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INTRODUCTION

Sites 482, 483, and 485 were drilled during Leg 65 on
young oceanic crust south of the Tamayo Transform
Fault. The Leg 65 drilling program was part of a multi-
national effort to study the East Pacific Rise (EPR) and
complements sea bottom surveys conducted both in this
area (Lewis, 1979; Cyamex Scientific Team and Pas-
touret, 1981) and farther south at 21 °N (Larson, 1971;
Normark, 1976; Cyamex Scientific Team; Rise Project
Group, 1980). These studies, which included deep-tow,
Angus and submersible surveys, were recently comple-
mented by sea-beam surveys conducted by the Jean Char-
cot on the Tamayo Fracture Zone and farther south
along the EPR. They have led to a better understanding
of the magmatic, tectonic, and sedimentary processes
occurring on the East Pacific Rise between the Tamayo
and Rivera fracture zones.

The purpose of this chapter is to describe the meta-
morphic processes affecting Pliocene through Quater-
nary sediments found in contact, or inter layered, with
basaltic units drilled during Leg 65 at the mouth of the
Gulf of California.

GEOLOGIC SETTING

The sediments in the mouth of the Gulf of California
were deposited at relatively high sedimentation rates
and are largely hemipelagic. Their composition and dis-
tribution are controlled by source areas in Mexico and
Baja California, and by the Tamayo Fracture Zone,
which acts as a natural boundary between the East Pa-
cific Rise to the south and the complex ridge-transform
system of the Gulf of California to the north.

To the east, the source of the sediments is mainland
Mexico. The Oligocene-Miocene ignimbrite flows of the
Sierra Madre Occidental overlie disconformably large
plutonic bodies of Late Cretaceous age. These rocks in-
trude through Early-Middle Cretaceous volcanic-vol-
caniclastic material (equivalent to the Alisitos forma-
tion), which was strongly deformed during the Middle
Cretaceous. As a result of tropical climate and the

1 Lewis, B. T. R., Robinson, P., et al., Init. Repts. DSDP, 65: Washington (U.S. Govt.
Printing Office).

young morphology of the Sierra Madre Occidental,
large amounts of clastic material are supplied to the
mouth of the Gulf of California.

To the west, the La Paz Block at the tip of Baja Cali-
fornia shows a more evolved morphology and a more
arid climate. In this area, Tertiary volcanism (repre-
sented by the Comondú Formation) is less developed
than in the Sierra Madre Occidental to the east. A ma-
rine-to-continental Pliocene sequence lies disconform-
ably on top of Late Cretaceous plutonic rocks intruding
late Paleozoic metamorphics.

Between these two land masses, the oceanic crust,
which is nowhere older than 3.5 m.y., was subjected to a
high sedimentation rate during its formation at the ridge
crest. Thus, the magmatic and sedimentary processes
are intimately linked in this area.

Seismic profiles in the area (Lewis, 1979) and fine-
scale studies on the ridge crest to the south at 21 °N (Cy-
amex Scientific Team, 1981; Rangin and Françheteau,
1981) reveal that flat basement surfaces alternate along
the strike of the ridge with rough topography. The high
relief consists of pillow basalts, whereas flat basements
are formed by sheet flows and massive lavas. These dif-
ferent types of volcanism were interpreted as volcanic
cycles occurring on the axis of the East Pacific Rise
(Rangin and Françheteau, 1981). A similar setting was
described by van Andel and Ballard (1979) at the Gala-
pagos Ridge Crest. Massive flows with smooth topog-
raphy are thought to be produced rapidly during a flood-
ing episode on the valley floor. In contrast, pillow ba-
salts appear to represent a slower outpouring on the
ridge axis. Sites 482, 483, and 485 were drilled on these
flat basement surfaces.

Detailed studies at the crest of the East Pacific Rise at
21 °N (Cyamex Scientific Team, 1981) reveal that these
massive flows were emplaced in a 2- or 3-km wide strip
along the ridge axis and that no extrusive activity oc-
curred off-axis. At the mouth of the Gulf (Fig. 1), the
sediments overlying the uppermost basaltic unit increase
regularly in thickness outward from this active tectonic
zone. This supports the idea that the sediments found
interlayered with basalts in the basement on Leg 65 were
accumulated on the seafloor along the axis of the ridge.
Nevertheless the occurrence of sills and dykes cannot be
discounted (Schmincke et al., this volume).
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Figure 1. Interpreted seismic profiles over Sites 482, 483, and 485, showing thickness of sediments above basement in seconds of two-way travel time
(vertical scale). Horizontal bars show magnetic anomalies. (Inserts show site and profile locations.)

SEDIMENT CHARACTERISTICS

Sediments above Basement
The basement reflector easily identified on Figure 1

corresponds to the uppermost basaltic unit.
Sedimentary cover increases regularly in thickness on

both sides of the ridge with distance from the ridge axis
(Fig. 1). However sedimentation rate is higher on the
continental side (mainland Mexico) than on the Baja
California side. This regular increase in sediment thick-
ness implies that no sills or flows are emplaced in the
sedimentary cover beyond 12 km of the ridge axis. Sedi-
ment lithology is described in detail elsewhere (see site
chapters, this volume). Sediments overlying the upper-
most basaltic unit are mainly hemipelagic with minor
sand and silt interbeds (Fig. 2). Fine-grained turbidites
are present, primarily at Site 485, the site closest to
mainland Mexico.

