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11. ALTERATION MINERALOGY AND CHEMISTRY OF THE UPPER OCEANIC CRUST

FROM HOLE 896A, COSTA RICA RIFT!

Christine Laverne,* Abdeltif Belarouchi,? and José Honnorez*

ABSTRACT

During Leg 148, Hole 896A was drilled | km southeast of Hole 504B. One of the scientific objectives of drilling Hole 896A
was to compare the alteration features of the upper oceanic crust to those of the upper part of Hole 504 basalts, and to find evi-
dence of the possible influence of their respective geothermal contexts on these features.

In this paper, basalts sampled along the 290 m drilled into the basement of Hole 896A were studied to document the miner-
alogy, petrology, and chemistry associated with low-temperature alteration and to compare these features with the upper part of
Hole 504B, which was altered at low temperature. The methods used were optical microscopy (reflected and transmitted light),
X-ray diffraction, electron microprobe. and bulk-rock chemical analyses.

Alteration effects in Hole 896A basalts are chiefly visible as veins, as breccia cements, and as variously colored halos that
are 3 to 50 mm in thickness. No trend with depth downhole is apparent in either the alteration mineralogy and chemistry or in
the overall extent to which alteration proceeded.

A strong lithological control on the extent and style of alteration is readily apparent in the section studied. Fresh basaltic
glass is common, because of the difficult access to fluids in this amorphous material. The large number of highly oxidized
basalts contained in the massive units, compared to the discrete oxidative alteration of the pillow basalts units, is explained by
the fact that the diffusion of the fluids along grain boundaries is easier in the coarse-grained basalts composing the massive
units,

Clay minerals are the most common and abundant secondary minerals in Hole 896A basalts. Most of them are saponites.
Celadonite, celadonite-nontronite mixtures, celadonite-nontronite-saponite mixtures, and saponite-celadonite-iron oxide mix-
tures also occur commonly. These celadonite-bearing minerals are restricted to black halos, brown halos, and the internal part
of the compound red halos. Calcite and aragonite are abundant in veins. Phillipsite, chabazite, and pyrite are the least abundant
secondary minerals.

Seawaler is the main fluid involved in the formation of oxidized (red and brown) alteration halos. Alteration started with an
oxidative stage, with the replacement of olivine by iddingsite and Fe-hydroxides and the precipitation of these minerals in the
primary voids. The chemical composition of the fluid evolved while moving into the basall, leading to a reducing alteration
stage with saponite precipitation in the adjacent gray basalt. Most of the late-stage secondary minerals (zeolites and Ca-carbon-
ates) probably formed largely in response to an increase in pH, because of the consumption of H* related to the breakdown of
plagioclase.

The occurrence of celadonite-nontronite and the enrichment in K and Fe, of Hole 896A black halos imply the contribution
of Fe-rich, diluted hydrothermal fluids during their formation. We propose that the most internal zone of the compound red
halos and the brown halos represent early black halos which would have been oxidized later by seawater.

The major mineralogical and chemical features of alteration evidenced in the 310 m of basalts forming the upper pillow
alteration zone (UPAZ) of Hole 504B are similar to those observed in Hole 896A. However, the oxidizing, seawater dominated,
alteration seems to be more widespread at Site 896, suggesting higher water/rock ratios, related (o a higher primary permeabil-

ity.

INTRODUCTION

Site 896 is located at 1°13.006'N, 83°43.392'W, 202 km south of
the Costa Rica Rift, the easternmost segment of the Galapagos
Spreading Center, and 1 km southeast of the famous Hole 504B, the
deepest hole cored in the oceanic crust (Fig. 1). Assuming a half-
spreading rate of 3.6 cm/yr, Site 896 is situated in an oceanic crust
that is 28,000 years older than Hole 504B basement, which is 5.9 m.
y. old. Site 896 is situated on a local heat-flow maximum over a base-
ment topographic high (water depth: 3439.8 m). The basement topo-
graphic high is situated over the top of a tilted basement fault block,
where low-temperature hydrothermal fluids are upwelling through
most of the 179-m sediment section that was cored during Leg 111
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(Shipboard Scientific Party, 1988: Fisher et al., 1990; Shipboard Sci-
entific Party, 1993).

Hole 896A penetrated to 469 mbsf (290 m into basement). Four
types of volcanic units were identified: massive basalts (representing
38% of the cored section), pillow lavas (57%), breccias (5%), and
dikes (<1%). Because recovery averaged approximately 30%. the ac-
tual proportions of breccias, and to a lesser extent, of pillow lavas, is
probably underestimated, as in the volcanics from Hole 504B (M.
Ayadi et al., unpubl. data)..

Hole 896A rocks exhibit the effects of low-temperature (<100°C)
seafloor alteration. Background reducing alteration, characterized by
gray rocks and Mg-smectite, is pervasive. Oxidative alteration is rep-
resented by alteration halos adjacent to smectite veins and is more
pervasive in the lower section. Veins are common in Hole 896A
rocks. These veins and breccia cements are composed of Mg-smec-
tite and Ca-carbonate, Many of these are proposed to have formed by
the crack-seal mechanism, which implies relatively high fluid pore
pressures to cause hydraulic fracturing (Shipboard Scientific Party,
1993).

This paper documents the mineralogy, petrography, and bulk-
rock geochemistry associated with alteration of the basalts from Hole
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Figure 1. Location of Hole 896A. 2 = 2000 m isobath, 4 = 4000 m isobath.

896A, drilled during Leg 148, to constrain the thermal history, the
water-rock ratio, and the compositions of involved fluids. These data
are briefly compared with previous results from the upper volcanics
in Hole 504B, to provide evidence for the possible influence of the
different geological settings of these sites on the alteration processes
of the upper oceanic crust.

ANALYTICAL METHODS

Forty-eight thin sections from Hole 896A were prepared and min-
eral chemistry was obtained using the Camebax electron microprobe
of the University of Montpellier, France, equipped with wavelength
dispersive spectrometers. Well-characterized natural and synthetic
standards were used. For magmatic minerals, the following operating
conditions were used: 15-kV accelerating voltage, 15-nA specimen
current, I-mm spot size, 20-s counting time. Because of their insta-
bility under the electron beam, the following conditions were used for
secondary minerals, and particularly for zeolites: 20-kV accelerating
voltage, 10-nA specimen current, 10-um spot size, 20-s counting
time.

The identification of phyllosilicates by X-ray diffraction was per-
formed at the University of Aix-Marseille I1I. Minerals were scraped
from veins and crushed in a small agate mortar. Powders obtained
were then either studied as unoriented aggregates or deposited in a
drop of water to orient particles. Three runs were made for each pow-
der: air dried, after saturation by ethylene glycol, and after heating at
300°C for 4 hr. To determine the di- or trioctahedral nature of the
phyllosilicates, the (060) peak was identified by using quartz as an in-
ternal standard. The method of separation recommended by Alt
(1984) was used to study clay minerals occurring in small amounts in
bulk rocks.

The samples selected for bulk-rock chemical study at the Univer-
sity of Aix-Marseille Il were crushed and ground in an agate mortar,
To avoid problems because of the refractory character of some ele-
ments such as Zr, the fusion technique by lithium metaborate (LiBO,)
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was used (Germanique, 1994). Major and trace elements, except al-
kalies. were determined by inductively coupled plasma-emission
spectroscopy (Sequential Jobin-Yvon 38-111) at the University of
Aix-Marseille I1I. Alkalies were analyzed by atomic absorption.

PRIMARY MINERALOGY

Basalts recovered from Hole 896A are sparsely to highly plagio-
clase-olivine phyric tholeiites, commonly containing spinel. Cli-
nopyroxene is also present as a phenocryst in some units. To
determine chemical variations during alteration at the mineral scale
(e.g., olivine replaced by saponite) for further study, we analyzed oli-
vine, clinopyroxene, plagioclase, titanomagnetite. and Cr-spinel of
some basalts from Hole 896A (Table 1).

ALTERATION FEATURES IN HAND SPECIMEN

All of the rock pieces recovered in Hole 896A are altered to some
extent (19%—10% secondary minerals). However, fresh glass is com-
monly present on pillow rims. Alteration effects are chiefly manifest
as variously colored halos or bands, as veins, and as breccia cements.

Three types of halos, distinguished on the basis of their color, are
described by the Shipboard Scientific Party (1993). Their features are
given below, together with those of a fourth type of halo identified in
this study.

1. The compound red halos (CRH) are related to the dark green (in
hand specimens) saponite veins. From the vein walls to the inner part
of the sample, one successively observes (Fig. 2) (1) a dark red-
brown, 10-mm-thick halo (CRHA): (2) a thin (1 to 2 mm), bright red
halo (CRHB); (3) a thicker (up to 40 mm) yellowish halo (CRHC);
(4) gray, unoxidized, adjacent basalt (G adj). The contact between
CRHC and G adj is sharp and underlined by a highly oxidized band.
The red and yellow colors are caused by the occurrence of iddingsite
and Fe-oxyhydroxides. These spectacular halos are most common in
the coarser grained basalts. They are less abundant and less visible in
the fine-grained lavas.

2. The simple red halos (RH) are less common than compound
ones. They are also related to saponite veins, and are similar to
CRHC. Their thickness ranges from 3 to 10 mm. The contact with the
gray adjacent basalt (G adj) is sharp.

3. The pale brown halos (BrH) display diffuse, irregular bound-
aries and are a few millimeters thick. They were found only in the pil-
low lavas.

4. The black halos (BH) are 10 to 30 mm thick (Fig. 3). The con-
tact with the gray adjacent basalt (G adj) is sharp. Black halos were
observed in only three samples.

SECONDARY MINERAL IDENTIFICATION

The distribution of secondary minerals vs. depth is presented in
Figure 4. The clay minerals are the most abundant secondary miner-
als in the Hole 896A basalts. The other alteration products and min-
erals—goethite, other unspecified Fe-oxyhydroxides, iddingsite, Ca-
carbonates, zeolites and pyrite—occur in smaller quantities. The
identification of secondary minerals is based on optical examination,
electron microprobe analysis, and X-ray diffraction analysis.

Clay Minerals
Clay minerals commonly occur as the main vein component, as

fillings in miarolitic voids and vesicles, and as replacement of oliv-
ine, plagioclase, and glass. X-ray diffraction data of clay minerals
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Table 1. Representative olivine, clinopyroxene, plagioclase, titanomagnetite, and Cr-spinel analyses from Hole 896A.

Core, section:  28R-1 28R-1 9R-2 9R-2 10R-1 17R-3 17R-4 I18R-1 18R-1 21R-1 21R-1 23R-2  23R-2 24R-1 28R-1
Interval (em):  107-108 107-108  14-17 14-17  57-60 4345 15-20  B7-90  87-90 849 84-91 (-6 0-6 88-92 107-108
Piece no.: 18B 188 2 2 BA 4 2C 9A 9A 14 14 1A 1A 6 188
Depth (mbsf): 4409 440.9 268.2 268.2 276.9 3468 348.1 3532 3532 3737 3733 393.6 393.6 402.7 4409
Mineral: Olivine  Olivine  Plagm  Plagp  Plagp Plagm Plagp Plagm Plagp Plagm Plagp Plagm Plagp  Plagp Plag p
Analysis no.: M62 Mbd MIl1 M132 Mig6 MI110 MI152 M93 M132 M&7 M72 M30 M40 MB83 Mdd
Si0, 4047 4080 48.58 4906 4842 52,05 46.73 4848  49.06  49.37 49.85 49,64 50.03 47.77 46,72
AlLO, 0.10 0.07 31.73 3199 31.64 28.64 32.86 31.77 31.99 31.25 30.77 30.99 30.87 3333 34.14
FeO, 11.31 10.68 0.50 0.79 0,43 118 0.21 0.37 0.79 0.61 0.44 0.60 0.27 0.13 0.31
MnO 0.04 0.01 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 4785 4782 0.22 (.58 0.25 1.02 0.16 0.24 0.58 0.23 0.24 0.33 0.13 016 0.13
Ca0 0.33 0.40 16.26 15.53 16.34 13.91 17.54 16.84 15.53 15.74 15.98 15.15 15.48 17.28 17.81
Na,0 0.00 0.00 228 1.91 2,05 3.33 1.64 1.94 1.91 2.74 2.63 2,99 2.78 1.72 1.38
K.O 0.00 0.00 0.01 0.16 0.00 0.00 0.01 0.02 0.16 0.00 0.00 0.00 0.00 0.01 0.03
TiO, 0.00 (.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr0, 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 (.00 0.00
Total 100,10 99.78 99.59 100,00 99.13 100.25 99.14 100.66 100,00 99.94 99.92 99.69 99.56 10041 10051
Si 1.00 1.01 224 2.25 2.24 237 2.17 2.23 225 2.27 2.29 2.28 2.30 2.18 2.14
Al 0.00 0.00 1.72 1.73 1.72 1.54 1.BO 1.72 1.73 1.69 1.66 1.68 1.67 1.80 1.84
Fe, 0.23 0.22 0.02 0.03 0.02 0.05 0.01 0.01 0.03 0.02 0.02 0.02 0.01 0.00 0.01
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.76 1.76 0.02 0.04 0.02 0.07 0.01 0.02 0.04 0.02 0.02 0.02 0.01 0.01 0.01
Ca 0.01 0.01 0.80 0.76 0.81 0.68 0.87 0.83 0.76 0.77 0.78 0.75 0.76 0.85 0.87
Na 0.00 0.00 0.20 0.17 0.18 0.29 0.15 0.17 0.17 0.24 0.23 0.27 0.25 0.15 0.12
K 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00

Total 3.00 299 5.00 4.98 4.99 5.00 5.01 4.99 4.98 5.01 5.00 5.01 4.99 5.00 5.00
Fo 88.29 BH.B6

Fa 11.71 114

and their overall chemistry indicate that smectite is the predominant
phyllosilicate.

