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ABSTRACT

Hole 504B, drilled into the 5.9 Ma crust of the southern flank of the Costa Rica Rift, tapped a hydrothermal system
in its conductive stage. Three alteration zones were encountered along the 561.5 meters of basement drilled. The upper
alteration zone, 274.5 to 584.5 meters below the seafloor (BSF), is characterized by the presence of color zonation in
which red halos are located between dark gray inner rock portions and dark gray outer bands. The red halos are charac-
terized by an abundance of iddingsite, and they have higher K2O contents and Fe3 + /FeT ratios, but lower SiO2 contents,
than the adjacent dark gray inner zones. The dark gray outer bands are characterized by the presence of celadonite-non-
tronite. Saponite is omnipresent in these three alteration bands. Phillipsite is the only zeolite that occurs in the upper al-
teration zone. The upper alteration zone is interpreted as being the result of low-temperature alteration, with large
amounts of cold oxygenated seawater percolating through the upper ocean crust. In the upper alteration zone, the for-
mation of red halos was both preceded and followed by formation of dark gray outer bands. Then followed formation
of dark gray cores.

The lower alteration zone (584.5-835.5 m BSF) is characterized by the absence of color zonation, the downward-in-
creasing abundance of pyrite and saponite, and the presence of quartz, talc, and calcite. The chemical changes
(downhole MgO enrichment and concomitant CaO depletion) observed in the basalts of the lower alteration zone are
thought to result from reactions of oceanic basalts with evolved seawater (i.e., solutions derived from seawater that has
already reacted with ocean crust), which is thus depleted in oxygen, potassium, and radiogenic strontium. This altera-
tion process, which was responsible for saponite formation in both the upper and lower alteration zones, was rock
dominated, and it took place under suboxic to anoxic conditions during a second stage of alteration. Reaction
temperatures could have progressively increased with depth.

There is also a zeolitic zone that essentially coincides with the lower part of the upper alteration zone (between 528.5
and 563 m BSF). The host rock adjacent to veins of zeolite exhibits a greenish discoloration due to the intensive replace-
ment of the igneous minerals. The replacement minerals result in significant increases in the bulk rock K2O, MgO, CaO,
CO2, and H2O+ contents. The solutions circulating along the newly opened fissures had high Ca activity, and minerals
probably precipitated in these fissures at60°CorllO°C. These hydrothermal solutions circulated later than those re-
sponsible for the formation of the minerals that characterize the upper and lower alteration zones.

INTRODUCTION

Hole 504B (in the Panama Basin) offers the opportu-
nity to study one of the longest sections through ocean
Layer 2 ever drilled during the Deep Sea Drilling Proj-
ect. (During Leg 70, Hole 504B fell only 21.5 m short of
the former record depth of 582 m of basement pene-
tration, which was reached during Leg 37 at Hole 332B.
During Leg 83, the record was far surpassed, with the
hole reaching 1075 meters into the ocean crust, and it
is still open for future drilling.) At Site 504, the upper
ocean crust appears to be mainly made up of pillow la-
vas (which are interlayed with frequent and varied brec-
cias) and a few massive flows (Fig. 1). The great struc-
tural heterogeneity of the crust is in contrast to its near-
ly uniform chemical composition. Bulk rock chemical
analyses demonstrated that Hole 504B rocks are rather
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primitive mid-ocean-ridge basalts. The basalts are de-
pleted in light rare earth elements, except for Lithologic
Units 5 and 36, which are 14 and 18 meters thick, re-
spectively, and are slightly enriched. Perhaps the great-
est advantage of Hole 504B is that students of seawater/
crust interaction can compare the effects of different al-
teration processes because the processes affected rocks
initially almost identical in composition (Natland et al.,
this volume). Therefore, differences in alteration effects
can only be ascribed either to differences in the proces-
ses themselves or in the primary structure of the rocks.

The aging of the upper ocean crust at low temperature
consists of a complex sequence of seawater/basalt reac-
tions with effects that overlap through time and space
(Alt and Honnorez, 1981). (We define low temperature
as ranging from bottom water temperature up to, but
not including, the crystallization temperature of un-
equivocally metamorphic minerals such as laumontite
or chlorite [see Honnorez, 1981 for discussion].) Each
stage of the submarine alteration corresponds to one
process with its own rate and scale and differs from the
others by its mechanism and the conditions under which
it operates, mainly the water-rock ratio, the composi-
tion of the solutions, and temperature. The superim-
posed effects of the various alteration processes, includ-
ing the igneous minerals affected, the secondary phases
precipitated, and the elemental fluxes, are generally dif-
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Figure 1. Downhole distribution of alteration minerals in Hole 504B. The rightmost column (entitled Miscellaneous) in-
cludes the following minerals: Ok okenite (Kurnosov et al., this volume); Kf K-feldspar (Kurnosov et al., this
volume and J. Alt, pers. comm.); Gy gyrolite (Kurnosov et al., this volume and this chapter); Me marcasite (this
chapter); A-A aegirine-augite and Me melanite (Laverne, this volume); C chabazite and H heulandite (this chapter);
Ch chlorite (this chapter).
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ficult to decipher. Moreover, no clear depth trends have
been observed in the cases studied to date (e.g., Bass,
1976; Böhlke et al., 1980; Alt and Honnorez, in press;
Alt, in press). The most striking characteristic of the low
temperature alteration in Hole 504B, on the other hand,
is the change with depth in both alteration mineralogy
and chemistry.

The basalts from Hole 504B are all more or less al-
tered. Low temperature alteration was more pervasive
in the hyaloclastites and pillow breccias than in the mas-
sive lava flows. However, none of the samples that we
studied is completely altered; the igneous plagioclases
are often completely fresh, and the clinopyroxenes are
only exceptionally and partly replaced. Moreover, fresh
glass was found in pillow rims down to about 798 meters
below the seafloor (BSF) (Sample 504B-66-1, 120-122
cm; see Natland et al., this volume), that is, only 38 me-
ters above the bottom of the hole.

In the following sections, we summarize first the
downhole variation of alteration mineral parageneses.
Then we describe the 31 alteration minerals that we
identified and discuss their optical properties, chemical
composition, and X-ray diffraction patterns. We illus-
trate the petrography of the different types of alteration
by describing several representative examples of the vari-
ously colored halos throughout the hole. We then char-
acterize the alteration phases as replacement or as fis-
sure and void fillings. We discuss the effects of the alter-
ation on bulk rock composition and oxygen isotope geo-
chemistry. We conclude with a general discussion of the
alteration processes in the crust at Site 504. This report
is based almost entirely on our data. Other chapters in
this volume provide additional data and discuss particu-
lar secondary minerals or the chemical and isotopic as-
pects of the alteration.

DOWNHOLE DISTRIBUTION OF
ALTERATION MINERALS

The frequency and occurrence of secondary minerals
follow a definite pattern related to depth. We established
tentative alteration zones for Hole 5O4B that were based
on the presence of specific secondary minerals or miner-
al associations (Table 1 and Fig. 1). However, although
we studied about 300 samples, our sampling only repre-
sents an average of one sample studied per core section,
corresponding to a 30% recovery. Moreover, too few
samples were studied by both electron microprobe and
X-ray diffraction to permit a confident identification of
all of the clay minerals.

The alteration minerals that either replace igneous
phases or fill primary voids, vesicles, and cracks belong
to three alteration zones.

The basement rocks from the uppermost 310 meters
of Hole 504B (i.e., above 584.5 m BSF) are characterized
in hand specimens by the presence of red halos. The ha-
los are usually coupled with a dark gray outer band that
runs parallel to veins or other exposed surfaces. The
rocks from this upper alteration zone contain various
combinations of the following secondary minerals: id-
dingsite (see below for definition), celadonite-nontronite

(a dark green clay mineral), celadonite (a bright green
clay mineral), various saponites (pale green to dark olive
green or brown clay minerals), phillipsite, and aragonite.
Orange and blue green clay minerals also occur but are
rare. Calcite is abundant; pyrite is exceptional. Olivine
phenocrysts are usually completely replaced by various
secondary mineral associations. Saponite is the major
alteration product of olivine phenocrysts in the inner
gray cores of samples from the upper alteration zone.
On the other hand, iddingsite is generally abundant in
the olivine pseudomorphs in the red halos, where it is
often accompanied by saponites. Iddingsite is associated
with celadonite in the part of the outer dark gray bands
that is close to the red halos. Plagioclase and pyroxenes
are generally fresh. Veins in the upper alteration zone
are formed by various types of saponites, celadonite-
nontronite, and iddingsite; more rarely, they are accom-
panied by phillipsite, aragonite, or calcite.

Rocks from the lower 251 meters of the hole (i.e.,
below 584.5 m BSF) do not display color zonation but
are mottled or uniformly dark gray. This lower alteration
zone is characterized by the presence of very pale green
and dark olive green saponites and an abundance of py-
rite. Talc, quartz, and calcite occur in veins with the sap-
onites; aragonite was found only once. Olivine pheno-
crysts are replaced by fairly light-colored olive green
saponites. Plagioclase and clinopyroxene are essentially
unaltered. The presence of chlorite in the lower portion
of the hole is indicated by X-ray diffraction, but it is
rare as a discrete phase, more often forming a mixed-
layer mineral with smectite.

We call the third alteration zone the zeolitic zone. It
spans the interval from Core 35, Section 1 to Core 38,
Section 2 (i.e., from 528.5 to 563 m BSF). It overlaps
part of the upper alteration zone. It is made up of sever-
al veins of minerals found nowhere else in Hole 504B ex-
cept in wall rocks near some of these veins (from Core
37, Section 1 to Core 37, Section 3; i.e., from 549.5 to
553 m BSF). When these veins occur in the upper altera-
tion zone, they are characterized by the presence of zeo-
lites other than phillipsite, namely analcime, natrolite,
thomsonite, possibly mesolite, and an unidentified K-
rich, Na-, Ca-zeolite. The zeolites are always accom-
panied by minor saponite, occasionally calcite, and ex-
ceptionally apophyllite (see the section on veins). In the
wall rocks near these veins, both olivine and Plagioclase
are extensively replaced by some of the same minerals
that form the veins. Petrographic evidence indicates
that the zeolitic veins formed later than the alteration
minerals characteristic of the upper portion of the hole
(i.e., above 584.5 m BSF), including the thin veins that
contain only phillipsite. In the rocks from the lower por-
tion of the hole (i.e., below 584.5 m BSF), only one zeo-
litic vein was found (at about 657 m BSF). It is made up
of heulandite and chabazite, which, as far as we know,
do not occur anywhere else in Hole 504B.

Some of the veins are made up of Fe-rich saponite
and have rims on the salband clinopyroxenes of either
melanite + calcite or talc + aegirine-augite. Other veins
contain anhydrite, calcite, gyrolite or quartz. We do not
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Table 1. Main mineralogical and petrographic features of the alteration zones in Hole 504B.

Alteration
Zone

BSF depth (m)

Alteration halo:
thickness;
color

Vein
composition

Vesicle and
void fillings

Plagioclase

Pyroxene

Olivine
(types of
replacement)

Upper Alteration Zone

274.5 to 584.5

Up to 5 cm; red halos with frequent
outer dark gray bands

Iddingsitelike material
Type 2 (colorless to very pale green)

saponite
Type 4 (dark green) celadonite-

nontronite
Greenish brown clay mineral
Aragonite
Phillipsite

Iddingsitelike material
Type 4 (dark green) celadonite-

nontronite
Type 2 (colorless to very pale green)

saponite
Type 3 (orange) clay mineral
Calcite

Generally unaltered, rarely partly
replaced by Type 2 (very pale
green) saponite

Unaltered

Type 2 (colorless) saponite +
iddingsite

Type la (pale green) saponite
Type 3 (orange) clay mineral
Type 4 (dark green) celadonite-

nontronite ± Type la or 2
saponite ± calcite

Type 5 (bright green) celadonite +
Type 2 (colorless) + Type la
(pale green) saponite + iddings-

Type 6 (blue green) clay mineral +
iddingsite

Lower Alteration Zone

584.5 to 835.5

Uniformly or mottled gray

Type la (olive green to pale green)
Type lb (dark olive green)
Type lc (olive brown)
Calcite, pyrite, quartz
Minor talc, mixed-layer smectite-

chlorite

Zeolitic Zone

Overlaps both upper and lower
alteration zones

Up to 1 cm; pale green discoloration

Anacite, thomsonite, natrolite,
mesolite(?), K-rich zeolite

Rare apophyllite, calcite
Heulandite, chabazite
Type la and 2 saponites

Anhydrite + gyrolite + calcite; Fe-rich
saponite, calcite

Type la, lb, and lc (pale green,
dark olive green, olive brown)
saponites

Calcite
Mixed-layer chlorite-saponite
Rare chlorite

Often altered down to 441 m into
Type 2 (very pale green)
saponite

Very rarely altered below 441 m

Unaltered

± talc ± melanite

Rarely one of the above zeolites

Partly or completely replaced by
analcime, thomsonite, natrolite,
apophyllite, saponite

Unaltered

Aegirine-augite reaction rims along veins

Type lc (olive brown) saponite ±
calcite

Type la (medium olive green)
saponite ± calcite

Type lb (dark olive green) +
Type la (pale olive green)
saponite + Ni, Fe-rich opaque
needles

Various saponites and calcite; or
some olivine replacements as for
the alteration zone on which the
veins are superimposed

know whether these veins are related to the zeolitic veins,
to the other alteration products of the hole, or represent
an altogether different alteration process.

SECONDARY MINERALS

The clay minerals are the most common and abun-
dant secondary minerals in the Hole 504B basalts. The
other alteration products and minerals—iddingsite, Ca-
carbonates, zeolites, anhydrite, quartz, and pyrite—oc-
cur in smaller quantities. Rare minerals include gyrolite,
talc, aegirine-augite, and melanite. The identification
of the secondary minerals is based on optical analysis,
electron microprobe analysis, and X-ray diffraction
analysis.

The electron microprobe analysis of the secondary
minerals was difficult because of the minerals' high vol-
atile content, mineral heterogeneity, small grain size,
poor crystallinity, and imperfect polish. We did not use
a defocused beam despite these problems, but a small
count time (4 s) still allowed us to obtain satisfactory
analyses with a high degree of uniformity and reproduc-
ibility.

Clay Minerals

Clay minerals are present the entire length of Hole
504B. They commonly occur as fillings in miarolitic
voids, vesicles, and cracks, and as replacements of glass,
olivine, and Plagioclase. X-ray diffraction data of clay
minerals and their overall chemistry indicate that most
of them are smectites.

The optical properties used to distinguish among the
various types of clay minerals are absorption color, bi-

refringence, pleochroism, and anomalous interference
color. For each type, the mode of occurrence, the rela-
tive abundance, and the size and habit of the clay parti-
cles were also noted. All of these features are summa-
rized in Table 2.

The chemical composition of the clay minerals varies
greatly (see Fig. 2 and Table 3), with variations in major-
oxide content distinguishing different types. We distin-
guish six types, one of them having three subtypes, as
described below. Variations in Mn, Cr, Ni, and Ti con-
tents are not significant and were not used to make dis-
tinctions. Most varieties of clay minerals are Al poor,
except for Types la and 6, which average 8.7 and 14.2%
A12O3, respectively. In the descriptions below, H2O is
calculated to be the difference between the totals of the
analyses (Table 3) and 100%.

Type la (olive green to pale green)

The distinction between the chemical and optical
(mainly absorption color) properties of Types la and 2
is not always clear. Nevertheless, Type la clay minerals
are characterized by a relatively high MgO content (19
to 26%). H2O content ranges from 8.5 to 14%. The low
SiO2 content of one of the Type la clay minerals (which
was 38.4 to 42.7% in three analyses) and its high A12O3
content (7.6 to 9.4%) cannot be explained; the same clay
minerals are very rich in H2O (16 to 18%). Most of the
calculated formulas for Type la clay minerals are simi-
lar to ideal saponite. Numerous X-ray diffractograms
indicate that Type la is a trioctahedral smectite with a
(060) peak ranging from 1,535 to 1,540 Å. Type la is
identified as a saponite.
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Table 2. Main characteristics of clay minerals from Hole 504B.

Type

la (olive green to
pale green)

lb (dark olive green)

lc (olive brown)

2 (colorless to very
pale green)

3 (orange)

4 (dark green)

5 (bright green)

6 (blue green)

Form

Fibers or slabs

Small grains or
fibers

Small grains or
short slabs

Large slabs
with perfect
cleavage

Needles or
slabs

Pleochroism

Very variable

Nonexistent
or slight

Nonexistent

Nonexistent

Medium

Strong

Color with
Crossed Polars

Gray to red
(first order)

Gray to indigo

Abnormal dark
orange

Abnormal very
dark green

White to yellow
first order
superimposed
to bright
green

Abnormal bluish
gray

Mode of Occurrence

Replacement of olivine
Replacement of Plagioclase
Vein

Replacement of olivine
Vein

Replacement of olivine
Vein and vesicle fillings

Replacement of olivine

Replacement of olivine

Relacement of olivine
Vein, vesicle, and void

filling

Replacement of olivine

Replacement of olivine

Abundance

Very common

Common

Common

Common

Rare

Common

Common to
rare

Very rare

Rare

Dominant
Chemical
Features

High Mgo
Low FeO*

High FeO*
Medium MgO

Medium FeO*
High MgO

High MgO and Siθ2
Very low FeO*

High CaO

Low CaO

Middle K2O
High FeO
Low Mg

High K 2O
Very high FeO*
Low Mg

High A12O3

Low Siθ2

Note: FeO* is total iron expressed as FeO.

8 +

7 +

5 +

4 +

34-

24"

14-

+ Type la
o Type 1b
X Type 1c
• Type 2
D Type 3
EB Type 1a/3
Δ Type 4
4- Type 5
× Type 6
• Iddingsite

Clay

0.10 0.20 0.30 0.40 0.50 0.60
FeO*

FeO* + MgO

0.70 0.80 0.90 1.00

Figure 2. K2O contents versus FeOVFeO* + MgO ratio of clay minerals and iddingsites that replace
olivine and fill vesicles and voids. Circled symbols denote minerals that fill vesicles and voids.

513



J. HONNOREZ ET AL.

Table 3A. Representative microprobe analyses of clay minerals from Hole 504B: mineral color and location.