The following contact metamorphic processes are
recognizable in the sediments near the basement: (1) In
Hole 482B dehydration was observed 10 to 14 meters
above basement. The same phenomenon occurs in Hole
483, 20 meters above basement, but is only observable 2
to 3 meters above basement in Hole 485A. (2) Hemipe-
lagic sediments, commonly olive gray, change in color
near basement (last 2 to 3 m in Hole 483). (3) Dolomite
enrichment is observable toward the bottom of the sedi-

mentary section (for example, 2 to 7 m above basement
in Hole 482B and 2 m above basement in Hole 482C).
Pyrite and zeolite enrichment are also common in sedi-
ments in contact with basalt. (4) Carbonate concretions
(Hole 482D), hyaloclastites (Hole 483), and small (milli-
meter-size) patches of volcanic ash are locally present at
various depths in the sediments.

Sediments Interbedded with Basalts
In most of the holes drilled, hemipelagic sediments

similar to those described were found interlayered with
the massive basalts and occasional pillow basalts lying
below the uppermost sediment/basalt contact. The thick-
ness of the sedimentary layers was established from log-
ging and drilling records. The sediments were poorly re-
covered at Sites 482 and 483 (Figs. 3, 4). The thickest
sedimentary layers were encountered at Site 485. Be-
cause of the high pumping rates in drilling through the
basalts, the sediments lying just below the basalt units
were not recovered; only the sediments lying directly
above the basalts were sampled.

HEMIPELAGIC TERRIGENOUS SEDIMENT
About 50 samples of the sediments overlying the base-

ment, interbedded between the various basement cool-
ing units and in contact with basalts, were analyzed.
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Figure 2. Locations of analyzed samples from sediments above basement. (C, close to sample number, indicates carbonate analysis.)

The objectives were: (1) To determine the nature of
the sediments on both sides of the East Pacific Rise and
to relate sediment composition to source areas and em-
placement processes; and (2) To investigate basalt-sedi-
ment interactions as indicated by mineralogical and
chemical changes of sediments close to cooling units.

METHODS
We analyzed the bulk sediment and the <2 µm, <0.5 µm, and

< 0.1 µm clay fractions after they were separated by centrifugation.
The analyses were performed by X-ray diffraction and with a Scan-
ning Electron Microscope having an X-ray dispersive attachment
(SEM/EDAX).

The clay mineralogy is indicated by the ratio of the areas under the
main phyllosilicate peaks, and the d(060) spacing indicates whether
the clays are di- or trioctahedral.

The results obtained by SEM/EDAX analysis were only semiquan-
titative. The relative error is 5% for the major elements (> 10% by
weight); 10% for elements between 10% and 5% by weight; and 20%
for minor elements (<5%). All results expressed as oxides were nor-
malized to 100%, disregarding hydroxyls and residual water.

Results: Sediments Not in Contact with Cooling Units
1. Holes 485 and 485A. From mudline to Core 20 in

Holes 485 and 485A, the mineralogy of the sandy frac-
tion shows a constant ratio of quartz to feldspar, and
the clay fraction contains dioctahedral smectites, illite,
and clinoptilolite (Table 1). From Core 20 to Core 38 in
Hole 485A, chlorite is present, but clinoptilolite was not
detected. Although the mineralogical change coincides
with a transition from turbidite-bearing deposits to pre-
dominantly hemipelagic sediments, carbonates are pres-
ent throughout the section.

The smectites found in the upper part of the section
belong to the <O.l µm clay fraction. According to the
Reynolds and Hower method (1970), these smectites are
composed predominantly of expandable layers (70-
80%), which SEM/EDAX analyses reveal are similar to
Al-beidellite (Table 2).

2. Hole 483. Sediments from this hole have the same
quartz-feldspar ratio as in Hole 485 and 485A, but car-
bonates are absent. Incipient clinoptilolite is also noted.
The main difference between Sites 483 and 485 is re-
vealed by the composition of the clay fraction. The ratio
of dioctahedral smectite to other phyllosilicates (illite—
chlorite) is lower on the eastern side of the East Pacific
Rise than on the western side. On the other hand, kao-
linite, which is present in small amounts at both sites (in
association with random mixed-layer minerals and some
palygorskite), is more abundant in Hole 483 than Hole
485A.

As at Site 485, the smectites belong to the <O.l µm
clay fraction and consist of Al-beidellite (Table 2).
These smectites are not as well "crystallized" as in Hole
485A. Their expandable layer content is not over 50 to
60%.

3. Discussion. Clay minerals of detrital origin (mainly
illite and chlorite) are more abundant on the eastern side
of the East Pacific Rise than on the western side. At the
same time, the smectites on the western side have a lower
content of expandable layers.

For Site 483, the closest source area is located at the
tip of Baja California, which is composed mainly of calc-
alkalic intrusive rocks. The detrital source area for Site
485 is in the Sierra Madre Occidental, where ignimbrite
flows are widespread. No fundamental chemical dif-
ferences exist between these two terrains, but volcanic
material is more easily hydrolyzed than intrusive rocks,
and smectites are the most common secondary minerals
in the Sierra Madre Occidental.

Sediments in Contact with Cooling Units
Several sedimentary sequences in contact with basalt

or interbedded between basalt cooling units were studied
in detail. These sequences can be roughly divided into
two types: (1) sedimentary units with mineralogical and
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Figure 3. A. Locations of analyzed samples in sediments interbedded with basalts at Site 482. (C indicates carbonate analysis.) B. Locations of
analyzed samples in sediments at Site 485. (B and C, close to sample numbers, indicate basalt and carbonate analyses, respectively.)
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Figure 4. Locations of analyzed samples in sediments interbedded with basalts at Site 483.

