0.75 0.47 0.28 0.52 0.27 9.30 0.33 0.34 0.34 0.27 0.33 0.67
La/Sm 0.32 0.34 0.34 0.36 0.74 0.44 0.35 0.46 0.34 0.36 0.40 0.38 0.38 0.32 0.38 0.67

2 sample identification number.
b 1 ¢ for standard BCR-1 analyzed as an unknown given in parentheses.
N refers to values used in chondrite-normalizing REE abundances. (Haskin et al., 1968)

Table 8. Average compositions of Hole 504B basalts.

Legs 69, 70  Legs 69, 70 Leg 83 Leg 83 Leg 83
Group M2 GroupD  GroupD’ Group T  Group I
) 61) (56) 2 [0))

Si0y 50.4 (1) 50.4 (5) 49.9 (6) 50.6 (14) 48.7
TiOy 1.37 (D 0.92 9) 0.92 (11) 1.09 (1) 1.58
AlyO3 15.3 (1) 159 () 155(7) 1532 16.0
FepO3* 9.95 (14) 9.87 (70) 10.1 (7) 9.86 (15) 10.71
MnO 0.18 (1) 0.16 2) 0.19(3)  0.25(1) 0.21
MgO 8.17 (13) 8.4 (6) 8.6 (5) 8.71 (17) 8.66
CaO 12.5 (2) 12.5(7) 13.0 (3) 122 () 11.88
NayO 250 2.0(1) 2.15(3) 2.34
K0 0.06 (1) 0.11 8) 002(2)  0.03(3) 0.01
P505 0.13 (1) 0.07 (2) 0.09 (1) 0.11 (3) 0.19
Rb <0.5 1.3 (16) <0.5 <0.5 <0.5
Sr 105 (1) 64 (9) 55 (7) 3@ 756
P4 31.2(3) 23.3(24) 22.8 (28) 23.5 (10) 23.9
Ga 16.2 (3) 15.4 )(9) 15.2 () 14.8 (4) 16.4
Zr 103.7 (4) 47 (5) 46 (6) 67 (1) 131.9
Nb 2.4 (2) 0.6 (3) 092 4.2 (3) 1.6
Zn 79 (2) 77 (8) 80 (13) 107 (4) 89
Ni 97 2) 117 (25) 1734  107(2) 134
Cr 257 (13) 359 (74) 336 (87) 342 (16) 287
\' b 310 (12) 274 (31) 263 (34) 257 (1) 236
Lan 4.2 (10) 9.8 9.4
Smy 11.0 (15) 13.2 20.3
Ybn 12.6 (21) 13.0 18.2
Mg’ 0.644 (3) 0.653 (3) 0.661 0.640
Zr/Nb 43 78 51 16 82
Zr/Y 3.32 2.02 2.02 2.85 4.00
La/Smy 0.38 0.74 0.46

Note: N for each group in parentheses in the column heads.

2 Basalt groups discussed in text and by Autio and Rhodes (1983). Values for
basalts from Legs 69 and 70 are taken from Hole 504B data of Autio and
Rhodes (1983).

Normalizing values for REE are in Table 7. Values are given as mean and
1 S.D. (in parentheses, expressed in terms of last digit of the mean).

fied melt inclusions 5-50 um in size that are distributed
throughout the core of the crystal. The core is mantled
by an inclusion-free rim (Fig. 7A). Compositional zona-
tion relative to the inclusion boundaries could not be
detected. The second xenocryst type has an unresorbed
core surrounded by an intermediate resorbed zone and
is enclosed by an inclusion-free rim (Fig. 7B). The xeno-
crysts are compositionally zoned adjacent to the bound-
aries of the vermicular inclusions. In each xenocryst type
the inclusion-free rim is compositionally like the ground-
mass feldspar.

Figure 2 and Table 3 present representative analyses
of phenocryst and xenocryst plagioclase; groundmass

plagioclase compositions are summarized in Figure 2.
Traverses during analyses were chosen to pass along the
direction in the crystal in which the most complete zon-
ing history is recorded. Hole 504B (leg 83) plagioclase
compositions are distinctive in their relatively high An
content, up to 90 mol%. Anorthite contents of as much as
94 mol% are reported by Natland et al. (1983) for pla-
gioclase in the upper portion of Hole 504B. Potassium
is extremely low (less than 0.05 wt.% in all Leg 83 feld-
spars. Xenocryst core compositions may be either more
or less calcic than the coexisting phenocrysts of the
same unit (Fig. 2). In many phenocrysts and xenocrysts
the highest An content does not occur in the core of the
crystals, but rather at some intermediate position be-
tween core and rim.

The backscattered electron image (BEI) in Figure 8A
shows a feldspar xenocryst of composition Any, zoned
to a more calcic composition (brighter in BEI) like that
of the groundmass and phenocryst-rim composition in
a zone adjacent to the devitrified melt inclusions. In
Figures 8B, C the opposite situation is exemplified. The
zone adjacent to the cavities or inclusions is lower in cal-
cium (darker in BEI), while the coexisting phenocryst
shows a narrow zone or more anorthitic plagioclase.

Figure 9E shows the relationship between mol% An
and Mg/(Mg + Fe) in plagioclase phenocrysts, xeno-
crysts, and groundmass crystals. The correlation between
An and Mg/(Mg + Fe) is positive for anorthite contents
less than 79 mol%, but scattered for more calcic feld-
spars. The maximum Mg/(Mg + Fe) in Leg 83 plagio-
clase corresponds to the maximum whole-rock mg value in
Leg 83 basalts (0.72 in Sample 504B-129-1, 76-81 cm),
and the anorthite content at this maximum is closely ap-
proximated by the calculated (Drake, 1976) maximum
An content in equilibrium with these basalts. A similar
relationship is observed for plagioclases in North Atlan-
tic basalts, DSDP Leg 11 (Ayuso et al., 1976) and
DSDP Legs 45 and 46 (Kuo and Kirkpatrick, 1982) ex-
cept that the plagioclase Mg/(Mg + Fe) maxima occur
at lower anorthite contents. This is consistent with the
unusually high concentration of CaO in Hole 504B
basalts. ;

Figures 9A-D compare representative traverses across
coexisting phenocrysts and xenocrysts. As shown in
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Figure 1. Photomicrographs of aphyric basalts. (A) Fine-grained intergranular texture; Sample 504B-93-3, 27-32 cm, Group M’ basalt. Crossed
polars. (B) Medium-grained subophitic textures; Sample 504B-107-2, 71-75 cm, Group D' basalt. Crossed polars.

Figure 2, xenocryst core compositions may be either
more or less calcic than the coexisting phenocryst cores.
The Mg/(Mg + Fe) ratios in plagioclase xenocryst cores
are lower than those for the associated phenocrysts. Fur-
thermore, although the mg value decreases systemati-
cally with decreasing An content for anorthite contents
less than 70 mol%, for more calcic compositions, the
variation between Mg/(Mg + Fe) and mol% An is more
complex. The spectrum of zoning trends observed with-
in and among samples indicates that a single mixing
event is inadequate to explain the compositional varia-
tion in the plagioclase phenocrysts and xenocrysts in ba-
salts from Hole 504B.

Olivine is the second most abundant phenocryst phase,
constituting up to 2% of the rock. However, with the ex-
ception of Sample 504B-73-1, 126-130 cm, olivine is to-
tally altered to one or more phyllosilicate minerals in all
Leg 83 basalts. Pseudomorphs display euhedral to sub-
hedral morphologies and range from 0.1 to 6 mm in size.
Microprobe analyses of olivine in Sample 504B-73-1, 126~
130 cm indicate a compositional range from Fogs to Fog;.
This is consistent with the olivine compositions reported
by Natland et al. (1983) for the upper portion of Hole
504B. Calculations using the equilibrium distribution
coefficient (Roeder and Emslie, 1970)

ol lig
XFeo XMgo

e — = 0.33
X(l\allgo Xlﬁgo

Kp
indicate that this olivine composition is in equilibrium
with the bulk rock composition in which it occurs.

Clinopyroxene, although abundant in the groundmass,
is less common as a phenocryst phase. When present it
forms large crystals up to 6 mm long. Crystal morphol-
ogies range from anhedral to euhedral and are often
twinned on (100). In samples where the groundmass is
medium grained, the clinopyroxene phenocrysts are
strongly zoned with respect to FeOQ (up to 22.29 wt.%,
Fig. 4A). Cr,0; is commonly less than 0.3 wt.%, but
the interiors of some phenocrysts have up to 1.33 wt.%.
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These high Cr cores appear compositionally like the re-
sorbed crystals identified as xenocrysts in the aphyric
basalts.