We distinguish seven types of clay minerals, based on their opti-
cal features. These features, together with their mode of occurrence,
relative abundances, and main chemical characteristics are summa-
rized in Table 2.

The chemical composition of the clay minerals is variable, with
variations in major oxide content distinguishing seven different types
(Figs. 5. 6; Tables 3-9), which can be gathered into two main groups
(Fig. 5). The first group is K-poor and has variable FeO/FeO + MgO
ratios, whereas the second group is K-rich and shows a relatively con-
stant (= 0.83) FeO/FeO + MgO ratio. Other compositions are mix-
tures of these two main types. The number of cations in octahedral
sites (= NBO) reported vs. K,O or MgO clearly distinguishes the var-
ious types (Fig. 7).

Types 1 (pale brown) and 2 (colorless to very pale green) clearly
have a chemical composition of saponite (high MgO, SiO,, and NBO,
low FeO,: Tables 3. 4). They plot near the saponite end member (Figs.
7A., B). Whereas type 1 phyllosilicate plots in the saponite field of
Velde’s classification, type 2 plots between the saponite and the chlo-
rite field (Fig. 8). X-ray diffraction of the clay minerals composing
veins, where enough material is available, shows only the occurrence
of trioctahedral smectite.

Types 3 (bright green), 4 (dark green), and 5 (yellow green) con-
tain high concentrations of K,O (Tables 5-7).

Types 3 and 4 have relatively similar chemical compositions, with
K,0, Al,0;, and FeO, ranging from 5% to 8%, 1% to 4%, and 23% to
26%, respectively. Both types are thought to be mixtures of celado-
nite and nontronite (Fig. 7B). whereas type 5 is probably a mixture of
celadonite-nontronite and saponite, as suggested by the lower K,O
(2% to 4%), higher Al,O; (3% to 6%), and higher MgO (4% to 15%;
Fig. 7A). The wide range of composition of the type 5 phyllosilicate
is in agreement with the idea of a mixture. These three types are also
well distinguished in Velde’s classification (Fig. 8).

Type 6 (blue-green) occurs as fibers or well-crystallized aggre-
gates intergrown with saponite, in the groundmass, and has been ob-
served only in coarse-grained basalts from massive flows. In plane
light, it is blue-green and pleochroic. It exhibits a dark blue abnormal
interference color, or a yellowish, first-order color. It is distinguished

by the highest ALO; (7%-9%) and lowest SiO, (33%—40%) of all
phyllosilicates from Hole 896A, and is probably a mixed-layer chlo-
rite-saponite (Table 8: Figs. 8, 9). The percentage (X) of pure chlorite
in this mixed-layer was calculated using Wise’s method described in
Bettison and Schiffman (1988) and Bevins et al. (1991). Structural
formulas and corresponding X values are presented in Table 8. X
ranges from 0.6 to 0.8, indicating a relatively high proportion of chlo-
rite layers. The importance of the chloritic component in type 6 phyl-
losilicates is also evidenced in the Robinson et al.’s (1993) diagram
(Fig. 9). Type 7 (orange yellow) has a composition of Fe-rich sapo-
nite or mixture of saponite and Fe-oxides (Table 9: Fig. 7).

Fe-hydroxides and Mixtures of Fe-hydroxides
and Clay Minerals (Iddingsites)

Mixtures of Fe-hydroxides and clay minerals have been named
type 8. They are represented by subtypes 8a and 8b. Subtype 8a is
presumably a complex mixture of saponite, celadonite and iron oxy-
hydroxides (Table 10; Figs. 8, 9). Subtype 8b does not contain much
K,0 (<1.5%) and has variable but high FeO, content (24%—72%; Ta-
ble 10). These heterogeneous compositions are typical of mixtures of
Fe oxy-hydroxides and saponite. Pure goethite has also been identi-
fied optically.

As a conclusion, most phyllosilicates from Hole 896A are sapo-
nites. Common celadonite, celadonite-nontronite mixtures, celado-
nite-nontronite-saponite mixtures, and saponite-celadonite-iron
oxides mixtures also occur. These four types of celadonite-bearing
minerals are probably similar to the “celadonites” described by An-
drews (1977) in Leg 37 basalts, to the protoceladonites mentioned by
Mével (1979) and Donnelly et al. (1979) in the Legs 51-53 basalts,
to the “mixtures or interlayered minerals of varying proportions of sa-
ponite with Fe-mica” studied by Bohlke et al. (1980) in basalts from
Hole 396B, and to the celadonite occurring in the upper part (UPAZ)
of Hole 504B (Honnorez et al., 1983).

Calcium Carbonates

Calcite and aragonite were optically distinguished from one an-
other by their conoscopic figure or by the extinction angle. X-ray dif-
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Table 1 (continued).

Core, section:  2IR-| 21R-1 2IR-2 23R-2 23R-2 Core, section:  17R-4 23R-2 24R-1 25R-3 17R-3 24R-1
Interval (em): 8491 84-91 33-38 0-6 0-6 Interval (em):  15-20 0-6 BR-89  30-34 4345  BE-92
Piece no.: 14 14 4 1A 1A Piece no.: 2C 1A 6 5 4 6
Depth (mbsf): ~ 373.7 3737 374.80 393.6 393.6 Depth (mbsf): 393.6 402.7 4144 346.8 402.7
Mineral: Cr-spin =~ Cr-spin  Cr-spin  Cr-spin  Cr-spin Mineral: Cpxm  Cpxm Cpxp Cpxm Ti-mag Ti-mag
Analysis no.: M23 M38 MI135 MS56 M57 Analysis no.: ~ MI159 M52 MI119 M9 M55 MI163
Si0, 0.26 0.31 0.29 0.22 0.21 510, 49,83 50,06 51.77 49.25 0.37 043
ALOY, 35.89 22.71 26,30 27.41 29.24 AlLO, 4.33 4.97 2.85 3.97 2.86 1.28
FeO), 16.18 17.29 18.07 17.27 17.51 Fe), 9.64 11.94 8.12 14.97 75.36 71.05
MnO 0.24 017 0.21 0.29 0.21 MnO 0,02 0.30 0.29 0.33 0.53 0.94
MgO 16.49 14.22 15.22 14.54 14,95 MgO 1591 13.87 16.69 10.08 1.40 0.27
CaO 0.12 0.06 0.00 0.08 0.08 CaO 18.93 19.03 19.55 18.37 0.09 0.00
Nu,O 0.00 0.00 (.00 0.00 0.00 Na.O 0.21 0.26 0.26 0.34 0.02 0,00
K.O 0.02 0.01 (L00 0.00 0,00 K.O 0,00 0,00 0,00 0.01 0,04 0.00
TiO. 0.30 0.50 0.54 0.26 0.26 TiO, 0.35 0.54 (.44 1.82 12,73 20.29
Cr.0, 3047 43.16 38.31 39.66 36.77 Cr.0, 1.46 0.03 0.11 0.00 0.03 0.00
Total 99.97 99.44 98.94 99.73 99.24 Total 100.68 10099 100,07 99.14 93,41 94.24
Si 0.06 0.08 0.07 0.05 0.05 Si 1.83 1.85 1.90 1.90 0.39 0.37
Al 974 6.66 7.55 7.79 8.27 Al 0.17 0.15 0.10 0.10 364 1.31
Fe, 312 3.60 3.68 348 3.52 Alv 0,02 0.07 0.03 0.09
Mn 0.05 0.04 0.04 0.06 0.04 Fe 0.19 0.30 0.19 0.48 0.90 0.73
Mg 5.66 5.27 553 5.22 5.35 Fe 010 0.07 0.07 0.00 0.81 0.65
Ca 0.03 0.02 0.00 0.02 0.02 Mn 0.00 0.01 0.01 0.0 048 0.69
Na 0.00 (L0 0.00 0.00 0.00 Mg 0.87 0.77 0.91 0.58 2.26 0.34
K 0.01 0.00 0.00 0.00 .00 Ca 0.75 0.75 0.77 0.76 o0 0.00
Ti 0.05 0.00 0.10 0.05 0,05 Na 0.02 0.02 0.02 0.03 0.04 0.00
Cr 5.55 8.49 7.38 7.56 6.98 K 0.00 000 0.00 0.00 0.05 0.00
Total 24.25 2425 24.36 2423 2428 Ti 0.01 0.02 0.01 0.05 10.35 13.28
Cr 0.04 0.00 0.00 0.00 0.02 0.00
Total 4.00 4.00 4.00 4.00 19.06 17.37
Fo Wo 41.14 41.22 40.99 39.94 35.80 59.99
Fa En 48.10 41.79 48.68 30.49 42.11 61.84
Fs 10.76 16.99 10.33 29.58

Note: Formulas are calculated on the basis of 4 oxygens for olivine, 6 oxygens for clinopyroxene, 8 oxygens for plagioclase, 32 oxygens Tor titanomagnetite and Cr-spinel. Plag m =
plagioclase microcrystal, Plag p = plagioclase phenocrystal, Ti-mag = titanomagnetite, Cr-spin = chromium spinel, Cpx m = clinopyroxene microcrystal, and Cpx p = clinopyrox-

ene phenoerystal,

1cm|

Figure 2. Sketch of the various zones of a compound red halo, Sample 148-
896A-17R-3, 4349 cm. Piece 5B. CRHA = dark red-brown halo, CRHB =
bright red halo, CRHC = yellowish halo, G adj = gray adjacent basalt, vein =
saponite and Ca-carbonate vein.

fraction was also used to distinguish calcite from aragonite. Analyzed
Ca-carbonates are pure, except one MgO-bearing calcite (2.3%
MgO) filling a vesicle (Table 11).

Zeolites

Phillipsite (Table 12) occurs as colorless prisms in veins and as fi-
broradiating crystals in hyaloclastites and pillow breccias. Some of
the analyzed phillipsites are Ca-rich. which is exceptional for oceanic
phillipsites. The occurrence of analcite and natrolite, which were ten-
tatively identified during Leg 148, could not be confirmed in this
study.
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Figure 3. Sketch of a black halo (BH) and its gray adjacent basalt (G adj),
Sample 148-896A-17R-3, 43-49 cm, Piece 4. F = open fracture.

A massive zeolite has been observed as glass replacement near fi-
brous saponite and brown isotropic palagonite in Sample 148-896A-
28R-1, 107-108 cm (Piece 18B). which has the composition of cha-
bazite (Table 12). Nevertheless. this identification could not be con-
firmed by XRD because of the small amount of material present.

Pyrite

Pyrite occurs in vesicles and veinlets, with saponite (types | and
2). Chalcopyrite containing exsolutions of sphalerite has been identi-
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Figure 4. Diagram showing the occurrence of alteration minerals with depth
in Hole 896A. on the basis of this study and shipboard thin-section and X-ray
diffraction studies.

fied in two samples (Samples 148-896A-21R-2, 66-69 cm, Piece §;
and 24R-1, 8B8-92 cm, Piece 6).

REPLACEMENT OF GLASS

Fresh glass has been recovered frequently from Hole 896A and
rims the pillow lavas. The glassy pillow rims are commonly criss-
crossed by thin veinlets (0.01 to 3 mm), along which the glass is re-
placed by a brownish fibropalagonite or saponite.

ALTERATION MINERALOGY OF UPPER OCEANIC CRUST. HOLE 896A

Although the purpose of this paper does not include the study of
hyaloclastites and breccias, some analyses of glass and palagonite re-
placing glass have been made (Table 13). None of the “palagonite”
analyses correspond to a pure mineral. All are mixtures of saponite,
zeolite and sometimes glass. The replacement of glass by “palago-
nite” involves a CaO and SiO, decrease and a MgO increase (Fig. 10;
Table 13).

REPLACEMENT OF MAGMATIC MINERALS
AND PRIMARY VOID FILLING

The four transparent magmatic minerals (i.e., olivine, plagioclase,
clinopyroxene and Cr-spinel) are variously affected by alteration. Cr-
spinel is always fresh. Olivine is the magmatic mineral which is the
most sensitive to alteration in oceanic basalts. In Hole 896A basalts,
olivine is partly or completely replaced by saponite (types 1. 2) in the
gray basalt adjacent to alteration halos, whereas it is partly or com-
pletely replaced by iddingsite (type 8) at the rim and one or several
types of clay minerals (i.e., celadonitic minerals and saponite) in the
cores (Fig. 11) in the various oxidized halos (RH., CRH. and BrH) and
black halos (Tables 14-17). The more common relationship between
oxidation and olivine breakdown is the situation in which relict cores
of fresh olivine are present within the gray adjacent basalt, and that
olivine within the oxidized halos is completely replaced by iddingsite
and rarely aragonite.

Plagioclase is generally fresh. However. when in contact with sa-
ponite veins, plagioclase is slightly to intensively altered to saponite
(types 1. 2).

Clinopyroxene phenocrysts and microphenocrysts are not visibly
altered. Clinopyroxene plumoses occurring in the groundmass of
fine-grained basalts are commonly replaced (or stained?) by Fe-
oxyhydroxides in alteration halos (Tables 14-16).

All the titanomagnetite is apparently replaced by titano-
maghemite, but the small size of the opaque grains makes this deter-
mination remain questionable (Honnorez et al., this volume).

The fillings of vesicles, vugs, and miarolitic voids are commonly
zoned, with iddingsite nearest the void walls in alteration halos (Ta-
bles 14—17). In the gray adjacent basalt, these primary voids are filled
with saponite + Ca-carbonates.

MINERALOGICAL COMPOSITION
OF THE ALTERATION HALOS

The secondary minerals occurring in the various types of alter-
ation halos are summarized in Tables 1417 together with their
modes of occurrence. The gray basalt adjacent to any type of alter-
ation halo is characterized by the presence of saponite and the lack of
K- and Fe**-rich minerals. However, all the variously colored alter-
ation halos contain iddingsite and saponite. Brown halos, black halos,
and Zone A of composite red halos are characterized by the presence
of celadonitic minerals. together with iddingsite and saponite.