Table 1. Mineralogy of the clay fraction in hemipelagic and terrigenous sediments from Sites 483 and 485.

Hole

Hole 485

Hole 485A

Hole 483

Sediments in Contact
with Cooling Units

Hole 485A

Hole 483

Hole 483C

Sample(s)

Average of 8 analyses
Cores 5 to 20; 8 analyses
Cores 20 to 38; 7 analyses
Cores 12 to 26; 11 analyses
23-1, 3-5 cm
23-1, 35-38 cm
34-1, 28-30 cm

34-1, 52-54 cm
36-3, 61-62 cm
36-3, 65-67 cm
38-1, 18-20 cm
38-1, 74-76 cm
26-1, 43-48 cm
4-2, 6-8 cm

4-2, 43-48 cm

Illite

19

13
8

24
7

5
6

6
7

10
7

10

23

18

15

Chlorite

tr

tr

9
23

7

5
6

10
13
10
7

10

9

25

5

Weight %

Mixed-Layer
Chlorite-Smectite

—
—
—
—
41
—

—

tr
—
40

—

—

Smectite

81
87
83
53
86
49
88

84
80
80
86
40
68
57

80

Smectites

Al-rich
Smectite

X
X
X
X
X
X
X

—
X
X
X
X
—
X

—

FeMg-rich
Smectite

—
—
—
—
—
—

X
—
X
—
X
X
—

X

Zeolites

Clinoptilolite

X
X
—
tr
—
—
—

—
—
—
—
_
—
—

—

Anal cite

—
— •

—

—

X
—

X
—
—
—
X
—
—

—
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Table 2. Structural formulas of clay minerals extracted from sedi-
ments based on SEM/EDAX analysis.

Mineral

1

2

3
4
5

Sample
(interval in cm)

Hole 485A
average of 17 analyses
485A-34-1, 52-54
483-26-1, 43-48
485A-23-1, 35-38
483C-4-2, 43-45

[Si

3.79

3.21
3.15
2.79
3.29

Al

0.21

0.79
0.85
1.21

0.38

Fe + 3 ]

0.33

[Al

1.44

0.44
0.79
0.43

-

F e + 3

0.31

0.83
0.82
1.10
0.93

Mg]

0.24

1.15
0.58
0.70
1.58

Mg

-

0.17

0.20
0.57

-

K

0.11

0.06
0.41
0.08
0.01

Na

0.37

0 IS

0 05

0.75

Note: 1 = Al-beidellite; 2, 3 = chlorite-smectite, randomly i
FeMg saponite. Clay fraction O.l µm; Na-saturated.

xed, 80% expandable; 4 = corrensite; 5 =

chemical characteristics similar to those described above;
and (2) indurated sediments in direct contact with ba-
salts or separated from them by carbonate coatings or
beds.

In Hole 485A, the transition from the first to the sec-
ond of these types is marked by a constant SiO2 to A12O3

ratio, a constant K2O to CaO ratio, and a minor but sig-
nificant enrichment in MgO, FeO, and Na2O (Table 3).
Similarly, the quartz to feldspar ratio is constant over
this interval, and illite and chlorite are always present
though the dioctahedral smectites disappear. In addi-
tion, the indurated sediments typically contain fine-
grained, authigenic Na-zeolites (analcite), and well crys-
tallized Mg-Fe clay minerals, belonging to the 0.5 µm
clay fraction. These clays display the various stages be-
tween Mg-smectites and a (mixed-layer) chlorite-smec-
tite. The mixed-layer chlorite-smectite shows all charac-
teristics of a "corrensite," with regular alternation of
expandable layers and layers with brucite sheets. From
X-ray diffraction studies of the 060 spacing, the Mg-
smectite can be considered as a saponite. However, the
presence of migrating 001 peaks during heating and
treatment with ethylene glycol allows us to interpret this
smectite, particularly the <O.l µm fraction, as a ran-
dom mixed-layer chlorite-smectite with a high percent-
age (80-90%) of expandable layers. Structural formulas
deduced from analyses of Na-saturated samples indicate
substantial Si-Al substitution in the tetrahedral sheet,
beyond the generally accepted limits for saponites, as
well as the presence of Mg in the brucite sheet. At Site
485, the disappearance of detrital dioctahedral smectite
coincides with the genesis of Mg-Fe expandable mixed-

layer phyllosilicates. In this context, we observe a rather
constant ratio of the smectites through the transition to
indurated sediments, at least before the appearance of
corrensite.

The indurated sediments at Site 483 have two distinct
mineralogical assemblages. As in Hole 485A, the indu-
rated sediments interlayered with the basalts (e.g., Sam-
ple 483-26-1, 43-48 cm) contain random mixed-layer
chlorite-smectites with 80% expandable layers. When
compared with unaltered sediments, the mineralogical
assemblage indicates a relative decrease of the chlorite
content, but no chemical variation was observed. In
other samples, however (e.g., Sample 483C-4-2, 43-45
cm), saponite is well developed. In this case, the indu-
rated sediment can be distinguished from nonindurated
sediments on the basis of the spectrum of major ele-
ments (Table 3). As in Hole 485A, dioctahedral Al-
smectite is "replaced" by Fe-Mg expandable phyllo-
silicate minerals. The decrease in chlorite content again
implies a relative increase in the smectite content. Anal-
cite, however, was not detected at this site.

Discussion

The sediments at Sites 483 and 485 lie directly on
cooling units without any intervening occurrence of
thick hyaloclastite layers. This observation is confirmed
by chemical and mineralogical analysis of sediments in
direct contact with basalts. The only exception was Sam-
ple 483C-4-2, 43-45, the chemical content of which could
indicate the presence of altered glassy fragments within
the sediment.