Clinopyroxene xenocrysts, defined primarily on the
basis of their rounded or resorbed morphologies, are
present in phyric basalts. They are analogous to those
described for the clinopyroxene xenocrysts in the aphyr-
ic basalts and occur as solitary xenocrysts or with pla-
gioclase in clusters that are interpreted as basaltic xeno-
liths. These xenolithic aggregates are similar in texture
and grain size to many of the massive aphyric basalts. In
common with the clinopyroxene xenocrysts in aphyric
basalts, clinopyroxene xenocrysts in phyric basalts are
generally high in Cr (Table 1).

Chromian spinel has been observed in all petrograph-
ic groups, but it occurs predominantly in two distinct
associations in basalts from Hole 504B: (1) as golden-
brown crystals included in plagioclase and olivine (one
rare occurrence in clinopyroxene) in fine- to medium-
grained basalts and (2) as discrete, reddish brown crys-
tals in dike and pillow chilled margins. In general, spi-
nels are more common and occur in greater abundance
in the latter group. Of the 32 samples in which Cr spinels
are observed, only 9 are medium-grained aphyric or
phyric basalts. In these coarser-grained lavas, one to
three grains 10 to 200 um in size are present in a stan-
dard thin section. In dike or pillow chilled margins, 5 to
10 times this number of spinels occur. Chromian spinels
are typically euhedral to subhedral, but embayed or round-
ed morphologies are observed in some chilled margins.

These two physical associations describe two overlap-
ping chemical populations (Table 4). Figure 10 is a dia-
gram of Cr/(Cr + Al) vs. Mg/(Mg + Fe?*) in spinel.
Those spinels partially or totally enclosed in olivine or
plagioclase (symbolized by the filled circles) are gener-
ally higher in Cr/(Cr + Al) and lower in Mg/(Mg +
Fe2+); they fall in the compositional field designated by
Sigurdsson and Schilling (1976) as magnesiochromites:
Cr is the dominant trivalent cation and Mg+ > Fe2+.
These spinels exhibit zoning trends in which Fe3+ and
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Figure 3. Photomicrographs of disequilibrium clinopyroxene pheno-
crysts. Note subophitic textures (partially enclosing groundmass pla-

gioclase) of clinopyroxene rims. (A) Sample 504B-88-1, 109-113 cm.
Crossed polars. (B) Sample 504B-116-1, 43-46 cm. Crossed polars.

Cr increase and Al decreases toward the rim. In con-
trast, spinels occurring in chilled margins (filled trian-
gles) tend to be lower in Cr/(Cr + Al), but higher in
Mg/(Mg + Fe?*) and fall in the field referred to as chro-
mian spinels (Al > Cr, Mg2* > Fe?*). Zoning trends in
these spinels exhibit increasing Fe3+ and Al, but de-
creasing Cr from core to rim. Spinel compositions from
the Mid-Atlantic Ridge (Dungan and Rhodes, 1978; Si-
gurdsson and Schilling, 1976) (open circles) are plotted
for reference. Also plotted are average zoning trends (ar-
rows) observed in three samples from the Siqueiros Frac-
ture Zone (at 8°30N near its intersection with the crest
of the East Pacific Rise; Natland et al., 1983). From left
to right, the arrows correspond to spinels that crystal-
lized from liquids with increasing Mg/(Mg + Fe2+)
(0.71 for Curve 1 and 0.65 for Curve 3). In accord with
the high mg values of basalts from Hole 504B, spinels in
these lavas are generally higher in Mg/(Mg + Fe2+)
than basalts from the Mid-Atlantic Ridge or the East
Pacific Rise throughout the range of Cr/(Cr + Al).
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BASALT CHEMISTRY

The Leg 83 basalts occur as three distinct chemical
groups, designated D', M’, and T, in order to conform
with the nomenclature of Autio and Rhodes (1983) for
the upper part of Hole 504B. The majority of basalts
belong to Group D', whereas Groups M’ and T are
comparatively rare.

The single analyzed sample of Group M’ basalt (Sam-
ple 504B-93-3, 27-32 cm) occurred at a depth of 1021.5 m
below the seafloor (BSF). It has a moderate mg value
(0.64), TiO, (1.58 wt.%), Na,O (2.34%), Y (33 ppm),
Zr (132 ppm), Nb (1.4 ppm), Hf (3.5 ppm), La (9.4 x
chondrite), and Sm (20.3 X chondrite) abundances.
These values are typical of Type I MORB (Bryan et al.,
1976) and resemble the Group M basalts (Autio and
Rhodes, 1983) at higher stratigraphic levels of Hole 504B.
A substantial fractionation history involving olivine,
plagioclase, and spinel is indicated by the low abun-
dances of Cr (287 ppm) and Ni (134 ppm), and by mod-
erate MgO (8.7%), FeO* (9.6%), and CaO (11.9%)
abundances.

Most Leg 83 basalts (Group D') are highly depleted
in all magmaphile elements relative to normal Type I
and II MORB (Bryan et al., 1976). They have extreme-
ly low abundances of Zr (36-56 ppm), Y (17-28 ppm),
Nb (<0.5-1.3 ppm), La (3.2-5 X chondrite), Hf (0.9-
1.9 ppm), and Ta (<0.5 ppm) with low TiO, (0.71-
1.12%), Na,O (1.5-2.5%), and K,0 (<0.01-0.17%)
concentrations. This group is very similar to the Group
D basalts (Autio and Rhodes, 1983) from the upper
(Legs 69 and 70) portion of Hole 504B.

One-atmosphere melting experiments on comparable
basalts from higher stratigraphic levels in Hole 504B
(Autio and Rhodes, 1981, 1983) can be used to infer
that the Group D’ basalts are also generally saturated in
olivine and plagioclase, and near clinopyroxene satura-
tion. Consequently, although these basalts have low in-
compatible element abundances, they are not primitive
and have undergone substantial magmatic evolution. Both
chemical and petrographic data support this conclusion.
Abundances of MgO (7.7-10.%), FeO* (7.95-10.46%)),
Ni (76-246 pm), Cr (168-532 ppm), and mg values (0.59-
0.72) all imply a substantial fractionation history. A few
samples, such as Sample 504B-129-1, 76-81 cm, are pre-
sumed to be more primitive with only olivine on the li-
quidus because of their higher MgO (10.7%), Ni (246
ppm), and Cr (532 ppm) abundances and mg value
(0.72). Although this is similar to some proposed pri-
mary ocean-floor basaltic compositions (Frey et al., 1974;
Rhodes et al., 1978; Basaltic Volcanism Study Project,
1981), reasons for believing that Sample 504B-129-1,
76-81 cm is not primary and has evolved significantly
will be presented in the discussion.

Two samples (Samples 504B-90-4, 49-53 cm; 504B-
141-1, 16-20 cm) have anomalously high La/Yb values
(0.47 and 0.67, respectively) compared with other sam-
ples from this group (La/Yb = 0.27-0.34). Sample
504B-140-1, 40-42 cm has an anomalously high Zr/Y
value of 2.84. However, these samples are comparable to
the rest of Group D’ in all other elemental ratios and
abundances.
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Figure 4. (A) Clinopyroxene phenocryst, xenocryst, and groundmass compositions represented in terms of quadrilateral components, Di-Hd-En-Fs.
Xenocryst, A; phenocrysts and groundmass, @. Xenocrysts have consistently more Mg- and Ca-rich compositions than coexisting phenocryst or
groundmass clinopyroxenes. Clinopyroxenes in Group M’ basalt, Sample 504B-93-3, 27-32 cm, have distinctly higher Ca content than clinopy-
roxenes from all other groups. (B) Representative trends in clinopyroxene “others” components, NaM2, AlIV, and Ti: (a) xenocryst in aphyric
basalt Sample 504B-90-4, 49-53 cm (enriched Group D'); (b) xenocryst in aphyric basalt Sample 504B-93-3, 27-32 cm (Group M’); (c) pheno-
cryst in phyric basalt Sample 504B-129-1, 76-81 cm (Group D'); (d) phenocryst in phyric basalt Sample 504b-141-1, 16-20 cm (enriched Group
D’). Arrows indicate generalized zoning trend from core to rim. Notice the early enrichment in NaM2 followed by an increase in AIIV prior to Ti
enrichment in clinopyroxene xenocrysts. Clinopyroxene phenocrysts and groundmass crystals show only the Ti enrichment from core to rim.