VEINS

The mineralogical composition and crosscutting relationships of
veins are studied in detail by Tartarotti et al. (this volume). A brief
summary of our own observations is given below. The temporal dep-
ositional sequence of secondary minerals in open fractures from
many samples was probably as follows: (1) iddingsite (types 8a and
8b) and/or celadonitic minerals (type 4): (2) pale green saponite (type
2); and (3) carbonates. When phillipsite is present, the following se-
quence is observed: (1) celadonitic minerals (types 3,4, 57): (2) phil-
lipsite; (3) pale brown saponite (type 2): (4) calcite; and (5) calcite or
aragonite. Alternatively, the following sequence has been found: (1)
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Type

Table 2. Main characteristics of phyllosilicates from Hole 896A.

Color with crossed
polars

I (pale brown)

2 ivery pale green)

3 (bright green)

4 (dark green)

3 (yellow green)

6 (blue green)

T (orange yellow)
8a (orange yellow)

8b (orange to red)

Shupe Pleochroism
Fibers or Nonexistent
granules
Fibers Nonexistent
or slight
Small Medium
slubs
Small Nonexistent
fibers
Radiating  Nonexistent
fibers
Slabs Medium to
strong
Small Nonexistent
fibers
Small Nonexistent
fibers
Granules Nonexistent

Gray (first order)

Gray to orange
(first order)

Second order

Abnormal dark
green

Abnormal yellow
green

Abnormal bluish
ray

Abnormal orange

Abnormal brown

Abnormal brown

Dominant chemical

Plagioclase,

rim, vein

Mode of occurrence Type of rock  Abundance feature Mineral

Olivine, vesicle, All types Very High MgO, low  Saponite
vein, interstitial common FeO,

All types Very High MgO, low  Saponite

olivine, vesicle, common FeO,
vein, interstitial

Olivine rim, vesicle  CRHA, BH, Rare High K.O, med Celadonite

BrH FeO,

Olivine rim, vesicle, CRHA, BH, Common Med K.O, med Celadonite or mixture
interstitial. vein BrH FeQ), celadonite-saponite

{Olivine), vesicle. BrH. CRHA. Conmmaon Med K.O, med Celadonite-saponite or
interstitial. vein BH FeO, celadonite-nontronite mixture

Vesicle, interstitial ~ RH, CRHB, Rare Low 5i0,, high Interlayered chlorite-smectite

CRHC ALO,

Olivine rim, vesicle, CRHB. CRHC  Common High FeQ, low Fe-saponite or mixture saponite-
interstitial K.O Fe oxide

Olivine rim, vesicle, CRHB Common Very high FeO,,  Iddingsite containing much
interstitial, vein med K.O celadonite

Olivine rim, vesicle, CRHA, CRHB, Common Very high FeO,.  lddingsite containing few
interstitial, vein CRHC low K.O celadonite

Notes: BH = black halo, BrH = brown halo, RH = simple red halo. CRHA = Zone A of composite red halo. CRHB = Zone B of composite red halo. and CRHC = Zone C of composite

red halo.
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Figure 5. K.O content vs. FeO/FeO, + MgO ratio of clay minerals and
iddingsite from Hole 896A. Types are described in the text and Table 2.
Solid line = field of K.O-poor and variable FeO/FeO, + MgO ratio phyllosil-
icates (trioctahedral smectites, sensu lato): dotted line = field of K,O-rich and
constant FeO/FeO, + MgO ratio phyllosilicates (celadonite-bearing miner-
als): dashed line = field of mixtures between the two types of phyllosilicates
mentioned.

iddingsite: (2) celadonitic minerals: (3) saponite (types 1 or 2); (3)
phillipsite: (4) carbonates. In some other samples, the pale green sa-
ponite can be interpreted either as earlier or later than calcite. Several
generations of saponite probably occur, but this must be confirmed
by a more detailed study of veins, hyaloclastites and breccias.

BULK-ROCK GEOCHEMISTRY

To document the changes in bulk-rock chemistry which took
place during seawater-basalt interactions, we performed 42 chemical
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Figure 6. FeO, content vs. Si0O, content of clay minerals and iddingsite from
Hole 896A (symbaols as in Fig. 5).

analyses of basalts from Hole 896A. The various types of alteration
halos from 15 samples were separated by sawing the halos off the
rock sample. Six pairs, seven triplets, and two quadruplets were ana-
lyzed. In compound red halos, the thin halo CRHB could not always
be separated from adjacent halos CRHA and CRHC. Furthermore,
the freshest, unoxidized, gray part (G adj) of these halos was com-
monly missing. Major and traces elements were analyzed in each part
(Table 18).

The average composition of 158 electron microprobe analyses of
fresh glass riming pillows from Hole 896A (Fisk et al., this volume)
and the analysis of glass of this study (Table 12) has been compared
to both alteration halos and gray adjacent basalts.

Basalts recovered in Hole 896A are oxidized to various extents,
as seen in Figure 12,

In the compound red halos, the oxidation ratio (= Fe,0,/Fe,0; +
FeO) and Fe,0,, content decrease from the halo in contact with the



ALTERATION MINERALOGY OF UPPER OCEANIC CRUST, HOLE 896A

Table 3. Representative analysis of type 1 phyllosilicate (saponite), Hole 896A.

25R-3 28R-1 28R-I

Core, section: 4R-1  17R-3  17R-3  I7R-3 17R-3 17R-3 24R-1 24R-1 24R-1 24R-1 25R-3 25R-3 25R-3 25R-3 25R-3

Interval (em): 3744 43-45  43-45 4345 43-45 4345 8892 8892 8§-92 30-34  30-34 30-34 30-34 30-34 30-34 107-108107-108
Piece no.: 8 4 4 4 4 4 6 6 6 6 5 5 5 5 5 5 18B 188
Depth (mbsf):  219.3  346.8 3468 3468 3468 3468 4027 4027 4027 4027 4144 4144 4144 4144 4144 4144 4409 4409
Rocktype:  Gadj BH  BH Gadji Gadj Gadj Gadj Gadj Guadj CRHB,C CRHA CRHA CRHA CRHA CRHA CRHA Glass Glass
Occurrence:  Vesc  Olive Olive Olivt Olivt  Olivt  Inter  Inter Olivt  Olivt  Glass Glass  Glass  Glass  Glass  Vesicle Vein  Vein
Analysisno..  MI06 M50 M52 M76 M77 MBI  MI47 MI48 MIST  MI66  MB0  MS§] MES  MB6  MET M99 M7T  MT8
5i0, 4731 4740 4795 4723 4690 4752 4110 4075 4037 5024 5236 4859 4583 4320 3935 4757 4093 4204
AlLLO, 6.28 4.55 4.49 5.88 4.82 4.74 7.91 7.86 8.03 1.96 3.63 5.49 6.10 5.19 5.37 582 1615 17.92
FeO, 10.67 7.05 7.61 8.54 8.35 B.10 10.81  10.39 9.93 6.97 2.59 3.58 1473 1685 2079 9.35 11.00 9.01
MnO 000 000 008 (.05 0.18 0.06 0.37 0.00 0.00  0.00 0.00 (.03 .25 0.02 0.00 000 000 0.26
MgO 1892 2439 2396 1946 2192 2342 2374 2438 2576 2263 2562 2513 1547 1635 1599 1942 1410 1318
Ca0 1.23 0.88 0.84 1.47 1.02 0.95 0.78 0.70 194 054 0.85 1.07 1.34 1.43 1.85 1.40 2.67 3.06
Na.O 0.87 0.94 0.85 0.83 0.90 0.79 0.23 0.19 029 020 0.14 1.04 0.52 0.53 0.75 0.72 0.18 0.09
K.O 0.89  0.22 020 040 008 0.08 0.15 0.11 0.11 0.24 0.19 0.21 247 2.59 142 065 0.30 0.26
1o, 000 0.00 0.00 0.52 0.07 010 000 000 000 0.00 0.00 0.00 001 0.00 000 000 0.13 0.07
Cr.0, 000 0.00 0.00 .01 0.00 000 000 000 000 0.00 0.00 000 000 000 0.00 000 000 0.49
Total 8516 8542 8604 8437 8424 8577 8510 8437 8642 8278 8539 8514 8671 8616 8552 B84.62 8547 86.16
Si 3.58 3.55 3.57 3.60 3.58 3.55 3.18 317 3.08 3.83 an 3.57 356 345 3.25 1.63 3.13 3.15
AlY 0.56 040 0.39 (.53 0.43 042 072 0.72 0.72 0.18 0.31 0.48 0.56 049 052 0.52 1.45 1.56
AlM 0.00  0.00 0.00 0.00  0.00 0.00 000 000 0.00  0.00 000 000 000 000 0.00  0.00 0.00  0.00
Al .56 040 0.39 0.53 043 0.42 0.72 0.72 0.72 0.18 0.31 048 056 049 0.52 0.52 1.45 1.56
Fe, 0.67 0.44 0.47 0.54  0.53 0.51 070 068 0.63 0.44 0.16 0.22 0.96 113 1.44 0.60 0.70 0.56
Mn 0.00 000 0.01 0.00 001 0.00 002 0.00 0.00 0.00 0.00 0.00 002 0.00 0.00  0.00 0.00 0.02
Mg 2.13 2.72 2.66 2.21 249 2.61 274 2.83 2593 2.57 2.75 2.75 1.79 1.95 1.97 217 1.61 1.47
Ca 010 007 0.07 0.12 0.08 008 006 006 0.16 0.04 0.07 0.08 0.11 0.12 016 0.11 0.22 0.25
Na 0.13 0.14 0.12 012 0.13 0.11 004 0.03 0.04 0.03 0.02 0.15 0.08 0.08 0.12 011 0.03 0.01
K 0.09 0.02 002 0.04 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.25 026 0.15 0.06 0.03 0.02
Ti 0.00  0.00 0.00 003 0.00 0,01 0.00  0.00 0.00  0.00 000 000 000 000 000 000 0.01 0.00
Cr oo 0.00 0.00 0,00  0.00 0.00 000 000 000 000 0.00 0.00 000 000 000 000 0.00 003
Total 7.25 7.33 7.31 7.19 .27 1.29 748 7.49 7.58 7.11 7.09 7.27 7.32 748 7.62 7.20 7.7 7.07

Notes: Formulas are calculated on the basis of 22 oxygens. G adj = gray rock adjacent to alteration halo, BH = black halo, BrH = brown halo, RH = simple red halo, CHRA = Zone A
of composite red halo, CRHB = Zone B of composite red halo, CRHC = Zone C of composite red halo, CRHD = Zone D of composite red halo, Ves ¢ = vesicle core, Vesicle = the
whole vesicle, Oliv ¢ = alivine core replacement, Oliv t = the whole olivine crystal, and Inter = interstitial.

vein (CRHA) to the gray inner rock (G adj). The H,O* content gen-
erally follows this trend. The opposite trend which is sometimes ob-
served may be ascribed to analytical reasons. The amount of rock
powder used was sometimes too small to produce reliable H,O* con-
tent measurements,

The Fe,O;, contents of the three parts of these compound halos are
higher than in the gray adjacent basalt, and fall in the range of com-
position of fresh glass. Three of the gray adjacent parts that we ana-
lyzed have less Fe,0; than the fresh glass. SiO, and CaO contents
generally decrease regularly from the gray adjacent basalt to CRHA,
whereas no systematic variations of the MgO and Al,O, contents are
observed.

The most spectacular effect of alteration is the K,O enrichment
(up to 0.2 wt% K,0) of Zone CRHA with respect to the other parts of
the same samples: 0.04% to 0.10% in CRHB and CRHC, and 0.03%
to 0.05% in the gray adjacent part (Fig. 12). Rb generally follows
K,O variations.The high K,O content of CRHA is related to the oc-
currence of celadonitic minerals (Table 4). The gray adjacent basalt
is only slightly K,O-richer than fresh glass.

The simple halos (red, brown, black) are always more oxidized,
more hydrated, and contain more Fe,O,, than the gray adjacent rock.
The black halo is particularly rich in K,0 and Sr (0.35 wt% and 11
ppm, respectively) and depleted in Al,0; and MgO. The brown halo
is significantly enriched in K,O (0.19 wt%), and depleted in CaO.
Simple red halos show no significant K,O enrichment and are poorer
in SiO, than the adjacent gray basalt. The gray basalt adjacent to the
brown halo is more altered (H,0", Fe,0,, and K,O-enriched) than the
gray basalt adjacent to other simple halos. This is probably because a
small part of the brown halo was taken as gray adjacent basalt while
sawing of sample. The other four gray adjacent basalts are slightly
richer in K,O than the average of fresh glass, suggesting a slight K,0
enrichment during the alteration of these parts of the samples.

DISCUSSION
Alteration Conditions

Oxygen isotope data suggest temperatures of up to 40°C for the
formation of celadonite-nontronite in seafloor basalts (e.g., Seyfried

et al., 1978; Bohlke et al., 1984). Such temperatures of alteration
probably prevailed during the formation of black halos in Hole 896A
basalts.

On the basis of studies of similar oceanic rocks (e.g., Andrews,
1977; Béhlke et al., 1980, 1981, 1984: Honnorez et al., 1983: Alt and
Honnorez, 1984), the secondary mineralogy of Hole 896A basalts
suggest alteration temperatures lower than 100°C, Using the Cathe-
lineau and Nieva’s (1985) geothermometer, we calculated that the
mixed-layer saponite-chlorite (type 6) from Hole 896A basalts crys-
tallized at 50°-80°C. Saponite probably formed at still lower temper-
atures,

The major chemical and physical alterations clearly occurred in a
seawater-dominated system. Secondary phases which precipitated
from solutions are nearly stable in pristine seawater. Most of the late-
stage secondary minerals (zeolites and calcium carbonates) probably
formed largely in response to an increase in pH, caused by the con-
sumption of H* related to the breakdown of plagioclase.