Analyses 1-20: Type la (olive green to pale green) clay mineral—

1 Pale olive green clay mineral replacing olivine in red halo (associated
with Analyses 30, 31, 44, 45, 46 in Table 3 and Analyses 1, 2 in
Table 4); Sample 5O4B-33-1, 69-73 cm

2, 3 Pale olive green clay mineral replacing olivine in red halo (associated
with Analyses 3, 4 in Table 4); Sample 5O4B-33-1, 69-73 cm

4, 5 Very pale olive green clay mineral replacing olivine (no other second-
ary mineral associated); Sample 5O4B-33-1, 69-73 cm

6, 7 Pale olive green clay mineral replacing olivine (no other secondary
mineral associated); Sample 5O4B-33-2, 48-52 cm

8, 9 Medium olive green clay mineral replacing olivine (no other secondary
mineral associated); Sample 504B-39-2, 144-147 cm

10, U Medium olive green clay mineral replacing olivine, located around
fresh olivine relic (no other secondary mineral associated); Sample
504B-41-1, 118-120 cm

12, 13 Medium olive green clay mineral replacing olivine, located between
two fresh olivine relics (same olivine phenocryst as in Analyses 10,
11); Sample 504B-41-1, 118-120 cm

14, 15 Medium olive green clay mineral replacing the rim on olivine pheno-
cryst (associated with Ni, Fe-rich opaques, Analyses 21, 22 in
Table 3); Sample 504B-63-4, 7-10 cm

16, 17 Pale olive green clay mineral replacing the rim of an olivine pheno-
cryst (associated with Analyses 23, 24 in Table 3); Sample 5O4B-
63-4, 90-91 cm

18, 19 Pale olive green clay mineral replacing the rim of an olivine pheno-
cryst (associated with Analyses 25, 26, in Table 3); Sample 504B-
63-4, 90-91 cm

20 Very pale green clay mineral partly replacing a Plagioclase phenocryst;
Sample 5O4B-33-2, 48-52 cm

Analyses 21-28: Type lb (dark olive green) clay mineral—

21, 22 Dark olive green clay mineral replacing the core of an olivine pheno-
cryst (associated with Analyses 14, 15 in Table 3); Sample
504B-63-4, 7-10 cm

23, 24 Dark olive green clay mineral partly replacing the core of an olivine
phenocryst (associated with Analyses 16, 17 in Table 3); Sample
504B-63-4, 90-91 cm

25, 26 Dark olive green clay mineral completely replacing the core of an oliv-
ine phenocryst (associated with Analyses 18, 19, in Table 3); Sam-
ple 5O4B-63-4, 90-91 cm

27, 28 Greenish orange clay mineral partly replacing the core or an olivine
phenocryst (associated with olive green clay mineral and calcium
carbonate); Sample 504B-40-1, 37-39 cm

Analyses 29-31: Type lc (olive brown) clay mineral—

29, 30 Olive brown clay mineral replacing olivine (no other secondary
mineral associated); Sample 5O4B-4O-3, 56-58 cm

31 Olive brown clay mineral at the rim of a vesicle (associated with
calcite at the center of the vesicle); Sample 504B-56-1, 2-4 cm

Analyses 32-35: Type 2 (colorless to very pale green) clay mineral—

32, 33 Colorless clay mineral replacing olivine in red halo (associated with
Analyses 1, 44, 45, 46 in Table 3 and Analyses 1, 2 in Table 4);
Sample 5O4B-33-1, 69-73 cm

34, 35 Colorless clay mineral replacing olivine in red halo (associated with
Analyses 5, 6, 7 in Table 4); Sample 5O4B-33-2, 48-52 cm

Analyses 36-39: Type 3 (orange) clay mineral—

36, 37 Orange clay mineral replacing olivine in red halo (no other secondary
mineral associated); Sample 5O4B-33-1, 69-73 cm

38, 39 Mixture of orange clay mineral and calcium carbonate replacing oliv-
ine in red halo (no other secondary mineral associated); Sample
504B-38-2, 129-131 cm

Analyses 40-43: Type 4 (dark green) clay mineral—

40, 41 Dark green clay mineral at the center of a vesicle in red halo (associ-
ated with Analyses 10, 11 in Table 4, at the rim); Sample
5O4B-33-1, 69-73 cm

42, 43 Dark green clay mineral in a vein (no other secondary mineral associ-
ated); Sample 5O4B-33-2, 48-52 cm

Analyses 44-46: Type 5 (bright green) clay mineral—

44-46 Bright green clay mineral replacing olivine in red halo (associated with
Analyses 1, 32, 33 in Table 3, and Analyses 1, 2 in Table 4); Sam-
ple 504B-33-1, 69-73 cm

Analyses 47-49: Type 6 (blue green) clay mineral—

47-49 Blue green clay mineral replacing olivine in red halo (associated with
Analyses 8, 9 in Table 4); Sample 5O4B-37-3, 49-52 cm

Type lb (dark olive green)

FeVFeO* + MgO ratio ranges from 0.5 to 0.6, SiO2
content from 47.6 to 50.4%, and interlayered H2O from
11 to 13.3%. Another clay mineral, which is greenish
orange, is chemically similar to the dark olive green clay
mineral. We observed it in several samples, but are not
sure that it has a uniform composition. The Type lb
clay minerals are very close to saponite in composition,
although octahedral occupancy (5.46 to 5.70) is too low
in some cases.

Type lc (olive brown)
This clay mineral is most like the Type la clay miner-

als but has even less SiO2. H2O content is 11.0 to 12.3%.
The mineral is probably another variety of saponite.

Type 2 (colorless to very pale green)
These clays are very rich in MgO (23.4 to 26.1 %) and

have SiO2 contents ranging from 46.7 to 55.8%. H2O
content is variable (11 to 18%). Because of their optical
features, the shipboard scientific team originally identi-
fied these clay minerals as talc, but they are too poor in
Si and Mg and too rich in Fe, Al, and H2O to be talc (see
Laverne, this volume.) They are probably saponite or a
saponite-talc mixture.

Type 3 (orange)
There are two orange clay minerals. One is CaO poor

(<1%) and MgO rich (21.3 to 24.3%) and has a
medium FeO* content (9.4 to 15.7%). The other is CaO
rich ( 15%) and FeO* rich (20.5 to 22.6%) and con-

tains less MgO (8.1 to 9.5%). It is probably a mixture
of clay mineral and Ca-carbonate. Both varieties show
a linear correlation between FeO*/FeO* + MgO ratio
and SiO2 content. This correlation and the common
orange color lead us to consider these clay minerals the
same type in spite of their different CaO contents.
Structural formulas indicate that a large amount of iron
is probably Fe3+ in tetrahedral sites. Both Type 3 clay
minerals may be oxidized saponites, but the Ca-rich
variety could be a mixture of oxidized saponite and
calcium carbonate.

Types 4 and 5
The chemical analyses of Types 4 and 5 are on a con-

tinuum from lower K2O and FeO* but higher tetrahed-
ral Al contents (Type 4) to higher K2O and FeO* but
lower tetrahedral Al contents (Type 5).

Type 4 (dark green) clays are rich in both K2O (4.6 to
6.8%) and FeO* (16.8 to 21.9%). The interlayered H2O
content is constant at about 8.5%. These clay minerals
are found in vesicles and voids down to Sample 504B-
38-2, 129-131 cm (563 m BSF), as rare olivine replace-
ments down to Sample 5O4B-33-1, 69-73 cm (511.5 m
BSF), with calcite in Sample 504B-38-1, 28-31 cm (561.8
m BSF), and in veins down to Sample 504B-34-1, 54-56
cm (526 m BSF). They are sometimes associated in oliv-
ine replacements with iddingsite or Type la or 2 saponite.

Our Analyses 42 and 43 (Table 3) are too rich in MgO
to be pure celadonite (see Buckley et al., 1978), and all
of the Type 4 clay minerals we analyzed (Analyses 40 to
43) are also too poor in K2O to be pure celadonite. Type
4 is thus provisionally identified as a mixture of cela-
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Table 3B. Representative microprobe analyses of clay minerals from Hole 504B: chemical composition of minerals.a

SiO2
A12O3
FeO
MnO
MgO
CaO
Na2O
K2O
TiO2
NiO
Cr2O3

Total
Si
Al
Ti
Z

Al

F e T
Mn
Ni
Mg
Y

Mg
Ca
Na
K
X

1

50.59
3.76
5.59
—

24.30
1.41
0.10
0.18
—
0.24
—

86.17

7.38
0.62

8.00

0.03
0.68
—

0.03
5.26
6.00
0.06
0.22
0.03
0.03
0.34

2

54.21
1.63
4.89
0.05

25.05
0.57
0.11
0.17
0.01
0.20
0.02

86.91

7.74
0.26

8.00

0.01
0.58
0.01
0.02
5.37
5.99
_

0.09
0.03
0.03
0.15

3

55.78
1.24
5.37
—

25.78
0.43
0.09
0.21
—
0.27
0.08

89.25

7.77
0.20

7.97

0.62
—

0.03
5.35
6.00
0.04
0.06
0.02
0.04
0.16

4

50.33
1.92

10.20

20.75
0.88
0.10
0.33
0.03
0.08
—

84.63

7.63
0.34

7.97

1.29
—

0.01
4.70
6.00
0.02
0.14
0.03
0.06
0.23

5

52.31
1.97

10.20
0.08

22.05
0.97
0.21
0.25
—

0.01
88.03

7.61
0.34

7.95

1.24
0.01
—

4.75
6.00
0.06
0.15
0.06
0.05
0.26

6

40.24
9.13
8.26
—

24.22
0.83
0.15
0.08
—
0.11
—

83.02
6.28
1.68

7.96

1.07

0.01
4.92
6.00
0.75
0.14
0.05
0.02
0.96

7

42.71
7.65
7.69

23.82
1.44
0.35
0.11
0.04
0.08
—

83.89

6.56
1.38

7.94

0.98

0.01
5.01
6.00
0.48
0.24
0.10
0.02
0.84

8

54.44
0.06

10.11
0.03

22.93
0.84
0.04
0.27
—
0.12
0.12

88.97

7.82
0.01

7.82

1.21

0.01
4.77
6.00
0.17
0.13
0.01
0.05
0.36

9

53.50
0.01

10.46
0.09

23.19
0.91
0.09
0.32
—
0.30
0.13

89.00
7.73
—

7.73

1.26
0.01
0.03
4.70
6.00

0.33
0.14
0.03
0.06
0.56

10

51.95
0.06

11.19
0.10

21.14
1.05
0.04
0.12

0.08
84.74

7.80
0.01

7.81

1.40
0.01
—

4.58
6.00

0.18
0.17
0.01
0.02
0.38

11

51.60
0.19

11.06
0.03

21.58
0.82
0.09
0.11
—
0.19
0.19

85.85

7.75
0.03

7.78

1.38

0.02
4.60
6.00

0.26
0.13
0.03
0.02
0.44

Analysis
12

48.83
4.41
9.80
0.05

24.51
0.90
0.14
0.20
—
0.06
—

88.89
7.08
0.75

7.83

1.18
0.01
0.01
4.80
6.00

0.53
0.14
0.04
0.04
0.75

13

48.21
3.52
8.67

23.52
1.13
0.19
0.29

—

85.55

7.23
0.62

7.85

1.08

4.92
6.00

0.37
0.18
0.06
0.06
0.67

14

55.21
0.83

12.76
0.08

21.36
0.55
0.05
0.13
—
0.25
—

91.21

7.81
0.14

7.95

1.50
0.01
0.03
4.46
6.00
0.07
0.08
0.01
0.02
0.18

15

53.22
1.02

13.22
0.02

19.81
0.74
0.11
0.12
0.01
0.23
0.05

87.76
7.79
0.18

7.97
_

1.61

0.03
4.35
5.99
_

0.12
0.03
0.02
0.17

16

54.52
0.09

10.33

25.60
0.53
0.13
0.09
—
0.11
0.01

91.41

7.64
0.01

7.65

1.21

0.01
4.78
6.00

0.60
0.08
0.04
0.02
0.74

17

53.91
0.04

13.33

22.06
0.48
0.14
0.11

0.19
0.04

90.29
7.75
0.01

7.76

1.60

0.02
4.38
6.00

0.38
0.07
0.04
0.02
0.51

18

53.29
1.11

10.27
0.03

23.47
0.92
0.10
0.10
—
0.17
0.05

89.53

7.63
0.19

7.82

1.23

0.02
4.75
6.00

0.29
0.14
0.03
0.02
0.48

19

55.61
1.41

10.67
0.03

23.06
0.66
0.14
0.21
0.02
0.09
—

91.90
7.73
0.23

7.96

1.24

0.01
4.75
6.00

0.06
0.10
0.04
0.04
0.24

20

47.80
6.86
5.21
—

23.48
1.35
0.42
0.34
—
0.13
—

85.61

7.04
0.96

8.00

0.23
0.64

0.01
5.12
6.00
0.04
0.21
0.12
0.06
0.43

21

48.20
3.31

19.42
0.20

11.33
3.14
0.33
0.71
—
0.07
—

86.72

7.59
0.41

8.00

0.20
2.55
0.03
0.01
2.67
5.46
_

0.53
0.10
0.14
0.77

22

48.31
3.39

18.80
0.23

12.09
3.05
0.11
0.32
—
0.03
—

86.33

7.58
0.42

8.00

0.21
2.46
0.03

2.85
5.55
_

0.51
0.03
0.06
0.60

23

50.27
0.28

18.80
0.05

17.01
1.93
0.10
0.15
—
0.37
0.07

89.05

7.63
0.05

7.68

2.38
0.01
0.04
3.57
6.00
0.30
0.31
0.03
0.03
0.67

24

50.43
0.30

17.94
—

17.13
1.74
0.15
0.11
—
0.20
0.06

88.06
7.69
0.05

7.74

2.28

0.02
3.70
6.00
0.22
0.28
0.04
0.02
0.56

25

48.73
3.98

20.27
0.10

12.11
2.78
0.06
0.22
—
—
0.10

88.34

7.50
0.50

8.00

0.22
2.60
0.01

2.80
5.63
_

0.46
0.02
0.04
0.52

1 FeO total iron expressed as FeO. Structural formulas are calculated on the basis of 22 oxygens.

Table 3B. (Continued).

SiO2
A12O3
FeO
MnO
MgO
CaO
Na2O
K2O
TiO2
NiO
Cr2O3

Total

Si
Al
YI
Z

Al
FeT
Mn
Ni
Mg
Y

Mg
Ca
Na
K
X

26

47.53
3.95

20.33
0.07

11.3!
2.46
0.13
0.30
—

1.68
0.17

87.94
7.44
0.56

8.00

0.17
2.65
0 01
0.21
2.66
5.70
_

0.41
0.04
0.06
0.51

27

50.82
0.33

16.49
0.11

17.46
1.97
0.22
0.31

0.12
—

87.81

7.72
0.06

7.78
_

2.09
0 01
0.01
3.89
6.00
0.09
0.32
0.06
0.06
0.43

28

50.47
0.35

16.78
0.04

17.25
1.78
0.25
0.33
0.03
0.17
0.09

87.54
7.71
0.06

7.77
_

2.13
0 01
0.02
3.84
6.00
0.11
0.29
0.07
0.06
0.54

29

47.55
4.65

11.42
0.08

21.84
1.50
0.20
0.27
—

0.14
—

87.65

7.08
0.81

7.89
_

1.42
0 01
0.02
4.55
6.00
0.33
0.24
0.06
0.05
0.68

30

48.01
4.85

11.78
0.14

21.75
1.64
0.29
0.34

—
0.13

88.93

7.06
0.84

7.90
_

1.44
0 02

4.54
6.00

0.26
0.26
0.08
0.06
0.66

31

48.17
7.26

12.85

21.12
1.69
0.82
0.06

0.02
—

92.02
6.87
1.13

8.00

0.09
1.53

4.38
6.00

0.11
0.26
0.23
0.01
0.61

32

55.14
1.66
4.10
0.03

25.64
0.57
0.15
0.17
0.03
0.07
0.02

87.57

7.77
0.23

8.00

0.05
0.48

0.01
5.42
5.96

_

0.09
0.04
0.03
0.16

33

54.99
1.78
3.57

26.41
0.59
0.11
0.15
0.01
0.22
0.01

87.85

7.72
0.28

8.00

0.01
0.42

0.02
5.55
6.00

0.01
0.09
0.03
0.03
0.16

34

49.85
4.02
4.21
0.05

24.16
0.89
0.25
0.18

0.15
0.02

83.78

7.41
0.59

8.00

0.11
0.52
0 01
0.02
5.34
6.00
0.05
0.14
0.07
0.03
0.29

35

48.67
4.15
4.23
0.06

23.38
1.02
0.22
0.14

0.07
0.10

82.05

7.39
0.61

8.00

0.13
0.54
0 01
0.01
5.31
6.00

0.02
0.17
0.06
0.03
0.28

36

49.12
2.42
9.37

24.18
0.89
0.16
0.20

—
0.01

86.35

7.31
0.42

7.73
_

1.16

4.84
6.00
0.64
0.14
0.05
0.04
0.87

37

45.47
2.08

15.69

21.25
0.99
0.09
0.16

0.04

85.76
7.10
0.38

7.48
_

2.04

3.96
6.00

1.02
0.17
0.03
0.03
1.25

Analysis

38

36.%
7.67

22.58

8.07
14.91
0.16
0.04
0.26
0.07
0.19

90.92
6.01
1.47

7.51
_

3.06

0.01
1.97
5.04

2.60
0.05
0.01
2.66

39

37.95
8.25

20.53
0.02
9.51

14.95
0.10
0.02
0.26
—
0.01

91.59
6.03
1.54
0 03
7.60
_

2.72

2.27
4.99
_

2.55

2.55

40

51.63
1.57

21.92

8.37
0.65
0.13
6.75

—
—

91.02
7.99
0.01

8.00

0.28
2.84

1.93
5.05
_

0.11
0.04
1.33
1.48

41

51.82
1.75

21.44

9.04
0.84
0.09
6.48
—
—
—

91.47
7.96
0.04

8.00

0.28
2.75

_

2.07
5.10
_

0.14
0.03
1.27
1.44

42

50.04
4.54

16.75
—

13.85
1.34
0.32
4.60
—
—
—

91.44
7.46
0.54

8.00

0.26
2.09

_

3.08
5.43
_

0.21
0.09
0.86
1.16

43

50.08
4.42

18.30
—

12.13
1.31
0.34
5.00
—

0.05
0.05

91.67

7.53
0.47

8.00

0.31
2.30

_

2.72
5.33
_

0.21
0.10
0.%
1.27

44

46.80
0.80

29.49

4.75
0.25
0.05
8.10
—
0.11
—

90.34
7.78
0.16

7.94
_

4.09

_

1.18
5.27
_

0.04
0.02
1.72
1.78

45

46.87
1.38

28.06
0.04
6.25
0.51
0.05
7.08
—

0.13
—

90.37

7.68
0.27

7.95
_

3.83
0.01

1.54
5.38
—

0.09
0.02
1.48
1.59

46

46.20
1.24

25.87
0.14
8.79
0.58
0.01
6.05
—

0.11
—

88.98

7.58
0.24

7.82
_

3.54
0.02

2.16
5.72
_

0.10
—
1.27
1.37

47

33.68
13.69
15.18
0.19

20.54
1.92
0.95
0.13
—

0.27
—

86.64
5.35
2.56

7.91
—

2.01
0.03
0.03
3.93
6.00
0.96
0.33
0.25
0.03
1.57

48

33.54
13.88
15.02
0.01

20.55
1.92
0.11
0.05
0.02
—
—

85.10
5.38
2.62

8.00
—

2.01

_

3.99
6.00
0.95
0.33
0.03
0.01
1.32

49

31.98
14.97
15.06
0.21

22.09
1.01
0.15
—
—
—
0.01

85.48

5.12
2.82

7.94
—

2.01
0.03

3.96
6.00
1.34
0.17
0.05
—

1.56

donite and nontronite. Type 4 clays have an excess of
cations in octahedral coordination (discussed in the re-
marks on Type 5 clay minerals).

Type 5 (bright green) clays are clearly distinguished
by their high FeO* (25.9 to 29.5%) and very high K2O
(6.0 to 8.1%) contents. The SiO2 content is medium (46.2
to 46.8%). H2O content ranges from 9.5 to 11%. It oc-
curs in a single sample: Sample 5O4B-33-1, 69-73 cm.

The Type 5 clay minerals are very similar in composi-
tion to the celadonite analyzed by Seyfried et al. (1978).
According to Buckley et al. (1978), Type 5 could be a
mixed-layered celadonite-nontronite or glauconite. Like
the Type 4 clays, the Type 5 clays have an excess of cat-
ions in octahedral coordination. Andrews (1980) ex-
plains the excess of cations in octahedral coordination
in celadonite from basalts drilled during Leg 37 by the
presence of exchangeable Mg in interlayer sites, the pres-
ence of intermixed Fe-oxide or hydroxide phases extra-

neous to the celadonite structure, or the presence of in-
terlayered Fe-rich smectite. Type 5 is tentatively identi-
fied as mixed-layer celadonite and Fe-rich smectite or a
mixture of celadonite and Fe-hydroxide.

Type 6 (blue green)

These clays are characterized by the lowest SiO2 con-
tent (32.0 to 33.7%) of all the clay minerals from the
lower part of Hole 504B. The A12O3 content is high (13.7
to 15.0%) and correlates inversely with the SiO2 con-
tents. The FeOVFeO* + MgO ratio is intermediate (0.41
to 0.42). Oxide totals suggest the presence of 13 to 15%
H2O in interlayered positions. Microprobe analyses of
this clay mineral were difficult to obtain because the
mineral decomposed under the beam. We had to move
the mineral slowly beneath the beam during the count
time.

515



J.HONNOREZETAL.

Chlorite

Nine occurrences of chlorite are reported by Kurno-
sov et al. (this volume) in the uppermost portion of the
hole (down to Core 34, Section 2; i.e., 527 m BSF).
However, we cannot confirm this observation because
we only identified chlorite by X-ray diffraction in one
vein (in Sample 504B-69-1, 95-99 cm, at about 830 m
BSF; i.e., from the very bottom of the hole). The chlo-
rite was associated there with quartz and saponite.