The Group T basalts (Samples 504B-88-1, 109-113 cm;
504B-91-4, 39-43 cm) occur in two thin layers. These
samples have low abundances of most moderately in-
compatible elements: TiO, (1.08-1.10%), Na,O (1.9-
2.1%), Y (23-24 ppm), Hf (2 ppm), and Zr (66.6-68.2
ppm). However, highly incompatible elements such as
La (9.8 X chondrite) and Nb (3.8-4.2 ppm) have been
greatly enriched relative to the other magmaphile ele-
ments. mg values (0.66) and abundances of Cr (330-353
ppm), Ni (105-108 ppm), MgO (8.6-8.8%), and FeO*
(8.8-9.0%) indicate that this group is not primitive,
having olivine and plagioclase on the liquidus, and pos-
sibly clinopyroxene. Several samples from the upper por-

tion of Hole 504B (Cores 18 and 19, Marsh et al., 1983;
Etoubleau et al., 1983) are even more enriched in Nb (9-
13 ppm) relative to the other magmaphile elements (Zr
= 85-98 ppm; Y = 26-32 ppm).

Major, trace, and rare earth element data for Hole
504B basalts are summarized in Figures 11-18. Data
used to construct the “MORB fields” on all figures for
this section have been obtained using similar analytical
techniques to those used in this study. Data from DSDP
Legs 2, 3, 9, 17, 34, 45, 49, and Juan de Fuca dredge
hauls (Frey et al., 1974; Bass et al., 1975; Rhodes et al.,
1978; Tarney et al., 1979; Rhodes, unpublished data; Liias
and Rhodes, unpublished data) are included. Less than
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Cc

Figure 5. Backscattered electron images (BEI) of FeTi-oxides in Hole 504B basalts, Leg 83. (A) unaltered skeletal FeTi-oxide in Sample 504B-
73-1, 126-130 cm. Cpx = clinopyroxene, Mt = Mt-Uspy, Sm = smectite. (B) FeTi-oxide in Sample 504B-104-2, 24-27 cm partially al-
tered to sphene. Sph = sphene. (C) FeTi-oxides in Sample 504B-93-3, 27-32 cm. Mt-Usp, is completely altered and consists of an inter-
growth of sphene plus ilmenite. IImenite is partially altered to sphene as well. PI = “primary” ilmenite, SI = “secondary” ilmenite, Chl
= chlorite, and Act = actinolite. The sequence of numbers printed along the right margin in these photos and all subsequent BEI photo-
graphs correspond to the following information (from bottom to top): accelerating voltage (e.g., 15 kV); magnification (e.g., 242 = 24 X
10%); photo sequence number (001 = first photo taken); scale including scale bar and length in microns.

3% of the data plots at Zr values less than 55 ppm so
the parts of the fields extending below 55 ppm Zr are
less well defined. Several of the figures show reference
lines of constant elemental ratios. Except as noted, open
circles denote data from the upper part of Hole 504B
(Autio and Rhodes, 1983); filled circles denote data from
the lower part of Hole 504B (this chapter). Bulk rock
chemistries for both upper and lower portions of Hole
504B are from the same laboratory under the same op-
erating conditions and are directly comparable.

In Figures 11A-D (MgO, CaO, Al,0O;, and FeO*/
MgO vs. Zr) it can be seen that almost all Hole 504B ba-
salts are highly depleted in Zr relative to other MORB.
However, MgO and FeO*/MgO values for the CRRZ
basalts are similar to those of moderately evolved MORB.
Both CaO and Al,0O; abundances are elevated in the
CRRZ basalts relative to other MORB with comparable
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MgO and FeO*/MgO values. Data for the upper and
lower portions of Hole 504B are similar.

A plot of Ni vs. Zr (Fig. 12) indicates that most of
Hole 504B basalts are lower in Zr for a similar Ni value
(i.e., “state of evolution”) than normal Type I and II
MORB. A model fractionation trend of olivine, followed
by plagioclase and then clinopyroxene, is shown for “nor-
mal” MORB. Most of the CRRZ basalts appear to fol-
low a similar trend that is depleted in Zr relative to the
normal trend.

In general, Type I MORB have Zr/Nb =30, and Type
II MORB have Zr/Nb =10 (Erlank and Kable, 1976;
Bryan et al., 1976; Basaltic Volcanism Study Project,
1981). Almost all Hole 504B basalts have Zr/Nb ratios
of >40. The only exceptions are the Group T basalts
with Zr/Nb =16 and the high Nb samples from Leg 69
that have Zr/Nb <10 (Marsh et al., 1983; Etoubleau et
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Figure 6. Photomicrographs of phyric basalts. (A) Fine-grained intersertal texture with plumose clinopyroxene; Sample 504B-76-1, 45—47 cm,
OP basalt, Group D’. Crossed polars. (B) Medium-grained, subophitic texture, Sample 504B-141-1, 16-20 cm, OPC basalt, enriched
Group D’. Crossed polars.

al., 1983; Fig. 13). Although the abundances of Zr and
Nb are strongly depleted in most CRRZ basalts, their
Zr/Nb ratios are similar to Type I MORB. The high Nb
basalts from Leg 69 resemble Type Il MORB, while Group
T basalts fall in between. Group T basalts are similar to
the anomalous Juan de Fuca basalts (Liias and Rhodes,
1982) and most of the basalts generated at the modern
Costa Rica Rift (Autio and Rhodes, unpublished). Group
T basalts cannot be derived by mixing Group D’ and
M’ basalts.

The Group D' and D basalts are all depleted in TiO,,
Y, and Zr relative to normal MORB (Figs. 14-16) at a
similar level of magmatic evolution (MgO, FeO*/MgO,
Ni, and Cr values). Additionally, they have lower Zr/TiO,
(50) and Zr/Y (2) and higher Y/TiO, (25) than normal
MORB (=65, =3, and <20, respectively). There is a
close coincidence of the data for the upper and lower
portions of Hole 504B (Groups D and D’; Table 8).
Groups M and M’ lie at higher Zr, Y, and TiO, values
and have more normal ratio of Zr/TiO, (75-80), Y/TiO,
(~22), and Zr/Y (3.2-4). Group T basalts have a higher
Zr for a given Y or TiO, value, although their Zr, Y, and
TiO, abundances fall within the limits of the depleted
basalt groups. Consequently, they exhibit higher Zr/
TiO, (60) and Zr/Y (2.9) values. In Group T, Y is also
slightly depleted relative to TiO,, leading to lower (and
more normal) Y/TiO, values (=22). The high Nb sam-
ples from the top of Hole 504B have similar ratios: Zr/
TiO, = 70, Zr/Y = 3, and Y/TiO, = 22 (Marsh et al.,
1983; Etoubleau et al., 1983).

Although the Group D and D’ basalts follow fairly
coherent TiO, vs. Y and Zr vs. TiO, trends (Figs. 14,
.15), there is scatter on these and the Zr/Y vs. Zr plots
(Fig. 16). A calculated fractionation path for Sample
504B-129-1, 76-81 cm (83-52) is shown in Figure 16,
where the crystallization sequence was modeled as oliv-
ine, followed by olivine + plagioclase, followed by oliv-
ine + plagioclase + clinopyroxene. The length of the

path shows approximately 45% crystal fractionation of
the original composition. It can be seen that more scat-
ter exists than can be explained by simple fractionation,
phenocryst addition, mixing of consanguineous mag-
mas, or alteration. Nor can the depleted types be frac-
tionated to produce the Group M, M’, or T basalts.