Colored Alteration Halos in Hole 896A Basalts
and Sequence of Alteration

All types (CRH, RH, BrH, and BH) of alteration halos which we
describe above are clearly linked to the presence of clay minerals +
Fe-oxyhydroxide veins. On the contrary, no halos flank the later Ca-
carbonate bearing veins, and many carbonate veins cut across oxida-
tion halos. Thus, oxidative alteration seems to have developed early,
and generally before the main precipitation of Ca-carbonates in
veins.

The relative timing of development of the different oxidation
styles is commonly ambiguous. Two possible general sequences of
alteration can be proposed to explain the Hole 896A alteration fea-
tures. One involves an early oxidative alteration during which idding-
site and celadonite-bearing minerals crystallized in the alteration
halos adjacent to veins, followed by a widespread crystallization of
saponite in and out of the halos. The alternate explanation involves
early saponitic nonoxidative alteration, followed by oxidative alter-
ation along a later generation of veins. A third vein generation, in-
cluding Ca-carbonate, is common to both the hypotheses.
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Table 4. Representative analyses of type 2 phyllosilicate (saponite), Hole 896A.

Core, section:  4R-1 4R-1 4R-1 4R-1 4R-1 9R-2 9R-2 9R-2  I0R-1  23R-2 I0R-1 I7R-3 I7R-3 I7R-3 17R-3 I17R4 |7R4
Interval (em): 3744 3744 3744 3744 3744 14-17  14-17  14-17 57-60  0-6 57-60 43-45 4345 4345 4345 15-20 15-20
Piece no.: 8 8 8 8 8 2 2 2 8A 1A 8A 4 4 4 4 ¢ 2C
Depth (mbsf): 2193 2193 2193 2193 2193 2682 2682 2682 2769 3936 2769 347 3468 3468 3468 3481 4R
Rock type: Gadj Gadj Gadj BrH BrH  Pillow r Pillow r Pillowr BrH G adj BrH BH BH BH BH CRHD CRHA
Oceurrence:  Olivt  Olive  Olivt  Plag Vein  Vein  Vein Plag Vein  Olivt  Vein Olive Olive Olive Olive Olive  Vein
Analysis no.: M98 M99 MIDZ  MIIL MI24 MII7  MII8  MI35  MIS0 M4 MISI M6 MB89 M9l M93  MI55  MI5s6
Si0, 4892 4652 4722 4020 4521 4720 45107 4967 4888 S0.05 48011 4838 4797 4699 4605 3668 37.03
ALO, 4.99 542 528 1265 7.22 5.10 5.78 5.23 3.58 241 348 396 3.82 4.04 4.07 9.92 10.36
FeD 970 1051 10.67  11.57 9.04 1084 1164 1050 9.10 7.58 9.08 6.82 1221 7.17 7.84 1524 1543
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.04 0.00 0.00
MgO 1894 1968 1976 2030 1935 1973 2007 1908 2040 2165 2026 2333 2178 2399 2470 184l 19.33
Ca0D 0.30 0.32 .44 0.85 1.03 1.58 1.61 1.83 0.80 (.68 (.89 (.66 0.70 0.85 0.75 0.55 1.01
Na,O 0.71 1.25 1.19 0.35 0.84 0.41 0.35 0.60 0.73 0.37 0.56 0.31 0.43 0.58 0.66 0.15 0.10
K.0 019 0.23 0.35 0.15 0.09 0.13 0.23 0.21 0.18 015 0.18 0.16 0.53 0.26 0.28 0.07 0.08
TiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 (.00 0.00 0.00 0.00
Cr.0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.58 0.03 0.13 0.00 0.00
Total 8374 8393 B490 8607 8278 B499 8484 H7.11 8366 B2B8  B1S55 8362 8802 8393 8451 8102 8333
Si 3.73 3.59 3.6l 307 35l 3.60 349 3.68 3.74 3.82 373 3.66 3.58 3.58 351 3.06 3.01
Al 0.45 0.49 0.48 1.14 0.66 (.46 0.53 0.46 0.32 0.22 0.32 0.35 0.34 0.36 0.37 0.98 0.99
A 0.00 0.00 0.00 0.00 (1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.45 0.49 0.48 1.14 (.66 0.46 0.53 046 0.32 0.22 0.32 0.35 0.34 0.36 0.37 0.98 0.99
Fe, 0.62 0.68 0.68 0.74 .59 0.69 0,75 0.65 0.58 .48 0.59 (.43 0.76 0.46 0.50 1.06 1.05
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 (.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 215 227 225 2.31 2.24 225 2.31 2.11 2.33 246 2.34 2.63 242 172 2.80 2.29 2.34
Ca 0.02 0.03 0.04 0.07 0.09 0.13 0.13 0.15 0.07 0.06 0.07 (.05 0.06 0.07 0.06 0.05 0.09
Na 0.10 0.19 0.18 0.05 013 0.06 0.05 0.09 0.11 0.05 0.08 0.05 0.06 0.09 0.10 0.02 0.02
K 0.02 0.02 0.03 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.02 0.02 0.05 0.03 0.03 0.01 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr (.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.01 0.00 0.00
Total 7.10 7.27 7.26 7.39 7.22 7.20 7.29 714 T.16 7.1 716 7.19 7.30 7.30 7.37 7.47 751

The most common configuration of Hole 896A alteration halos
(i.e., inner gray part, and outer oxidized halos adjacent to exposed
surfaces and fractures) suggests that alteration started with an oxida-
tive stage. As the fluid penetrated into the rock perpendicular to the
vein, it reacted with the rock, and its chemical composition and the
chemical conditions evolved. A reducing alteration then took place.
Such a sequence was also proposed for Hole 504B (Alt et al., 1986;
Laverne et al., 1989) and at Site 417 (Alt and Honnorez, 1984).

Nature of Altering Fluids

It is commonly admitted that the fluid involved in the formation
of red halos is unevolved seawater (Honnorez, 1981). However, the
Fe-enrichment of celadonite-nontronite-bearing black halos cannot
be caused by a reaction with unevolved seawater. Fe must come from
an external source. In the young (0.54-2.73 m.y. old) basalts from the
Galapagos Spreading Center, it is shown that the iron necessary to
form celadonite and nontronite occurring in black halos cannot be
provided by the alteration of primary minerals such as clinopyroxene,
which is fresh, and olivine, which, when present, is generally fresh
{Laverne and Vivier. 1983; Laverne, 1987). Fe may come from the
conversion of titanomagnetite to titanomaghemite (Petersen, 1979),
from local breakdown of glass, or from reactions occurring at greater
depths (Alt, in press). On the other hand, celadonite and nontronite
typically form in some low-temperature (30°-60°C) seafloor hydro-
thermal deposits (Hoffert et al., 1978; Alt, 1988). It is then proposed
that black halos form earlier than red and brown oxidized alteration
halos from low-temperature (30°-60°C) Fe-rich upwelling hydro-
thermal fluids close to the spreading axis (Alt and Honnorez, 1984;
Bohlke et al., 1984; Laverne, 1987, 1993; Buatier, 1989; Buatier et
al., 1989).

Among the three samples of black halos recovered from Hole
896A, only one could be sampled and studied. By analogy with the
mineralogical features of black halos from other oceanic basalts, we
propose that the fluids involved in the formation of Hole 896A black
halos are mixed fluids.

In Hole 896A., the brown halos and the zones of composite red ha-
los (CRHA) which are in contact with the vein show the same miner-
alogical composition as black halos, and also show a clear K,0
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enrichment, although less significant in CRHA than in black halos.
We thus propose that CRHA and brown halos represent early black
halos which would have been oxidized later by unevolved seawater.

Lithological Control on Alteration Style

A strong lithological control on alteration style (i.e., on the access
of oxygenated fluids to the primary igneous rocks) is readily appar-
enl: many massive units contain several highly oxidized zones,
whereas pillow basalt units have only sporadic oxidative alteration.
One commonly observes in the oceanic crust that the glassy rim of a
given pillow remains unaltered whereas the finely crystallized core of
the pillow is altered. This is explained by the fact that fresh basaltic
glass is less porous, because it contains no grain boundaries. The dif-
fusion of the fluids from the open cracks to the interior of the basaltic
pieces mainly occurs along grain boundaries. Similarly. the primary
porosity of the fine pillow basalts is probably lower than that of
coarser grained basalts composing the massive units.

Comparison with Upper Volcanics from Hole 504B

As from Hole 504B, no sample from Hole 896A is completely
fresh. The major mineralogical and chemical features of alteration
evidenced in the 310 m of basalts forming the upper pillow alteration
zone (UPAZ) of Hole 504B are similar to those observed in Hole
896A. The main differences in the alteration features between Hole
896A and the UPAZ of Hole 504B are (1) the larger amount of sec-
ondary minerals in Hole 896A, which is clearly seen in the thickness
and particularly the abundance of saponite and Ca-carbonate veins;
(2) the presence of compound oxidative alteration halos in Hole
896A; (3) the fact that black halos in Hole 896A are scarce, relatively
thick, and never adjacent to red halos. However, probable black halos
and red halos coexisting in a given sample are observed in Hole
896A. In such a case, red halos or brown halos are totally superim-
posed to black halos. This suggests that the oxidative stage of alter-
ation (responsible for the formation of red halos) was more
pronounced in Hole 896A than in Hole 504B. This can be explained
by a higher water/rock ratio, related to a higher permeability of ba-
salts from Hole 896A before alteration.
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Table 4 (continued)

Core, section:  21R-| 21R-1 21R-1 2IR-1 21R-1 21R-1 2IR-2  2IR-2  21R-2  2IR-2 2IR-2 2IR-2 21R-2
Interval (cm): 84-91  84-91 8491 84-91 84-91 8491 33-3§ 33-38 33-38 3338 33-38 33-38 33-38
Piece no.: 14 14 14 14 14 14 4 4 4 4 4 4 4
Depth (mbsf): 373.7 3737 3737 373.7 373.7 3737 374.8 3748 3748 374.8 3748 3748 3748
Rock type: CRHA CRHC CRHA CRHA CRHA CRHA BrH BrH BrH BrH BrH BrH BrH
Occurrence:  Olive  Olive  Olivt Plag Plag Vein Plag Oliv t Plag Plag Plag Inter Plag
Analysis no.: MY MI5 M48 M5I M3s2 M58 M 144 M148 MIs1 M156 MI157 MI159 M160
5i0, 49.44 51.76 44.26 38.99 37.48 44.62 42,49 47.44 37.82 37.83 41.01 46.8 39.78
AlLO, 272 3.35 7.36 1L.77 11.46 5.61 10.35 6.4 13 12.59 11.52 7.17 12.72
FeO 847 71.76 10,10 13.90 13.46 10.11 10.66 941 11.97 12.15 11.55 9.9 10.6
MnO 0.06 0.1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 19.70 19.07 19.27 2024 20.14 19.11 18.28 19.47 20.52 20.5 20.31 19.94 21.49
CaO 0.92 0.00 0.53 0.75 0.73 0.96 0.5 1.09 0.67 0.46 0.56 0.68 0.92
Na.O 0.49 0.00 0.90 0.30 0.35 0.94 0.69 0.94 0.34 0.51 0.41 1.14 0.59
K.0 0.17 0.00 0.15 012 0.06 0.06 0.28 0.15 0.16 0.11 0.19 0.37 0.1
TiO, 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr,0, 0.00 0.1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 81.97 82,13 82.56 86.06 83.69 81.41 83.25 84.9 85.17 84.14 85.55 85.99 86.19
Si 3.84 394 347 3.03 2.99 3.55 332 3.59 2.94 2,98 3.15 352 3.03
Alv 0.25 0,30 0.68 1.08 1.08 0.53 0.95 0.57 1.25 1.17 1.04 0.64 1.14
AlY 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.25 0.30 0.68 1.08 1.08 0.53 0.95 0.57 1.25 1.17 1.04 0.64 1.14
Fe, 0.55 0.49 0.66 0.20 0.90 0.67 0.70 0.60 0.78 0.80 0.74 0.62 0.67
Mn .00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 2.28 2.16 2.25 2.3 2.40 2.27 2.13 2.20 2.38 241 232 223 2.44
Ca 0.08 0.00 0.04 0.06 0.06 0.08 0.04 0.09 0.06 0.04 0.05 0.05 0.08
Na 0.07 0.00 0.14 0.04 0.05 0.15 0.10 0.14 0.05 0,08 0.06 0.17 0.09
K 0.02 0.00 0.01 0.01 0.01 0.01 0.03 0.01 0.02 0.01 0.02 0.04 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.01 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 7.08 6.91 7.26 7.46 7.50 7.26 1.27 7.20 747 7.48 737 7.27 7.45

Notes: Formulas calculated on the basis of 22 oxygens. Abbreviations as in Table 3, with the addition of Pillow r = pillow rim, Plag = plagioclase, and Ves r = vesicle rim.

CONCLUSIONS

Alteration effects in Hole 896A basalts are chiefly visible as
veins, as breccia cements, and as variously colored halos which are 3
mm to 50 mm in thickness. Alteration of the basalt pile of Hole 896A
was dominated by low temperature (<100°C) oxidative reactions.
There is no apparent trend with downhole depth in either the alter-
ation mineralogy and chemistry or the overall extent to which alter-
ation proceeded.

A strong lithological control on alteration style is readily appar-
ent. The large number of highly oxidized basalts contained in the
massive units compared to the discrete oxidative alteration of the pil-
low basalts units is explained by the fact that the diffusion of the fTu-
ids along grain boundaries is easier in the coarse-grained basalts
composing the massive units.

Clay minerals are the most common and abundant secondary min-
erals in Hole 896A basalts. Most of them are saponites. Common
celadonite, celadonite-nontronite mixtures, celadonite-nontronite-sa-
ponite mixtures, and saponite-celadonite-iron oxide mixtures also oc-
cur. Calcite and aragonite are abundant in veins. Phillipsite, chabazite
and pyrite are the least abundant secondary minerals.