Mixed-Layer Smectite-Chlorite

Mixed-layer smectite-chlorite was tentatively identi-
fied by X-ray diffraction in the lowermost portion of
the hole. It is associated with quartz and calcite in veins
in Core 64, Section 1 and Core 66, Section 2, at about
775 and 793 meters BSF, respectively.

Iddingsite

Many olivine crystals are altered to smectites and a
heterogeneous material that exhibits black, brown, or-
ange, or brownish red color and very low birefringence.
A similar material occurs as the major constituent of
many veins, particularly in Cores 32 and 34 and, to a
lesser extent, in Cores 35 to 37 (i.e., between 507 and
570 m BSF).

The Shipboard Scientific Party of Leg 70 had initially
identified these alteration products iron oxyhydroxides.
According to microprobe analyses, the chemical compo-
sition of this material varies greatly, but it is always
either too rich in SiO2 to be a pure iron hydroxide or too
poor in SiO2 and/or rich in FeO* to be a pure smectite
(see Table 4). We term this material iddingsite where it
replaces olivine and iddingsitelike material where it oc-
curs as veins or elsewhere in the rocks. Its compositional
field is clearly different from that of clay minerals on
the FeO* versus SiO2 diagram (Fig. 3).

Microprobe analyses of the iddingsites that replace
olivine and optically similar material that fills cracks
and vesicles in basalts from Hole 504B are compared in
Table 5 with the chemical composition of iddingsites
that replace olivine and orthopyroxene and subaerial
basalts (Wilshire, 1958). At first the differences between
the iddingsites that replace olivine and the similar mate-
rial that fills vesicles and cracks in Hole 504B seem in-
significant. On the other hand, the composition of the
orange heterogeneous materials from Hole 504B is slight-
ly different from Wilshire's equivalent, the former hav-
ing a lower SiO2 and a higher FeO content than the lat-
ter. We believe that most of the orange heterogeneous
materials associated with smectite as olivine replacement
in Hole 504B basalts are mineralogically and composi-

Table 4. Microprobe analyses of iddingsites from Hole 504B.

a. Mineral color and location

1, 2Analyses

Analyses'.

Analyses ',

Analyses I

Analyses 10, 11

Analyses 12, 13

s 3 , 4

i 8, 9

Iddingsite replacing olivine (associated with
Analyses 1, 32, 33, 44, 45, 46 in Table 3);
Sample 5O4B-33-1, 69-73 cm

Iddingsite replacing olivine (associated with
Analyses 2, 3 in Table 3); Sample 5O4B-
33-1, 69-73 cm

Iddingsite replacing olivine (associated with
Analyses 34, 35 in Table 3); Sample 504B-
33-2, 48-52 cm

Iddingsite replacing olivine (associated with
Analyses 47, 48, 49 in Table 3); Sample
504B-37-3, 49-52 cm

Iddingsite at the rim of a vesicle (associated
with Analyses 40, 41 in Table 3, at the
center); Sample 5O4B-33-1, 69-73 cm

Iddingsite alone in a vein; Sample 5O4B-33-1,
69-73 cm

b. Chemical composition of minerals8

Analysis

6 7

SiO2
A12O3
FeO*
MnO
MgO
CaO
Na2O
K2O
TiO2
NiO
Cr2O3

Total

Si
Al
Ti
Z

Al
FeT
Mn
Ni
Mg
Y

Ca
Na
K
X

28.18
2.64

37.90
_

13.40
1.10
0.08
0.19
0.05
—
0.10

83.63

5.43
0.60
0.01
6.04

6.08

3.87
9.95

0.23
0.03
0.05
0.31

26.43
2.48

40.09
_

13.31
0.93
0.11
0.10
0.05
0.19
0.15

83.84

5.18
0.57
0.01
5.76

6.55

0.03
3.92

10.50

0.20
0.04
0.03
0.27

17.11
1.55

56.36
0.06
6.24
0.85
0.18
0.25
0.01
0.14
—

82.75

3.99
0.42

4.41

10.89
0.01
0.03
2.17

13.10

0.21
0.08
0.07
0.36

26.04
2.42

42.11
—

12.03
0.83
0.05
0.19
0.08
—
0.06

83.81

5.17
0.57
0.01
5.75

6.97

3.58
10.55

0.18
0.02
0.05
0.25

24.36
2.25

49.83
0.02
5.00
0.77
0.18
2.09
0.01
—
—

84.52

5.10
0.56

5.66

8.78

1.59
10.37

0.17
0.07
0.56
0.80

18.65
2.58

52.99
0.02
7.01
0.81
0.13
0.50
_*.
—
—

82.70

4.19
0.68

4.87

9.95

2.35
12.30

0.19
0.06
0.14
0.39

20.03
2.74

49.24
—
8.37
0.90
0.23
0.33
_
—
0.07

81.91

4.41
0.71

5.12

9.03
—

2.76
11.79

0.21
0.10
0.09
0.40

28.07
9.68

30.92
0.04
4.88

11.95
0.17
0.08

0.04
0.06

85.89

5.17
2.10

7.27

4.75
0.01
0.01
1.35
6.12

2.36
0.06
0.02
2.44

25.10
8.04

39.74
_
2.57

10.29
0.20
0.04
0.08
—
0.17

86.21

4.89
1.84
0.01
6.74

6.45
_

0.75
7.20

2.15
0.08
0.01
2.24

19.97
2.34

49.59
0.15
9.39
0.95
0.13
0.15
0.11
—
—

82.78

4.35
0.60
0.01
4.96

9.03
0.03

3.05
12.11

0.22
0.06
0.04
0.32

21.82
2.70

46.72
0.06
9.77
1.04
0.15
0.13
0.04
0.03
0.07

82.54

4.63
0.68
—
5.31

8.30
0.01
—
3.09

11.40
0.24
0.06
0.04
0.34

27.04
2.47

40.94
0.12

12.74
1.17
0.20
0.09
—
0.25
—

85.04

5.25
0.56
—
5.80

6.64
0.02
—
3.68

10.34
0.24
0.08
0.02
0.34

20.55
2.12

50.07
—
8.22
1.21
0.12
0.21
—
—
0.19

82.69

4.49
0.55
—
5.04

9.14
—
—
2.68

11.82
0.28
0.05
0.06
0.39

a FeO total iron expressed as FeO. Structural formulas are calculated on the basis of 22 oxygens.
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Figure 3. FeO* versus SiO2 contents of clay minerals and iddingsites that replace olivine and fill vesicles and voids.
Same legend as Figure 2.

Table 5. Composition of iddingsites.

Chemical
Composition

SiO2

Tiθ2
A12O3

Fe totala

MnO
MgO
CaO
Na2O
K2O
H 2 O

Iddingsite after
Wilshire (1958)

Average
(10 anal.)

37.15
0.13
3.44

32.28
0.05
6.18
2.12
0.11
0.09

18.22

Range

22.08-48.36
0.12-0.26

0-5.09
25.48-62.10

0-0.11
0.60-12.71
1.72-3.26
0.12-0.13
0.09-0.10

-10.00-32.00

Iddingsite Replacing
Olivine,

Average
(10 anal.)

23.81
0.02
3.67

44.16
0.01
8.38
2.93
0.14
0.40

16.30

Hole 504B

Range

17.11-28.18
0-0.08

1.55-9.68
30.92-56.36

0-0.00
2.57-13.40
0:77-11.95
0.05-0.23
0.04-2.09

13.89-18.80

Iddingsitelike Material
in Vesicles and Veins

Hole 504B

Average
(4 anal.)

22.34
0.04
2.41

46.83
0.08

10.03
1.09
0.15
0.14

16.73

Range

19.97-27.04
0-0.11

2.12-2.70
40.94-50.07

0-0.15
8.22-12.74
0.95-1.21
0.12-0.20
0.09-0.21

14.96-17.46

a As Fe 2 θ3 in Wilshire, 1958; as FeO in this study.

tionally identical to iddingsite, that is, mixtures of vari-
ous alteration minerals as smectites, goethite, and some-
times calcite, talc, or amorphous silica (Wilshire, 1958).
A detailed study would be required to correlate the chem-
ical and optical variability of iddingsite and iddingsite-
like material with their conditions of formation.

Talc

Talc is not commonly found as a pseudomorph after
olivine phenocrysts despite optical similarity to some of
the clay minerals. We found talc by X-ray diffraction of
bulk rock powder samples in six samples from Core 39,
Section 2 to Core 70, Section 2 (i.e., from 566 m BSF to
the bottom of the hole). Talc was not identified by elec-
tron microprobe as a replacement product of olivine
(e.g., colorless to very pale green Type 2 clay mineral),
indicating that it is probably mixed with a smectite at a

scale smaller than the electron beam diameter (i.e., a
few microns). However, talc may be present in the al-
tered basalts elsewhere than in olivine pseudomorphs.

Minor talc occurs in a vein of Sample 5O4B-37-3, 64-
67 cm (593 m BSF) with natrolite, analcime, and triocta-
hedral smectite (X-ray diffraction identifications). In
Sample 504B-52-3, 103-107 cm, we identified talc by
electron microprobe in a vein where it separated a trioc-
tahedral smectite from aegirine-augite overgrown on
the wall rock clinopyroxene (see Laverne, this volume).
In Sample 504B-64-3, 63-68 cm (from 777 m BSF), talc
is locally present with quartz in a breccia matrix other-
wise made up of trioctahedral smectite (X-ray diffrac-
tion identifications).

Carbonates

Calcite is present in several cores down to the lowest
part of Hole 504B drilled during Leg 70. It occurs in
three modes:

1) It occurs more often as crack fillings, alone or
with trioctahedral smectite, analcite, natrolite, and other
Na- and/or Ca-zeolites, anhydrite, iddingsite, quartz,
and very rarely melanite. Electron microprobe analyses
and X-ray diffraction indicate that it is a Mg-calcite in
Sample 504B-37-3, 10-13 cm (Table 6) and pure calcite
elsewhere.

2) It sometimes occurs as miarolitic void and vesicle
fillings, where it is associated with olive brown smectite
(see Fig. 4) or yellow green smectite. Based on micro-
probe analyses, these occurrences are pure calcium car-
bonate.
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Table 6. Microprobe analyses of calcium carbonates and associated minerals.

a. Mineral color and location

Analyses 1, 2 Calcite (XRD identification) in vein associated with
zeolites and Analyses 4-12 and 15-18 in Table 8;
Sample 5O4B-37-3, 10-13 cm

Analyses 3, 4 Euhedral calcium-carbonate in vein, associated with
melanite; Sample 504B-40-1, 37-39 cm

Analyses 5-8 Calcium-carbonate/clay mineral mixture replacing
olivine (associated with Analyses 27, 28 in
Table 3); Sample 504B-40-1, 31-39 cm

Analyses 9, 10 Calcite at the center of a vesicle (associated with
olive brown clay mineral, Analysis 31 in
Table 3); Sample 504B-56-1, 2-4 cm

Analyses 11, 12 Calcite (XRD identification) associated with quartz
in a vein; Sample 504B-66-2, 9-13 cm

SiO2

A12O3

FeO
MnO
MgO
CaO
Na2O
K2O
TiO2

NiO
Cr2O3

P2O5

Total

1

0.02

_
2.51

55.90

0.06
—

_
1.08

59.58

2

0.04
0.03

0.62
2.76

58.00
0.06

—
—
_
1.08

62.59

3

_
63.80
0.06
_
—
—
0.10
0.79

64.74

b. Chemical composition of minerals8

4

_
_

_
_

64.00
—
_
0.01
—
0.03
0.67

64.71

5

3.97
0.38
1.19
0.39
3.68

49.72
0.03
0.02
—
—
—
0.60

59.99

Analysis
6

0.14

0.67
0.07
5.25

56.26
0.22
—
—
0.02
—
0.61

63.25

7

7.22
0.73
3.61
0.44
5.57

43.90
0.10
0.07
0.03
—
0.04
0.64

63.25

8

0.11
_
0.45

4.64
56.01
0.06
—
—
—
0.09
0.81

62.24

9

0.04
—
0.05
0.04
0.01

51.77
0.01
0.01
—
0.04
—
0.84

52.80

10

0.07
0.05
—
0.14
—

51.26
0.03
0.02
—
—
—
0.84

52.41

11

0.01
0.02

0.08
—

61.15
—
_
—
—
0.03
n.d.

61.29

12

0.06
_
0.15
_
—

61.26
0.05
—
—
0.02
0.02
n.d.

61.57

a FeO total iron expressed as FeO.

0.25 mm

Figure 4. Photomicrograph showing vesicle in Sample 504B-56-1, 2-4 cm from the lower alteration
zone filled with olive brown Type lc saponite (Sp) at the rim and calcite (Ca) at the core. (See
Analyses 31 of Table 3, and 9 and 10 of Table 6 for saponite and calcite, respectively.)

3) More rarely, carbonates occur as olivine replace-
ment associated with a greenish brown clay mineral.

Calcite from the upper section of Hole 504B drilled
during Leg 69 appears to be more Mg rich than that
from the lower part drilled during Leg 70 (see Table 7).

Aragonite is common but never abundant above the
584.5-meter BSF boundary above which red halos are
observed. It occurs only once below this depth: as a rela-

tively large prism (10 × 3 mm) with a trioctahedral smec-
tite in Sample 504B-44-2, 97-99 cm (i.e., 607 m BSF).

Zeolites
Phillipsite is present down to Core 37, Section 2 (i.e.,

down to 557 m BSF). It is generally associated with
various clay minerals and calcium carbonate in veins
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Table 7. MgO content of vein
calcites.

Sample
(interval in cm)

504B-9-1, 38-42
37-3, 10-13
40-1, 37-39
56-1, 2-4
66-2, 9-13

MgO
(%)

~ 6 \
2.5-2.8b

Ob
Ob
Ob

a Noack et al. (this volume),
b This chapter.

crossing altered basalts, glassy pillow rims, and hyalo-
clastites.

Zeolites other than phillipsite are present in Cores 35,
37, and 38 (from 528 to 570 m BSF). They occur in
veins, associated with trioctahedral smectite, apophyllite,
anhydrite, calcite, and iddingsite, or as more or less
complete replacements of Plagioclase microlites and
phenocrysts. Zeolites also fill a few vesicles and miaro-
litic voids.

In veins, zeolite crystals form fibroradial aggregates.
The center of such clusters can be made up of analcime
(NaAlSi2O6) surrounded by very pale green Type 2 clay
mineral (see Fig. 5). Analcime occurs associated with
other zeolites, trioctahedral smectite, and calcite in
Cores 35, 37, and 38. It forms veins and replaces Plagio-
clase in the wall rocks (see Fig. 4B, Sample 5O4B-35-1,
68-70 cm). Electron microprobe analyses are given in
Table 8. Analcime was also identified by X-ray diffrac-
tion in seven samples from Cores 35 (Section 1), 37 (Sec-

tions 1-3), and 38 (Section 1); the last case was exam-
ined by Kurnosov et al. (this volume).

Natrolite (Na2Al2Si3O10 2H2O) was identified by X-
ray diffraction in veins from Cores 35 (Sections 1 and 2;
see Kurnosov et al., this volume) and 37 (Sections 1-
3). It occurs as fibroradial aggregates. Chemical analy-
ses of natrolite with up to 14.9% Na2O content are
reported in Table 8.

The chemical composition of the Ca-, Na-zeolites is
extremely variable. Sometimes two adjacent zeolites that
are optically similar have different chemical composi-
tions. But most optically similar zeolites have similar
chemical compositions. At least three chemically distinct
Ca-, Na-zeolites occur in veins from the lower part of
Hole 504B (see Table 8). One is a K-rich zeolite (5.7 <
K2O < 6.2%), which occurs as large millimeter-sized
slabs in a vein of Core 35 (535 m BSF). CaO content
ranges from 6.3 to 6.7% and Na2O from 1.5 to 1.7%.
H2O content is relatively low for a zeolite ( 10%). We
could not identify this zeolite. The second is a Ca-rich
zeolite (10.2 to 10.9%), which contains Na2O (4.1 to
4.6%), no K, and much H2O (~ 14%). It occurs as slabs
or fibers in veins (Fig. 6) or in pseudomorphs after feld-
spars in Core 37 (Fig. 7). It is probably thomsonite
(NaCa2[Al5Si5]θ20 6H2O). A similar mineral was ana-
lyzed by electron microprobe in Sample 504B-37-3, 18-
20 cm by Kurnosov et al. (this volume), who suggested
that it was thomsonite.

The third type of zeolite has rather variable composi-
tion: CaO contents from 4.6 to 8.7%, Na2O from 2.5 to
5.9%, K2O from 0.1 to 1.7%, SiO2 from 43 to 48%, and
H2O from 13.5 to 14%. We cannot positively identify

0.10 mm

Figure 5. Photomicrograph of a zeolitic vein in Sample 504B-35-1, 68-70 cm, showing analcite (Ac)
surrounded by fibroradial mesolite (Ms) and calcite spherule (Ca) surrounded by a double saponite
rim (Sp). The host rock bordered by a saponite rim is shown in lower third of the picture. (See
Analyses 22 and 23 of Table 8 for mesolite.)
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Table 8. Microprobe analyses of zeolites.

a. Mineral color and location.

Analysis 1

Analysis 2
Analysis 3

Analysis 4
Analyses 5-6

Analyses 7-12
Analyses 13-14

Analyses 15-16
Analyses 17-18
Analysis 19
Analysis 20
Analysis 21

Analyses 22-23

Analcime in vein, at the center of fibroradial aggregates composed
by zeolites. Analyses 22-23, this table; Sample 504B-35-1, 68-
70 cm

Analcime in vein; Sample 5O4B-35-1, 68-70 cm
Analcime replacing a Plagioclase phenocryst; Sample 5O4B-35-1,

68-70 cm
Analcime in vein; Sample 5O4B-37-3, 10-13 cm
Analcime replacing a Plagioclase phenocryst; Sample 5O4B-37-3,

10-13 cm
Fibrous natrolite in vein; Sample 5O4B-37-3, 10-13 cm
K-rich unidentified large slabs of zeolite in vein; Sample 504B-

35-1, 68-70 cm
Probable thomson
Probable thomsoni
Probable thomsoni
Probable thomsoni
Probable thomsoni

5O4B-37-3, 49-52 cm
Probable mesolite fibroradial aggregates in vein; Sample 5O4B-35-1,

68-70 cm

e slabs in vein; Sample 504B-37-3, 10-13 cm
e fibers in vein; Sample 5O4B-37-3, 10-13 cm
e in vein; Sample 504B-37-3, 49-52 cm
:e-mesolite in vein; Sample 5O4B-37-3, 49-52 cm
e replacing a Plagioclase phenocryst; Sample

b. Chemical composition of minerals8

Analysis

11 12 13 15 16 17 18 19 20 21 22 23

SiO2

A12O3

FeO
MnO
MgO
CaO
Na 2 O
K2O
TiO 2

NiO
C r 2 O 3

P 2 θ 5

Total

Si
Al
F e T

Mn

56.47 57.53 54.59 55.87 56.15
21.24 21.24 24.51 23.29 23.81

— 0.05 0.05 — 0.08
— 0.01 — — 0.01
— 0.01 0.02 — —
0.09 0.03 0.15 0.03 0.04
9.65 9.67 12.03 11.27 11.91
— — 0.02 0.05 —
0.03 — — — 0.03
0.04 0.04 — 0.03 0.07
— 0.05 — 0.01 —

0.04 — — — —

87.57 88.64 91.38 90.55 92.09

55.87 47.06 47.14 45.28 44.03
24.07 27.13 27.46 27.96 28.45

— — 0.04 —

45.30 46.87 50.54
27.55 27.26 25.51

0.01 — —

49.58 41.26 41.09 41.32 41.82 41.97 46.58 41.83 47.99 42.95
25.11 28.96 29.24 28.99 29.82 30.30 28.14 29.99 26.57 27.97

— 0.06 0.06 0.01 — 0.05 0.07 — 0.10 0.04
0.01 — — 0.04 _ _ _ _ _ 0.05

11.50
0.03

14.87
1.68 3.35

14.03 12.96

0.01

11.12
0.02

4.19
12.24

0.05 — —
— — 0.02
0.19 — — — —

1.64 6.25 6.68
14.32 1.45 1.71

— 5.70 6.23
0.01 —

0.04

10.94
4.14
0.05

10.23
4.55
0.03

10.57 10.22
4.39 4.40
0.02 —

10.21
4.37

7.78
4.30

9.88
3.95

4.57 8.69
5.91 2.49
0.08 1.69

— — — — 0.02 — — — —

— n.d. n.d. n.d.