Group D’ basalts are remarkably constant in their
rare earth element composition (Figs. 17A, B, and 18).
Consonant with their depletion in Zr and Nb, Group
D’ basalts are also markedly depleted in LREE (Lay/
Yby = 0.27-0.34) when compared with normal (Type I)
MORB (0.72; Bryan et al., 1976). Chondrite-normal-
ized La/Yb for the active Galapagos Spreading Center
ranges from 0.57 to 1.17 (Clague et al., 1981; Schilling
et al., 1976). In contrast, Groups M’, T, and two unusu-
al Group D’ basalts (Sample 504B-88-1, 109-113 cm;
504B-91-4, 39-43 c¢m) are enriched in LREE relative to
the majority of CRRZ basalts, but have Lay/Yby val-
ues (0.47-0.75) within the range observed for normal
Type I MORB (Figs. 17C and 18). Although the varia-
tion in REE for most Group D' basalts can be modeled
by fractional crystallization of low-pressure phenocryst
phases, it has been shown that these phases do not sig-
nificantly fractionate the REE relative to each other dur-
ing crystallization in most oceanic basalts (Frey et al.,
1974); the original shape of the chondrite-normalized
rare earth pattern is maintained even though the concen-
tration of the REE increases. On the other hand, low-
pressure fractionation of Group D’ basalts cannot pro-
duce the compositions of Groups M’, T, and the two
unusual Group D’ basalts. It is possible that a complex
sequence of mixing and fractionation processes could
produce the enriched Group D’ basalts from the “nor-
mal” Group D’. However, the distribution of Lay/Yby
vs. Yby (Fig. 18) indicates that mixing of enriched and
depleted magmas is not responsible for the remaining
spectrum of compositions observed in Hole 504B. This
will be discussed in more detail later.
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Figure 7. (A) Sample 504B-104-2, 24-27 cm. Plagioclase xenocryst texture in which core area contains numerous melt inclusions. Surround-
ing rim is inclusion free. Crossed polars. (B) Sample 504B-90-4, 49-53 cm. Plagioclase xenocryst texture in which devitrified melt inclu-
sions occur at some intermediate position between core and rim. Core and rim are inclusion free. Crossed polars. (C) Sample 504B-141-1,
16-20 cm. Plagioclase xenocryst texture in which the core is riddled by large vermicular cavities and is surrounded by an inclusion-free

rim. Crossed polars.

ALTERATION

Basalts from Hole 504B are well suited for evaluating
the effects of alteration on some major and trace ele-
ments. They are remarkably uniform in composition and
exhibit a relatively wide range in degree of alteration.
Samples studied are those selected away from veined
and brecciated areas. These reflect the minimum altera-
tion undergone by the lithologic unit. They are also more
representative of the alteration to which the major por-
tion of the basalts have been subjected. The alteration
has been studied by three methods: petrographic analy-
sis, XRD of whole-rock samples, and electron micro-
scopic analysis of secondary mineral phases. Because of
their small abundances, several secondary minerals gen-
erally cannot be identified from X-ray patterns. There-
fore, the distribution of most minerals with depth is
based on petrographic and microprobe analyses and is
given in Figures 19A and B. Also given for comparative
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purposes is the distribution of vein minerals identified
by the shipboard party using petrographic and XRD
analyses. The relative degree of alteration is indicated by
an alteration index and is defined according to the fol-
lowing criteria: 0 = no alteration; 1 = saponite replace-
ment of olivine and interstitial areas; 2 = alteration of
plagioclase along fractures, complete replacement of ol-
ivine and interstitial areas by clays or chlorite; 2+ = re-
placement of FeTi oxides by sphene or patchy replace-
ment of plagioclase by a zeolite or albite in addition to
the criteria for 2; 3 = conditions specified in 2+ plus ac-
tinolite needles replacing clinopyroxene or interstitial
areas; 4 = conditions specified in 3 plus alteration dis-
tributed as large patches not restricted to particular pri-
mary crystals; implies extensive alteration.

Although the alteration of the basalts certainly repre-
sents a continuum of changing conditions, this continu-
um can, in effect, be thought of in terms of a high- and
a low-temperature event. The high-temperature phases



PETROLOGY OF BASALTS FROM HOLE 504B

c

Figure 8. (A) Sample 504B-90-4, 49-53 cm. BEI photo of devitrified melt inclusions in xenocryst pictured in Figure 7B. Xenocryst core compo-
sition is An,e; maximum phenocryst composition in Angs. Notice the calcic plagioclase rims (brighter image) adjacent to the melt inclu-
sions. The phases comprising the melt inclusions are probably clinopyroxene, plagioclase, and magnetite. Pl = plagioclase, C = calcic zone
adjacent to inclusions, Zeo = zeolite. (B) Sample 504B-104-2, 24-27 cm. BEI photo of small devitrified melt inclusions plus larger cavities
filled with more coarsely crystallized clinopyroxene, magnetite, and plagioclase. The xenocryst core composition is Angg, while phenocryst
compositions are approximately An,g. Notice the more sodic plagioclase composition adjacent to the inclusions. Cpx = clinopyroxene, Mt
= magnetite, N = more sodic plagioclase zone. (C) Sample 504B-104-2, 24-27 cm. BEI photo of a phenocryst which coexists with the
xenocryst pictured in Figure 8B. Phenocryst compositions (Ang) is uniform from the core outward except for a thin calcic zone (Angg) near

the rim. A portion of the calcic zone, c, is outlined by dashed lines.

observed include chlorite, talc, albite, actinolite, sphene,
quartz, and pyrite. The low-temperature phases present
are smectite (saponite), epistilbite or laumontite, and
minor calcite. The zeolite minerals in the whole-rock
samples occur in abundances too small to detect by XRD
techniques. Their identification is based primarily on
the Si/AllV ratio as determined from microprobe analy-
sis and on H,O content as inferred from deficiency in
analysis totals. Laumontite may actually be stable in a
temperature range that overlaps both high- and low-
temperature mineral assemblages. The relative timing of
alteration events cannot be conclusively established on
the basis of textural relationships in whole-rock sam-
ples. However, cross-cutting relationships between low-
and high-temperature mineral assemblages in veins indi-
cate that alteration progressed in a series of stages in

which the low-temperature secondary phases occur as a
retrogressive overprint of the higher temperature assem-
blage (Alt et al., this volume). Secondary minerals ob-
served in veins, but not present in whole-rock samples
include epidote, prehnite, scolecite, and anhydrite.

In general, alteration is restricted to partial replace-
ment of specific primary phases; olivine and interstitial
material (glass + feldspar) are the only phases consis-
tently and entirely replaced. The secondary minerals will
be discussed in terms of the primary phases that they re-
place and their position in the sequence of alteration for
that phase.

Petrography and Mineral Chemistry

Olivine has been altered to one or more phyllosilicates
throughout the lower portion of Hole 504B. Pseudo-

145



P. D. KEMPTON ET AL.

B 73-1,126-130cm, P

20

0.7 |
c
0 — X o
0.6 | o o

0.5 |
0.4 |
0.3

® 90-4,49-53cm, P
0.7
0 — X s s (o}

0.4 -
03} L. g

® 104-2,24-27 cm, P
0,7 c

O ———— . X ¢
0.6 a o ol odn
0.5 | R
0.4 |-

0.3 - [ ] rD

Mg/(Mg + Fe)

® 129.1,76-81cm,P c
0.7} . @
[ Q¢

0.6 |- a oc
a s B a iD [e]
0.5 Da ;.

0.4
0.3 o r

0.9 |-
e Groundmass

O Phenocryst / xenocryst
0.7 |-

0.6 [~
0.5 |-

0.4} . Y (=]

0.3 .
0.2 L o ee

0.1}

] ] ] | 1 | | ] | ] ) |

E 40 45 50 55 60 65 70 75 80 85 90 95
An (mol%)

Figure 9. Plot of mol% An vs. Mg/(Mg + Fe) in plagioclase. (A-D) Representative trends for specific coexisting
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(i) in the traverse are marked to delineate compositional trends. Xenocryst analysis locations (c, 1, and i) are
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Fe*2) ranging from 0.71 (1) to 0.65 (3) (Natland et al., 1983).

morphs consist of (1) smectite (saponite); (2) smectite +
talc + magnetite; (3) talc + magnetite; (4) chlorite; (5)
chlorite + quartz; and (6) chlorite + actinolite (Figs. 20
A-D). Replacement of olivine by chlorite + quartz is
observed only in Samples 504B-81-1, 64-68 cm and
504B-84-1, 77-79 cm. This interval corresponds to a zone
of extensive alteration and sulfide mineralization in Hole
504B and has been described as a stockwork (Anderson
et al., 1982). Chlorite + actinolite pseudomorphs occur
in this zone (Sample 504B-90-4, 49-53 cm) and near the
bottom of the hole where formation of amphibole is
again common (Sample 504B-137-1, 11-16 cm). Above
and below this zone, olivine is generally altered to smec-
tite + talc + magnetite. The smectite, identified as sa-
ponite, ranges from pale brown to dark golden brown in
color. In smectite + talc pseudomorphs the phyllosili-
cates occur in an alternating, concentric arrangement.
A significant degree of the compositional variation in
the secondary mineral phases observed at low grades is
believed to be due to the existence of metastable mineral
phases that have preserved structural or chemical ele-
ments of the minerals they replaced. Olivine in many
portions of Hole 504B was initially altered to talc + mag-
netite. Most talc, however, was later replaced at lower

PETROLOGY OF BASALTS FROM HOLE 504B

temperatures by smectite by the addition of H,0, Al,
and minor Ca. Those smectites formed after talc are
lower in Al, Ca, and Fe and higher in Mg and Si than in-
terstitial smectite or smectite produced directly from ol-
ivine (Fig. 21 and Table 9). Variations in compatible
trace elements substantiate this alteration sequence. The
replacement of olivine by smectite preserves the concen-
tration of Ni originally present in the olivine. Replace-
ment of olivine by talc + magnetite, however, partitions
the Ni into both magnetite and talc, effectively reducing
its concentration in the phyllosilicate phase. Later re-
placement of talc by smectite results in lower Ni concen-
trations than in smectite formed directly from olivine
(Table 9). The composition of the smectite after talc is
also related to the availability of aluminum. The libera-
tion of aluminum during the replacement of calcic pla-
gioclase by albite is the principal source of this element.
In samples where plagioclase is unaltered, the smectites
after talc are typically low in aluminum (Fig. 21). Over-
printing of the chlorite alteration by smectite is not ob-
served due to the stability of chlorite to relatively low
temperatures.