In the sediments in contact with basalts, secondary
formation of Fe-Mg clay minerals (saponite and ran-
dom mixed-layer chlorite-smectites) is observed. This
authigenesis is accompanied by the disappearance of di-
octahedral Al-smectite, but mica and feldspar are not
modified. Al-smėctite can be considered as a source for
the Al and Si necessary for Fe-Mg clay mineral, and
perhaps analcite, formation.

Al and Si can also be provided by chlorite, which in
some cases (Site 483) is disappearing along with the Al-
smectite. They might also be introduced by hydrother-
mal systems related to the cooling-unit emplacement pro-

Table 3. Bulk SEM/EDAX analyses of terrigenous hemipelagic sediments from Sites 483 and 485.

Major
Oxide

Na2θ
MgO
A1 2O 3

SiO 2

SO 3

Cl
K2O
CaO
Tiθ2
FeO

11-1,
74-76

0.6
1.2

17.8
62.9

1.0
—
4.0
4.8
0.7
7.0

34-1,
28-30

1.6
2.1

17.9
59.5

2.0
1.7
4.5
3.6
0.9
6.2

34-1,
52-54

2.4
3.9

16.4
58.5

0.4
0.5
4.0
5.6
0.6
7.7

Hole 485A

23-1,
3-5

1.2
1.5

17.9
60.8

1.5
0.8
3.9
5.2
0.8
6.4

23-1,
35-38

2.6
1.8

15.3
59.9

1.6
0.7
3.9
5.5
1.2
7.6

Sample
(interva

38-1,
18-20

1.0
1.7

17.9
60.0

1.6
—
4.9
5.6
0.8
6.5

in cm)

38-1,
74-76

3.0
2.3

18.5
62.7

0.3
0.3
5.1
1.0
0.8
6.0

12-2,
74-76

2.9
19.2
61.8

1.5
—
3.6
0.7
0.4
9.9

Hole 483

18-1,
43-48

1.1
2.2

16.6
65.1

—
—
5.7
1.3
0.8
7.2

18-4,
98-100

0.7
2.9

18.1
60.8

0.8
—
5.8
1.9
0.7
8.3

Hole 483C

4-2,
6-8

0.1
2.0

18.2
62.6

1.8
—
5.1
0.9
0.5
8.8

4-2,
43-45

0.1
7.0

12.8
59.6

—
—
2.6
1.3
0.7

15.9
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cess (the slight Fe-Mg enrichment detected in sediments
in contact with the basalts is in agreement with such a
hypothesis). Finally, the Al and Si might be derived
from glassy fragments irregularly distributed in the sedi-
ments in contact with the basalts, though not presently
observable because already transformed into secondary
minerals.

In any case, all the observed changes in sediments are
located near the contacts with the basalts. Data ob-
tained by Kristmannsdóttir (1976) and Kristmannsdóttir
and Tómasson (1978) in the Reykjanes geothermal area
in Iceland indicate that saponite is formed at tempera-
tures below 200 °C and that the mixed-layer chlorite-
smectites form between 200° and 270°C. Above these
temperatures, chlorite forms, but this mineral was not
found in the Leg 65 sites. On the other hand, analcite is
stable between 70 and 300°C.

ALTERATION PRODUCTS OF
VOLCANIC GLASSES (basalts in contact with

sediments and hyaloclastites)
In addition to the sediments discussed above, we have

examined several thin cooling-unit margins coated with
sediments from Hole 485A (Samples 485A-23-1, 48-49
cm; 485A-36-3, 65-67 cm, and 485A-38-2, 2-3 cm; Fig.
3). The sediments in contact with the basalts show all
the modifications described previously. Furthermore,
the alteration products of a hyaloclastite sample (Sam-
ple 483-8-1, 59-65 cm; Plate 3), found interbedded with
unaltered sediment, were also studied in detail.

Cooling Unit Margins in Contact with Sediment
The cooling-unit margins examined from Hole 485A

may be divided into two distinct textural zones (Plates 1,
2). These include a thin (<0.5-cm thick) aphyric glassy
zone which has been largely altered to green, orange, or
beige palagonite, but which also contains calcite patches
and numerous varioles and spherulites in the less altered
portions of this zone, and a microlitic zone where pla-
gioclase microlites (An 70-90) are distributed through a
more-or-less altered interstitial glass. These microlites
are associated with occasional phenocrysts of plagio-
clase (An 90-100) and augite. The plagioclases and Fe-
Mg minerals are unaltered.

Although the microlitic and glassy zones are roughly
concentric, the glassy zone extends through the micro-
litic zone along fissures filled with calcite and sulfides.

In addition to the features discussed, a 1-mm thick
calcite layer and a fine-grained, greenish calcareous
sandstone are present at the basalt/sediment contact on
top of Cooling Unit 4 in Hole 485 A (Sample 485A-23-1,
48-49 cm; Plate 4). The sandstone is composed of py-
roxenes and partially to totally altered plagioclase grains
(An 70-90) distributed within a calcite cement. This ma-
terial is well bedded, and could represent an altered hy-
aloclastite.

Chemical Effects of Alteration
Various interstitial glass areas from microlitic and

glassy zones were analyzed by SEM/EDAX. These areas
show both homogeneous and heterogeneous alteration

textures depending on the presence or absence of sec-
ondary minerals. "Fresh and altered glass" will refer
to the apparently homogeneous mesostasis, without or
with K2O, respectively (Table 4).