91.52 90.59 90.35 89.75

0.07
n.d.

2.47
1.09

2.48
1.08

2.32
1.23

2.39
1.17

2.37
1.18

2.36 23.81 23.82
1.18 16.18 16.36

23.18 22.71
16.87 17.30

n.d.

89.31

23.27
16.68

n.d. 0.12 0.09

90.10 89.57 89.45

23.79
16.31

25.56 25.33
15.21 15.12

0.03
0.09

22.04
18.24
0.03

0.18

85.38

21.96
18.42
0.03

— — — — — — — 0.02 —

— 0.14
0.09 —
0.16 0.14

85.69 86.54

22.04 22.01
18.23 18.50

0.02 —

— — — 0.09 —
0.06
0.13

0.09 —
0.08 0.19

87.11 87.04 85.85

21.93 23.93 22.09
18.66 17.04 18.67
0.02 0.03 —

0.01 0.12

85.31 84.00

24.96 23.14
16.29 17.76
0.04 0.02
— 0.03

Ca
Na
K

Ni
Cr
P

Total

_

0.82

—

_

—

4.38

_

0.81

—

_

—

4.37

_

0.99

—

—

4.54

_

0.92

-

_

—

4.48

0.97

—

—

4.52

0.97

-

—

4.51

0.82
14.59

n.d.

55.40

0.91
13.75

-

n.d.

54.87

1.84
12.86

-

0.08

n.d.

54.82

2.99
11.12
0.01

0.03
n.d.

54.19

2.31
12.19

-

n.d.

54.47

0.89
14.10

-

n.d.

55.10

3.39
1.42
3.68

0.05

49.31

3.66
1.69
4.06

0.02

0.04

49.93

6.26
4.29
0.03

_

0.01
0.04

50.94

5.86
4.71
0.02

0.08

51.08

6.04
4.54
0.01

0.04
0.07

51.00

5.76
4r49

—

0.06

0.06

50.89

5.72
4.43

—

0.02
0.06

50.85

4.28
4.28
—

0.04
0.03

49.63

5.59
4.04
—

—
0.08

50.47

2.55
5.96
0.05

0.04
—
—

49.90

5.02
2.60
1.16

—
0.05

49.78

1 FeO* total iron expressed as FeO. Structural formulas are calculated on the basis of 7 oxygens for analcime and 80 oxygens for other zeolites.

this zeolite, which could be a mesolite (Na2Ca2[Al6Si9]θ3o
• 8H2O). It occurs as semispherules in veins from Cores
35 and 37. More detailed X-ray diffraction studies are
required to properly identify the various zeolites present
in Hole 504B.

Iron Sulfides

Pyrite is frequently found in association with triocta-
hedral smectite in veins from the section of Hole 504B
below the 584.5-meter BSF boundary above which red
halos are observed. Shipboard descriptions of the cores
clearly indicate that the frequency and size of the pyrite
crystals, if not their abundance, increase with depth. Sec-
ondary pyrite is rare above this boundary: it occurs only
in Cores 3 and 13 (Noack et al., this volume) and in
Sample 504B-47-2, 130-140 cm (Kurnosov et al., this
volume).

Marcasite has been found only in Sample 504B-36-3,
37-39 cm, where it occurs in a 5-mm-wide zone of the
inner dark gray core adjacent to a red halo.

Anhydrite

Hole 504B basalts contain the first anhydrite (CaSO4)
reported from oceanic basalts (Alt et al., this volume).

Anhydrite was identified by X-ray diffraction in several
veins at 581 meters BSF and lower; it occurs almost to
the bottom of the hole drilled during Leg 70. It is pres-
ent in Samples 504B-43-2, 28-30 cm; 504B-48-3, 14-18
cm and 43-47 cm; 5O4B-53-1, 3-5 cm; 504B-68-1, 12-14
cm; and 504B-69-1, 95-99 cm, where it is always accom-
panied by trioctahedral smectite. In Sample 504B-48-3,
14-18 cm, anhydrite occurs as large (up to 5-mm-long)
euhedral prisms embedded in a platy gyrolite matrix
near the central portion of a vein with salbands of quartz
and trioctahedral smectite (X-ray diffraction identifica-
tions; see Fig. 8). In Sample 504B-40-3, 130-135 cm, an-
hydrite occurs in a vug of a dolerite with a trioctahedral
smectite and two generations of calcite (X-ray diffrac-
tion identifications). Anhydrite was also found by X-ray
diffraction in veins in Samples 504B-61-2, 145-148 cm;
504B-64-1, 65-68 cm; 504B-66-2, 0-5 cm; and 504B-68-
1, 81-87 cm, where it was generally accompanied by
quartz (Kurnosov et al., this volume).

Quartz

Quartz appears in Core 48, Section 3 (656 m BSF)
and often thereafter down to the bottom of the hole. It
occurs in veins as single crystals (up to 2 mm) or as small
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0.25 mm

Figure 6. Photomicrograph of a zeolitic vein in Sample 5O4B-37-3, 10-13 cm, showing Mg-calcite
spherules (Ca) surrounded by fibrous natrolite aggregates (Na) and blocky thomsonite (Th). The
host rock bordered by a saponite rim is shown in the upper left corner. (See Analyses 7 to 12, and
15 to 18 of Table 8 for natrolite and thomsonite, respectively.)

0.10 mm

Figure 7. Photomicrograph of host rock adjacent to a zeolitic vein in Sample 504B-37-3, 49-52 cm.
The Plagioclase phenocrysts and microlites are replaced by thomsonite (Th). (See Analysis 21 of
Table 8.)

crystal aggregates. Quartz was identified optically in
Cores 49, 54, 56, 62, 64, 65, 66, and 69. The presence of
quartz was confirmed by X-ray diffraction analysis in
Cores 49, 55, 56, 64, 66, 69, and 70. It is sometimes as-
sociated with trioctahedral smectite, gyrolite, and anhy-

drite in Core 48, with talc and trioctahedral smectite in a
breccia matrix in Sample 504B-64-3, 63-68 cm, with py-
rite in Cores 64 and 69, with trioctahedral smectite and
probable chlorite in Core 69, and with trioctahedral
smectite, probable interlayered smectite and chlorite,

521



J. HONNOREZ ET AL.

Figure 8. Photomicrograph of the anhydrite-bearing vein in Sample 504B-48-3,14-18 cm. The
large bladed anhydrite crystals (up to 5 mm in length) are embedded in sheaflike ag-
gregates of gyrolite fibers. The host rock in the lower part of the photograph is lined with a
smectite border overgrown with clear quartz prisms.

and calcite in Cores 64 and 66. Kurnosov et al. (this
volume) identified quartz by X-ray diffraction in veins
in Cores 64 and 66, where it accompanies anhydrite.

Apophyllite

Apophyllite (KCa4Si802o[F,OH] 8H20) was identi-
fied by X-ray diffraction in a vein of Sample 5O4B-37-1,
76-80 cm (from 541 m BSF). It is associated with anal-
cime, natrolite, and thomsonite and encloses a triocta-
hedral smectite and fibroradial aggregates of calcite (all
X-ray diffraction identifications except thomsonite,
which was identified optically). Apophyllite was also
found in Sample 504B-61-1, 55-60 cm (Kurnosov et al.,
this volume).

Gyrolite

Gyrolite (Ca2Si3O7[OH]2 H2O) was identified by X-
ray diffraction in a vein of Sample 504B-48-3, 14-18
cm, where it is associated with anhydrite, quartz, and
trioctahedral smectite. It may be present in a powdered
bulk rock sample of Sample 504B-37-1, 94-96 cm with
trioctahedral smectite and in Sample 504B-38-1, 7-15
cm (see Kurnosov et al., this volume).

Melanite

Crystals of euhedral melanite (Ca3Fe9Ti2[Siθ4]3), a ti-
tanian garnet, occur in a vein of a single sample (Sample
504B-40-1, 37-39 cm; 572.5 m BSF). They are associated
with a Ca-carbonate, aegirine-augite, and a Fe-rich sap-
onite (see Laverne, this volume).

Aegirine-Augite

Aegirine-augite occurs as reaction rims on clinopy-
roxene crystals bordering Ca-carbonate and Fe-sapon-

ite veins in three samples (Samples 504B-40-1, 37-39
cm; 504B-52-3, 103-107 cm; and 504B-58-1, 9-13 cm;
573, 669, and 720 m BSF, respectively; see Laverne, this
volume).

Fassaite

Fassaite (Al-rich, Na-poor clinopyroxene) was found
just at the vein wall of a single sample (Sample 504B-52-
3, 13-16 cm, 668 m BSF; Laverne, unpublished data).

K-Feldspar

Secondary K-feldspar (X-ray diffraction identifica-
tion) was observed only once, as an incipient replace-
ment product of igneous Plagioclase, in Sample 504B-
34-2, 16-20 cm (528 m BSF). See Pertsev and Boroni-
khin, this volume.

ALTERATION ZONATION

Two main types of color zonation related to altera-
tion occur along surfaces once exposed to seawater in
Hole 504B basalts: red halos are often accompanied by
dark gray outer bands above 584 meters BSF, and pale
grayish green discoloration occurs adjacent to the zeo-
litic veins between 549.5 and 553 meters BSF.

Red or reddish brown halos up to 5 cm in width,
usually accompanied by outer dark gray bands, occur
parallel to many cracks and veins or at the perimeter of
breccia zones down to 584.5 meters BSF (i.e., in Sample
504B-40-3, 130-135 cm). Below this critical depth no zo-
nation is apparent, and altered basalts display a uniform
or mottled dark gray color. Red halos become progres-
sively less abundant, thinner, and paler (more orange
brown than red or reddish brown) with increasing depth.
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The red halos derive their color from the presence of
iddingsite and Fe-hydroxides, which are the most abun-
dant secondary products replacing olivine. These second-
ary products stain Otherwise apparently fresh primary
silicates and fill cracks and voids. Red halos generally
display a sharp boundary with the dark gray inner por-
tion of the rock and a diffuse transition to the outer
dark gray band. Dichotomous, double, and tailing-out
red halos are observed.

A wide variety of alteration mineral parageneses oc-
curs in the various alteration zonations studied so far,
but similar secondary minerals or mineral associations
in similar alteration zones recur. We describe three sam-
ples that are representative of different types of altera-
tion zonation that display red halos. The zonation se-
quences are designated A to C to facilitate comparison.

In Sample 504B-13-4, 38-43 cm (zonation Sequence
A) there are three alteration zones as one proceeds from
the interior of the sample toward the once exposed sur-
face. Zone Al is an inner dark gray portion of rock
where a pale olive green clay mineral (probably a sapon-
ite) replaces olivine and fills primary voids. Zone A2 is a
red halo 5 mm thick, where dark brown, almost opaque
iddingsite replaces olivine and iddingsitelike material fills
pore spaces. Bright red stains are extremely abundant in
cracks through all the primary silicates. The boundary
between Zones Al and A2 is very sharp (there is no id-
dingsite or red stain in Zone Al), whereas the transition
between Zones A2 and A3 is progressive (red stains de-
crease and become lighter in color). Zone A3 is an out-
er dark gray band 10 mm thick. Near Zone A2, both id-
dingsite (plus iddingsitelike material) and pale olive green
clay mineral replace olivine and fill pore spaces. Then,
farther away from the red halo, only the pale olive green
clay mineral (saponite?) replaces olivine, and the pri-
mary voids are filled by a bright green clay mineral, prob-
ably a celadonite-nontronite.

Sample 504B-16-2, 80-93 cm (zonation Sequence B)
also exhibits three alteration zones. Zone Bl is a 10-mm-
thick dark gray band where a bright green clay mineral
(probably celadonite-nontronite) both fills primary voids
and replaces olivine. It coexists with dark brown id-
dingsite, which occurs along cracks through the olivine
pseudomorphs and at their periphery.

Zone B2 is a 4-mm-thick red halo. It is also character-
ized by an abundance of red stains in primary silicates
and by dark brown, almost opaque iddingsite pseudo-
morphs after olivine. A few light olive brown (saponite?)
olivine pseudomorphs are also observed. The transitions
between the red halos and both Zones Bl and B3 are
gradational.

Zone B3 is another 10-mm-thick dark gray zone
where, at first, both brown iddingsite and light olive
brown or orange brown clay minerals replace olivine.
Farther away from the red halo, the bright green clay
mineral fills the primary voids, whereas the light olive
brown clay mineral (saponite?) replaces the olivine.

In Zonation Sequence B, the position of the various
zones with respect to an exposed surface could not be in-
ferred from the hand specimen because no crack or vein
was visible. However, a comparison with zonation Se-

quences A and C leads us to suggest that the dark gray
zone (Zone B3) corresponds to the outer dark gray
bands of Zones A3 and C3 (see below). On the other
hand, the dark gray zone (Zone Bl) does not have an
equivalent in the other cases studied. Further, Sample
504B-16-2 (80-93 cm) provides the only example (so far
as we know) of the presence of celadonite-nontronite on
both sides of a red halo.

Sample 504B-34-1, 7-19 cm (zonation Sequence C)
provides the most interesting red halos (see Fig. 9) be-
cause this 12-cm-long core section apparently exhibits
two red halos, each accompanied by an outer dark gray
band on both sides of a dark gray rhomb-shaped inner
portion. Another longitudinal cross section of the core
shows that the two red halos belong to one and the same
alteration zone, which is shaped in cross section like a
textbook diagram of a geosyncline. The upper dark gray
band is adjacent to the smectite vein along which the
core broke off. In hand specimen, the olivine pheno-
crysts in the red halos are bright red, whereas they
display a black color in both the dark gray inner portion
and the outer bands.

Zone Cl, the inner dark gray portion, essentially con-
tains pale olive brown clay minerals (probably saponite)
as primary void fillings and partial replacement of ol-
ivine crystals. Olivine relics are quite abundant. The
boundaries with both the lower and upper red halos are
very sharp.

Zone C2, the upper halo, is about 15 mm thick,
about twice as thick as the lower one. The lower halo is
actually a doublet formed by a first 20-mm-thick halo
outwardly ranging from brownish red to brownish gray
followed by a second 5-mm-thick bright red halo quick-
ly grading into a 7-mm-thick adjacent dark gray outer
band. The boundaries between red halos and outer dark
gray bands are transitional but abrupt. The red halos
are characterized by the abundance of red stains in the
otherwise apparently unaltered primary silicates and by
dark brown iddingsite as the main olivine replacement
product. However, in this sample, a light olive brown
clay mineral (saponite?) is also present in the olivine
pseudomorphs and vesicle fillings. It is particularly ob-
vious when it replaces the largest olivine phenocrysts,
whereas in the small olivine pseudomorphs the light
olive brown clay mineral is stained brown and masked
by iron hydroxides, the combination of the two second-
ary products forming the iddingsite.

Zone C3, the dark gray outer bands adjacent to both
the lower and upper red halos, range in thickness from 8
to 2 mm, respectively. The upper dark gray band could
not be studied readily with the microscope because it
was almost completely lost during the preparation of the
thin sections. However, the lower dark gray band has
bright green to yellowish green, rarely orange or bluish
green, clay mineral(s) filling primary voids. Olivine is
replaced by a complex association of dark brown iddings-
ite(?) and a light brown to almost colorless clay mineral.

These descriptions represent only three examples
among a large collection, but they illustrate the range of
secondary mineral parageneses. Much more work will
be required before the picture becomes clear.
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1 cm

Figure 9. Photograph of slabbed core from the upper alteration zone (Sample 504B-34-1, 7-19 cm)
displaying a dark gray core (C), apparently two red halos (rh), and two dark gray outer bands (ob) (on-
ly the upper one appears in the photograph). Notice open vein (v) along the upper margin of the sam-
ple. See text for detailed description.

The second type of alteration zonation is much more
restricted. Relatively thick (2-3-cm) zeolitic veins occur
from Core 35, Section 1 to Core 38, Section 2 (i.e., from
528.5 to 563 m BSF), but wall rock discoloration only
occurs adjacent to veins in Core 37, Sections 1 to 3 (i.e.,
between 549.5 and 553 m BSF). In a dozen samples
from this roughly 3.5-meter-long core interval, the color
of the wall rock adjacent to the zeolitic veins changes
from a dark gray to a pale grayish green near the veins.
The discoloration affects irregularly shaped zones of
rock up to 1 cm away from the vein. The boundary be-
tween discolored and dark gray rock is very diffuse. The
color change of the wall rock is due to its intense altera-
tion by the solutions from which the vein minerals pre-
cipitated. The discolored wall rocks offer the only in-
stances of significant Plagioclase replacement observed
in the portion of Hole 504B drilled during Legs 69 and
70. Not only are the primary voids filled with secondary
minerals, but most of the igneous minerals are replaced
by some of the same alteration minerals that form the
veins. For example, analcime, apophyllite, thomsonite,
and natrolite are found as pseudomorphs after Plagio-
clase in the wall rock adjacent to a vein in Sample
504B-37-1, 19-22 cm, which is essentially made up of
the same secondary minerals (besides a trioctahedral
smectite). Where calcite is a major component of the
vein, it is also found in the wall rock, but almost always
as a replacement product of olivine along with various
clay minerals, as in Sample 504B-37-1, 76-80 cm. These
mineralogical observations are confirmed by bulk rock
geochemistry, including oxygen isotope analyses.

REPLACEMENT OF MAGMATIC MINERALS

The three major magmatic silicates, (i.e., olivine,
Plagioclase and clinopyroxene) are variously affected by
alteration. The alteration of primary opaque minerals
has not yet been studied in detail. Cr-spinel, which oc-
curs in some cores, is not altered, but titanomagnetites
are variably altered, depending on their grain size and
occurrence in the cores. As in other oceanic basalts,

olivine is always the first primary mineral, not including
titanomagnetite, to be altered.

Replacement of Olivine

Except in the uppermost portion of the hole (down to
Core 8, i.e., 320 m BSF [Noack et al., this volume]),
where olivine relics are often observed, and in Litho-
stratigraphic Unit 27 (Core 39, Section 2 to Core 41;
i.e., from 572 to 589 m BSF), olivine is generally com-
pletely replaced by alteration products. Olivine relics
also occur in Core 35, Section 2; Core 62, Section 1; and
Core 63, Section 4. The maximum depth at which fresh
olivine occurs is 773 meters BSF (Core 63, Section 4).
One of the most striking features of the basalts from
Hole 504B is the large variety of olivine replacement
products. Ten types are described below.

Colorless to Very Pale Green Clay Mineral
(Type 2) + Iddingsite

The first type of association is common down to Core
35 (from the basement/sediment interface to 536 m
BSF). It generally occurs in the red halos. In Sample
5O4B-33-1, 69-73 cm, it coexists with the association K,
Fe-rich Type 5 clay mineral + saponite (Type 2) + id-
dingsite (described further below).

The colorless to very pale green clay mineral (Type 2)
areas corresponding to old olivine crystals generally
seem to be optically continuous (apparently single crys-
tals). The cleavage direction and continuity of this clay
are not affected by cracks. Black to reddish brown id-
dingsite fills cracks and surrounds the former olivine
phenocrysts (Fig. 10). It is interesting that the darker
(more Fe-rich) the iddingsite, the lighter in color (more
Fe-poor) the clay mineral (see Tables 3 and 4).

Pale Green Clay Mineral (Type la)

Pale green clays replace olivine in the same rocks as
the association described above (from the basement/
sediment interface to 536 m BSF), but whereas the Type
2 clay minerals and iddingsite occur in the red halos, the
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Figure 10. Scanning electron microscope photograph showing an olivine phenocryst completely replaced
by an iddingsite rim (Id) (i.e., a mixture of iron hydroxide and saponite) and pale green Type 2 sapon-
ite (Sp). Sample 504B-33-1, 69-79 cm, from the upper alteration zone; magnification of originals, 8000
and 80,000 ×. Both photographs are reduced to 62% of originals.

pale green clay occurs only in the adjacent more central
portions of the samples. The contact between the oxi-
dized halos and the less oxidized inner portion of the
samples is typically so sharp that it can cross a single
olivine phenocryst, which thus exhibits both types of re-
placement. As previously noted, the pale green clay
minerals (Type la) are richer in Fe than the colorless
clay minerals (Type 2) (Table 3). The presence in the
same sample of both types of olivine replacement can be
summarized as follows. In the first type, olivine — Mg,
Fe-rich saponite. In the second type, olivine — Mg-rich
but Fe-poor saponite + Mg-poor but Fe-rich iddingsite.
Thus, the apparent effect of the brown Fe-rich veins on
the adjacent rock is to concentrate iron in the iddingsites
at the periphery of and along the cracks through olivine
crystal pseudomorphs.