Plagioclase is partially altered to chlorite or smectite
+ albite + a zeolite mineral. Both zeolites, epistilbite
and laumontite, replace plagioclase, but epistilbite is more
common. Chlorite and smectite are confined to an oc-
currence in fractures that cross cut the plagioclase
(Figs. 20E, F). Interstitial areas and fractures in plagio-
clase are always replaced by the same phyllosilicate min-
eral. Zeolite and albite replacement occurs in irregularly
shaped patches. At depths greater than 1090 m BSF pla-
gioclase is largely unaltered. Only chlorite along frac-
tures and very minor replacement by albite occur. In the
interval between 920 and 1190 m BSF where alteration
is most pervasive, both albite and epistilbite as well as
chlorite are observed. Alteration of plagioclase is most
extensive in this zone, but complete replacement does
not occur. In fact, groundmass crystals are commonly
unaffected throughout the hole. Replacement of plagio-
clase by epistilbite between 920 and 1190 m BSF is the
only low-temperature overprint recorded in the basalts
for that interval. At depths shallower than 920 m, re-
placement of plagioclase is principally by epistilbite in
patches and smectite rather than chlorite along fractures.

Clinopyroxene is generally unaltered throughout the
lower portion of Hole 504B. In extensively altered sam-
ples between 965 and 1030 m BSF, overgrowths of actin-
olite or minor replacement by chlorite develop adjacent
to altered interstitial areas. The majority of the clinopy-
roxene, however, is unaffected. Deeper than 1190 m BSF
clinopyroxene develops a slight dusty brown appearance,
particularly in the Fe-rich rims of zoned crystals. This
appearance is due to a very fine-grained alteration phase
that is unidentified.

FeTi-oxides are altered to sphene throughout much
of Hole 504B (Leg 83). Between 965 and 1160 m BSF
they are completely altered and at depths greater than
1270 m BSF they are partially altered. Between 1160 and
1270 m, FeTi-oxides are essentially pristine. The sphene
is characterized by a very fine, granular morphology,
typical of sphene after magnetite (Figs. 5B, C) (Hagger-
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Figure 11. (A-D) MgO, CaO, Al,0;, and FeO*/MgO vs. Zr. O, data from Legs 69 and 70 (Autio and Rhodes,
1983). @, data from Leg 83 (this chapter). The Hole 504B CRRZ basalts are depleted in Zr relative to most
MORB. CaO and Al,0; abundances are higher than normal; however, MgO and FeO*/MgO values are typ-
ical of other MORB of a similar state of magmatic evolution (generally olivine + plagioclase + clinopyrox-

ene on the liquidus).
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Figure 12. Zr vs. Ni. Symbols are the same as in Figure 11. A calculated fractionation trend is shown for one of the most primitive MORB collected
to date (Frey et al., 1974, (J), modeled as olivine, followed by plagioclase, followed by clinopyroxene (see text). Most CRRZ basalts would follow
a trend similar in configuration to that shown, but depleted in Zr relative to the vast majority of MORB. Groups M and M’ are more enriched

and similar to “normal” MORB.

ty, 1976b). The formation of sphene from magnetite re-
quires the addition of calcium and silica. Consequently,
sphene is most common in those samples in which pla-
gioclase is altered to albite or chlorite or both. Titano-
magnetite pseudomorphs consisting of sphene + ilme-
nite were identified only in Sample 504B-93-3, 27-32 cm, a
high-Ti, Group M’ basalt. In this sample, ilmenite oc-
curs as discrete primary crystals and as discontinuous
rods parallel to the (111) octahedral faces of the titano-
magnetite precursor. Due to the state of alteration, it is
unknown whether these composite intergrowths of mag-
netite and ilmenite originated from contemporaneous
crystallization as an igneous process or by “exsolution”
at relatively high temperatures due to increasing oxida-
tion during cooling (see Haggerty, 1976b). Regardless,
both “primary” and “secondary” ilmenite in Hole 504B
are unusual among MORB ilmenites due to their high
MnO contents (Table 2). Ilmenite, as well as titanomag-
netite, is affected by sphenetization, but the ilmenite to
a much lesser extent. Rare, minute crystals of ilmenite
were detected in altered interstitial areas of Samples
504B-113-1, 129-133 cm and 504B-129-1, 76-81 cm by
reconnaissance microprobe analyses. It could not be
positively identified petrographically.
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Interstitial areas, consisting originally of glass + feld-
spar react directly to fine-grained smectite above 880 m
BSF and to chlorite below this depth. Actinolite occurs
with chlorite in the interstices below 1150 m BSF. Only
rarely are unaltered interstitial areas preserved in basalts
from Hole 504B (Samples 504B-90-2, 101-104 cm; 504B-
104-2, 24-27 cm).

Alteration Effects on Whole-Rock Chemistry

Figure 22 is a plot of Sr vs. K,O for samples through-
out the entire length of Hole 504B. The Leg 69 and 70
samples have been broken into upper (275-535 m BSF),
middle (535-590 m), and lower (590-825 m) sections us-
ing the layers determined by Barrett and Friedrichsen
(1982) on the basis of O and Sr isotopes. The CRRZ
samples have an average Sr abundance (60 ppm) that is
significantly lower than normal MORB (127 ppm; Ba-
saltic Volcanism Study Project, 1981) and a normal K,0
range. Sr and K,O clearly vary with depth; K,O de-
creases dramatically and Sr slightly toward the bottom
of the hole. Rb abundances measured on separate ali-
quots of sample from those used for K,O analysis sup-
port the compositional break occurring at the Leg 70/83
interface. This break coincides with the beginning of the
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Figure 13. Nb vs. Zr. Almost all samples from Hole 504B (Legs 69, 70, and 83)
plot within the area labeled D and D’ (Autio and Rhodes, 1983; this chap-
ter). Groups M (O) and M' (@) have Zr/Nb =40, similar to Groups D and
D’. Group T (@) and the high Nb group from Leg 69 ([J) (Etoubleau et al.,
1983; Marsh et al., 1983) have ratios of 17 and =< 10, respectively, indicating
an enriched source for these two groups compared to the other Hole 504B
groups and Type I MORB (Bryan et al., 1976).

sheeted dike complex. The variation of Sr and K,O with
depth is similar to that of the O and Sr isotopes (Barrett
and Friedrichsen, 1982) that reach maximum values in
the uppermost 260 m of basement and drop off dramat-
ically below 825 m BSF. These changes are attributed to
varying degrees of seawater alteration. Basalts below
825 m BSF exhibit essentially “fresh” values of §'80
(5.8-6.2) and 87Sr/%6Sr (0.70266) (Barrett and Friedrich-
sen, 1982) and correspondingly lower Sr and K,O abun-
dances (Fig. 22). The limited range of K,O values for
Leg 83 suggests that alteration in Layer 2C occurred at a
lower water/rock ratio than the more permeable Layer
2A.

A general increase in metamorphic grade from the
top to the bottom of Hole 504B (Legs 69, 70, and 83) is
expressed by the change in secondary mineral assem-
blages from smectite to chlorite dominated. However,
neither composition nor degree or alteration appear to
vary systematically with depth in Hole 504B for the in-
terval recovered during Leg 83 (Fig. 19A). Degree of al-
teration can, however, be correlated with differences in
texture and mode of emplacement. The pillow lavas and

flows in the upper portion of Hole 504B (Leg 83) are
typically highly fractured. They also possess fine-grained
textures composed largely of glass and quench crystal
morphologies. The number of intrusive units increases
with depth, and basalts below 1055 m BSF are primarily
sheeted dikes and massive units. These are coarser grained
and far less fractured than the overlying pillow lavas.
Thus, permeability to circulating hydrothermal fluids is
higher, and, consequently, the degree of alteration is
greatest in the upper portion of Hole 504B. The coarser
grained basalts from the lower portion of the hole are
on the average less altered.