All four types of alteration halos are more oxidized, more hydrat-
ed. and richer in Fe than the adjacent gray rock. The black halo and
the part of the compound red halos that is in contact with the vein are
clearly enriched in K,O (and Rb in the case of black halos) compared
to the gray adjacent basalt. This is related to the presence of celado-
nite-bearing minerals. Alteration halos are generally richer in Si and
Ca than the adjacent gray rocks. Other elements (e.g., Mg, Al, Sr), do
not show any systematic variation.

Although several exceptions exist, the most common configura-
tion of oxidized halos suggests that alteration started with an oxida-
tive stage. The chemical composition of the fluid evolved while
moving into the basalt, leading to a reducing alteration stage with sa-
ponite precipitation in the adjacent gray basalt. Most of the late-stage
secondary minerals (zeolites and Ca-carbonates) probably formed
largely in response to an increase in pH, because of the consumption
of H* related to the breakdown of plagioclase. The main fluid in-
volved in this alteration is probably seawater.

In three samples from Hole 896A basalts, the alteration only ap-
pears by the occurrence of black halos. The secondary mineralogy

(celadonite-nontronite) and the chemical features (enrichment in K
and Fe,) of black halos imply the contribution of Fe-rich, diluted hy-
drothermal fluids during their formation. In this case, hydrothermal
fluids percolated the seawater-impregnated basalt.

The brown halos and the zones of composite red halos (CRHA)
which are in contact with the vein show the same mineralogical com-
position as black halos and also show a clear K,O enrichment. The
CRHA zones and the brown halos probably are red halos superim-
posed to black halos in a two-stage alteration process: (1) alteration
with hydrothermal fluids mixed with seawater, which produces black
halos; (2) oxidizing alteration by seawater, which oxidizes black ha-
los.

The alteration features observed in Hole 896A basalts are gener-
ally similar to that of the upper volcanics of Hole 504B. However, in
contrast to Hole 504B, black halos adjacent to red halos were not ob-
served in Hole 896A. It means that, in most of Hole 896A basalts, the
oxidizing, seawater dominated, stage of alteration was more pro-
nounced than in Hole 504B basalts. The effects of the oxidizing alter-
ation are completely superimposed to that of earlier low-temperature
hydrothermal alteration. This suggests that, before its alteration, the
crust was more permeable at Site 896 than at Site 504.
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Table 5. Representative analyses of type 3 phyllosilicate (mixture of celadonite and nontronite), Hole 896A.

I?R—-ﬁ
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Interval {cm):  43-45 43-45 4345 43-45 4345 4345 4345 4345 4345 4345 4345 84-91 0-6 4345
Piece no.: 4 4 4 4 4 4 4 4 4 4 4 14 1A 4
Depth (mbsf): 3468 346.8 346.8 346.8 346.8 346.8 346.8 346.8 346.8 346.8 346.8 33T 393.6 346.8
Rock type: BH BH BH BH BH BH BH BH BH BH BH CRHA  CRHA BH
Occurrence: Olivr Oliv r Oliv r Olivr Olivr Oliv r Olivr Oliv r Oliv r Olivr Olivr Vesr Vesr Oliv r
Analysis no.: MI6 M19 M20 M21 M22 M23 M25 M27 M28 M30 M3l M40 M8 M32
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Al, 0.34 016 0.20 0.17 0.16 0.16 0.17 018 Ll6 0.19 017 0.34 0.20 0.15
Fe, 1.62 1.56 1.58 1.56 1.56 1.56 1.60 1.61 1.68 1.50 1.59 2.26 2.00 1.68
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Ti 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0,00
Cr 0.03 0.00 0.04 0.01 0.00 0,00 0.00 011 0.00 0.00 0,00 0.00 0.00 0,06
Total 7.31 7.27 7.40 132 7.32 7.30 1.29 731 1.36 7133 7.32 53 748 7.42
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Table 5 (continued).
Core, section:  17R-3 ~ 17R-3  I7R-3  I7R-3 I7R-3 [|7R-3 I7R-3 I7R-3 I7R-3 I7R3 I7R-3  17R-3 7R3 I7R-3
Interval (em):  43-45 4345 43-45 4345 4345 4345 4345 4345 4345 4345 4345 4345 4345 4345
Piece no.: 4 4 4 4 4 4 4 + 4 4 4 4 4 4
Depth (mbsf):  346.8 346.8 346.8 346.8 346.8 3468 346.8 346.8 346.8 346.8 3468 346.8 346.8 346.8
Rock type: BH BH BH BH BH BH BH BH BH BH BH BH BH BH
Occurrence:  Olive  Olive  Olive  Olive  Olive  Olive  Olive  Vesr  Olive  Olive  Olivr  Olivr  Vesr  Vesr
_Analysisno:  M37 M40 M4l M42 M43 M44 MdS  MS4 M6l M6 M63  M64  M97T M98

510, 50.44 51.65 50.95 50.13 51.30 50.30 5251 51.77 5244 52.97 52.54 5213 50.36 50.56
ALO, 1.68 2.51 ERY| 3.99 421 3.59 2.60 3.14 1.80 1.88 2.09 2.16 223 223
FeO, 26.42 26.26 25.57 25.39 24.13 25.26 26.12 25.75 25.62 2547 23.68 25.81 25.28 25.78
MnO 0.28 0.00 0.50 0.00 0.14 0.84 0.24 0.00 0.00 0.07 0.20 0.00 0.00 0.00
MgO 5.38 5.58 541 511 5.08 522 5.57 5.09 537 5.24 7.25 5.6l 5.43 525
Ca0 0.55 0.58 0.63 0.60 0.74 0.60 0.59 0.73 1.04 0.95 0.93 0.75 0.91 0.94
Na,O 0.35 0.56 0.50 0.56 0.60 0.48 0.50 0.45 0.55 0.63 0.64 0.52 0.72 0.64
K.0 7.83 6.76 7.07 6.88 6.69 6.77 6.73 5.88 5.91 6.05 5.61 6.32 5.09 5.12
TiO, 0.11 0.01 0.03 0.11 0.12 0.04 0.02 0.15 0.03 0.06 0.09 0.01 0.04 0.04
Cr,0, 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.01 0.00 0.70 0.00 0.00 1.51 0.00
Total 93.04 93.89 93.85 92,77 93.00 93.10 94.88 9297 977 94.03 93.02 93.30 91.56 90.56
Si 3.96 3.96 39 3.89 3.93 3.90 3.97 3.97 4.04 4.02 3.99 4.00 3 3.99
AV 0.15 0.23 0.28 0.36 0.38 0.33 0.23 0.28 0.16 0.17 0.19 0.20 0.21 0.21
A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.15 0,23 0.28 0.36 0.38 0.33 0.23 0.28 0.16 0.17 0.19 0.20 0.21 0.21
Fe, 1.73 .68 1.64 1.65 1.54 .64 1.65 1.65 1.65 1.62 1.50 1.66 1.65 1.70
Mn 0.02 0.00 0.03 0.00 0.01 0.06 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Mg 0.63 0.64 0.62 0.59 0.58 0.60 0.63 0.58 0.62 0.59 0.82 0.64 0.63 0.62
Ca 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.06 0.09 0.08 0,08 0.06 0.08 0.08
Na 0.05 0.08 0.07 0.08 0.09 0.07 0.07 0.07 0.08 0.09 0.09 0.08 0.11 0.10
K 0.78 0.66 0.69 0.68 0.65 0.67 0.65 0.58 0.58 0.59 0.54 0.62 0.51 0.52
Ti 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.m 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0,00 0.00 0.09 0.00
Total 7.38 7.30 7.32 7.31 7.25 7.31 7.27 7.20 7.21 7.21 7.23 7.25 7.22 7.21

Notes: Formulas calculated on the basis of 22 oxygens. Abbreviations as in Table 3.
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Table 6. Representative analyses of type 4 phyllosilicate (celadonite and

nontronite), Hole 896A.

Core, section:  |7R-4  17R-4
Interval (em):  15-20  15-20
Piece no.: 2C 2C
Depth (mbsf): ~ 348.1 348.1
Rock type: CRHA CRHA
Occurrence: Inter Inter
Analysis no.: MI37  MI39
5i0, 4976 49.72
ALO, 162 132
FeO, 26.53 26,76
MnO 0.00 0.00
MgO 4.25 3.80
CaO 0.49 0.40
Na,O 012 015
K.0 8.14 8.56
TiO, 0.00 0.00
Cr0, 000  0.00
Total 90.91 90.70
Si 4.00 4.03
Al 0.15 0.13
AM 0.00 0.00
Al 0.15 013
Fe, 1.79 1.81
Mn 0.00 0.00
Ti 0.00 0.00
Cr 0.00 0.00
Mg 0.51 0.46
Ca 0.04 0.03
Na 0.02 0.02
K 0.84 0.88
Total 7.35 7.36

17R-4  17R-4 23R-2 23R-2 23R-2
15-20  15-20 0-6 0-6 0-6
2C 2C 1A 1A 1A
348.1 348.1 393.6 393.6 393.6
CRHA CRHA CRHA CRHA CRHA
Olivr  Olivr Vesicle Vesicle Vesicle
MI43  Mid44  M67 M6E M69
50.04 5101 5118 50.84 51.24
381 373 3.70 3.07 235
22,71 23.99 24.50 24.67 24.04
0.00 0.00 0.00 0.00 0.00
546 5.07 579 572 6.08
0.94 0.99 0.69 0.66 0.52
0.20 0.17 0.63 0.59 0.52
6.05 6.63 573 6.42 7.16
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
89.20 9159 9221 9198 91.90
3.96 3.96 3.94 3.95 3.99
0.35 0.34 0.34 0.28 0.21
0.00 0.00 0.00 0.00 0.00
0.35 0.34 0.34 0.28 0.21
1.50 1.56 1.58 1.60 1.56
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.64 0.59 0.66 0.66 071
0.08 (.08 0.06 0.06 0.04
(.03 (.03 0.09 0.09 0.08
0.61 0.66 0.56 0.64 0.71
7.18 721 7.22 7.27 7.30

Notes: Formulas caleulated on the basis of 22 oxygens. Abbreviations as in Table 3.

Table 7. Representative analyses of type 5 phyllosilicate (mixture of celadonite-nontronite and saponite), Hole 896A.

1 ﬁ-f’-

Core, section:  4R-1 4R-1 4R-1 I7R-3

Imterval (em): 3744 3744 3744 4345 4345
Piece no.: 8 8 8 4 4
Depth (mbsf): 2193 219.3 2193 346.8 346.8
Rock type: BrH BrH BrH BH BH
Oceurrence: Vesicle Vesicle Vesicle Inter  Vesicle
Analysis no.: Ml16 MI17 MI18 M09 MB9
Si0, 43.23 43,59 45.15 50.35 44.11
Al,O, 579 5.96 6.03 339 271
FeQ, 25.64 25.58 22.24 24.55 25.57
MnO 0.00 0.00 0.00 0.09 0.00
MgO 6.83 7.02 8.18 4.38 8.85
CaOQ 1.28 1.20 1.29 0.85 0.98
Na,O 0.32 0.35 0.35 0.60 0.53
K.0O 375 3.69 3.25 4.82 3.90
TiO, (.00 0.00 0,00 0.15 0.00
Cr.0, 000 000 000 000  0.00
Total 86,84 87.39 86.49 89,19 B6.65
Si 3.59 3.59 3.66 4.00 3.69
AlY 0.57 0.58 0.58 0.32 0.27
Al 0.00 0.00 0.00 0.00 0.00
Al 0.57 0.58 0.58 0.32 0.27
Fe, 1.78 1.76 1.51 1.63 1.79
Mn 0.00 0.00 0.00 0.01 0.00
Mg 085 08 099 052 1.10
Ca [(N0] 0.11 0.11 0.07 0.09
Na 0.05 0.06 0.05 0.09 0.09
K 0.40 0.39 0.34 0.49 0.42
Ti 0.00 0.00 0.00 0.01 0.00
Cr 0.00 0.00 0.00 0.00 0.00
Total 7.35 7.34 7.24 7.13 743

2IR-1
84-91
14
inag
CRHA
Vesicle
M4l
46.51
522
2596

2IR-1  2IR-1  2IR-l 21R-1  25R-3  25R-3  25R-3
84-91 84-91 84-91 84-91 30-34 30-34 30-34
14 14 14 14 5 5 5
373.7 3737 3737 373.7 4144 4144 4144
CRHA CRHA CRHA CRHA CRHA CRHA CRHA
Vesicle Vesicle  Inter Inter  Vesicle Vesicle Vesicle
M43 M4d M6l M6S  M92  M94  M95
40.08 46.67 44.52 46.21 47.44 46.95 46.09
5.69 4.97 5.25 6.04 £ ) 4.65 4.23
24.24 25.87 24.65 2239 23.88 20.68 2111
0.00 0.00 0.00 0.00 0.00 0.00 0.00
12.75 591 8.68 9.92 9.78 10.61 11.22
0.42 0.99 1.35 1.11 1.09 1.20 1.08
0.45 0.69 0.93 1.37 0.39 0.71 0.53
2.62 4.88 277 237 3.80 373 3.63
0.00 0.00 0.00 0.00 0.01 0.00 0.00
0.00 0.00 0.00 0.00 0.12 0.00 0.00
856.25 £9.99 88.13 89.41 89.83 88.52 87.89
3.34 374 3.60 3.0l 3.74 3.70 3.67
0.56 0.47 0.50 0.56 0.31 043 0.40
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.56 0.47 0.50 0.56 0.31 0.43 0.40
1.69 1.73 1.67 1.46 1.58 1.36 1.41
0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.58 0.71 1.05 1.16 1.15 1.25 1.33
0.04 0.08 0.12 0.09 0.09 0,10 0.09
0.07 0.11 0.15 0.21 0.06 0.11 0.08
0.28 0.50 0.29 0.24 0.38 0.38 0.37
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.01 0.00 0.00
7.56 733 7.36 7.33 7.32 733 7.35

Note: Formulas calculated on the basis of 22 oxygens. Abbreviations as in Table 3.
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Figure 7. K,O (A) and MgO (B) content vs. number of cations in octahedral sites (NBO) of clay minerals and iddingsite from Hole 896A (symbols as in Fig. 5).