Orange Clay Mineral (Type 3)

This type of olivine replacement is common in Cores
33, 37, and 38 (from 517 to 569 m BSF). It is not present
below Core 38, Section 2 (i.e., below 569 m BSF). It is
located in the red halos, where it coexists with, but is
less abundant than, the two first types of olivine re-
placement.

In Sample 504B-33-1, 69-73 cm, a very particular
type of olivine replacement occurs: a 2-mm-diameter
olivine phenocryst is completely replaced by a granular
orange clay mineral which exhibits the typical iddingsite
brown color at the crystal rim and along cracks but be-
comes progressively lighter in color toward the core
(Fig. 11). The various colors correspond to the different
Fe and Si contents of the clay mineral (Table 3).
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0.10 mm

Figure 11. Photomicrograph showing olivine phenocryst replaced by orange Type 3 smectite (Or) in
Sample 504B-33-1, 69-73 cm, from the upper alteration zone. (See Analyses 36 and 37 of Table 3.)

Still another type of orange smectite occurs in Sample
504B-38-2, 192-131 cm. Its very high CaO content (14
to 15%) indicates that it is not a pure clay mineral (Table
3) but probably an oxidized saponite-calcium carbonate
mixture.

Dark Green Clay Mineral (Type 4)

Olivine phenocrysts from the uppermost 200 meters
of the hole are often replaced by dark green clay miner-
als (Type 4) that we tentatively identify as celadonite-
nontronite mixtures. These clay minerals are sometimes
accompanied by iddingsite or saponite (Types la or 2),
and more rarely by calcite.

Bright Green Clay Mineral (Type 5) + Colorless
Smectite (Type 2) + Iddingsite + Pale Green

Smectite (Type la)
We observed this type of replacement only once, in

the upper part of the studied section (in Sample 504B-
33-1, 69-73 cm, at 517 m BSF). Among the numerous
olivine phenocrysts that are completely altered, only
two are replaced by this material. They are both located
in a reddish brown halo around a brown orange vein
which has an iddingsitelike composition. The boundaries
of the old olivine phenocryst are outlined by iddingsite,
which also penetrates the crystal along cracks. Bright
green and colorless clay minerals are distributed in an
apparently random manner nearby (see Fig. 12). The
boundaries between the three secondary products are
always very sharp. The pale green smectite occurs as
very small grain aggregates.

Chemical analyses of the 3 clay minerals and the id-
dingsite are presented in Tables 3 and 4. Both microscop-
ic and electron scanning microphotographs illustrate the
relationships among these (Plate 1). The bright green

K-rich clay, probably a celadonite, forms rims around
colorless saponite cores, suggesting that colorless sapon-
ite crystallized after the green celadonite. The contacts
among Fe, K-rich and Mg-rich clay minerals and id-
dingsite are very sharp on X-ray scanning of K, Mg, and
Fe.

Several points are particularly interesting in this type
of olivine replacement, but the most unusual is the
association of the green K, Fe-rich clay mineral (cela-
donite) in the same two olivine pseudomorphs with a K
and Fe-poor, Mg-rich clay mineral (saponite), the con-
tact between these two materials being very sharp.

We propose the following two-stage alteration se-
quence: (1) partial alteration of olivine to celadonite and
iddingsite; (2) replacement of the remaining olivine rel-
ics by saponite.

Blue-Green Clay Mineral (Type 6) + Ca-rich
Iddingsite

This type of olivine replacement occurs only in two
samples (Sample 504B-35-1, 126-130 cm and 504B-37-3,
49-52 cm; at 536 and 530 m BSF). The associated id-
dingsite seems to be very heterogeneous and granular,
and it is abnormally rich in CaO (10 to 12%). This high
CaO content (see Analyses 8 and 9 in Table 4) could be
explained by the formation in nearby veins of Ca-zeo-
lites, calcite, and hydrated Ca silicates (apophyllite and
gyrolite) during the circulation of Ca-rich fluids. The
blue green clay mineral is the only pseudomorph with a
Si content lower than that of the olivine it replaces (see
Analyses 47 to 49 in Table 3).

Olive Brown Clay Mineral (Type lc)

Olive brown clay minerals partially or completely re-
place olivine only from Cores 39 to 59 and are most
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0.10 mm
Figure 12. Olivine phenocryst in Sample 504B-33-1, 69-73 cm (from the upper alteration zone) replaced

by colorless Type 2 saponite (Sp) and bright green Type 5 celadonite (Cl) at the center and iddings-
ite (Id) at rim. Same sample as in Figure 10. (See Analyses 1-3, 32, 33, and 44-46 of Table 3 for
saponite and celadonite, and Analyses 1 and 4 of Table 4 for iddingsite.)

abundant in Cores 52 to 56 (from 571 to 741 m BSF). In
the case of partial replacement of olivine, these olive
brown clay minerals surround relics of fresh olivine.
This replacement chemically corresponds to an increase
in Si, Ca, and Al and, to a lesser extent, a decrease of K,
Na, Fe and Mg.

Medium Olive Green Clay Mineral
(Type la) ± Opaques

This type of replacement is frequent below Core 38
(from 571 m BSF to the bottom of the hole). Fresh oliv-
ine relics are surrounded and separated from each other
by Type la clay minerals. The transformation of olivine
to Type la clay mineral produces Si, Ca, Na, and K
gains and Mg and Fe losses.

Dark Olive Green Clay Mineral (Type lb) +
Medium or Pale Olive Green Clay Mineral

(Type la) + Opaque Needles

Although present in Cores 40, 41, 43, 50 and 52, this
association is particularly developed in Cores 57 to 63.
(Its overall range is from 574 to 773 m BSF.) In the cen-
tral part of original olivine phenocrysts, patches of dark
olive green saponite (Type lb) or fresh olivine are sepa-
rated and surrounded by medium or pale olive green sap-
onite (Type la). Opaque minerals are scattered through
the phenocrysts or are grouped in the pale olive green
clay mineral patches; in the latter case very thin opaque
needles (0.02 mm long, 0.001 mm in diameter), orange
in reflected light, form a trellislike network.

The dark olive green Type lb saponite is richer in Ca,
Fe, and (to a lesser extent) Al, and poorer in Mg than
the pale olive green Type la saponite. Dark olive green
Type lb saponite is richer in Ca, Si, Fe, and Al and
poorer in Mg than the olivine it replaces. The chemical

composition of the different mineral phases (olivine,
dark olive green, and pale olive green saponites) is given
in Table 3 and illustrated by scanning microphotographs
in Plates 2 and 3. The opaque needles contain up to 73%
Ni and are Fe rich. The clay mineral is slightly richer in
Ni than the olivine it replaces. The Ni contents of the
other types of olivine replacement products do not vary
significantly from that of the former olivine.

This type of alteration of olivine phenocrysts seems
to occur in two steps: (1) the crystal rims are altered to a
pale green saponite; (2) the cores are altered to a slightly
different dark green saponite. The microphenocrysts are
all altered to a clay mineral of a color and composition
intermediate between those of Types la and lb.

The only X-ray microdiffraction on a dark olive sap-
onite pseudomorph after an olivine phenocryst in Sam-
ple 504B-63-4, 76-82 cm showed a 060 d spacing at
1.527 Å, indicating a trioctahedral spacing.

Greenish Brown Clay Mineral + Ca-Carbonates

This type of replacement occurs in only one sample
(Sample 504B-40-1, 37-39 cm, at 574 m BSF), where a
Ca-carbonate vein occurs with melanite (Ca, Ti garnet)
crystals (see Laverne, this volume). In the wall rock of
this vein, olivine crystals are only partly replaced by a
heterogeneous dark green material (see Plate 4) that
looks like a clay mineral but is too rich in CaO (44 to
56%) and poor in SiO2 (0 to 0.7%) to be a smectite
(Table 3). As previously noted, the greenish brown
smectite has about equal amounts of FeO* and MgO
(17%) and contains some CaO (1.78 to 1.97%; see
Analyses 27 and 28, respectively, Table 3).

Two other types of olivine replacement occur in some
samples, but the compositions of the replacement prod-
ucts have not been determined. They are (1) Ca-car-
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bonate alone in Sample 504B-38-1, 28-31 cm; and (2)
olive brown Type lc clay mineral + carbonate in Sam-
ple 504B-52-1, 100-105 cm.

Replacement of Plagioclase

Plagioclase is often replaced in the lower portion of
the hole by colorless or pale green clay minerals and in
the wall rock of the zeolitic veins by secondary products
that are a very pale green smectite (Table 2), thomsonite
(Table 8) or analcime (Table 8). A relationship exists be-
tween the nature of a vein adjacent to an altered Plagio-
clase crystal and the composition of the alteration prod-
ucts of the Plagioclase.

Replacement by Colorless (Type 2) to Very Pale Green
(Type la) Smectite

Plagioclase replacement by Type la saponite occurs
frequently in the lower part of the hole. Plagioclase
crystals directly in contact with or close to veins that are
filled by colorless to very pale green saponite are often
partly or completely replaced by the same mineral. This
alteration progresses along cleavage planes and small
cracks of the Plagioclase crystals. The smectite is an iron
saponite and has a chemical composition that ranges be-
tween Types 2 and la (Table 3). Plagioclase is replaced
by very pale green saponite only, even when the adjacent
vein is composed of orange iddingsite or K, Fe-rich
bright green celadonite.

Replacement by Zeolite

Plagioclase replacement by zeolites occurs in Core 35,
Section 1 and Cores 37, 38, and 39 (from 528 to 569 m
BSF) in a 1.5-mm-wide zone on both sides of the zeolitic
veins. It is heterogeneous with respect to Si, Ca, and Al.
The replacement of Plagioclase by zeolite reflects the
composition of the adjacent vein. When the latter is
made up of thomsonite, analcime, or both zeolites, the
Plagioclase that occurs in adjacent rock is replaced by
thomsonite (Fig. 7), analcime, or both zeolites, respec-
tively. The microprobe analysis of a zeolite replacing a
Plagioclase phenocryst is reported in Table 8.

Replacement of Pyroxene

Clinopyroxene is always completely fresh throughout
the hole, except in Samples 504B-40-1, 37-39 cm; 504B-
52-3, 103-107 cm; and 504B-58-1, 9-13 cm (from 573,
669, and 720 m BSF, respectively), where aegirine-au-
gite reaction rims are observed on pyroxenes of the wall
rocks of Ca-carbonate, Fe-saponite and, occasionally,
talc veins (Laverne, this volume).

VEINS
The mineralogy of veins is quite variable. A detailed

description of the various mineral parageneses in veins
from Hole 504B is beyond the scope of this initial re-
port, but we shall describe the most common vein min-
eral associations. Alteration of host rocks adjacent to
veins is related to the mineralogy of the veins, and both
are related to depth.

Veins above 584.5 m BSF

In the portion of the hole where red halos occur,
most veins are less than 0.5 mm thick. They are usually
made up of various combinations of iddingsitelike ma-
terial (see analysis, Table 4), dark green Type 4 clay min-
eral (probably celadonite-nontronite; see analysis, Ta-
ble 3), and pale green or olive brown Type 1 and 2 sap-
onite (according to microprobe analyses and X-ray dif-
fraction). Wherever all three alteration products coexist
in a vein, iddingsitelike material or celadonite-nontronite
occur at the vein walls, the saponite always at its center.
An iddingsitelike vein may intersect and finally merge
with a zeolite + saponite vein, indicating that the two
types of veins formed during different stages (see next
paragraph). The predominance of one alteration mineral
over the others in a vein crossing alteration zones seems
to be related to the location of the vein, or portion of the
vein, with respect to alteration zonation. For instance,
iddingsitelike material prevails or is the only vein com-
ponent in portions of veins that crosscut or are adjacent
to red halos. Celadonite-nontronite (dark green Type 4
clay mineral) or saponite (pale green Type 1, or olive
brown Type 2) are more abundant in veins located in the
outer or inner dark gray zones, respectively.

Minor amounts of aragonite, calcite, and phillipsite
often occur, along with the clay minerals, in veins in the
upper portion of Hole 504B. Phillipsite generally fol-
lows the clay minerals coating the vein walls and often
precedes the carbonates; but the opposite case is also
observed, as in Sample 504B-37-1, 19-22 cm.

Zeolitic Veins

Zeolitic veins that range in thickness from 1 to 10 mm
occur in Core 35 from 534.5 to 543.5 m BSF and in
Cores 37 and 38 (i.e., from 552.5 to 570.5 m BSF). No
zeolitic veins were found in Core 36. The veins consist
primarily of various zeolites and apophyllite, with rela-
tively minor pale green to olive green Type la and/or 2
saponite (according to X-ray diffraction and electron
microprobe analysis). Minor calcite and rare iddingsite-
like material also occur, even in veins in samples that do
not exhibit red halos.

We identified by optics, X-ray diffraction, and/or
electron microprobe analyses the following zeolites: an-
alcime, natrolite, thomsonite, and possible mesolite.
Apophyllite is also present. The most common mineral
sequence in zeolitic veins is as follows, from the walls to
the center of the vein: saponite, zeolites and apophyllite,
and calcite. Iddingsitelike material seems to have crys-
tallized before or just after the clay mineral, that is, ear-
ly in the sequence. In some cases the zeolites appear to
belong to another vein that formed later than and even-
tually merged with the vein containing the iddingsitelike
material (as in Samples 504B-37-3, 49-52 cm and 504B-
38-2, 48-50 cm). In Sample 504B-35-1, 126-130 cm, a
zeolitic vein without iddingsitelike material occurs cross-
ing a red halo rich in iddingsitelike material. All of these
observations suggest that the iddingsitelike material and,
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hence, the red halos formed before and independently
of the zeolitic veins.

In a few veins, analcime appears to be the first miner-
al to have crystallized on vein walls; in others, analcime
or a zeolite are intergrown with calcite and seem to have
formed at the same time or to have continued crystalliz-
ing with the carbonate.

A thin vein with heulandite and chabazite was found
(X-ray diffraction identifications) in Sample 504B-49-1,
69-70 cm (from 657 m BSF).

Veins below 584.5 m BSF

From 584.5 m BSF to the bottom of the hole, the
most common veins are made up primarily of pale green
to olive green saponite (Types 1 and/or 2). The saponite
is often accompanied by variable amounts of pyrite, mi-
nor calcite, quartz, and rare talc. The amount of pyrite
in the veins appears to increase with downhole depth.
One large aragonite crystal was found in a saponitic vein
in Sample 504B-44-2, 97-99 cm. All of these veins are
thin, their thickness generally ranging from 0.05 to 3
mm, except for one that ranged from 3 to 6 mm.

Two other types of veins occur below 584.5 m BSF.
Both are characterized by the presence of unusual min-
erals. The first special group comprises four veins up to
more than 5 mm in thickness in which anhydrite is pres-
ent in addition to the olive green saponite common to all
veins below 584.5 m BSF. Such anhydrite-bearing veins
were found in Samples 504B-43-2, 28-30 cm; 504B-48-3,
14-18 cm (which also contained abundant gyrolite and
minor quartz); 504B-68-1, 12-14 cm; and 504B-69-1, 95-
99 cm. Crystallization appears to have proceeded from
the wall to the center of the vein, with crystallization of
saponite, eventual quartz, and anhydrite intergrown with
gyrolite.

The second group of special veins comprises the sev-
eral veins that contain aegirine-augite at the vein walls.
These veins are described in detail by Laverne (this
volume). They occur in Sample 504B-40-1, 37-39 cm,
where the aegirine-augite appears with melanite (a tita-
nian andradite) and abundant Ca-carbonate; 504B-52-
3, 103-107 cm, where it appears with talc; and 504B-58-
1, 9-13 cm, where it appears with pyrite. All three veins
are less than 1 mm thick and contain a dark green clay
mineral with a chemical composition that electron mi-
croprobe analysis indicates to be probably a mixture or
mixed-layer mineral. The crystallization sequence ap-
pears to be (1) aegirine-augite as a reaction rim on the
wall rock clinopyroxene, (2) eventual melanite, (3) the
green clay mineral, and (4) either Ca-carbonate or pyrite.

PRIMARY VOID FILLINGS

The fillings of vesicles and miarolitic voids are often
zoned, and their mineralogical composition is complex.

The mineralogical composition of void fillings ap-
pears to be related to the alteration zonation of the host
basalt and, hence, to depth. Iddingsitelike material and
the dark green celadonite-nontronite (Type 4) occur fre-
quently in void fillings between Cores 32 and 38, but
they do not occur below Core 38, Section 2 (i.e., below
564 m BSF). On the other hand, the dark olive green

(Type lb) and olive brown (Type lc) saponite is very
common in voids below 564 m BSF.

The most common mineral paragenesis observed in
void fillings above 564 m BSF is as follows: iddings-
itelike material forms the rim of the filling next to the
void walls (see Table 4 for chemical composition). Next
to the iddingsitelike material in the void is a dark green
celadonite-nontronite (Type 4; see chemical composition
in Table 3). A pale green to colorless, probably Type la
or 2 saponite, forms the core of the filling. Calcium car-
bonates are rarely present at the center of the void fill-
ings, and the dark green and/or colorless clay minerals
are sometimes missing.

The zoning suggests that alteration occurred in two
stages. In the first, an iddingsitelike material (probably
a mixture of iron hydroxide and saponite) first precipi-
tated in the void walls. This was followed by formation
of the dark green celadonite-nontronite; olivine pheno-
crysts were partly replaced by iddingsite only.

In the altered wall rocks of the zeolitic veins in Core
37, Sections 1 and 2, various zeolites also make up the
veins and replace wall rock Plagioclase. They occur at
the center of a few void fillings. In this zone, they seem
to have formed during the first stage of alteration.

During the second stage, a Mg-rich, Fe, K-poor sap-
onite filled the central parts of the vesicles and miarolit-
ic voids and replaced olivine. A similar alteration se-
quence was observed in young pillow basalts drilled dur-
ing Legs 54 and 70 (see Honnorez, 1981; Laverne and
Vivier, in press). In Hole 504B, in a given sample, the
dark green (Stage 2) clay mineral (Type 4) often occurs
in void fillings only, providing the principal textural evi-
dence that it formed later than other clay minerals. The
other types of clay minerals also replace olivine pheno-
crysts as well as fill voids, indicating that they formed
earlier.

Rather than supposing that alteration occurred in
two stages, however, one can assume that the green non-
tronite precipitated first on the void walls and that it
was followed by the colorless saponite. Later still, the
portion of the green nontronite closest to the wall was
transformed to iddingsitelike material by the addition of
iron hydroxide. This may have occurred as a result of
centripetal migration (diffusion) of oxidizing, Fe-rich
solutions.

Below 564 meters BSF the most common void filling
is made up of dark olive green (Type lb) or olive brown
(Type lc) clay minerals, both probably saponites. Rare-
ly, the saponites are close to the walls, with calcite ap-
pearing at the center.

The clay minerals in vesicles from the lowest part of
the hole (i.e., from Cores 40 to 69) could be regular
mixed-layer trioctahedral smectite-chlorite, but further
detailed X-ray diffraction work is required to confirm
this. A large (at least 10-mm-diameter) vug in Sample
504B-40-3, 130-135 cm is filled, from walls to center, by
a trioctahedral green smectite, anhydrite, and calcite.

THE SUCCESSION OF ALTERATION PROCESSES

We have identified three zones of alteration in Hole
504B according to the downhole distribution of altera-
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tion minerals and bulk altered rock chemistries (see be-
low): an upper alteration zone from the sediment/base-
ment interface down to 584.5 m BSF (i.e., down to Core
40, Section 3, inclusive), a lower alteration zone from
584.5 m BSF to the bottom of the hole at 835.5 m BSF,
and a third alteration zone, the zeolitic zone, which
overlaps the other two but is restricted primarily to the
upper one between 534.5 and 570.5 meters BSF. (A sin-
gle zeolitic vein occurs at 657 m BSF.)