Inspection of Figure 19A also demonstrates that vari-
ations in whole-rock major and trace element composi-
tions are not correlative with the degree of alteration.
Alteration of the bulk rock proceeds primarily by local
movement of ions. As a general example, the alteration
of calcic plagioclase to albite releases Ca and Al that po-
tentially could be removed from the system. However,
Ca is taken up in the formation of sphene from magne-
tite, and Al is consumed by conversion of talc to smec-
tite. Rigorous modeling of such reactions in terms of
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Figure 15. TiO, vs. Zr. Symbols are the same as in Figure 11. Most of the CRRZ basalts have lower Zr/TiO,
ratios (~ 50) and abundances than normal MORB. Groups M and M’ are more enriched and more typical
of mid-ocean ridge basalts.
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Figure 16. Zr/Y vs. Zr. Symbols are the same as in Figure 11. Most MORB (~95%) have Zr/Y =2.5. Almost all of the Hole 504B basalts
(Groups D and D’) have ratios between 1.6 and 2.35. A few are higher: Groups M (3.35), M’ (4.00), and T (2.85). A calculated frac-
tionation trend is shown for Sample 504B-129-1, 76-81 cm (83-52): olivine followed by plagioclase, followed by clinopyroxene. None
of the groups can be related by fractionation alone, nor can the scatter within Groups D and D’ be accounted for solely by crystal frac-

tionation.

mass balance has not been attempted. However, the con-
sistent occurrence of such complementary reactions sug-
gests that most major element characteristics of the ba-
salts remain similar to those of the original composi-
tion. Variations in most trace elements and REE are not
correlative with the degree of alteration principally be-
cause clinopyroxene, the phase containing the greatest
concentration of REE and incompatible trace elements,
remains essentially pristine throughout the hole.

DISCUSSION

Whole-Rock Chemistry

In an earlier section it was demonstrated that most
Hole 504B basalts are compositionally distinct from typ-
ical Type I and I MORB (Bryan et al., 1976). In par-
ticular, they have very low Zr, Nb, Hf, LREE, and Sr
abundances; low TiO,, Na,O, and Y concentrations; and
higher than normal CaO abundances (Figs. 11-18). How-
ever, experimental evidence (Autio and Rhodes, 1981,
1983) suggests that the CRRZ basalts are saturated in
olivine, plagioclase, and often clinopyroxene. Compati-
ble element abundances (Ni, Cr, MgO, etc.) are similar
to those observed in other moderately evolved MORB
(Basaltic Volcanism Study Project, 1981). Petrographic
evidence also suggests that the CRRZ basalts are multi-
ply saturated. Thus, although these basalts are unusu-

ally depleted in magmaphile elements, they are moder-
ately evolved rather than primitive.

Basalts from Hole 504B have high CaO/Na,O ratios,
low Zr/Y ratios, and low magmaphile element abun-
dances (for their state of evolution) relative to other
MORB. They also have higher than normal liquidus tem-
peratures. These characteristics indicate that the source
for the majority of CRRZ basalts is unusually depleted
relative to other MORB. A liquid generated in a source
that has been depleted by removal of an earlier (basal-
tic?) magma will be in equilibrium with a much more
refractory residue. This liquid will have a higher mg
value and perhaps even be picritic in composition. Al-
though a few Leg 83 basalts, such as Sample 504B-129-1,
76-81 cm, have compositional characteristics (Ni = 246
ppm, Cr = 532 ppm, mg value = 0.72) similar to the
most primitive MORB described (Frey et al., 1974; Ba-
saltic Volcanism Study Project, 1981), these and other
depleted CRRZ basalts are inferred to be the product of
extensive olivine fractionation from relatively magne-
sian (picritic?) melts rather than primary magmas.

As a result of their unusually high CaO/Na,O ratios
(a reflection of their depleted source), the CRRZ basalts
are calculated to be in equilibrium with highly calcic
plagioclase compositions (up to Angg) (Drake, 1976). Mi-
croprobe analyses (Fig. 2) of groundmass plagioclase
crystals confirm these high values for the most depleted
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samples. The more calcic of these compositions are sim-
ilar to the enigmatic disequilibrium plagioclase pheno-
crysts found in most phyric MORB samples (Bryan et
al., 1976; Dungan and Rhodes, 1978; Duncan and Green,
1980). Autio and Rhodes (1981, 1983) have proposed
that depleted magmatic compositions similar to the
unusual CRRZ basalts might be a small but pervasive
component of most MORB. Mixing small amounts of
depleted, later magmas (and their entrained phenocrysts)
with more voluminous, less-depleted, earlier melts would
provide a source for the refractory plagioclases in nor-
mal MORB without greatly perturbing the magma chem-
istry. Only in areas where the earlier melts were not as
voluminous would the depleted magmas reach the sur-
face in a recognizable state (Autio and Rhodes, 1983).

As was noted earlier, Hole 504B penetrated predomi-
nantly flows and pillow lavas in the upper 550 m of the
hole (Legs 69 and 70) and an increasing number of in-
trusive units at depth (Leg 83). Despite this lithologic
change, the basalts remain similar in composition through-
out the entire length of the hole (Table 6). Application
of the two-tailed student’s z-test (99% level) to Groups
D (upper Hole 504B) and D’ (lower) shows that there
are no significant differences between the groups for
most trace elements, TiO,, Fe;03*, and MgO. However,
very small but statistically significant differences exist
for the remaining major elements and Sr (Figs 11A-D
and 22).

From the bottom of Hole 504B to the top, CaO (0.5
wt.% change), MnO (0.03%), and P,O5 (0.02%) de-
crease slightly; whereas SiO, (0.5%), Al,O; (0.6%), K,O
(0.09%), and Sr (9 ppm) increase slightly. Since most
trace elements and TiO, remain essentially constant, these
differences cannot be simply due to crystal fractiona-
tion. Phenocryst addition (Fig. 23), wall rock contami-
nation and seawater alteration are possible processes for
changing some elements slightly while leaving others con-
stant. These contamination or mixing effects will be dis-
cussed later.

PETROLOGY OF BASALTS FROM HOLE 504B

Groups M and M’ (upper and lower Hole 504B) are
both similar to Type I MORB (Bryan et al., 1976), but
they are not comagmatic. Group M’ has higher magma-
phile element abundances (TiO, = 1.58 vs. 1.36% and
Zr = 132 vs. 104 ppm), but also has higher compatible
element abundances (Ni = 134 vs. 95 ppm and Cr =
287 vs. 257 ppm). Therefore, Group M’ is not only
more enriched than Group M, it also is more primitive.

It appears from Figure 13 (Zr vs. Nb) that Group T
could be produced by mixing depleted (Group D’) and
high Nb compositions. However, further calculations in-
volving TiO,, Y, Zn, Ni, Cr, La, Sm, and V indicate
major problems with this explanation. Different La/Sm
and Zr/Nb ratios, coupled with similar Zr/Y ratios for
these two groups, preclude their being related by simple
crystal fractionation or multistage melting.

Significant differences in magmaphile element abun-
dances and ratios, coupled with similar mg values and
compatible element concentrations, indicate that the dif-
ferent chemical groups present at the CRRZ are not co-
magmatic. Although Groups D and D’ seem to form a
single group related by crystal fractionation, the scatter
observed within these groups is too large to be account-
ed for by fractional crystallization, mixing of consan-
guineous magmas, alteration, or phenocryst addition (Au-
tio and Rhodes, 1983).

The observed differences in magmaphile element ra-
tios (La/Sm, Zr/Y) and abundances can be attributed
to mantle source heterogeneity or to multistage melting
processes (Schilling, 1971; Langmuir et al., 1977; Wood,
1979; Duncan and Green, 1980). However, it is difficult
to change the ratios of highly incompatible elements
(La/Ce, La/Nb, Zr/Nb) substantially by simple or multi-
stage melting (Langmuir et al., 1977; Bougault et al.,
1979). Therefore, it appears probable that the large dif-
ferences in these ratios between Group T basalts, the
high Nb basalts from the top of Hole 504B, and the oth-
er basalt groups are a reflection of local mantle hetero-
geneity. The source for Group T must be enriched in Nb
and La and to a lesser degree in Zr, Ti, Mn, P, Sr, and
Ce relative to the other elements. The source for the
very high Nb basalts must be even more enriched.