1) Altered glasses. Assuming that Al is immobile
during alteration, the microlitic zone shows a loss of
CaO related to K2O enrichment and a slight Na2O, MgO,
and Fe enrichment which may not be significant consid-
ering the analytical method used here. In contrast, the
glassy zone displayed a strong K2O, MgO, and Fe2O
enrichment, a total loss of Na2O, and a nearly total loss
of CaO.

2) Glasses with secondary minerals. The microlitic
zone displays intensive glass alteration which produces a
heterogeneous texture. Concentric and bedded aggre-
gates of secondary minerals which concentrate Na2O
and CaO or FeO-MgO and TiO2 are observed, and
geodes filled with well-crystallized minerals representa-
tive of the bulk composition of the aggregates are dis-
tributed. Zeolites (chabazite) and Fe-Mg minerals are
also present.

Mineralogy of Secondary Alteration Products
The presence of chabazite, trioctahedral smectites

with varying percentages of expandable layers, and mi-
nor chlorites was confirmed by X-ray diffraction. SEM/
EDAX analyses of the aggregate minerals indicate the
presence of Ca-Na rich chabazite and minor smectites
of the Al-beidellite type (Tables 5, 6). However, these
smectites frequently show chlorite-smectite interlayer-
ing. In these cases, their structural formulas indicate
that they are identical to the mixed-layer trioctahedral
chlorite-smectite previously described in the altered sed-
iments in contact with basalts; nevertheless, they are K
rich. Some of the K is also present in celadonitic(?) il-
lite-mica interlayering detected by X-ray but not ob-
served with the SEM/EDAX.

Hyaloclastites in Sediments
For the most part the vitric fragments found in the

Leg 65 sediments are very fresh (sideromelane); they
have numerous vesicles and show a very thin chilled
margin (Plate 3). Other fragments appear strongly hy-
drolyzed, leading to nearly total glass dissolution, in
which case the chilled margin is only preserved around
cavities. Other fragments show cavities filled with clay
mineral pellets.

Various sideromelane alteration stages from palag-
onite to clay pellets were studied. These fragments show
increasing palagonitization marked by a loss of Na2O-
CaO and an enrichment in K from their cores to their
rims. At the same time, the FeO and MgO contents re-
spectively increase and decrease. Pellets representing the
most advanced alteration stages consist of Fe-beidellite.

Discussion
From the preceding discussion, it is clear that the al-

teration of basaltic glass can be distinguished from hy-
aloclastite alteration on the basis of their respective
changes in chemistry and the composition of their al-
teration products. The fractionation and reorganization
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Table 4. Composition of basaltic glass and hyaloclastites based on microprobe analysis.

Major Oxide

Na2O
MgO
A12O3

SiO2

K2O
CaO
TiO 2

FeO

Fresh
Glass

3.4
3.7

23.8
53.5
—
6.3
2.7
6.6

Basalt
(Sample 485A-38-2, 2-3

Microlitic Texture

Altered
Glass

3.7
5.0

23.8
52.5

0.9
5.1
2.3
6.7

Zeolite-rich
Glass

5.7
0.5

25.7
56.9

0.2
7.6
2.0
1.4

cm)

Glassy
Rim

Palagonite

11.4
17.7
43.2

6.6
0.8
2

18.3

Fresh
Glass

4.2

2.3
25.7
51.5

—

7.8
2.8
5.7

Basalt
(Sample 485A-36-3

Microlitic Texture

Altered
Glass

6.1
2.4

20.6
59.3

0.5
2.0
2.0
7.1

Palagonite

0.3
6.6

22.6
51.3

0.3
1.4

5.0
12.5

, 65-67 cm)

Zeolite-rich
Glass

6.9
—

22.0
64.0

0.2
5.5
0.2
1.2

Glassy
Rim

Palagonite

—

10.0
20.8
66.3

3.5
0.7
3.6

15.1

Hyaloclastite
(Sample 483-8-1

Core

Fresh
Glass

1.9
7.5

15.8
50.7
—

12.5
1.2

10.4

Altered
Glass

1.2
5.8

15.4
58.0

2.0
2.7
0.4

14.5

59-65 cm)

Rim

Palagonite

—

16.5
15.2
56.0

1.4
1.5
1.1
8.3

Table 5. Average composition of zeolite and clay minerals
in basalt and hyaloclastite based on SEM/EDAX
analysis.

Major
Oxide

Siθ2
A1 2O 3

FeO
MgO
CaO
Na2θ
K2O
TiO 2

1

55.7
27,5

0.8
—

11.0
5.1
—

—

2

64.2
24.8

3.2
5.1
0.8
0.9
1.0
—

3

61.3
19.1

8.5
2.9
0.7
4.00
2.8
0.7

Mineral

4

51.8
19.9
9.3
9.4
4.2
0.3
2.5
2.6

5

48.
17.
10.
14.

1.

4.
2.

2
8
8
8
8

0
6

6

40.5
16.7
20.5
12.9

1.2
0.2
5.6
2.4

7

48.0
17.6
14.5
18.9
0.4
0.5
0.10
—

Note: 1 = chabazite; 2 = Al-beidellite in basalt; 3 = Fe-rich
beidellite (alteration products of hyaloclastite); 4-7 =
mixed-layer chlorite-smectite.

Table 6. Structural formulas of clays deduced from analyses in Table 5.