The rocks from both the upper and lower alteration
zones appear to have been altered by a succession of
various processes, one of which could have simultane-
ously generated saponite throughout the hole.

The rocks from the upper alteration zone are charac-
terized by the abundance of red halos occurring between
dark gray cores and thin outer dark gray bands. The red
color of the halos results from the replacement of oliv-
ine by iddingsite and the formation in veins and nearby
portions of the rock of iddingsitelike material (i.e., a
mixture of iron hydroxides and saponite). These miner-
als are accompanied by a minor amount of orange, Fe-
rich (Type 3) clay mineral. The upper alteration zone is
also characterized by the presence of celadonite and
celadonite-nontronite (Type 4 and 5 clay minerals),
which mainly precipitated in primary voids in the outer
gray bands, and by phillipsite, aragonite, and minor cal-
cite in veins crossing all of the color zones. Light-col-
ored (Type la and 2) saponite has pervasively replaced
olivine in all three of the color zones of the upper altera-
tion zone. Saponite followed iddingsite and iddings-
itelike material, but the relationship between celadon-
ite-nontronite and saponite is unknown.

The basalts that form the upper alteration zone reflect
the superimposed effects of successive alteration pro-
cesses at low temperature. In the absence of evidence of
replacement among alteration products, we assume that
the spatial distribution of secondary minerals corre-
sponds to their depositional sequence through time. Our
description of the alteration sequence is provisional,
however, and will have to be confirmed or invalidated
by more detailed studies.

The first alteration process appears to be responsible
for the common replacement of olivine crystals by id-
dingsite, the more rare filling of cracks and vesicles by
iddingsitelike material and the crystallization even more
rarely of orange clay minerals (Type 3). The alteration
process results in the formation of the red halos charac-
teristic of the upper alteration zone. Iddingsite and id-
dingsitelike material often are associated with clay min-
erals in the olivine pseudomorphs and void fillings, re-
spectively, where they generally occupy an outer posi-
tion, whereas saponite (Type 2 clay minerals) or more
rarely the unidentified blue green clay mineral (Type 6)
occupies a more central position. In the only observed
case where celadonite (Type 5 clay mineral) accompanies
iddingsite and saponite in an olivine pseudomorph in a
red halo, iddingsite also occupies the peripheral posi-
tion. Whenever iddingsitelike material is present in the
outer dark gray bands (i.e., close to the outer limit of
red halos), it is again in a peripheral position with re-
spect to either saponite (Type 2), celadonite-nontronite

(Type 4), or celadonite (Type 5) in olivine pseudomorphs
or vesicle fillings, respectively.

One must therefore conclude that iddingsite and id-
dingsitelike material crystallized first and were followed
by saponite in the red halos and by either saponite, cela-
donite, or celadonite-nontronite in the dark gray outer
bands. Hence, iddingsite and iddingsitelike vein fillings
are ascribed to the first alteration stage of the upper al-
teration zone, whereas the other secondary minerals
formed during later stages of alteration of this zone.

Farther away from the red halos, in the portions of
the dark gray bands closest to the previously exposed
surfaces, iddingsite is absent and olivine is often replaced
by a light-colored clay mineral, probably a saponite,
whereas the voids are filled by celadonite-nontronite
(Type 5 clay mineral). The dark gray inner cores of the
samples that display red halos have no iddingsitelike
material (except crack fillings rooted in the red halos)
and rarely contain nontronite-celadonite. The major al-
teration product is a saponite (Type la and 2 clay miner-
als).

Saponite appears to have pervasively invaded all of
the rocks of the upper alteration zone regardless of their
color zonation. On the other hand, celadonite-non-
tronite is mainly restricted to outer dark gray bands
(i.e., to the color zones closest to the previously exposed
surfaces). At this point in our study, it is very difficult to
decide whether saponite crystallized before or after cela-
donite or celadonite-nontronite.

Previous studies of dredged and cored basalts (Hon-
norez, 1981 and unpublished data; Alt and Honnorez,
in press; Laverne and Vivier, in press) have shown that
celadonite-nontronite is the first secondary product to
precipitate in the primary voids of zero age young sub-
marine basalts, where it forms black halos parallel to ex-
posed surfaces and cracks. It is soon followed by iron
hydroxide and finally by saponite (at about 0.8 m.y. of
age). On the other hand, no primary phase is affected
until the crust is more than 1 m.y. old. Therefore, one
cannot actually speak of "alteration" of basalts in the
black halos. Alt and Honnorez (1981, in press) propose
that both the nontronite-celadonite and Fe-hydroxides
precipitated in the basalts when the very low-tempera-
ture reducing to anoxic hydrothermal solutions that car-
ry Si and Fe mix with cold, oxygenated seawater and im-
pregnate the uppermost basalts before their burial by a
sediment cover. A similar clay mineral and iron oxides
were found at various submarine locations interpreted
as sites of recent or present day hydrothermal activity at
or near the axis of spreading centers such as the Mid-At-
lantic Ridge (FAMOUS [Franco-American Mid-Ocean
Undersea Study] area Transform Fault A, Hoffert et
al., 1978), the Red Sea (Bischoff, 1972), the Gulf of
Aden (Cann et al., 1977), or the hydrothermal mounds
south of the Galapagos Spreading Center (Honnorez,
Von Herzen, et al., 1981). Black halos, celadonite-non-
tronite, and iron hydroxides are followed in older rocks
by saponite, which replaces olivine phenocryst and fills
up the primary spaces in the basalts beyond the black
halos (Böhlke et al., 1980; Laverne and Vivier, in press).
Therefore, our opinion is that celadonite and celadonite-
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nontronite also crystallized before saponite in the rocks
from the upper alteration zone of Hole 504B. However,
we have no confirming evidence for this.

Finally, phillipsite and calcium carbonates (mainly
aragonite with some Mg-calcite) are the last secondary
minerals to have precipitated in the upper alteration
zone. They are almost exclusively restricted to veins.

The lower alteration zone is deprived of any color
zonation and is characterized by the presence of pyrite
and saponite, which are progressively more abundant
with depth. Pyrite occurs mainly in veins, with quartz
and saponite (Type la and lb) and calcite. The lower al-
teration zone also is characterized by an abundance of
Type lb saponite and opaque minerals, which replace
olivine, and by the occurrence of mixtures or possibly ir-
regular mixed-layer saponite-chlorite; more careful study
is necessary to identify the latter minerals properly. The
lower alteration zone is also characterized by the ab-
sence of iddingsite, iddingsitelike material, celadonite,
celadonite-nontronite, phillipsite, and aragonite (only
one occurrence reported at 607 m BSF). No potassic
mineral was observed below 584.5 m BSF, indicating
that only small amounts of seawater percolated down to
the lower alteration zone. This is in good agreement
with the low 87Sr/86Sr ratios measured in bulk rocks
from the same portion of the hole (Barrett, this volume).

In the lower alteration zone, the light green, Fe-poor
saponite (Type la) evidently formed first, replacing the
rims of olivine phenocrysts, whereas the dark green, Fe-
rich saponite (Type lb) later replaced the cores of these
crystals. Similarly, the walls of the vesicles and cracks
are lined with the same two types of saponite followed
by calcite, quartz, and pyrite.

We note that the replacement of olivine by Type la
saponite above was already common in dark gray cores
of hand specimens from the upper alteration zone dis-
playing color zonation (down to 536 m BSF). The main
difference between the olivine pseudomorphs in the up-
per and lower alteration zones replaced by Type la sap-
onite consists of a slight color difference in the clay min-
eral, which is pale green in the upper zone, whereas it is
either pale green, or more often medium olive green, be-
low Core 38, Section 1 (i.e., 571 m BSF and along the
entire lower alteration zone). Moreover, Type la sapon-
ite generally is the only replacement product of olivine
in the upper alteration zone, whereas it is almost always
accompanied by Type lb saponite in the olivine pseudo-
morphs of the lower alteration zone. This observation
would support the working hypothesis that after a first
alteration stage during which iddsingsite and iddingsite-
like material (i.e., mixtures of iron hydroxide and sap-
onite) formed in the upper alteration zone only (possibly
followed by the precipitation of celadonite-nontronite
or celadonite during a second stage), saponite was the
only clay mineral to precipitate through the entire sec-
tion of the ocean crust drilled at Hole 504B.

The boundary between the upper and lower alteration
zones is transitional, with celadonite-nontronite disap-
pearing first at 548 meters BSF, then phillipsite at 557
meters BSF, and finally the red halos (+ iddingsite and
iddingsitelike material) at 584.5 meters. One occurrence

of aragonite was observed below this boundary, whereas
pyrite was observed twice above it. The transitional
character of the boundary between upper and lower
alteration zones is confirmed by the bulk rock chemistry
of the freshest basalts samples (see also Hubberten et
al., this volume).

The zeolitic zone is represented by veins superimposed
on what we have described as the upper alteration zone,
but which corresponds to the transition zone just men-
tioned, as evident in the bulk-rock chemistry. The veins
contain minerals that are not otherwise found elsewhere
in Hole 504B. The zeolitic zone veins occurring in the
upper alteration zone are made up of saponites (Type la
and/or 2) followed by various zeolites (analcime, natro-
lite, thomsonite, possibly mesolite, and an unidentified
K-rich zeolite), apophyllite, and calcite, in order of pre-
cipitation from the walls to the center of the vein. The
host rocks on both sides of the veins are discolored to a
pale green because of the pervasive replacement of oliv-
ine and Plagioclase by some of the same minerals as
those forming the veins. In the lower alteration zone,
there is one thin vein containing heulandite, chabazite,
and saponite. We estimate, on the basis of petrographic
observations, that zeolitic alteration was superimposed
in a narrow interval in the upper alteration zone and in a
much narrower interval in the lower alteration zone;
that is, the vein minerals such as the zeolites (excluding
phillipsite) and saponites (Types la and/or 2) precipitat-
ed in cracks later than the alteration products character-
izing the two principal alteration zones.

Several special veins consisting mainly of Type la
saponite were found in both the upper and lower altera-
tion zones, but we did not find any evidence for assign-
ing them to either of the principal alteration zones.
Some of these veins were thin, with saponite nearest the
walls and then quartz and anhydrite, with gyrolite or
calcite at the zenter. Rarer veins were made up of sapon-
ite and calcium carbonate (probably calcite) and/or
melanite and/or talc. The abundance of calcic minerals
in all these veins as well as in the adjacent host rocks
indicates that the hydrothermal solutions circulating
along the cracks during this event were rich in calcium.
Depending on the evolution of the solution chemistry,
Ca-carbonates (high fcθ2, but low aSi) or Ca-rich zeo-
lites (high asi, low fc θ 2) or other Ca-silicates such as
gyrolite (Ca2Si3θ7[OH]2 H2O) or apophyllite (KCa4Si8

O20[F, OH] 8H2O), or anhydrite (high a s θ 4 = and low
a s i and fc θ 2) would precipitate. The formation of these
minerals was also probably facilitated by the increase in
pH and the deletion in Mg and Al due to the precipita-
tion of the salband saponite. The oxygen isotope analy-
ses of the saponite from these veins, which we report in
a later section, indicate that they probably precipitated
between 60 and 110°C, depending on what δ 1 8 θ value is
assumed for seawater.

Olivine is the only primary mineral that is pervasively
altered in the rocks of the upper alteration zone. Plagio-
clases and pyroxenes are usually fresh. On the other
hand, in addition to olivine, which is always altered,
Plagioclase is often replaced by saponite in the lower al-
teration zone. Both olivine and Plagioclase are perva-
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sively replaced by various zeolites and smectites in the
host rocks adjacent to the veins representing the zeolitic
zone superimposed on the upper alteration zone. Clino-
pyroxene is only altered to aegirine-augite in the sal-
bands of the veins containing saponite, Ca-carbonate,
and/or melanite, and/or talc in the rocks of the lower
alteration zone.

BULK ROCK GEOCHEMISTRY

Changes in bulk rock chemistry that occurred as a re-
sult of the various seawater-basalt interactions were
assessed by performing chemical analyses on 177 sam-
ples from Hole 504B. Twenty pairs or triplets of sub-
samples were isolated from large rock samples display-
ing color zonation (see section on alteration zonation).
The bulk rock chemical compositions of the freshest
looking (i.e., most uniformly dark gray) samples and
subsamples from the inner portions of zoned samples
(Hubberten et al., this volume) were compared with
those of adjacent samples from nearby core fragments,
subsamples of adjacent outer bands, and samples that
are visibly altered and display colors ranging from red
to green to dark gray.

The major advantage of studying the chemical chang-
es due to alteration in Hole 504B instead of other DSDP
holes stems from the relative compositional homogene-
ity of the tholeiites encountered. The tholeiites are ho-
mogeneous throughout the hole except in Lithologic
Units 5 (Core 18 to Core 19, Section 2) and 36 (Core 54
to Core 57, Section 1) (Autio and Rhodes, this volume;
Etoubleau et al., this volume; Hubberten et al., this vol-
ume).

Major elements were analyzed by the following tech-
niques. Si, Ti, Al, Fe, Mn, Mg, Ca, K, Na, and P were
determined by X-ray fluorescence analyses on fused
glass beads of lithium metaborate (rock-to-flux ratio,
1:4) using a Philips PW 1450 computerized spectrom-
eter and Philips "alphas" program. CO2 and S were de-
termined by colorimetric titration. H2O+ was measured
by Karl Fischer titration after the thermal decomposi-
tion of rock. Ferrous iron was measured by mangano-
metric tritration. The analytical data are presented in
Table 9, and the bulk rock chemical analyses recalculat-
ed on a volatile-free basis are presented in Table 10.

Compared with the 43 electron microprobe analyses
of fresh glasses from Hole 504B (Natland et al., this vol-
ume; see continuous lines in Figs. 13 and 14), all of the
samples from the hole are altered, even those considered
fresh by Hubberten et al. (this volume; see dotted lines
in Figs. 13 and 14). Moreover, Figure 14 indicates that
the oxidation ratio of all bulk rock samples (i.e., Fe3 + /
FeT) are higher than the value characteristic of unaltered
oceanic tholeiites (0.15). Other criteria used by various
authors to distinguish altered oceanic basalts (see refer-
ences in Honnorez, 1981), such as K2O and H2O+ con-
tents, do not always appear to be useful in the case of
the Hole 504B basalts. Figures 13 and 15 perfectly illus-
trate this fact: the K2O content of most samples straddle
the average fresh glass value below 584.5 meters BSF,
even though these samples have Fe3 + /FeT ratios ranging

from 0.21 to 0.50 and H2O+ contents between 0.61 and
2.51%, indicating that they experienced oxidative hy-
dration.

When the H2O+ contents of all the samples analyzed
are plotted against Fe3 + /FeT (see Fig. 16), it is clear that
most points representative of the upper and lower alter-
ation zone rocks overlap. The samples with the highest
water contents have only average values of Fe3 + /FeT,
and they are equally distributed between the two zones.
However, part of this overlap between the oxidation
ratios could be ascribed to the postdrilling oxidation of
saponite in the rocks from the lower alteration zone as
demonstrated by Andrews et al. (this volume), because
saponite is the major secondary mineral present in this
portion of the hole. If this is true, the rocks from the
lower alteration zone would be characterized by lower
values of Fe3 + /FeT than rocks from the upper alteration
zone. Indeed, the samples from the lower alteration
zone have a tendency toward both low H2O+ contents
and low values of Fe3 + FeT, whereas the samples from
the upper alteration zone have the opposite relations.
These contrasts correspond to the mineralogical distinc-
tion between the upper alteration zone, which is charac-
terized by the presence of red halos (goethite with sap-
onite) formed under oxic conditions, and the lower al-
teration zone, which is characterized by the abundance
of pyrite forming under anoxic or suboxic conditions.

Nevertheless, unquestionable differences exist among
the chemical trends of the samples belonging to the
three alteration zones encountered in Hole 504B. Com-
pared with the fresh glass average, the basalts from the
upper alteration zone have slightly lower MgO and high-
er K2O contents, although other major oxides of the
samples from the upper alteration zone have no trends.
Subsamples from the red halos (squares in Figs. 13 and
14) are always distinctly enriched in K2O, and to a lesser
extent FeO*, compared with the adjacent dark gray in-
ner counterparts (Fig. 13 and 14, squares and circles, re-
spectively). Simultaneously, their H2O+ content and
Fe3 + /FeT values increase, whereas their SiO2 content
slightly decreases. The major element enrichment and
the silica depletion correspond to the common replace-
ment of olivine phenocrysts in the red halos by iddings-
ite (i.e., saponite-goethite mixtures) as opposed to sap-
onite alone in the dark gray cores, or saponite and cela-
donite in the dark gray outer bands. No normalization
of the chemical analyses to a relatively unsoluble ele-
ment such as Ti is required, because the TiO2 content of
almost all of the analyzed samples remains practically
constant (see Table 10).

As mentioned earlier, the basalts from the lower al-
teration zone are characterized by a lack of K2O enrich-
ment (only Samples 504B-48-1, 95-100 cm and 504B-42-
1, 116-120 cm, have 0.16 and 0.11% K2O versus the
0.03% average of fresh glass; see Fig. 16). However,
they display a definite trend toward MgO enrichment
and a concomitant CaO and possibly A12O3 depletion,
even though many samples are still very close to fresh
glass average values in MgO and CaO contents. The
other major element contents are unchanged in the low-
er alteration zone.
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The changes in K2O and MgO contents observed in
the lower and upper alteration zones, respectively, are
explained by the secondary mineral parageneses observed
in these portions of the hole. The altered rocks from the
upper alteration zone (i.e., above 584.5 m BSF) com-
monly contain potassic secondary minerals such as cela-
donite (Type 5 clay mineral), celadonite-nontronite mix-
ture (Type 4 clay mineral), phillipsite, and (rarely) K-
feldspar, which explain the altered rocks' tendency to be
enriched in potassium. On the other hand, the rocks
from the lower alteration zone (i.e., those below 584.5
m BSF) lack all of these secondary minerals but contain
talc, increasing amounts of saponite with depth, and
(toward the bottom of the hole) mixed-layer or mixtures
of chlorite and saponite. These minerals produce the ob-
served trend of progressively increasing MgO with depth.

Hubberten (this volume) and Hubberten et al. (this
volume) demonstrate that the basalts from the portion
of the hole higher than 544 meters BSF have lower sul-
fur contents than those from below this depth. Accord-
ing to these authors, the sulfur depletion would be due
to a complete oxidation of the primary sulfides and the
removal of sulfur as SO4 from samples analyzed from
the upper portion of the hole, whereas sulfur remains in
the lower portion of the hole as secondary pyrite as a re-
sult of the suboxic to anoxic conditions. On the other
hand, the thallium content is higher in basalts from
above 544 meters BSF than in those from below this lim-
it (J. Erzinger, unpublished, in Hubberten et al., this
volume) because Tl3 + is insoluble when it oxidizes and
forms T1(OH)3 under the oxic conditions prevailing in
the upper portion of the hole. Thallium is soluble and
therefore removed from the lower basalts because of the
suboxic to anoxic conditions characterizing the altera-
tion in the lower portion of the hole.

Hubberten (this volume) and Hubberten et al. (this
volume) divided Hole 504B into upper and lower por-
tions on the basis of bulk rock S and TI contents. Their
boundary is about 40 meters higher than the depth we
call the limit between the upper and lower alteration
zones. We do not know whether this 40-meter discrep-
ancy is due to a sampling bias in one or more sets of
data (this chapter, Hubberten [this volume], Hubberten
et al. [this volume], and Noack et al. [this volume]) or
whether it corresponds to a transition zone in which the
more sensitive chemical elements such as S and TI are al-
ready reacting to a change in alteration conditions and
other, less sensitive elements and the secondary mineral-
ogy are not. We favor the concept of a transition zone;
some samples from below our 584.5-meter BSF limit
(e.g., Samples 504B-42-1, 116-120 cm and 504B-48-1,
95-100 cm) have K2O contents higher than the fresh
glass average, some samples from above Hubberten's
boundary at 544 meters BSF (e.g., Samples 504B-8-4,
120-123 cm and 504B-28-5, 14-17 cm) have high sulfur
contents, and 28 samples from below this boundary
have sulfur contents lower than the average for fresh ba-
salts. Similarly, pyrite and marcasite were found above
our 584.5-meter BSF limit (e.g., in Sample 504B-36-3,

27-39 cm), and iron oxides and even faint reddish halos
were found below this limit (e.g., in Sample 504B-42-1,
116-126 cm, which has a higher K2O content than fresh
glass). A transition zone, if it exists, would span a few
tens of meters and exhibit the mineralogical and chemi-
cal characteristics of both zones either simultaneously
or, more likely, in alternation.