The other basalt groups (D, D', M, and M") all have
similar ratios for highly incompatible elements, but var-
iable ratios for the less incompatible elements (e.g.,
Zr/Y). Such variation could be produced by multistage
melting (Autio and Rhodes, 1983) or by mantle hetero-
geneity.

Petrology

Variations in mineral chemistry reflect the unusual
CRRZ basalt chemistry. Compared to other MORB, feld-
spar compositions are more refractory (calcic), ranging
up to Angg in the groundmass (Fig. 2; Bryan et al., 1976).
Cr-spinels have generally higher mg value for a given
Cr/(Cr + Al) ratio (Fig. 10; Sigurdsson and Schilling,
1976; Basaltic Volcanism Study Project, 1981; Dick and
Bullen, in press; Natland et al., 1983), reflecting the
high mg values of these basalts. Clinopyroxenes exhibit
relatively minor enrichment in Ti compared to other
MORB (Fig. 4B; Dungan and Rhodes, 1978; Ayuso et
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Figure 19. (Continued).

al., 1976). Although the depletion of these phases in
magmaphile elements and enrichment in refractory ele-
ments is indicative of a more refractory source, prelimi-
nary chemical modeling and the Cr contents of the
spinels indicate that the mantle source mineralogy for
the CRRZ is that of a spinel lherzolite.

Characteristic differences in clinopyroxene mineral
chemistry indicate that parental melts for Groups M’,
T, and the two LREE-enriched D’ (Samples 504B-90-4,
49-53 ¢cm and 504B-141-1, 16-20 cm) may be generated
in portions of the mantle distinct from the source of

Groups D and D’. Clinopyroxene “others” components
for these groups exhibit an early enrichment in NaM2,
followed by an increase in AIIV at the expense of NaM2.
This in turn is followed by an increase in Ti at the ex-
pense of AIIV (Fig. 4B). This trend is not present in
most Group D’ basalts. It is, however, similar to that
seen in clinopyroxenes from alkalic basalts, where it has
been attributed to crystallization at progressively shal-
lower depths (Wass, 1979; Kempton, unpublished data).
Thus, Groups M', T, and the LREE-enriched Group D'
parental melts may have originated at greater depths, or
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Figure 20. (A) Photomicrograph of olivine partially altered to talc, smectite, and magnetite. Sm = smectite, Ol = olivine. Sample
504B-73-1, 126-130 cm. Uncrossed polars. (B) Photomicrograph of olivine pseudomorph. Notice concentric arrangement of talc
and smectite alteration. Smectite has formed after talc. Sample 504B-137-1, 11-16 cm. Uncrossed polars. (C) Photomicrograph of
olivine pseudomorph exhibiting concentric arrangement of secondary phases. The dark brown smectite in the core formed directly
from olivine. The pale brown smectite formed after talc. (The white areas in the smectite core result from plucking during polish-
ing. Sample 504B-137-1, 11-16 cm. Uncrossed polars. (D) BEI photo of small, groundmass olivine pseudomorph. Secondary min-
erals include (in increasing BEI intensity): talc (Tlc), smectite (Sm), chlorite (Chl), and actinolite (Act). P1 = plagioclase and Cpx
= clinopyroxene. Sample 504B-137-1, 11-16 cm. (E) Photomicrograph of alteration of plagioclase to chlorite along fractures. In-
terstitial areas are altered to chlorite + actinolite. Sample 504B-90-4, 49-53 cm. Uncrossed polars. (F) BEI photo of plagioclase
alteration to chlorite along fractures (Chl), and patchy replacement by albite (Ab) and a zeolite (Zeo), epistilbite. Sample 504B-
90-4, 49-53 cm.
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Figure 21. Wt.% Al,0; vs. Mg/(Mg + Fe) in secondary phyllosilicates from Hole 504B,
Leg 83. Symbols: A, chlorite; D, interstitial smectite; @, smectite formed directly
from olivine; O, smectite formed from talc; M, talc; @, olivine analyzed in Sample
504B-73-1, 126-130 cm. Smectites plotting with less than 0.5 wt.% Al,O; are from
Sample 504B-73-1, 126-130 cm, in which plagioclase is unaltered. Identification of
talc vs. smectite is based on optical properties, percent silica greater than 60% in talc,
and percent H,O less than 6.5%.

Table 9. Microprobe analyses of alteration minerals, Leg 83.

1) (2) 3) ) (5) 6) (7 (3)

83-632  83-63 83-63 83-63 83-4 83-6 83-6 83-18
SiOy 42.62 60.45 52.49 40.58 52.45 62.81 30.45 57.53
TiOy 0.04 0.00 0.00 0.04 0.00 0.00 0.01 0.01
Al»O3 9.71 3.07 5.61 10.84 0.10 0.31 15.12 18.33
FeO 15.66 3.59 9.55 16.58 8.30 3.89 22.70 0.12
MnO 0.08 0.05 0.00 0.07 0.10 0.06 0.15 —
MgO 15:71 25.75 22.29 18.88 25.79 27.96 18.38 0.01
CaO 2.16 0.01 1.13 2.24 0.64 0.07 0.16 9.16
NiO 0.41 0.14 0.18 0.20 0.24 0.29 0.04 —
NayO 0.08 0.06 0.06 0.13 0.09 0.07 0.04 0.31
K70 0.30 0.04 0.04 0.18 0.08 0.04 0.03 0.03
Total 86.77 95.16 91.34 89.72 87.79 95.50 87.09 85.50

Cations calculated on the basis of 22 oxygens for 1-6, 28 (O) for 7, 16 (O) for 8

Si 6.601 7977 7.326 6.142 7.611 8.057 6.334 5.835
Ti 0.004 0.000 0.000 0.004 0.000 0.000 0.000 0.001
Al 1.768 0.464 0.921 1.932 0.017 0.045 3.708 2.191
Fe 2.028 0.385 1.114 2.096 0.005 0.414 3.952 0.010
Mn 0.009 0.003 0.000 0.009 0.008 0.003 0.024 —
Mg 3.628 5.319 4.636 4.254 5.580 5.346 5.699 0.001
Ca 0.354 0.000 0.167 0.359 0.098 0.007 0.030 0.995
Ni 0.050 0.011 0.016 0.022 0.025 0.026 0.006 —
Na 0.023 0.015 0.012 0.035 0.021 0.015 0.012 0.061
K 0.059 0.003 0.004 0.031 0.013 0.003 0.006 0.003
Total 14.524 13.979 14.197 14.883 14.377 13.917 19.771 9.097
Mg/Mg + FeTOT 0641 0932 0806 0.669 0.847 0928  0.591

Note: Numbers that follow are core-section, centimeter ranges of samples from Hole 504B. (1) 137-1,
11-16 cm: saponite formed directly from olivine. (2) 137-1, 11-16 cm: talc formed from olivine.
(3) 137-1, 11-16 cm; smectite formed from talc. (4) 137-1, 11-16 cm: interstitial smectite. (5)
73-1, 126-130 cm: low Al smectite formed from talc in relatively unaltered basalt. (6) 113-1, 129-
133 cm: talc formed from olivine. (7) 113-1, 129-133 cm: interstitial chlorite. (8) 90-94, 49-53
cm: epistilbite replacing plagioclase.

2 Sample identification number.
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begun crystallizing at greater depths than other basalts
from Hole 504B (Irving, 1980; Elthon et al., 1982;
Natland et al., 1983).

Based on spinel compositions from Mid-Atlantic Ridge
basalts, Sigurdsson and Schilling (1976) proposed that
two spirtel fields, magnesiochromites and chromian spi-
nels, resulted from crystallization under different pres-
sure regimes. The low Cr/(Cr + Al) aluminous spinels
are presumed to be of higher pressure origin than the
higher Cr/(Cr + Al) magnesiochromites. Natland et al.
(1983) adopted this hypothesis for spinels from the up-
per portion of Hole 504B and suggested that the alu-
minous spinels were injected into the magma chamber
beneath the Costa Rica Rift along with the high-Ca pla-
gioclase and high-Cr clinopyroxene megacrysts. Subse-
quently, higher Cr, lower Mg spinels formed at lower
pressure in the magma chamber. However, no clear ex-
perimental data are available (Dickey and Yoder, 1972;
Huebner et al., 1976; Fujii, 1977) to substantiate that
such compositional changes occur as a function of pres-
sure.