Element

Mineral [Si Al] [Al Fe + 3 Mg] Mg Ca Na K

2
3
4
5
6
7

3.79
3.79
3.35
3.15
2.77
3.02

0.21
0.21
0.65
0.85
1.23
0.98

1.52
0.61
0.85
0.52
0.12
0.34

0.16
1.44
0.50
0.60
1.18
0.77

0.44 — 0.05 0.11 0.07
0.26 — 0.05 0.47 0.22
0.89 — 0.29 0.02 0.20
1.31 0.12 0.13 — 0.34
1.05 0.26 0.08 0.03 0.49

of the elements liberated during glass hydrolysis and ex-
tracted from the alteration fluids can be observed within
the basalts at the sediment/basalt contact. These ele-
ments have gone mainly into Na-Ca rich zeolites, mixed-
layer chlorite-smectites, and to a lesser extent, into dioc-
tahedral smectites.

Although hyaloclastites show roughly the same chem-
ical composition as the glassy material previously de-
scribed, the hyaloclastites studied here have undergone a
different evolution involving the loss of Na, Ca, and Mg
and the formation of Fe-beidellite. It should be pointed
out, however, that these samples have only undergone
low temperature alteration.

Earlier studies of submarine basalt alteration (e.g.,
Ijima and Harada, 1969; Bass, 1976) have concluded
that di- and trioctahedral smectites are typical of low

temperature alteration, or halmyrolysis (Melson and
Thompson, 1973; Andrews et al., 1977; Seyfried et al.,
1976; Robinson et al., 1977; Juteau et al., 1980) and
that mixed-layer chlorite-smectites, associated with zeo-
lites such as analcite, are index minerals for hydro-
thermal alteration (Humphris and Thompson, 1978).
The samples studied here show trioctahedral smectites
replaced by mixed-layer minerals.

This suggests that low temperature alteration has been
superimposed over an earlier stage of hydrothermal
alteration. This interpretation is supported by chemical
changes which show a loss of Na and Ca and an enrich-
ment in K, Mg, and Fe, chiefly in the glassy rims. These
various enrichments and losses characterize low and high
temperature alteration processes (Scott and Hajash,
1976; Seyfried and Bischoff, 1979). As noted previous-
ly, it is possible that some of the Na and perhaps the Fe-
Mg could have migrated from the basalt via alteration
fluids into the overlying sediments, leading to formation
of analcite and trioctahedral minerals.

STABLE ISOTOPE CONTENT OF CARBONATES
AND ORGANIC MATTER

The stable isotope content (18O and 13C) of selected
carbonate samples was measured in order to evaluate
the environmental conditions during crystallization or
recrystallization (Table 7). The samples include calcare-
ous mud (Sample 485A-11-2, 74-76 cm), calcareous
concretions (Sample 483B-1-3, 44-45 cm, Sample 483C-

Table 7. Stable isotope content of carbonate from Sites 482, 483, and
485.

Mineral No.
Sample

(interval in cm)
3 C vs. PDB 8 O vs. PDB

8 O vs. SMOW

Calcite

Dolomite

1
2
3
4

•

5b
6
7
8
9

485A-11-2, 74-76
483B-1-3, 44-45
483C-3-1, 21-23
485A-23-1, 48-49

485A-38-2, 2-3

482B-18-1, 7-12
482D-1-3, 53-55
482D-8-1.2-4
482C-8-1, 74-76

+ 0.92
-14.86
-15.56
-35.96
-11.80
-13.36
- 12.65

-9.75
+ 0.33
+ 0.36

-12.10

+ 0.41
+ 1.03
-0.88
-5.34
-7.56
-9.10
-7.20
-8.86
+ 5.64
+ 6.22
+ 0.60

+ 31.20
+ 31.92
+ 29.95
+ 25.36
+ 23.07
+ 21.48
+ 23.44
+ 21.73
+ 36.67
+ 37.27
+ 31.48

Note: 1 = hemipelagic sediment; 2, 3 = concretions; 4 = calcareous sandstone in contact
with basalt; 5a = calcite patches in glassy basalt; 5b = calcite veins in cooling unit
margin; 6 = geode in fresh basalt; 7 = dolostone concretions in sediment; 8, 9 =
dolostone beds in contact with basalt.
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3-1, 21-23), and dolomitic nodules (Sample 482D-1-3,
53-55), located several tens of meters from any basaltic
units. Indurated carbonates in contact with the basalts
or in veins in the margins of the cooling units were also
investigated. These were either calcareous (Sample 485A-
23-1, 49-49 cm, Sample 485A-38-2, 2-3 cm), or dolo-
mitic (Sample 482D-8-1, 2-4 cm, Sample 482C-8-1, 74-
76 cm).

The 13C content of the organic matter in samples
taken at approximately the same levels was also mea-
sured in order to investigate the evolution of the initial
organic matter under the influence of heating by ba-
saltic intrusions (Table 7).

Carbonates

General Environment: Total Dissolved Organic
Carbon and the Effect of Temperature

The samples examined exhibit large variations in both
13C and 18O. The calcareous mud (Sample 485A-11-2,
74-76) has an isotope composition which is quite repre-
sentative of common marine carbonates in terms of
both 18O and 13C content. The calcareous concretions
are largely depleted in 13C as compared to normal ma-
rine calcite, whereas their 18O contents are compatible
with local sea bottom conditions. Oxygen 18 values sug-
gest that crystallization occurred between 13 to 19° C in
normal seawater (δ1 8θ 0). The depletion in 13C results
from the major influence of CO2 of biogenic origin
within the environment. At 15 to 20°C, the fractiona-
tion factor between CO2 and calcite is approximately
10% (Friedman and O'Neil, 1977). Calcite crystalliza-
tion in equilibrium with an open system would thus have
required an environmental CO2 with a 13C content of
about - 25‰. Because of the local conditions of crystal-
lization (pore solutions in poor contact with dissolved
gases and buffering conditions of pH), it is likely, how-
ever, that crystallization occurred in a closed system. In
that case the 13C content of the carbonate would be that
of aqueous CO2. Thus, the δ13C values of the carbonate
concretions could indicate mixing between biogenic car-
bon and marine dissolved carbon.