Table 8. Representative analyses of type 6 phyllosilicate (mixed-layer
chlorite-saponite), Hole 896A.

Core, section:  24R-| 24R-1 24R-1 24R-1 24R-1 24R-1 24R-1
Interval (cm):  88-92  88-92  88-92 B892 8892 8892 8802
Piece no.: 6 6 6 (3] 6 6 6
Depth (mbsf):  402.7 4027 4027 402.7 402.7 402.7 402.7
Rock type: CRHB.C CRHB.C CRHB,C CRHB.C CRHB.C CRHB,C CRHR.C
Occurrence: Inter Inter Inter Inter Inter Inter Inter
Analysisno.:  MI38  MI42  MI43  MI44 MI45 MI48 MI49
S5i0. 3537 34.73 34.08 3547 33.83 40.75 39.52
AlLLO, 7.07 6.97 1.19 A 9.16 7.86 7.70
FeO 21.44 23.90 26,32 2254 27.51 10.39 21.30
MnO 0.77 0.15 0.00 0.36 0.18 0,00 0.00
Mg 21.08 18.85 18.11 20.56 17.25 24.38 20,48
CaO 0,32 0.29 0.23 0.28 0.19 0,70 0.67
Na.O 0.22 0.16 .11 0.12 0.17 0.19 0.16
K.O 0.13 0.11 0.07 0.12 0.04 0.11 0.09
TiO. 0,03 0.02 0.02 0.01 0.01 0.00 0.10
Cry0; 0,00 0.03 0.75 0.00 0.00 0.00 0.32
Total 86.44 855.20 87.49 86,62 88.32 84.37 90.34
Si 291 293 283 291 2.80 317 3.05
Al (.68 0.69 0.76 0.69 0.89 072 0.70
Fe 0.21 0.38 0.41 (.40 0.31 0.1l 0.25
Al 0.00 0.00 0.00 0.00 0,00 0.00 0.00
Al 0.68 0.69 0.76 0.69 0.89 0.72 0.70
Fe, 1.26 1.30 1.42 1.15 1.59 0.57 1.13
Mn 0.05 0.01 0.00 0.02 0.01 0,00 0.00
Mg 1.68 2.37 2.25 252 2,12 2.83 2.36
Ti 0,00 0.00 0.00 0.00 0.00 0.00 0.01
Cr 0.00 (.00} .05 0.00 0.00 0.00 0.02
Mg 0.90 0.68 072 0.69 0.73 0.40 0.51
Ca 0.03 0.03 0.02 0.02 0.02 0.06 0.06
Na 0.03 0.03 0.02 0.02 0.03 0.03 0.02
K 0.01 0.01 0.01 0.01 0.00 0.01 0.01
Total 1.77 1.74 777 7.75 .77 7.49 7.60
T(?C) 48 449 61 50 82 54 51

X 0.59 0.79 077 0.82 0.79 0.83 041

Notes: Formulas calculated on the basis of 22 oxygens. X = percentage of pure chlorite
(see text for explanation). Abbreviations as in Table 3.

Table 9. Representative analyses of type 7 phyllosilicate (Fe-rich sapo-
nite or mixture of saponite and Fe-oxide), Hole 896A.

Core, section: 25R-3  25R-3  25R-3  25R-3  25R-3
Interval (cm):  30-34  30-34  30-34  30-34  30-34
Piece no.: 5 5 5 5 5
Depth (mbsf): 4144 414.4 414.4 414.4 4144
Rock type: CRHC CRHC CRHC CRHC CRHC
Occurrence: Inter Inter Inter Inter Inter
Analysis no.: MI129 MI130 MI31 M133 MI134
Si0, 44.85 46.98 44.60 45,05 40.45
ALLO, 4.37 4.54 446 4.58 5.5
FeO, 10,19 9.20 1147 10.10 14.83
MnO 0.00 0.00 0.00 0.00 0.00
MgO 21.05 2042 21.36 20.87 19.82
Ca0 1.07 1.07 117 1.05 1.46
Na,O 0.62 0.52 071 0.59 0.61
K.O 0.16 0.17 0.18 0.19 0.19
TiO, 0.00 0.00 0.00 0.00 0.00
Cr0y 0.00 0.00 0.00 0.00 0.00
Tortal 82.31 8291 83.95 §2.44 #2.49
Si 6.98 7.19 6.86 7.00 6.48
Al 0.80 0.81 0.81 0.84 0.97
AV 0.00 0.01 0.00 0.00 0.00
Al 0.80 0.82 0.81 0.84 0.97
Fe, 1.66 1.47 1.84 1.64 248
Mn 0.00 0.00 0.00 0.00 0.00
Mg 4.88 4.66 4.90 4.83 473
Ca 0.18 0.18 0.19 0.18 0.25
Na 0.19 0.16 0.21 0.18 0.19
K 0.03 0.03 0.04 0.04 0.04
Ti 0.00 0.00 0.00 0.00 0.00
Gr 0.00 0.00 0.00 0.00 0.00
Total 14.72 14.50 14.85 14.69 15.15

Notes: Formulas calculated on the basis of 22 oxygens. Abbreviations as in Table 3.
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Figure 8. Compositions of Hole 896A clay minerals and iddingsite in the Velde's (1984) diagram (symbols as in Fig. 5). MR = Na + K 4 2Ca. 2R" = (Al + Fe't
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gens) in clay minerals and iddingsite from Hole 896A, after Robinson
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ALTERATION MINERALOGY OF UPPER OCEANIC CRUST, HOLE 896A

Table 10. Representative analyses of iddingsite (mixtures of Fe-oxyhydroxides, celadonite, and saponite), Hole 896A.

Core, section: 17R-3 17R-3 17R-4 17R-4 17TR-4 17R-4 17R-4 17R-4 17R-4 23R-1 25R-3 25R-3
Interval (cm): 4345 4345 15-20 15-20 15-20 15-20 15-20 15-20 15-20 0-6 30-34 30-34
Piece no.: 4B 4B 2C 2C 2C n 2C 2C Pl 1A 5 5
Depth (mbsf): 346.8 3468 348.1 348.1 348.1 348.1 348.1 348.1 348.1 3936 414.4 414.4
Rock type: BH BH BH BH BH BH BH BH CRHB CRHA B CRHB CRHB
Occurrence: Olivr Oliv r Oliv r Vesicle Inter Inter Inter Inter Vesicle Inter Inter Inter
Analysis no.: M99 M104 M105 M133 MI45 Mld6 MI147 MI148 MI50 M74 Mll4 MI115
Si0. 46.03 47.25 48.10 34,52 39.12 3341 38.03 37.04 3876 36.30 41.18 36.67
AlLLO, 222 2.26 235 285 333 3.38 3.04 3.21 311 2.87 1.65 2.39
FeO, 32.48 32.88 30.86 39.04 3593 41.96 37.78 38.80 36.82 38.34 30.32 33.46
MnO 0.06 0.08 0.00 0.00 0.00 0.00 0.00 00 0.00 0.00 0.00 0.00
MgO 4.57 4.38 3.89 5.87 3.51 271 298 2.84 3.1 4.05 6.36 7.74
CaO 0.89 0.87 0.91 0.92 0.75 0.74 0.62 0.71 0.70 0.71 0.69 0.98
Na,0 0.58 0.63 0.53 0.17 0.09 0.11 0.10 0.15 0.27 0.48 0.16 0.49
K.O 497 5.01 505 278 4.89 3.81 5.05 4.95 5.20 4.38 5.12 2.94
TiO, 0.14 0.13 0.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr,0, 0.50 0.19 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 092.44 93.66 91.90 86.14 87.62 86.11 87.62 87.70 §7.97 87.14 85.48 84,66
Type 8u 8a 8a 8a Ra 8a 8a 8a 8a 8a 8a da
Table 10 (continued).

Core, section: 25R-3 25R-3 25R-3 17R-4 17R-4 17R-4 23R-2 21R-1 21R-1

Interval (cm): 30-34 30-34 30-34 30-34 15-20 15-20 15-20 15-20 0-6 84-91 84-91

Piece no.: 5 20 2C 2C 1A 14 4

Depth (mbsf): 414.4 414.4 348.1 348.1 348.1 393.6 373.7 3737

Rock type: CRHB CRHB CRHB CRHB CRHB CRHB CRHA CRHA CRHC CRHC CRHC

Occurrence: Inter Vesicle Vesicle Olivr Olivr Inter Oliv r Inter

Analysis no.: M120 MI121 MI132 MI53 Mi6l MI19 M20 MI19

Si0, 40.20 38.53 2242 17.09 12.98 36.72 21.28 25.21

AlLO, 1.63 298 3.63 3.60 3.67 227 2.31

FeO, 31.03 32.06 51.34 5298 57.23 2393 44.68 40.47

MnO 0.00 0.00 0.00 0.00 0.08 0.10 0.34

MgO 6.08 6.58 541 27 15.75 10.78 10.74

CaO 0.66 0.93 0.91 0.88 L19 0.90 0.74

Na,O 010 L 0.10 0.35 0.25 0.70 0.51 0.59

K.0 5.09 4. 0.62 0.20 0.17 0.09 0.06 0.08

TiO, 0.00 X 0.00 0.00 0.00 0.01 0.01 0.00

Cr,0, 0.00 X 0.00 0.00 0.00 0.00 0.01 0.02

Total 84.81 83.39 84.96 80.56 77.88 82.14 80.60 80.49

Type 8a 8h 8h 8b 8b 8b &b

Table 10 (continued).

Core, section: 21R-1 21R-1 21R-1 21R-1 23R-2 23R-2 23R-2 23R-2 23R-2

Interval (cm): 84-9] 84-91 84-9] 84-91 0-6 0-6 0-6 0-6 0-6

Piece no.; 14 14 1A 1A 1A 1A 1A

Depth (mbsf): 3 373.7 373.7 3737 373. 393.6 393.6 393.6 393.6 393.6

Rock type: CRHC CRHC CRHC CRHC CRHB CRHB CRHC CRHC CRHC CRHC CRHC

Occurrence: Oliv r i Oliv r Oliv r Inter Inter Inter Olivr Olivr Inter

Analysis no.: M M33 M68 M51 M54 M59 M6 M64

510, 14.71 2324 12,51 19.31 25.19 35.34 34.36

AlLLO, 1.87 3.08 1.45 223 1.67 1.97 3.15

FeO, 56.17 60.36 49.06 61.94 50.71 41.74 26.12 29.57

MnO 0.00 0.00 0.10 0.00 0.00 0.00 0.00

MgO 5.87 6.24 5.02 7.01 1173 15.54 14.33

CaO 0.80 1.25 0.80 0.88 0.87 1.01 1.02

Na,O 0.46 .3 0.70 0.34 0.26 0.35 0.41 0.67

K.O 0.12 ] 0.79 0.04 0.04 0.08 0.13 0.10

TiO, 0.00 . 0.00 0.15 0.00 0.00 0.00 0.00

Cr.0, 0.00 3 0.00 0.06 0.00 0.00 0.00 0.00

Total 80.01 §2.90 84.95 82.40 80.45 81.64 80.52 83.19

Type 8h &b 8b 8b &b 8h 8b

165



C. LAVERNE, A. BELAROUCHI, J. HONNOREZ

Table 10 (continued).

Core, section: 23R-2 23R-2 23R-2 23R-2 23R-2 23R-2 23R-2 23R-2 23R-2 23R-2 23R-2

Interval (cm): 0-6 0-6 06 -6 0-6 0-6 0-6 0-6 0-6 -6 0-6

Piece no.: 1A 1A 1A 1A 1A 1A 1A 1A 1A 1A 1A

Depth {mbsf): 393.6 393.6 3936 393.6 3936 393.6 393.6 393.6 393.6 393.6 393.6
Rock type: CRHB CRHB CRHB CRHB CRHC CRHC CRHC CRHC CRHC CRHB CRHB
Occurrence: Vesicle Vesicle Vesicle  Vesicle Imter Inter Olivr Oliv r Oliv r Vesr Vesr
Analysisno..  M82 M83 M84 M90 MI7 M21 M38 M6 ! M62 M93  M94
510, 2298 26.68 34.22 17.45 37.03 32.53 3749 30.01 26.56 38.26 31.56
AlLO, 242 3.38 3.81 203 3.70 351 2.21 1.71 2.95 5.86 4.85
Fe), 51.40 43.34 32.01 60.64 26.81 33.10 24.34 34.34 38.83 28.13 36.58
MnO) 0.00 0.00 0.00 0.00 0.19 0.16 0.05 0.00 0.00 0.00 0.00
MgO 9.39 11.41 13.99 6.94 15.63 13.85 15.76 13.11 12.08 12.47 10.57
CaO 0.79 0.99 0.96 0.68 1.31 1.18 1.20 0.85 0.84 0.67 0.92
Na.O 0.69 0.99 1.16 0.64 0.78 0.61 047 0.38 0.52 1.05 1.43
KO0 0.09 0.12 0.13 0.08 0.11 0.12 0.16 0.09 0.07 0.43 0.22
TiO, 0.00 0.00 0.00 0.00 0.00 0.09 0.06 0.00 0.00 0.00 0.00
Cr,0, 0.00 0.00 0.00 0.00 0.01 0.00 0.08 0.00 0.00 0.00 0.00
Total 87.76 86.91 86.27 88.46 85.56 85.13 81.81 80.48 81.86 86.87 86.12
Type 8b 8h &b 8b 8h 8h 8b 8h 8h 8h 8b

Mote: Abbreviations as in Table 3.

Table 11. Representative Ca-carbonate analyses, Hole 896A.