Finally, the zeolitic zone is clearly characterized in
Figures 13 and 14 by significant increases in the MgO,
CaO, and, in one case, K2O contents of the green host
rocks (triangles in Figs. 13 and 14) adjacent to the veins.
We have noted that the igneous minerals of these green
salband rocks are pervasively replaced by the same min-
erals as those that form the veins, that is, mainly sapon-
ite (hence the MgO enrichments), calcic zeolites or gyro-
lite (hence, the CaO enrichments), analcime, and apo-
phyllite (hence, the K2O enrichments). These mineral-
ogical changes are accompanied by increases in H2O

 +

and CO2 contents and depletions in A12O3 and, in one
case, in TiO2 (from 0.91 to 0.70% in the green salband
of Sample 504B-37-1, 76-80 cm). None of the other ma-
jor elements seems to be affected by the alteration that
generated the zeolitic veins.

The differences between the chemical trends of the
upper and lower alteration zones, and therefore the al-
teration mineralogy of the corresponding rocks, can be
explained in terms of reaction temperatures, effective
water-rock ratios, and the compositions of the altering
solutions. The K2O enrichments, increased 87Sr/86Sr ra-
tios, high thallium contents, and depletions in silica and
sulfur of the upper alteration zone basalts (which are
characterized by the presence of red halos, i.e., Fe ox-
ides) indicate the effects of large volumes of oxygenated
seawater reacting with the oceanic crust at low tempera-
tures.

On the other hand, the trend toward MgO enrich-
ment and concomitant depletions in CaO and possibly
A12O3 of the basalts from the lower alteration zone as
well as their low 87Sr/86Sr ratios, low thallium contents,
and the abundance in pyrite and absence of red halos
(Fe-oxides) could be interpreted either as the result of
alteration at low water-rock ratios under suboxic to an-
oxic conditions or as reactions between basalts and
evolved seawater solutions, that is, solutions derived
from seawater that subsequently lost the chemical char-
acteristics of unaltered seawater because of reactions
with the ocean crust. The lack of potassium enrichment,
and the thallium depletion, the increased MgO contents,
and the decreased CaO contents of the lower alteration
zone basalts could as well be explained as the result of
basalt-seawater interaction at high temperature, that is,
at least 150°C (Seyfried and Bischoff, 1979), although
the temperature effects may have been obscured by the
low water-rock ratios. However, the oxygen isotope
analyses of the isolated secondary minerals from these
rocks (see following section) indicate that they formed
at temperatures ranging from 60 to 110°, depending on
the δ 1 8 θ value ascribed to the solution. This tempera-
ture range almost exactly corresponds to the present
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Table 9. Bulk rock chemical analyses.

Component

Sample -
Interval (cm)
Piece

SiO 2

TiO 2

A1 2O 3

Fe 2 O 3

FeO
MnO
MgO
CaO
Na 2 O
K2O

P 2 θ 5 i

H 2 O +

co2
Total

Fe 3 + F e T

FeO

>O4B-33-l
(12-14)

182

49.50
0.91

16.00
3.32
5.74
0.16
8.58

13.00
2.13
0.11
0.08
0.86
0.11

100.49

0.34
8.77

a Farther from core.
b Upper portion.
c Lower portion.
" Farther from zeolitic vein.
e Adjacent to zeolitic vein.

Table 9. (Continued)

Sample
Interval (cm)
Piece

SiO 2

TiO 2

A12O3

Fe 2 O 3

FeO
MnO
MgO
CaO
Na 2 O
K2O

P2O5
H 2 O +

co2
Total

Fe 3 + F e T

FeO*

504B-42-2
(24-28)

661

49.30
0.90

16.00
3.17
5.75
0.17
8.21

13.10
2.42
0.04
0.05
0.85
0.13

100.09

0.33
8.68

Gray Core Red Halo

504B-33-1
(31-37)

185

49.80
0.91

15.90
2.91
5.81
0.14
8.37

13.10
2.47
0.02
0.07
0.75
0.13

100.38

0.31
8.47

504B-42-2
(59-61)

667

49.20
0.85

15.70
3.25
5.74
0.15
8.54

13.00
2.18
0.02
0.06
1.06
0.14

99.89

0.34
8.78

48.90
0.89

15.80
3.49
5.76
0.16
8.55

13.00
2.37
0.04
0.07
0.95
0.26

100.24

0.35
9.00

504B-43-1
(63-65)

679

49.60
0.88

15.30
2.80
6.84
0.15
8.51

12.90
2.25
0.01
0.06
0.75
0.08

100.13

0.27
9.43

Gray Core

49.40
0.92

15.90
2.70
5.68
0.15
8.44

13.20
2.27
0.02
0.07
0.72
0.24

99.71

0.30
8.21

504B-43-2
(44-46)

697

49.40
0.87

15.60
3.09
6.27
0.16
8.45

13.10
2.15
0.02
0.06
0.81
0.11

100.09

0.31
9.13

Red Halo

5O4B-33-1
(77-80)

192

49.40
0.90

16.10
3.56
5.40
0.16
8.35

13.20
2.43
0.05
0.07
0.78
0.19

100.59

0.37
8.63

504B-43-2
(44-46)

697

49.30
0.87

15.20
3.28
6.31
0.16
8.87

12.70
2.25
0.02
0.05
1.03
0.14

100.18

0.32
9.35

Red Halo a

49.30
0.90

15.70
3.79
5.50
0.15
8.36

13.00
2.43
0.10
0.07
0.86
0.29

100.45

0.38
8.94

504B-48-1
(95-100)

870

49.30
0.99

14.50
4.02
6.86
0.15
8.85

10.40
2.07
0.16
0.06
2.51
0.17

100.04

0.34
10.77

Gray Core

49.60
0.94

15.40
3.18
5.77
0.15
8.56

12.80
2.34
0.03
0.07
0.79
0.20

99.83

0.33
8.74

504B-48-3
(20-23)

894

50.30
0.99

15.00
3.42
6.26
0.20
8.50

12.70
2.47
0.05
0.07
0.66
0.19

100.81

0.33
9.34

Red Halo b

504B-34-1
(7-19)

219

49.60
0.94

15.60
3.73
5.43
0.16
8.37

12.90
2.45
0.08
0.07
0.85
0.19

100.37

0.38
8.84

504B-48-3
(23-25)

895

49.80
0.99

15.00
3.18
7.04
0.18
8.43

12.80
2.21
0.02
0.07
0.61
0.11

100.44

0.29
9.93

Red Halo c

49.60
0.97

15.50
3.58
5.39
0.16
8.49

13.10
2.41
0.08
0.08
0.85
0.34

100.55

0.37
8.66

504B-49-2
(94-96)

947

49.40
0.84

16.20
2.94
5.84
0.16
8.22

13.30
3.34
0.03
0.06
0.61
0.13

100.07

0.31
8.54

Gray Con: Red Halo

504B-36-3
(22-24)

49.90
0.88

15.80
3.17
5.64
0.16
8.32

13.00
2.45
0.01
0.05
0.53
0.09

100.00

0.34
8.54

5O4B-49-2
(101-103)

947

49.60
0.89

16.10
3.64
5.25
0.16
8.30

13.10
2.77
0.06
0.06
0.65
0.22

100.80

0.34
9.05

318

49.0
0.87

15.60
4.36
5.84
0.18
7.89

13.00
2.29
0.12
0.06
0.71
0.75

100.67

0.40
9.84

504B-54-1
(139-42)

1062

49.70
1.36

15.30
3.22
5.58
0.18
8.15

12.40
2.53
0.04
0.15
0.86
0.17

99.64

0.34
9.05

Gray Core: Red Halo

504B-36-3
(37-39)

:

50.00
0.96

15.50
3.17
5.98
0.17
8.32

13.00
2.37
0.02
0.06
0.51
0.11

100.17

0.32
8.87

504B-54-1
(48-63)

1063

49.10
1.32

14.90
4.24
5.29
0.17
8.39

12.10
2.62
0.04
0.16
0.90
0.81

100.04

0.42
8.61

320

49.50
0.88

14.90
4.62
5.91
0.19
7.94

13.00
2.31
0.09
0.05
0.69
0.17

100.25

0.41
10.13

504B-59-1
(57-63)

1252

49.40
0.98

15.40
3.10
6.15
0.18
8.36

12.90
2.22
0.02
0.07
0.82
0.14

99.74

0.31
9.37

range of temperatures in Hole 504B: 59 °C (measured at
the sediment/basement interface) and 125°C (inferred
at the bottom of the hole) (Becker et al., this volume).

OXYGEN ISOTOPE GEOCHEMISTRY

Table 11 presents the δ 1 8θ values in isolated second-
ary minerals that were identified by X-ray diffraction.

The partition coefficients of analcime are unknown,
but what we know of smectites requires the trioctahedral
smectites (saponite) from the lower part of Hole 504B to
have formed at relatively high temperatures (90-110°C),
if a O%o value is assumed for seawater (Yeh and Savin,
1977). The formation temperature of the smectite would
be 60°C if one assumes the -4%0 value of the overlying
sediment pore waters (Mottl, Lawrence et al., 1980).

Forty bulk rock oxygen isotope analyses are reported
in Table 12 and plotted versus depth in Figure 14. Seven-
teen values by Barrett and Friedrichsen (this volume) are
also shown in Figure 14. The δ 1 8θ values obtained by
Barrett and Friedrichsen range from 6.4 to 7.8%0 for the
upper 260 meters of the hole, that is, down to 534.5
meters BSF; from 6.2 to 6.4% in the interval from 534.5

to 594.5 meters BSF; and from 5.8 to 6.2% below 594.5
meters BSF. On the other hand, our 40 measurements
range from 6.1 to 12.7% without any downhole trend.
Moreover, three of the samples corresponding to host
rocks adjacent to zeolitic veins display δ 1 8 θ values from
9.2 to 12.7%. Such unusually large enrichments in 18O
of young basalts agree with the petrographic observa-
tion concerning these samples that igneous Plagioclase
and olivine pseudomorphs are replaced by some of the
same minerals that form the veins (see Table 8). Finally,
one sample from the uppermost portion of the hole
(Sample 504B-21-2, 54-59 cm) also has a high δ 1 8 θ
value (12.O%o) even though it is not adjacent to one of
the zeolitic veins.

CONCLUSIONS

Hole 504B, which was drilled into the 5.9 m.y. old
crust of the southern flank of the Costa Rica Rise, tapped
a hydrothermal system at its conductive or near-conduc-
tive stage (Langseth et al., this volume; Becker et al.,
this volume). All of the samples studied, whether in thin
section, by X-ray diffraction, electron microprobe, or
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Table 9. (Continued).

5O4B-36-3
(83-85)

324

50.10
0.92

15.20
2.46
7.24
0.16
8.40

12.80
2.11
0.01
0.06
0.51
0.10

100.07

0.23
9.50

Light Grayd Light Greene

504B-37-1
(76-80)

352

49.50
0.90

15.00
3.11
6.31
0.17
8.31

12.80
2.44
0.16
0.05
0.76
0.89

100.40

0.31
9.22

48.50
0.65
8.50
3.99
4.03
0.11
9.39

13.20
2.56
1.60
0.05
6.01
1.96

100.55

0.47
8.23

Light Grayd Light Greene

i

48.30
0.92

14.30
3.35
6.14
0.16
8.66

12.70
2.65
0.21
0.05
2.54
0.49

100.47

0.33
9.39

i04B-37-l
(94-96)

355

46.70
0.93

10.70
4.38
6.09
0.16
9.17

14.20
2.83
0.23
0.07
4.58
0.81

100.85

0.39
10.51

504B-37-2
(94-96)

377

49.10
0.88

15.20
2.56
6.36
0.16
8.10

13.80
2.27
0.23
0.06
0.61
0.46

99.79

0.27
8.77

5O4B-39-2
(62-64)

488

49.60
0.87

16.10
2.66
6.47
0.15
8.04

13.20
2.37
0.01
0.07
0.61
0.10

100.25

0.27
8.90

504B-39-3
(123-125)

495

49.30
0.81

16.30
2.20
6.49
0.15
8.44

13.20
2.05
0.02
0.06
0.91
0.08

100.01

0.23
8.55

Light Grayd Light Greene

48.50
0.76

17.90
3.02
5.02
0.21
7.42

13.70
2.14
0.01
0.04
0.82
0.28

99.82

0.35
7.84

504B-40-3
(130-135)

558

47.40
0.62

17.20
3.52
3.83
0.18
8.70

14.00
2.27
0.12
0.04
1.47
0.96

100.31

0.45
7.15

504B-40-4
(73-75)

567

49.10
0.77

16.50
1.94
6.52
0.14
9.09

13.20
1.96
0.01
0.05
0.77
0.08

100.07

0.21
8.33

504B-42-1
(9-11)

642

49.20
0.91

15.70
3.13
5.74
0.17
8.54

12.80
2.40
0.04
0.06
1.12
0.11

99.92

0.33
8.67

504B-42-1
(116-120)

656

48.90
0.88

15.00
4.19
5.88
0.18
9.32

12.00
2.32
0.11
0.05
1.44
0.18

100.45

0.34
9.75

Table 9. (Continued).

504B-60-1
(9-14)
1255

49.90
0.98

14.50
3.39
6.00
0.14
9.41

12.20
2.32
0.04
0.07
1.12
0.39

100.46

0.34
9.15

504B-61-2
(12-15)

1299

49.80
1.01

15.30
3.84
6.35
0.18
7.79

13.10
2.06
0.01
0.08
1.08
0.12

99.72

0.32
9.96

504B-61-2
(33-38)

1302

49.60
0.98

15.00
4.41
5.35
0.17
8.62

12.50
2.19
0.01
0.07
1.36
0.33

100.59

0.43
9.42

504B-62-1
(105-109)

1327

48.90
1.04

15.80
4.20
5.94
0.18
7.03

13.60
2.17
0.02
0.08
1.02
0.12

100.10

0.39
9.81

504B-62-1
(112-118)

1328

48.50
1.00

14.80
4.65
5.08
0.17
9.55

11.60
2.04
0.02
0.08
1.63
0.53

100.65

0.45
9.50

504B-62-2
(5-8)
1332

49.50
1.01

14.80
4.24
5.39
0.17
8.93

12.10
2.03
0.01
0.09
1.34
0.22

99.83

0.41
9.36

504B-62-2
(13-18)

1333

49.90
0.98

14.60
4.35
5.19
0.18
8.97

11.80
1.99
0.02
0.07
1.27
1.37

100.69

0.43
9.28

5O4B-64-3
(63-68)

1447

49.30
0.99

14.70
5.75
5.07
0.13
9.02

11.40
2.18
0.01
0.06
1.33
0.23

100.17

0.50
10.39

5O4B-64-3
(93-98)

1451

49.70
0.90

15.30
2.91
6.79
0.17
8.29

12.80
2.11
0.01
0.07
0.62
0.13

99.80

0.28
9.50

504B-70-1
(36-41)

1562

49.80
0.88

15.10
3.77
5.31
0.17
9.46

12.70
2.12
0.01
0.05
1.36
0.27

100.00

0.42
9.26

504B-70-2
(0-3)
1563

49.20
0.90

15.40
3.41
5.85
0.18
8.73

12.80
2.12
0.01
0.06
1.00
0.14

99.80

0.39
8.85

504B-70-2
(12-16)

1564

49.30
0.90

15.30
3.01
6.29
0.17
8.90

12.80
2.12
0.01
0.06
0.89
0.09

99.84

0.30
9.09

X-ray fluorescence, are altered. They contain secondary
minerals both as olivine replacements and as fillings of
primary voids, cracks, and vesicles. Saponite is ubiq-
uitous in the samples studied. All of the analyzed sam-
ples have higher H2O + contents and Fe3 + /FeT values
than fresh oceanic tholeiites. However, part of this high-
er bulk rock Fe3 + /FeT value may be due to the post-
drilling oxidation of saponite (Andrews et al., this vol-
ume).

Three more or less overlapping alteration zones were
encountered along the 561-meter length of the basement
hole. At the sediment/basement interface the measured
temperature is 59°C; at the bottom of the hole the tem-
perature is inferred to be 125°C. The upper alteration
zone is characterized by red halos because of the abun-
dance of iddingsite pseudomorphs after olivine. The
halos comprise dark gray inner portions and outer bands,
the latter being generally adjacent to veins or other for-
merly exposed surfaces. Bulk rock analyses show that
the red halos have higher H2O

 + and K2O contents and
Fe3 + /FeT values, but lower SiO2 contents, than the ad-
jacent inner dark gray rocks. No other major-element

changes are noticed. The part of the dark gray outer
bands adjacent to the red halos often contains mixtures
of iddingsite and celadonite or celadonite-nontronite.
Farther away from the red halos, the dark gray outer
bands contain only celadonite or celadonite-nontronite
and saponite. The dark gray rocks from the upper alter-
ation zone (excluding the outer bands adjacent to red
halos) usually do not contain iddingsite, but various
types of saponites are common both as void fillings and
as olivine pseudomorphs. Igneous Plagioclase and clino-
pyroxene are almost always unaltered. Veins in the up-
per alteration zone are made up of saponites and cela-
donite-nontronite, with occasional iddingsite, phillips-
ite, aragonite, or calcite. Dark gray rocks from the up-
per alteration zone are often richer in H2O+, K2O, and
thallium, and have higher values of Fe3 + /FeT and
87Sr/86Sr, than their counterparts from the lower altera-
tion zone. They also appear to be depleted in sulfur and
silica. These changes in bulk rock composition corre-
spond to the abundance of potassic secondary minerals
and of olivine replacements by iddingsite (i.e., goethite-
saponite mixtures) or various saponites, as well as the
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Table 10. Bulk rock chemical analyses recalculated on a volatile-free basis.

Component

Sample
Interval (cm)
Piece

Siθ2
TiO 2

A12O3

Fe 2 O 3

FeO
MnO
MgO
CaO
Na 2 O
K2O

P2O5

Total

Fe 3 + / F e T

FeO*

5O4B-33-1
(12-14)

182

49.73
0.91

16.07
3.34
5.77
0.16
8.62

13.06
2.14
0.11
0.08

99.99

0.34
8.77

a Farther from core.
b Upper portion.
c Lower portion.