The indurated calcites studied are depleted in both
13C and 18O. The depletion in 18O can theoretically re-
flect either an input of continental waters or a tempera-
ture effect (the influence of fluctuations in the heavy
isotope content of ocean water may be ruled out since
an effect would not have accounted for more than 2%0

of the variations, whereas values as low as - 9‰ are ob-
served). The input of continental water through the sea
bottom is possible when allowed by the hydraulic head
of coastal aquifers. This process was held to account for
the low 18O content of Messinian diagenetic carbonates
in the Mediterranean (Pierre and Fontes, 1979). How-
ever, because of the location of the indurated calcites
studied on the basaltic intrusions, their low 18O content
is attributed to temperature.

Temperature Estimation from Isotope Data

In seawater (δ1 8θ 0 vs. SMOW), the temperatures
calculated from the fractionation values listed by Fried-

man and O'Neil (1977) range between 50 and 65°C.
However, the 18O content may have been modified by
two antagonistic processes during and after the intru-
sion of the cooling units. The first process is an isotope
exchange between rock, minerals, and water during the
intrusion. The 18O content of the unaltered intrusive
basalt is probably close to - 6 % (Muehlenbachs, 1971).
At intrusion temperatures (>400°C) the resulting frac-
tionation factor between rock mineral components and
water is about 2% (Friedman and O'Neil, 1977). Thus
the initial seawater (δ18θ 0) could be enriched by ap-
proximately 4‰ during a complete isotope exchange
process. Even in that case the corresponding calculated
temperature would not exceed 100°C for the most
18O-depleted sample (Sample 485A-38-2, 2-3 cm).

The second process is the diagenetic crystallization of
magnesian clays and zeolites. This process gives rise to
an 18O depletion which can reach lO‰ in the pore fluids
(Lawrence, 1974; Lawrence et al., 1975; Gieskes et al.,
1978; Randall et al., 1979). In the case of such an 18O-
poor fluid, the crystallization temperature would not
have exceeded 15 °C for the most 18O depleted calcites.
Owing to the lack of data on the interstitial water chem-
istry, however, it is not possible to discuss in further de-
tail any possible change in the heavy isotope content of
the pore fluids stemming from exchange or diagenesis
(or even continental water input).

Another argument for relatively low temperature
crystallization of carbonates is provided by the oxygen
isotope composition of the dolomites in contact with the
basalts. The high 18O content of Samples 483D-8-1, 2-4
cm and 482D-1-3, 53-55 from the sediments above ba-
salt may be explained by isotopic fractionation between
calcite and dolomite (Fritz and Smith, 1970). Both sam-
ples show a high 18O content which can account for this
fractionation effect, even though it has not been cali-
brated for sedimentary temperatures. Numerous field
data and extrapolation of high temperature experimen-
tal data (Northrop and Clayton, 1966) suggest, for ex-
ample, that the enrichment in 18O in dolomite, with
respect to coexisting calcite crystallized under the same
environmental conditions, lies within the range 3 to 6%0.
Corrected for such an effect, the δ 1 8 θ values of the two
dolomites enriched in 18O range again within normal
values for sea bottom carbonates. This is in agreement
with the fact that dolomite in contact with the basalt
(Sample 482D-8-1, 2-4 cm) shows approximately the
same 18O content as dolomitic nodules (Sample 482D-
1-3, 53-55 cm) included in sediments.

In contrast, the indurated dolomitic layer in contact
with the basalt at Sample 482C-8-1, 74-76 shows a de-
pletion in 18O with respect to the dolomite discussed
above. This depletion is attributed to a thermal effect
which, in any case, will be even lower than that reflected
by indurated calcite. Thus, dolomite either does not re-
flect the thermal effect or shows it rather attenuated.
This may result from the lower rate of crystallization of
dolomite as compared to calcite, in which case dolomite
crystal completion would occur when the intrusion is
significantly cooled, using Mg2+ ions released by basalt
alteration.
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Origin of C 0 2

Since low 13C contents of carbonates are observed in
the vicinity of cooling units, it may be that the produc-
tion of 13C depleted CO2 is related to the heat source.
The depletion reaches -36% in Sample 485A-23-1, 48-
49 cm which is located upon Cooling Unit 4, more than
210 meters within the hole and is the deepest sample
studied. This value cannot be attributed to CO2 result-
ing from simple oxidation of marine (or continental)
organic matter. It corresponds to the range observed for
the light hydrocarbons Q to C4 (see Deines, 1980).
Thus, light hydrocarbons formed under the influence of
the heat flux in the area are oxidized to give 13C depleted
CO2. Since the porous sediments contain dissolved oxy-
gen from seawater in the most superficial and coolest
parts of the system, this oxidation occurs within the sed-
iments near the mudline. In that zone, as previously
stated, mixing also occurs with dissolved carbon of ma-
rine origin. Samples 485A-11-2, 74-76, 482D-1-3, 53-
55, and 482D-8-1, 2-4 have a 13C content reflecting the
pure marine origin of the total dissolved carbon.