Core, section: 4R-1 4R-1 I0R-1  23R-2 23R-2 23R-2 24R-I
Interval (cm): 3744 374 57-60 0-6 0-6 0-6 8889
Piece no.: 8 8 BA 1A 1A 1A 6

Depth (mbsf): 219.3 219.3 276.9 393.6 393.6 393.6 402.7
Occurrence: Vein Vein Vein Vein Olivt  Vesicle Olive
Analysis no.: MI26  MI27  MIB4 M3 M29 MBO  MI24
Si0, 0.10 0.11 0.12 0.07 0.23 0.06 0.27
ALO, 000 000 000 000 000 000 001
FeO, 0.00 0.00 0.00 0.10 0.21 0.04 0.17
MnO) 0,03 0.00 0.00 0.00 0.00 0.00 0.00
MgO 0.00 0.00 0.00 0.00 0.06 2.28 0.00
CaO 59.08 5826 5721 59.69 57.19 5769 5877
Na.O 0.02 0.00 0.00 0.03 0.01 0.01 0.02
K.O 0.00 0.00 0.00 0.00 0.00 0.00 0.03
TiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr.0, 0.09 0.00 0.00 0.00 0.00 0.00 0.00
Total 59.32 58.37 57.33 59.88 57.71 60.08 59.25

Note: Abbreviations as in Table 3.

Table 12. Representative zeolites analyses, Hole 896A.

Core, section: 9R-2 9R-2 9R-2 10R-1 10R-1 10R-1 28R-1 28R-1 28R-1 28R-1 28R-1
Interval (cm): 14-17 14-17 14-17 57-60 57-60 57-60  107-108 107-108 107-108 107-108 107-108
Picce no.: 2 2 ) 8A 8A 8A 188 18B 18B I18B 18B
Depth (mbsf); 268.2 268.2 268.2 276.9 276.9 276.9 440.9 4409 4409 440.9 4409
Occurrence: Vein Vein Vein Vein Vein Vein Vesicle  Vesicle  Vesicle  Vesicle  Vesicle
Type: Radfib Radfib Radfib Radfib Radfib Radfib Massive Massive Massive Massive  Massive
Nature: Phill Phll Phill Phill Phill Phill Chab Chab Chab Chab Chab
Analysis no.: M120 MI2ZE  MI29  MI6E MI71 MI172 M3l M32 M34 M37 M53
Si0, 59.84 61.25 60.63 57.78 57.98 60,74 54.37 55.10 50.38 54.98 52.44
AlLO, 17.78 18.73 18.91 18.63 18.53 18.90 20.02 20.87 19.80 20,73 20,63
Fed), 1.48 0.91 0.64 0.31 0.19 0.34 0.26 0.57 0.36 0.23 0.09
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 1.78 1.27 0.49 0.28 0.06 0.23 0.00 0.39 0.16 0.00 0.00
CaO 2.64 2.69 3.30 0.40 0.59 0.36 4.46 3.97 3.63 4.21 3.90
Na,O 2.90 a1 1M 6.20 649 6.05 7.58 5.23 542 7.14 6.52
K.O 4.67 4.95 4.84 6.72 7.13 6.55 0.81 2.90 2,76 0.49 3.05
Total 91.08 9293 92.15 90.33 90.95 93,16 87.49 89.02 82.50 87.77 86.63
Si 1171 11.69 11.66 11.50 11.50 11.65 11.02 11.02 10.89 11.03 10.83
Al 4.10 421 4.28 4.37 4.33 4.27 4.78 492 5.04 4.90 5.02
Fe, 0.15 0.14 0.14 0.15 0.15 0.14 0.15 0.15 0.16 0.15 0.16
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00
Mg 0.52 0.36 0.14 0,08 0,02 0.07 0.00 0.12 0.05 0.00 0.00
Ca 0.55 0.55 0.68 0.08 0,12 0.07 0.97 0.85 0.84 0.91 0.86
Na 1.10 1.16 1.24 2.39 249 2.25 298 2.03 227 278 2.61
K 1.17 1.20 1.19 1.71 1.80 1.60 0.21 0.74 0.76 0.12 0.80
Total 19.30 19.31 19.34 20.29 20.41 20.06 20011 19.83 20,02 19.89 20.29
Si/Al 2.86 2,78 2.72 2.63 2,66 273 2.31 2.24 2,16 225 2.16

E% -3.74 4.12 B.65 1.87 -2.21 6.90 -3.68 7.84 8.08 T.22 0.69

Notes: Formulas are calculated on the basis of 32 oxygens. Phill = phillipsite, Chab = chabazite, and Rad fib = radiating fibers. E% = 100 { Al - [Na + K + 2(Ca + Mg + Sr + Ba)] / Na
+K +2(Ca+ Mg + Sr+ Ba)} (Passaglia. 1970).
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Table 13. Representative palagonite and fresh glass analyses, Hole 896A.

Core, section:  28R-] 9R-2 9R-2 9R-2 18R-1 18R-2 18R-2 18R-2 18R-2 18R-2 18R-2 18R-2
Interval (cm); 107108 14-17 14-17 14-17 87-90 87-92 §7-92 8§7-92 §7-92 B7-92 87-92 87-92
Piece no.: 18B 2 2 2 9A 9A 9A 9A 9A 9A 9A 9A
Depth (mbsf); 4409 268.2 268.2 268.2 353.2 354.2 354.2 354.2 354.2 354.2 354.2 354.2
Palag type: Br-p grn  Br—p grn Gran-p gm Brsubis  Br subis Fih Fib Fib Fib Fib Fib
Occurrence:  Fr glass Glass Glass Glass Glass Glass Glass Glass Glass Glass Glass Glass
Analysis no.: M68 M4 MII5 MI16 MY8 M99 MI02 M103 M104 MI105 MI106 MI07
Sio, 49,88 44.54 46.30 47.94 47.52 51.44 46.57 43.90 42.95 38458 3771 39.67
ALO, 16.16 15.77 16.64 16.18 15.82 15.94 15.60 15.57 14.99 15.04 15.09 15.19
FeO 8.17 10.20 943 9.33 5.67 5.22 7.21 9.05 10.24 13.41 12,78 12,40
MnO 0.84 0.33 0.25 0.24 0.13 0.08 0.64 0.16 0.21 0.32 0.57 0.48
MgO 9.09 9.86 7.45 7.66 4.80 4.56 6.94 9.34 11,30 14.35 14.30 12.78
CaO 13.24 228 4.76 8.23 2.25 2.65 2.06 1.86 1.78 1.34 1.44 1.44
Na,O 1.56 7.28 315 2.76 6.07 3.67 7.12 392 2.90 263 2.97 1.12
K.0 0.01 1.62 1.18 1.01 1.03 0.90 1.12 0.76 0.50 044 0.27 0.29
TiO, 0.62 0.85 0.83 0.83 0.92 1.04 0.88 1.28 0.87 1.35 .64 0.89
Cr0, 0.00 0.05 0.04 0.00 0.08 0.00 0.22 0.10 0.02 0.03 0.04 0.00
Total 99.56 92.77 90.03 94.18 84.28 85.50 88.36 85.94 85.74 87.40 86.81 84.26
Table 13 (continued).
Core, section:  28R-1 28R-1 28R-1 28R-1 28R-1 28R-1 28R-1 28R-1 28R-1 28R-1 28R-1| 28R-1 28R-1
Interval (cm):  107-108 107-108 107-108 107-108 107-108 107-108 107-108 107-108 107-108 107-108 107-108 107-108 107-108
Piece no.: 18B 188 18B 18B 18B 18B 188 18B 188 18B 18 B 188 18B
Depth (mbsf): 4409 440.9 4409 4409 4409 4409 4409 4409 4409 4409 4409 4409 440.9
Palag type: Br subis Fib Fib Brsubis Brsubis Granbr  Gran br Grn G Gm Fib Fib Fib
Occurrence: Glass Glass Glass Glass Glass Glass Glass Glass Glass Glass Vein Vein Vein
Analysis no.: M4 M38 M58 M70 M69 MT1 M72 M73 M74 M75 M77 M79 M78
Si0, 5364 37.10 39.40 46.50 50.12 50.01 46.70 41.36 39.73 39.09 4093 41.28 42,04
ALD, 16.96 16.40 13.93 14.80 17.02 17.62 17.18 16.09 15.98 16.23 16.1 5 15.41 17.72
FeO 6.59 11.48 10.80 8.18 7.55 7.87 9.08 10.61 10.83 10.29 11.00 12.34 9.01
MnO 0.06 0.00 0.21 0.05 0.00 0.55 0.00 0.21 0.18 0.28 0.00 0.07 0.26
MgO 6.40 17.45 14.90 8.26 5.14 6.95 8.30 12.81 14.70 13.91 1410 11.53 13.18
Ca0 7.01 27 3.21 13.12 6.93 4.78 4.21 2.85 2.80 2.81 267 2.82 3.06
Na,0 1.06 0.29 042 1.47 0.89 0.64 0.73 0.33 0.19 0.16 0.1 8 0.13 0.09
K.0 0.51 0.07 0.33 0.03 0.48 0.49 0.49 0.20 0.16 022 0.30 0.74 0.26
TiO, 0.64 0.00 1.53 0.58 0.79 0.79 1.77 0.58 0.25 0.46 0.13 0.16 0.07
Cr.0, 0.08 0.00 0.00 0.00 0.00 0.27 0.00 0.22 0.00 0.00 0.00 0.00 0.49
Total 5417 8447 86.16

9294 85.49 B4.73 92.98 BR.91 89.96 BR.44 85.25 84.82 83.45 85.

Notes; Palag = palagonite, Br-p grn = brown-pale green, Gran—p grn = granulose—pale green, Br subis = brown subistropic, Fib = fibrous, Gran br = granulose brown, Gm = green,

and Fr glass = fresh glass.
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Figure 11. Sketch of a thin section showing the rim of an olivine phenocryst

Figure 10. Chemical composition of glass, “palagonite” replacing glass, and replaced by iddingsite (type 8b), while the core (OL) remains unaltered.
veinlet in Sample 148-896A-28R-1, 107-108 cm, Piece 18B, Sample 148-896A-3R-1, 143-146 cm, Piece 17. Scale bar = 0.5 mm.
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Table 14, Secondary mineralogy of composite red halos and gray adjacent basalt from Hole 896A.

Primary mineral or void

C red halo, Zone A

Composite red halo, Zone B

Olivine
Clinopyroxene

Saponite (types 1, 2) + celadonitic minerals (types 4, 5) + iddingsite (type 8b}
Fresh phenocrysts and microphenocrysts, plumoses replaced by Fe-oxyhydroxides

Plagioclase Fresh, slightly replaced by saponite (type 2) when in contact with a saponite vein
Titane g Titanc gl

Cr-spinel Fresh

Vesicles + lddingsite (type 8b) + celadonitic minerals (types 3, 4, 5) £ saponite (types 1, 2) =

Interstitial areas

aragonite + calcite
Iddingsite (type 8b) + celadonitic minerals (types 4, 5) + suponite (types 1, 2)

Iddingsite (1ype 8b) + saponite (types |, 2) + aragonite + calcite

Fresh phenocrysts and microphenocrysts, plumoses replaced by
Fe-oxyhydroxides

Fresh, slightly replaced by saponite (type 2) when in contact
with a saponite vein

Titanomaghemite

Fresh

Iddingsite (type 8b) + saponite (types 1, 2) + aragonite * calcite
+ iddingsite (type 8a?) and saponite (type Th)

Iddingsite (type 8b) + saponite (types 1, 2) £ aragonite = calcite

Table 14 (continued).

Primary mineral or void

basalt

Composite red halo, Zone C

Gray adj

Olivine
Clinopyroxene
Plagioclase

Titanomagnetite
Cr-spinel
Vesicles
Interstitial areas

Iddingsite (type 8b) + saponile (types 1, 2) + aragonite + calcite
Fresh pheno- and microphenocrysts, plumoses replaced by Fe-oxyhydroxides
Fresh, slightly replaced by saponite when in contact with a saponite vein

Titanomaghemite

Iddingsite (type 8b) + saponite (types I, 2) + aragonite = calcite * iddingsite (type 8a)

lddingsite (type 8b) + saponite (types 1, 2) + aragonite + calcite

Saponite (types [, 2) + pyrite

Fresh

Fresh, slightly replaced by saponite when in contact with a
saponite vein

Titanomaghemite

Fresh

Saponite (types |, 2) + aragonile + calcite

Saponite (types 1, 2)

Table 15. Secondary mineralogy of simple red halos and gray adjacent basalt from Hole 896A.

Primary mineral or void

Red halo

Gray adjacent basalt

Olivine
Clinopyroxene
Plagioclase
Titanomagnetite
Cr-spinel
Vesicles
Interstitial arcas

Iddingsite (type 8b) at the rim + saponite (types 1, 2) at the center, + calcite + aragonite in the center Saponite (types 1, 2) + calcite £ aragonite

Fresh

Fresh, core rarely replaced by sapaonite (type 2)

Titanomaghemite

Fresh

+ Iddingsite (type 8b) + saponite (types 1, 2) £ calcite + aragonite
Iddingsite (1ype 8b) + saponite (types 1, 2) = chlorite/saponite (1ype 6)

Fresh

Fresh, core rarely replaced by saponite (type 2)
Titanomaghemite

Fresh

Saponite (types 1, 2) + aragonite  calcile + pyrite
Saponite (types 1, 2)

Table 16. Secondary mineralogy of brown halos and gray adjacent basalt from Hole 896A.