Furthermore, compositional zonation in several sub-
hedral spinels attached to olivine pseudomorphs in dike
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margin Sample 504B-111-1, 84-86 cm (Fig. 24) encom-
passes the entire range of observed Cr/(Cr + Al) (0.478-
0.268). More importantly, the trend from core to rim is
one of decreasing Cr/(Cr + Al) and increasing Mg/(Mg
+ Fe2*). MgO increases from 16.8 (core) to 19.3 wt.%
(rim) (Fig. 10 and Table 4). This zonation is opposite of
that expected for the crystallization sequence proposed
by Natland et al. (1983) and difficult to produce if pres-
sure is the principal controlling factor on composition.
Experimental studies by Hill and Roeder (1976) and by
Fisk and Bence (1979) find that the composition of spinel
is highly sensitive to temperature and oxygen fugacity.
High Cr/(Cr + Al) magnesiochromite is the liquidus
phase between 1230-1250°C and log fy, = —9 in FA-
MOUS basalt glass 527-1-1 (Fisk and Bence, 1979). At
lower temperatures (1200°C) and log f, = —8.5, anin-
termediate Cr, higher Al-spinel co-crystallized with Fogg
olivine. These experiments, however, did not synthesize
spinels analogous in composition to the low-Cr, high-Al
chromian spinels observed in Leg 83 basalts.

The mineralogy of the co-crystallizing phases can al-
so provide a significant control on the spinel composi-
tion (Furuta and Tokuyama, 1983). Crystallization of
plagioclase competes for Al and results in a higher Cr/
(Cr + Al ratio in spinel, whereas crystallization of oli-
vine competes for Mg and results in lower spinel Mg/
(Mg + Fe) values. In Hole 504B, those spinels enclosed
in plagioclase or olivine record crystallization in compe-
tition with plagioclase, the Cr/(Cr + Al) ratio increas-
ing principally by loss of Al to plagioclase. Crystalliza-
tion of those spinels found in chilled margins would
have ceased prior to extensive plagioclase crystallization
so that competition for Al was not significant. Thus,
Fe3+ and Al increase in these spinels with decreasing
temperature, while Cr is depleted slightly by crystalliza-
tion of the spinel itself.

Petrographic analysis of intrusive chilled margins from
Hole 504B documents the common incorporation of
wall rock material into dikes (Kempton, this volume).
Partially resorbed plagioclase plus clinopyroxene aggre-
gates present in these basalts have chemical composi-
tions and subophitic textures similar to some massive
units and dikes. Such xenoliths could originate by plucking
of crystals from the conduit walls as magmas ascend to
the surface. Alternatively, the xenoliths may be frag-
ments of cumulates that fractionated from earlier mag-
mas in the magma chamber and were accidentally incor-
porated upon eruption. Analogous to phenocryst ac-
cumulation, addition of such xenoliths and xenocrysts
is one mechanism for changing some elements slightly
while leaving others constant (Fig. 23). Discrete xeno-
crysts, however, are also consistent with an origin by
magma mixing. Periodic mixing of magmas from small,
isolated chambers or repeated injection of magmas into
a fractionating magma chamber are possible alterna-
tives. The variations in plagioclase phenocryst and xeno-
cryst composition indicate that a single mixing event is
inadequate to explain the data (Figs. 9A-E). Yet, whole-
rock compositional data are inconsistent with several
times repeated magma mixing events. We, therefore, be-
lieve that xenocrysts and xenoliths in Hole 504B basalts
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diluted. Ratios of major elements tend to be more constant (Ca0/Al,0,), but analogous variations are apparent (FeO*/

MgO).

are not disequilibrium phenocrysts or glomerocrysts pro-
duced by magma mixing, but are fragments of crystal-

lized basalt plucked from conduit or magma chamber
walls.

CONCLUSIONS

1. Basalts from Hole 504B (Leg 83) occur as three
distinct chemical groups. The majority of the basalts
(Group D’) are extremely depleted in all magmaphile el-
ements, particularly the incompatible ones. No signifi-
cant differences exist between Groups D (upper portion
of Hole 504B; Autio and Rhodes, 1983) and D’ (lower
portion of Hole 504B) for most trace elements, TiO,,
Fe,0;, MgO. Groups M’ and T occur only rarely. Group
T is strongly depleted in all magmaphile elements (Zr,
Ti, and Y, etc.) except the highly incompatible ones (Nb,
La, etc.). Group M’ has moderate concentrations of
both moderately and highly incompatible elements; it is
similar to Group M from the upper portion of Hole
504B and to Type I MORB (Bryan et al., 1976).

2. Significant differences in magmaphile element abun-
dances and ratios, coupled with similar mg values and
compatible element concentrations, indicate that the dif-
ferent chemical groups present at the CRRZ are not co-
magmatic. Although Groups D’ and D seem to form a
single group related by crystal fractionation, the scatter
observed within these groups is too large to be account-
ed for by fractional crystallization, magma mixing, al-
teration, or phenocryst addition. The observed differ-
ences in magmaphile element ratios (La/Sm, Zr/Y) and
abundances can be attributed to mantle source hetero-
geneity or to multistage melting processes.

3. A decrease in Sr and K,O with depth over the en-
tire length of Hole 504B (Legs 69, 70, and 83) suggests a
decreasing interaction between basalt and seawater with
depth. The restricted range of K,O concentrations in
Leg 83 basalts indicates that interaction with seawater is
minimal.

4. In general, secondary mineral assemblages indi-
cate that higher temperatures were attained during alter-
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Figure 24. Zoned spinel crystals associated with olivine pseudomorphs
in dike margin Sample 504B-111-1, 84-86 cm. Dark cores are high
in Cr, low in Al (magnesiochromite); light rims are high in Al, low
in Cr (chromian spinel). Uncrossed polars. (A) Width of field is
1.3 mm. (B) Width of field is 0.3 mm.

ation in the lower portion of Hole 504B (Leg 83) relative
to the upper portion (Legs 69 and 70). However, a sys-
tematic progression of alteration with depth for the in-
terval below 836 m BSF (Leg 83) is not apparent. Rath-
er, the degree of alteration appears to be a function of
the initial texture and fracture density. Variations in whole-
rock major and trace element concentrations cannot be
attributed to differences in alteration observed. Varia-
tions in secondary mineral compositions indicate that in
most cases extensive remobilization of elements has not
occurred; the major and trace element signature of these
basalts remains similar to those of the original composi-
tion.

5. Xenolithic aggregates of clinopyroxene + plagio-
clase are present in basalts from Hole 504B. Similarities
in texture and mineral composition between these xeno-
liths and many medium-grained basalts in the lower por-
tion of the hole suggest that incorporation of solid com-
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ponents, either from conduit or magma chamber walls,
is a major source of disequilibrium crystals and pro-
vides small enrichments in such elements as Ca, Mg, Ni,
Cr; €1C:

6. Xenocrystic clinopyroxenes exhibit characteristical-
ly high concentrations of Mg, Ca, and Cr relative to co-
existing phenocryst and groundmass clinopyroxenes.
Xenocrysts in Groups M’, T, and two D’ basalts also ex-
hibit distinctive zonation in clinopyroxene ‘others”
components, being first enriched in NaM2, followed by
enrichment in AllV, followed by enrichment in Ti (prin-
cipally by diminishing concentrations of Al). These trends
are similar to those seen in alkalic basalts and have been
attributed to crystallization under decreasing pressure
conditions (Wass, 1979). Rarely occurring Groups M’
and T appear to be generated in portions of the mantle
distinct from the source for Group D’, possibly at
greater depth, but Group M’ could also be generated by
complex melting in the same source region as Group D’.

7. Hole 504B plagioclase compositions are distinc-
tive in their relatively high anorthite content, up to
90 mol %. Plagioclase xenocrysts occur both more and
less calcic than plagioclase phenocrysts, but are always
lower in Mg/(Mg + Fe). The spectrum of zoning trends
oberved within and among samples indicates that a sin-
gle mixing event is inadequate to explain the composi-
tion variation in plagioclase phenocrysts and xenocrysts
in basalts from Hole 504B.

8. Hole 504B is the first reference section of oceanic
basement greater than 600 m in length (1075.5 m) (An-
derson et al., 1982) and includes the first recovered sam-
ples from the sheeted dike complex of Layer 2C in the
oceanic crust. However, compared to other mid-ocean
ridge basalts, the CRRZ basalts are unusual in composi-
tion. They are low in incompatible element abundances
but are not primitive, having undergone substantial mag-
matic evolution. If our conclusions are correct, that is,
that most basalts from Hole 504B come from a rela-
tively depleted mantle, then one might expect the thick-
ness of crustal layers in the Costa Rica Rift Zone to be
less than those of typical oceanic crust. This model could
account for the intersection of the sheeted dikes (Layer
2C) at relatively shallow depths in Hole 504B.
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