Table 10. (Continued)

Sample
Interval (cm)
Piece

SiO 2

TiO 2

A1 2O 3

Fe 2 θ3
FeO
MnO
MgO
CaO
Na 2 O
K2O

P2O5

Total

Fe 3 + /Fe T

FeO

504B-42-2
(59-61)

667

49.90
0.86

15.90
3.29
5.82
0.15
8.65

13.20
2.21
0.02
0.06

100.06

0.34
8.78

Gray Core Red Halo Gray Core

504B-33-1
(31-37)

1

50.05
0.91

15.98
2.92
5.84
0.14
8.41

13.16
2.48
0.02
0.07

99.98

0.31
8.47

504B-43-1
(63-65)

679

49.90
0.89

15.40
2.82
6.89
0.15
8.57

13.00
2.27
0.01
0.06

99.96

0.27
9.43

85

49.43 49.99
0.90 0.93

15.97 16.29
3.53 2.73
5.82 5.75
0.16 0.16
8.64 8.54

13.14 13.36
2.39 2.30
0.04 0.02
0.07 0.07

100.09 100.14

0.35 0.30
9.00 8.21

504B-44-3 504B-48-1
(44-46) (95-100)

697 697 870

49.80 49.80 50.60
0.88 0.88 1.02

15.70 15.40 14.90
3.12 3.31 4.13
6.32 6.37 7.05
0.16 0.16 0.15
8.52 8 . % 9.09

13.20 12.80 10.70
2.18 2.27 2.13
0.02 0.02 0.16
0.06 0.05 0.06

99.96 100.02 99.9

0.31 0.32 0.34
9.13 9.35 10.77

Red Halo I

5O4B-33-1
(77-80)

192

49.59
0.90

16.16
3.57
5.42
0.16
8.38

13.25
2.44
0.05
0.07

99.99

0.37
8.63

504B-48-:
(20-23)

894

50.3
0.99

15.00
3.42
6.26
0.20
8.50

12.70
2.47
0.05
0.07

99.96

0.33
9.34

ied Halo a Gray Core

49.64
0.90

15.81
3.82
5.54
0.15
8.42

13.09
2.45
0.10
0.07

99.99

0.38
8.98

t 5O4B-48-3
(23-25)

895

49.90
0.99

15.00
3.19
7.06
0.18
8.45

12.80
2.22
0.02
0.07

99.88

0.29
9.93

50.18
0.95

15.58
3.22
5.84
0.15
8.66

12.95
2.37
0.03
0.07

100.00

0.33
8.74

504B-49-2
(94-96)

947

49.70
0.85

16.30
2.96
5.88
0.16
8.28

13.40
2.36
0.03
0.06

99.98

0.31
8.54

Red Halo b

504B-34-1
(7-19)

219

49.93
0.95

15.70
3.75
5.47
0.16
8.43

12.99
2.47
0.08
0.07

100.00

0.38
8.84

504B-49-2
(101-103)

947

49.90
0.98

14.50
3.39
6.00
0.14
9.41

12.20
2.32
0.04
0.07

98.95

0.34
9.05

Red Halo c

49.92
0.98

15.60
3.60
5.42
0.16
8.54

13.18
2.42
0.08
0.08

99.98

0.37
8.66

504B-54-1
(39-42)

1062

50.40
1.38

15.50
3.27
5.67
0.18
8.26

12.60
2.57
0.04
0.15

100.02

0.34
8.61

Gray Core Red Halo

5O4B-36-3
(22-24)

318

50.21
0.88

15.90
3.19
5.67
0.16
8.37

13.08
2.46
0.01
0.05

99.98

0.34
8.54

504B-54-1
(48-63)

1063

49.90
1.34

15.20
4.31
5.38
0.17
8.53

12.30
2.66
0.04
0.16

99.99

0.42

9.26

49.39
0.88

15.72
4.39
5.89
0.18
7.95

13.10
2.31
0.12
0.06

99.99

0.40
9.84

5O4B-59-1
(51-63)

1252

50.00
0.99

15.60
3.14
6.23
0.18
8.46

13.10
2.25
0.02
0.07

100.04

0.31
9.37

Gray Core Red Halo

5O4B-36-3
(37-39)

320

50.23
0.96

15.57
3.18
6.01
0.17
8.36

13.06
2.38
0.02
0.06

100.00

0.32
8.87

504B-60-1
(9-14)
1255

50.40

0.99
14.70
3.43
6.06
0.14
9.51

12.30
2.34
0.04
0.07

99.98

0.34

9.15

49.80
0.88

14.99
4.65
5.95
0.19
7.99

13.08
2.32
0.04
0.05

99.99

0.41
10.13

5O4B-61-2

(12-15)
1299

49.50

1.03
15.50
3.90
6.45
0.18
7.91

13.30
2.09
0.01
0.08

99.95

0.32

9.96

oxidation of primary sulfides. We interpret the upper al-
teration zone to be the result of low-temperature altera-
tion by large amounts of seawater percolating through
the upper ocean crust.

The lower alteration zone is characterized by the lack
of color zonation (the rocks have a uniform or mottled
dark gray color), a downward-increasing abundance of
pyrite and very pale green to dark olive green saponites,
and the presence of talc, quartz, and calcite. Fe-oxides,
celadonite, celadonite-nontronite mixtures, aragonite,
and phillipsite are generally absent. Chlorite also occurs
toward the bottom of the hole. Olivine phenocrysts are
replaced by fairly light-colored olive green saponite, and
Plagioclase and clinopyroxene are essentially unaltered.
The numerous veins in the lower alteration zone are gen-
erally made up of saponite and pyrite, with minor
amounts of calcite, talc, and quartz. The rocks from the
lower alteration zone have a slight tendency to lower
H 2O+ contents and Fe3 + /FeT values than the rocks
from the upper alteration zone, but the dark gray ba-
salts from both zones have essentially overlapping rang-
es of values for H 2O+ content and Fe3 + /FeT. The lower
alteration zone basalts are enriched in K2O with respect
to the fresh glasses, but much less so than the rocks
from the upper alteration zone. However, they display a
definite downhole enrichment in MgO and depletion in

CaO and possibly A12O3. Nevertheless, most samples
from the lower alteration zone have contents of these
three major oxides close to those of fresh glass. They
also usually have higher sulfur but lower thallium con-
tents than the dark gray rocks from the upper alteration
zone. Finally, their 87Sr/86Sr value is similar to that of
the average East Pacific Rise basalts. The alteration in
the lower alteration zone appears to result from suboxic
to anoxic reactions between oceanic basalts and small
amounts of solutions that may be at higher tempera-
tures than those prevalent in the upper alteration zone.
The presence of chlorite toward the bottom of the hole
is evidence of the higher temperatures. However, the
low water-rock ratio, which is inferred from the lack of
increase in K2O contents and 87Sr/86Sr values, obscures
the effects of higher temperatures. Therefore, some of
the chemical changes observed in the rocks from the
lower alteration zone could have resulted from reactions
of oceanic basalts with evolved seawater, that is, the
solution derived from seawater after the seawater react-
ed with the oceanic crust.

The upper and lower alteration zones overlap each
other by a few tens of meters, essentially between 544
and 584.5 meters BSF (the latter depth corresponding to
the deepest recovered red halo). In this transition zone
alternating bulk rock samples display the chemical char-
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Table 10. (Continued).

504B-36-3
(83-85)

324

50.37
0.92

15.28
2.47
7.28
0.16
8.45

12.87
2.12
0.01
0.06

99.99

0.23
9.50

Gray Core Green Halo

5O4B-37-1
(76-80)

352

50.13
0.91

15.19
3.15
6.39
0.17
8.41

12.96
2.47
0.16
0.05

99.99

0.31
9.22

52.39
0.70
9.18
4.31
4.35
0.12

10.14
14.26
2.76
1.73
0.05

99.99

0.47
8.23

Gray Core Green Halo

504B-37-1
(94-96)

49.57
0.94

14.67
3.43
6.30
0.16
8.89

13.03
2.72
0.21
0.05

99.97

0.33
9.39

355

48.92
0.97

11.21
4.59
6.38
0.17
9.61

14.87
2.96
0.24
0.07

99.99

0.39
10.51

504B-37-2
(94-96)

377

49.74
0.89

15.40
2.59
6.44
0.16
8.20

13.48
2.30
0.23
0.06

99.99

0.27
8.77

504B-39-2
(62-64)

488

49.83
0.87

16.20
2.67
6.50
0.15
8.08

13.30
2.38
0.01
0.07

100.06

0.27
8.90

504B-39-3
(123-125)

495

49.79
0.82

16.50
2.22
6.55
0.15
8.52

13.33
2.07
0.02
0.06

100.03

0.23
8.55

Gray Core Red Halo

504B-40-3
(130-135)

55S

49.10
0.77

18.10
3.06
5.09
0.21
7.52

13.90
2.17
0.01
0.04

99.97

0.35
7.84

1

48.40
0.63

17.60
3.60
3.91
0.18
8.89

14.30
2.32
0.12
0.04

99.99

0.45
7.15

504B-40-4
(73-75)

567

49.50
0.78

16.60
1.96
6.57
0.14
9.16

13.30
1.98
0.01
0.05

100.05

0.21
8.33

504B-42-1
(9-11)

642

49.90
0.92

15.90
3.17
5.82
0.17
8.65

13.00
2.43
0.04
0.06

100.06

0.33
8.67

504B-42-1
(116-120)

656

49.50
0.89

15.20
4.24
5.95
0.18
9.43

12.10
2.35
0.11
0.05

100.00

0.39
9.75

504B-42-2
(24-28)

661

49.70
0.91

16.10
3.20
5.80
0.17
8.28

13.20
2.44
0.04
0.05

99.89

0.33
8.68

Table 10. (Continued).

504B-61-2
(33-38)

1302

50.20
0.99

15.20
4.46
5.41
0.17
8.72

12.60
2.21
0.01
0.07

100.04

0.43
9.42

504B-62-1
(105-109)

1327

49.40
1.05

16.00
4.24
6.00
0.18
7.10

13.70
2.19
0.02
0.08

99.96

0.39
9.89

504B-62-1
(112-118)

1328

49.70
1.03

15.20
4.77
5.21
0.17
9.80

11.90
2.09
0.02
0.08

99.97

0.45
9.50

504B-62-2
(5-8)
1332

50.40
1.03

15.10
4.31
5.48
0.17
9.09

12.30
2.07
0.01
0.09

100.05

0.41
9.36

504B-62-2
(13-18)

1333

50.90
1.00

14.90
4.44
5.29
0.19
9.15

12.00
2.03
0.02
0.07

99.99

0.43
9.28

504B-64-2
(63-68)

1447

50.00
1.00

14.90
5.83
5.14
0.13
9.15

11.60
2.21
0.01
0.06

100.03

0.50
10.39

504B-64-2
(93-98)

1451

50.20
0.91

15.40
2.94
6.86
0.17
8.37

12.90
2.13
0.01
0.07

99.96

0.28
9.50

504B-70-1
(36-41)

1562

49.60
0.89

15.40
3.83
5.40
0.17
9.62

12.90
2.16
0.01
0.05

100.03

0.39
8.85

504B-70-2
(0-3)
1563

49.90
1.34

15.20
4.31
5.38
0.17
8.53

12.30
2.66
0.04
0.16

99.99

0.42
9.26

504B-70-2
(12-16)

1564

49.87

0.91
15.48
3.04
6.36
0.17
9.00

12.95
2.14
0.01
0.06

99.99

0.30

9.09

acteristics of either zone. The characteristics of both the
upper and lower alteration zones are found in different
samples from the transition zone, and no samples have
intermediate properties. For instance, their H 2O+ con-
tents and Fe3 + /FeT values completely overlap.

The zeolite veins forming the zeolitic zone occur pri-
marily between 528.5 and 563 meters BSF. Hence, the
zeolitic zone essentially concides with the lower part of
the upper alteration zone, but one could consider it to
be included in the transition between the upper and low-
er alteration zones. The zeolitic veins are made up, from
the vein walls to the center, of saponite followed by var-
ious Ca- and/or Na-zeolites (including analcime, natro-
lite, thomsonite, and possibly mesolite), apophyllite,
and calcite. We assigned saponite-heulandite-chabazite
veins observed at 657 meters BSF to the zeolitic zone be-
cause, like other veins in the zeolitic zone, it is formed
of zeolites that do not occur anywhere else in the hole.
From 549.5 to 553 meters BSF, the host rock adjacent to
the zeolitic veins exhibits a light purplish to green color
due to the pervasive replacement of olivine, Plagioclase,
and clinopyroxene by some of the same minerals that
form the veins. These intensive replacements of the ig-
neous minerals in the green salbands resulted in signifi-
cant increases in the bulk rock K2O, MgO, CaO, CO2,
and H 2O+ contents, δ 1 8 θ and Fe3 + /FeT ratios, whereas

they were depleted in A12O3 and, in one case, TiO2. The
abundance of calcic minerals in these veins and the adja-
cent host rocks indicates that the solution circulating
along the open fissures had high Ca activity. The types
of calcium-bearing minerals, carbonates, silicates, or
sulfate that precipitated depended on the solution chem-
istry: high fcθ2 but low Si activity would favor carbon-
ate formation; conversely, high Si activity and low fcθ2

would favor the precipitation of zeolite, gyrolite, or
anhydrite (if K were also present). Finally, anhydrite
would form when the solutions were rich in SO4 but
poor in silica and CO2. The oxygen isotope analyses of
the mineral from these veins indicate that they probably
formed at 60 or 110°C, depending on the O18 value
assumed for the solutions. This range of probable tem-
peratures during alteration closely corresponds to tem-
peratures measured at the top of the basement and bot-
tom of Hole 504B, that is, 59 and 125°C.

In both the upper and lower alteration zones, there
are several veins containing saponite next to walls and
quartz + anhydrite + gyrolite ± calcite in the centers.
There are also rare veins of saponite, calcium carbonate
(calcite?), and/or melanite and/or talc. In these veins
the wall rock clinopyroxene is fringed along the vein
with aegirine-augite or fassaite. We found no evidence
to assign them to the zeolitic zone except that they also
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Figure 13. Downhole variations of bulk rock chemical composition with respect to FeO total, MgO, CaO, and K2O contents compared to distribution of the upper alteration zone
(red zones), lower alteration zone (pyrite), and the zeolitic zone (zeolitic veins and light green zones).
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Figure 14. Downhole variations of bulk rock oxygen isotope geochemistry (open circles are δ 1 8 θ measured in our samples, full circles δ 1 8 θ values
from Barrett and Friedrichsen, this volume) and bulk rock oxidation ratio, Fe3 + /Fe T (legend as in Fig. 13).

all contain calcium-rich minerals, either carbonates, sili-
cates, or sulfate.

From petrographic evidence, it appears that iddings-
ite, iddingsitelike material, and the orange Type 3 clay
minerals formed first in the red halos of the upper alter-
ation zone, where they were followed by a pale green, Fe-
poor saponite (Type 2). The same saponite formed si-
multaneously in the dark gray inner portions of samples
with halos and in unzoned samples from the upper alter-

ation zone. A similar Fe-poor saponite (Type la) re-
placed the rims of olivine phenocrysts in the uniformly
colored rocks from the lower alteration zone, where it
was followed by another, slightly different-looking and
Fe-rich (Type lb) saponite. Again, the first mineral (after
occasional iddingsitelike material) to have precipitated
on the vein walls from the upper and lower alteration
zones and the zeolitic zone is also a green saponite (Type
la, lb, or very rarely lc). It seems, therefore, that after
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Figure 15. K2O+ content versus Fe3 + /FeT of bulk rocks. Black and white circles correspond to samples
from above and below 584.5 m BSF, respectively.
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Table 11.δ 1 8θ values in isolated min-
eral samples.

Table 12. δ 1 8 θ data.

Sample

Sample 504B-37-1,
Analcime
Trismectite
Salband

Sample 504B-37-1,
Analcime
Trismectite
Salband

Sample 504B-48-3,
Trismectite

76-

94-

14-

80 cm

96 cm

18 cm

δ ^ O
(%o) a

17.8
11.2
12.7

18.2
13.4
11.9

13.2

K. Muehlenbachs, analyst.

iddingsite more or less completely replaced the olivine
phenocrysts and iddingsitelike material precipitated in a
few voids and cracks and, hence, formed the red halos
of the upper alteration zone, saponites exhibiting vari-
ous intensities of green and with various Fe-contents
precipitated in all of the rocks of Hole 504B. In the dark
gray outer bands of the upper alteration zone, saponite
would have formed simultaneously with celadonite or
a celadonite-nontronite mixture, but no evidence was
found to indicate whether saponite crystallized before
or after the celadonite. Finally, aragonite (or calcite) +
phillipsite were the last secondary minerals to crystallize,
mainly as crack fillings, in the upper alteration zone,
and calcite or quartz + pyrite precipitated last in the
veins and pyrite in the basalts of the lower alteration
zone. Petrographic evidence indicates that the vein zeo-
lites and associated minerals of the zeolitic zone formed
later than the secondary minerals of the upper alteration
zone. Similarly, the thin vein with heulandite and chaba-
zite formed later than those of the lower alteration zone.

One could imagine a simple but purely hypothetical
model. Early after the emplacement of the basalts on
the seafloor, the outer black bands formed along the ex-
posed surfaces of the rock fragments as a result of the
precipitation of celadonite and iron oxide from low tem-
perature hydrothermal solutions; then cold, oxygenated
seawater percolated down through the uppermost ocean
crust and reacted with the basalts. During this seawater-
dominated alteration at low temperature, iddingsite re-
placed the olivine phenocrysts, and iddingsitelike ma-
terial lined the veins and vugs nearby. As a consequence,
the red halos appeared down to 584.5 meters BSF. There-
after, only evolved solutions, that is, seawater depleted
in oxygen, potassium, and radiogenic strontium, react-
ed with the basalts located deeper than 584.5 meters
BSF or with the portion of the upper basalts beyond the
red halos. This later alteration process was rock domi-
nated (low water-rock ratios), and it took place under
suboxic to anoxic conditions. The reaction temperature
was probably higher at greater depths. Finally (possibly
quite recently), hydrothermal solutions circulated along
newly formed fissures, where the Ca- and/or Na-zeo-
lites, calcite, and gyrolite of the zeolitic zone precipitat-
ed. The fact that the alteration temperatures inferred
from isolated secondary minerals coincide with the tern-

Sample Number
(interval in cm)

5O4B-5-2, 15-20
8-2, 45-52
8-2, 45-52
8-2, 45-52
21-2, 54-59
21-2, 54-59
25-1, 34-38
28-4, ?
28-5, 14-17
33-1, 31-37
33-1, 31-37
33-1, 77-80
33-1, 77-80
33-1, 77-80

34-1, 7-19
34-1, 7-19
34-1, 7-19
36-3, 22-24
36-3, 22-24
36-3, 37-39
36-3, 37-39
37-1, 76-80

37-1, 76-80

37-1, 94-96

37-1, 94-96

40-3, 130-135

40-3, 130-135

43-2, 44-46
43-2, 44-46
48-3, 14-18

48-3, 23-25
49-2, 101-103
49-2, 101-103
54-1, 39-42
62-1,
62-1, 112-118
62-2, 5-8
70-1, 36-41
70-2, 0-3
70-2, 12-16

Mineral Color, Location

Gray
Gray core
Red halo
Yellow rim
Yellow rim
Red halo
Gray
Gray
Gray
Gray core
Red halo
Gray core
Red halo
Red halo, farther away

from core
Gray core
Upper red halo
Lower red halo
Gray core
Red halo
Gray core
Red halo
Light gray, farther away

zeolitic vein
Light green, adjacent to

zeolitic vein
Light gray, farther away

from zeolitic vein
Light green, adjacent to

zeolitic vein
Light gray, farther away

from zeolitic vein
Light green, adjacent to

zeolitic vein
Dark gray
Dark gray
Dark gray, adjacent to

anhydrite + 3
smectite veins

Dark gray
Dark gray
Dark gray
Dark gray
Dark gray
Dark gray
Dark gray
Dark gray
Dark gray
Dark gray

δ 1 8 θ
(foo)

7.3
6.8
6.2
7.5

12.0
6.9
8.4
7.4
6.4
6.9
6.6
6.4
6.7
6.1

6.6
7.1
6.2
7.2
6.8
6.8
6.8
7.2

12.7

9.2

11.9

6.3

7.3

7.2
7.6
7.2

6.9
6.6
7.5
7.2
7.5
7.6
7.5
6.9
6.6
7.8

a K. Muehlenbachs, analyst.

peratures measured at the top of the basement and at
the bottom of the hole does not imply that the alteration
processes are still operating in Hole 504B. One must
keep in mind that similar solutions could have formed
deeper than the lower alteration zone, in the greenschist
facies domain, for example, and migrated upward into
the upper crust. These then could have percolated hori-
zontally as part of a large horizontal cell, forming the
restricted occurrences of zeolites in Hole 504B.
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K
Plate 1. X-ray scanning photographs of olivine replacement products in Sample 504B-33-1, 69-73 cm (from about 517 m BSF). 2, colorless Type 2

saponite; 5, bright green Type 5 celadonite; Id, iddingsite; PI, probably Plagioclase. Magnification 400×.
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Plate 2. X-ray scanning photographs of olivine replacement products in Sample 504B-63-4, 7-10 cm (from about 772 m BSF). la, pale olive green
Type la saponite; lb, dark olive green Type lb saponite; T, saponite transitional between Types la and lb. Magnification 400×.
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i --'..

Plate 3. X-ray scanning photographs of olivine replacement products in Sample 504B-63-4,60-61 cm (from about 772 m BSF). la, pale olive green
Type la saponite; lb, dark olive green Type lb saponite; ol, olivine. Magnification ×400.
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Plate 4. X-ray scanning photographs of olivine replacement products in Sample 504B-40-1, 37-39 cm (from about 580 m BSF). gb, greenish brown
smectite; ol, olivine; Ca, Mg-rich calcium carbonate. Magnification, 400 ×.
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