Primary mineral or void

Brown halo

Gray adjacent basalt

Olivine
Clinopyroxene
Plagioclase
Titanomagnetite
Cr-spinel
Vesicles
Interstitial areas

Saponite + iddingsite (type 8b) + celadonite (type 5)

Fresh phenocrysts and microphenocrysts plumoses replaced by Fe-oxyhydroxides
Fresh, slightly replaced by saponite when in contact with saponite veins
Titanomaghemite

Fresh

Saponite + calcite + aragonite

Fresh

Fresh, slightly replaced by saponite when in contact with saponite veins
Titanomaghemite

Fresh

Saponite (type ?) £ celadonitic compound (type 4 and/or 5) + iddingsite (type 8b) Saponite = calcite + aragonite

Saponite (type ?) £ celadonitic compound (type 4 andfor 5) + iddingsite (type 8b)

Saponite

Table 17. Secondary mineralogy of black halos and gray adjacent basalt from Hole 896A.

Primary mineral or void

Black halo

Gray adjacent basalt

Olivine

Clinopyroxene
Plagioclase

Titanomagnetile
Cr-spinel
Vesicles

Imerstitial areas

Celadonitic minerals (types 3, 5. 7a) at the rim, saponite (types |, 2) in the center:
iddingsite (type 7a) at the rim, saponite (types 1, 2) in the center

Fresh

Fresh, slightly replaced by saponite (type 2) when in contact with a saponite vein

Titanomaghemite

Fresh

+ Iddingsite (type 8b) + celadonitic minerals (types 3. 4, 5) + saponite (1ypes |, 2) +
pyrite

Celadonite (types 3, 4) + saponite (types 1, 2) + iddingsite (type 8b)

Saponite (types 1, 2)

Fresh

Fresh, slightly replaced by saponite (type 2) when in contact
with a saponite vein

Titanomaghemite

Fresh

Saponite (types 1,2)
Saponite (types 1,2)
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Table 18. Bulk-rock chemical analyses, Hole 896A.

Core, section: 4R-1 4R-1 1IR-3 1IR3 12R-1 12R-1 12R-1 12R-2  I12R-2  12R-2 12R-2  12R-2 14R-1 14R-1
Interval {cm}: 3744 3744 3641 3641 5557 55-57 55-57 47 4-7 2427 24-27 427 0-5 0-5
Piece no.: 8 8 (3] 6 8 8 8 1 | 2 2 2 1A 1A
Depth (mbsf): 2193 2193 2893 289.3 296.1 296.1 296.1 297 297 297.1 297.1 297.1 314.6 314.6
Rock type: G adj BrH G adj RH CRHA CRHB CRHC RH Gadj CRHA CRHB CRHC CRHA CRHB
Major elements:
Si0, 46.66 44.79 50.95 48.07 48.02 47.85 48.22 47.95 4790  47.05 46.98 48.54 46.86 48.48
TiO, 0.78 0.77 0.78 0.82 0.73 0.78 0.79 0.79 0.78 0.82 0.84 0.8 0.87 0.79
AlLO, 16.85 16.14 15.75 16.81 16,62 16.92 17.07 16.08 16.97 16.74 16.92 16.78 16.77 16.82
Fe 0, 3.38 5.35 224 35 4.57 4.1 an 4.17 2.87 4.86 3.85 333 374 3.59
FeO 4.86 3.03 5.5 537 52 5.1 5.12 55 5.81 549 5.53 543 58 5.51
MnO 0.17 0.16 0.18 0.16 0.17 0.18 0.18 0.18 0.17 0.18 0.18 0.17 0.18 0.18
MgO 7.86 8.64 7.53 7.46 '7.05 7.16 7.04 791 7.37 8.05 7.63 7.82 7.36 7.09
CaO 13.05 10.44 12.92 13.36 1.7 12.79 12.78 12.48 12.73 12.65 12.79 12.69 12.64 12.88
Na,O 1.91 2.03 1.98 1.97 1.95 1.99 1.94 1.91 1.87 1.81 1.8 1.81 1.88 1.82
K.O 0.1 0.19 0.06 0.06 011 0.07 0.1 0.06 0.03 0.2 0.1 0.07 0.12 0.07
PO, 0.05 0.22 0.05 0.05 0.06 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.06 0.05
H.O* 2.5 483 1.49 1.68 1.74 1.86 2.09 2.18 1.84 1.8 1.79 1.95 2.11 2.02
H,Or 2.16 293 093 0.87 1.51 1.18 1.01 1.04 0.78 1.01 0.96 0.98 1.01 0.91
Total 100,33 10042 10036 100,18 99.42 10004 10016 10030 99,17  100.72 9942 10042 99.40 100.21
Fe,0,, 8.77 9.71 8.34 9.46 10.34 9.77 9.45 10.27 9.31 10.95 9.98 9.35 10.17 97
Ox 0.38 0.55 0.27 0.37 0.44 0.42 0.40 0.41 0.31 0.44 0.39 0.36 0.37 0.37
Trace elements:
3 T 7 5 7 5 5 5 3 9 5 7 8 T
Sr 70 ) 64 63 71 65 69 63 69 61 64 68 62 77
Ba 8 8 8 14 8 7 8 7 7 14 7 7 7 8
Co 41 28 45 35 il 32 34 33 37 32 32 35 a5 33
Cu 104 106 103 90 142 121 68 104 101 102 157 56 105 103
Cr 423 417 407 382 395 405 414 416 431 380 392 394 380 398
Ni 174 114 203 135 117 112 138 137 156 139 131 170 145 139
v 290 284 298 275 272 286 286 280 274 283 279 281 282 280
Zn 54 56 56 56 56 61 61 58 60 57 59 57
Zr 38 39 43 41 44 42 45 42 38 9 41 41 45 42
Y 24 33 23 25 24 23 25 24 23 24 23 24 24 24
Nb 4 3 5 4 4 4 3 4 5 4 3 2 3 4

Table 18 (continued).

Core, section: 14R-1 14R-1 14R-2 14R-2  |4R-2  |6R-2 I6R-2  16R-2  |6R-3  I6R-3  16R-3  I7R-3  2IR-1  2IR-]
Interval {cm): 0-5 0-5  126-129 126-129 126-129 4-8 4-8 4-8 99-102 99-102 99-102 4345 8491 8491
Piece no.: 1A 1A 17 17 17 1A 1A 1A 5B 5B 5B 4 14 14
Depth (mbsf): 3146 314.6 3174 3174 3174 3354 3354 3354 3377 3377 3317 346.8 3737 3737
Rock type: CRHC Gadj CRHA CRHB CRHC CRHA CRHB CRHC CRHA CRHB CRHC BH CRHA CRHC
Major elements:

Sio, 47.84 48.84 46.22 48.52 49.28 48.50 48.65 47.99 47.17 46.99 46.83 49.63 46.24 46.97

TiO, 0.84 0.82 0.76 072 0.74 0.75 0.76 0.75 0.75 0.83 0.8 0.96 0.87 0.86

AlLO, 16.24 16.33 16.53 16.77 15.63 16.20 16.53 16.61 17.12 16.72 17.26 15.57 17.02 16.94

Fe,0, 2.53 517 3.87 4.07 4.72 3.79 3.05 3.48 34 3.26 3.64 6.97 4.88

FeO 5.76 4.66 493 5.05 422 4.88 5.03 5.28 bk 5.74 6.1 3.56 4.13

MnO 0.18 0.18 016 0.17 0.17 0.13 0.14 0.15 0.15 0.17 0.16 0.19 0.14 0.16

MgO 7.29 7.65 7.43 74 7.51 7.44 7.32 7.42 7.18 7.45 7.63 743 6.62 6.47

CaO 12.01 13.01 12.29 12.82 12.64 12.20 12.43 13.21 12.87 12.85 12.83 12.66 11.72 12.63

Na,O 1.73 1.86 2.01 1.94 1.92 2.02 1.98 1.98 1.95 1.84 1.83 1.84 237 2.31

K.O 0.06 0.05 0.2 0.07 0.07 0.15 0.06 0.05 0.14 0.05 0.05 0.35 0.15 0.06

P,O, 0.05 0.005 0.08 0.04 0.05 0.07 0.06 0.05 0.06 0.05 0.06 0.07 0.08 0.05

H.0" 2.37 1.78 219 1.77 2.14 230 1.87 1.89 297 2.74 1.74 1.49 28 245

H.O- 1.12 0.94 1.6 1.13 1.04 1.26 1.06 1.02 0.97 0.71 0.78 0.64 1.67 1.41

Total 99.64 99.80 99.30  100.15 10031 99.96 99.53 99.20  100.09 99.17 98.97 100,57 100.21 99.32

Fe,0,, 9.91 892 10,34 9.34 9.67 9.40 9.20 8.63 9.34 9.35 9.63 10.41 10.92 9.46

Ox 0.28 0.50 0.41 0.42 0.50 0.41 0.35 0.37 0.37 0.34 0.35 0.64 0.52
Trace elements:

Rb ] 7 8 5 5 7 8 7 8 7 7 11 7 5

Sr 71 69 64 62 63 65 6] 60 67 62 65 59 83 83

Ba 10 (] 8 7 7 8 7 7 7 8 (] 7 i) 6

Co 28 35 30 28 34 30 32 35 28 29 32 30 30 31

Cu 76 101 108 139 50 83 100 84 108 84 76 106 86

Cr 386 356 386 386 382 362 389 376 364 382 357 341 419 451

Ni 91 142 118 129 145 96 105 131 99 102 128 81 104 146

v 290 287 287 282 283 289 294 294 290 281 282 302 275 264

Zn 63 83 54 60 58 58 62 62 59 59 58 65 55 61

Zr 45 43 40 40 41 43 45 47 43 41 64 48 47 50

Y 25 25 26 24 25 24 26 25 26 25 25 27 28 24

Nb 3 5 4 5 5 4 4 4 4 3 4 4 4 4
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Table 18 (continued).
Core, section: 2IR-1  2IR-2  2IR-2  2IR-2  2IR-2  22R-1  22R-1  22R-1  23R-1 23R-2 23R-2 23R-2  23R-2 44Bas-148

Interval (cm): 84-91  47-50 47-50 66-69 6669 12-15  12-15 1215 103-106 0-6 0-6 0-6 0-6 40279
Piece no.: 14 6 6 8 8 2 2 2 15 1A 1A 1A I A
Depth (mbsf): 3737 3749 3749 3750 3750 3827 3827 3827 3932 3936 3936 3936 3936
Rock type: Gadj CRHB CRHC Gadj RH  CRHA CRHBC Gadj BrH CRHA CRHB CRHC Gadj Std
Major elements:
Si0. 48.13 4655 458 4751 4533 4862 4778 5051 4498 4705 478 48,12 4894 49.09
Tio, 1.01 0.93 0.89 0.9 0.87 0.94 089 087 0.85 0.77 0.81 0.83 092 087
AlLLO, 1757 1729 1701 173 17.54 1502 1587 1575 1775 1722 1688 1652 1806 1582
Fe.O, 2.93 4.48 5.33 2.36 5.16 4.63 4.19 1.49 576 4.67 4.7 3.99 222 2.04
FeO 4.29 491 4.46 5.07 4.64 5.62 6.03 741 3.72 4.35 451 4.55 477 6.85
MnO 0.16 019 0.8 0.15 0.17 0.18 0.19 019 013 0.15 0.17 0.17 016 0.5
MgO 6.57 735 7.97 7.78 7.82 7.61 7.52 771 704 652 7.15 7.17 7.01 8.63
Ca0 1293 1289 1302 132 1292 1204 1262 1291 1056 1185 1164 1182 1188 1183
Ni,O 239 213 2.18 2.29 2.24 2 1.92 0.93 247 218 218 2.15 221 1.96
K.0 0.05 006 005 0.04 0.04 0.13 006 003 0.17 0.18 0.04 0.04 0.03 0.04
P.0. 0.05 0.05 0.06 0.05 0.05 0.13 0.07 006 0.1 0.07 0.05 0.05 0.05 0.07
H.O* 225 2.09 25 2,58 1.8 1.78 1.83 2.13 2.96 1.86 1.95 2.28 1.61 1.45
H.O° 0.98 0.62 0.72 1.25 1.05 1.4 0.65 0.62 2.57 1.82 1.58 1.43 1.22 0.19
Total 9931 99.54 10027 10048 99.63 10020 99.62  100.61  99.07 9869 9946  99.02  99.08  98.99
Fe.0, 7.69 993 10.28 798 1031 1086 10.88 9.71 9.88 9.49 9,7 9.04 7.51 9.64
Ox 0.38 045 052 030 050 043 038 0.5 0.58 049 048 044 030  02]
Trace elements:
Rb 8 7 7 7 8 7 8 6 7 11 5 7 7 7
Sr 76 75 69 78 69 64 56 74 86 73 75 81 83 59
Ba 7 7 6 6 7 8 7 1 9 7 6 6 6 7
Co 35 29 37 35 28 29 37 26 34 30 31 49 a0
Cu 173 105 85 99 103 58 84 94 77 100 87 99 101 92
Cr 384 381 388 376 341 351 371 403 398 379 386 391 340
Ni 127 129 150 140 87 92 148 87 89 125 161 209 124
v 271 265 271 273 278 341 320 354 ekl 263 261 259 267 306
Zn 61 6l 59 66 61 73 67 56 66 54 59 56 61 53
Zr 54 47 48 50 51 52 84 55 50 44 47 50 47 50
Y 22 25 25 23 26 32 27 25 32 27 25 26 26 28
Nb 9 3 4 4 4 8 6 8 3 4 2 3 3 3

Notes: Abbreviations as in Table 3. with the addition of Std = Leg 148 shipboard standard and Ox = [(Fe,O,)/80] / {[(Fe,0,)/80] + [(FeOW72]},
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Figure 12. H,0*, FeO,, and K,O (wt%) vs. Ox (= Fe,04/Fe,0, + FeO) in the
various types of alteration halos from Hole 896A basalts. Open circles = gray
adjacent basalt, solid squares = red halos, diamond = brown halo, asterisk (*)
= black halo, triangles = Zone A of composite red halo, open squares = Zone
B of composite red halo, and solid circles = Zone C of composite red halo.
The lines link the halos with their adjacent gray rock. The average of K,O
and H,0* and the range of Fe,0, content of fresh glass samples are repre-
sented by a gray dot and a line, respectively.
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