Organic Matter

The δ13C values for the organic material from Hole
485A range between -21.05 and -23.35 vs. PDB, with
the lowest values observed in contact with the basalts
(Sample 485A-11-3, 33-35 cm and Sample 485A-26-1,
50-52 cm) (Table 8). It should be noted, however, that
this depletion is limited to about 2‰, as compared to
other samples which exhibit a 13C content close to
-21%0. No explanation can be proposed for this slight
depletion in 13C in organic matter in contact with basalt
where the separation of a light hydrocarbon fraction
was invoked to explain the very low 13C content of car-
bonates. The values fall, however, within the range of
organic matter from normal marine sediments (Deines,
1980). This is in agreement with the weakness of the
thermal effect admitted on the basis of the carbonate
study.

SUMMARY AND CONCLUSIONS

The East Pacific Rise can be thought of as a perma-
nent barrier between Baja California and mainland
Mexico during Quaternary time.

The sediments in contact with basaltic cooling units
have been altered. The processes of contact metamor-

Table 8. Stable isotope content of or-
ganic matter from Site 485. a

Sample

485A-11-1, 74-76
485A-11-2, 74-76
485A-11-3, 33-35
485A-26-1, 50-52
485A-26-1, 116-119
485A-26-2, 3-6
485A-38-1, 18-20
485A-38-1, 74-76

δ 1 3 C vs. PDB ‰

21.39
21.58
23.16
23.35
22.37
21.30
21.85
21.05

a After Rangin et al.

phism which have occurred are marked by decreasing
sediment porosity, in situ genesis of Na-zeolite, and de-
trital dioctahedral smectite recrystallization into sapon-
ite and mixed-layer chlorite-smectites. These mixed-
layer minerals are formed between 200 and 270 °C in
present-day hydrothermal systems on land. A compar-
able clay mineral and Ca-Na zeolite paragenesis was ob-
served in selected cooling unit margins, testifying to an
early stage of thermal alteration. On the other hand, hy-
aloclastites distributed through unaltered sediments
some distance from the basalts show low temperature
secondary products.

The carbonates in the sections drilled were crystal-
lized in a closed or semiclosed system under the influ-
ence of CO2 of organic origin (i.e., resulting from oxi-
dation of light hydrocarbons) at temperatures much be-
low 100°C. Large variations in the heavy-isotope con-
tents of the carbonates are probably related to sharp
temperature gradients within the sediments and possibly
to large variations in the heavy isotope contents of pore
fluids caused by exchange between silicates and water,
and/or the formation of secondary minerals. The or-
ganic matter does not show any large deviation from
normal marine values, which also suggests evolution at
low temperatures.

Discrepancies in the "paleotemperatures" obtained
by carbonate isotope studies and those obtained from
Al-silicate crystallization temperatures could be ex-
plained by contact metamorphism, followed in time by
low temperature alteration.

Downhole temperature measurements made during
Leg 65 at Site 482, however, indicate a 64°C/100 m tem-
perature gradient in the sediments above basement (Lew-
is, this volume), and a temperature of 150° ± 5°C was
measured at the bottom of Hole 482C. This present tem-
perature gradient cannot explain the metamorphic alter-
ation of the sediments in contact with the basalt, be-
cause unaltered sediments were observed between the
various cooling units. Furthermore, this temperature
gradient cannot be explained by a recent emplacement
of the uppermost cooling units as sills, since isotope
analysis of dolomite and calcite in contact with these
cooling units indicate low temperature conditions.

Einsele et al. (1980) have proposed a sill emplacement
process in porous sediments to explain alteration phe-
nomena observed in the Gulf of California (Guaymas
Basin) on Leg 64. The hydrothermal activity described
there has led to a higher grade of alteration of the sedi-
ments than observed at the mouth of the Gulf. Conse-
quently we think that the model of Einsele et al. (1980)
is not applicable to the East Pacific Rise. We suggest
another mode of emplacement for the cooling units in
the Leg 65 area: Geophysical surveys in the vicinity of
the Leg 65 sites and additional seafloor data for the East
Pacific Rise indicate that the majority of the basalts are
flows. We suggest that these flows were emplaced at the
ridge axis on top of very porous sediments and have par-
tially penetrated them. At Site 485, the sedimentation
rate is relatively high (280 to 625 m/m.y.; Site 485 re-
port, this volume) and turbidites are common; this sug-
gests that flows emplaced at the ridge axis were very rap-
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idly covered by sediments before the basalts were com-
pletely cooled.
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Plate 1. Basalt thin section showing the principal characteristic macroscopic features of an altered cooling unit margin (Sample 485A-38-2, 2-3).
(Se = Indurated sediment in contact with basalt. I = Variolitic glassy zone in a matrix of yellowish-brown, beige, or greenish palagonitized glass.
II = Microlitic zone. A—Homogeneous, more or less altered interstitial glass; basalt unfractured to only slightly fractured. B—Heterogeneous,
strongly altered glass in highly fractured basalt. The glass has devitrified to form (1) concentric rims, (2) alternating layers, and (3) granular
aggregates of palagonite and microcrystalline zeolites. C—Altered hyaloclastic breccia in a calcite cement along a fracture. Py = pyrite, in
patches in the sediment and filling a vein in the microlitic zone. PI = plagioclase phenocryst.)
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Plate 2. Photomicrographs of features shown in Plate 1. 1. Zone I: (a) isolated varioles of altered, potassium-rich glass, (b) coalescing vaπoles,
(c) palagonite. 2. Zone II A: (a) fresh glass, (b) altered glass, (c) plagioclase microlite. 3. Zone II B(l): Central part of a polygonal hyaloclastic
fragment showing (a) microlites of plagioclase, (b) surrounded by altered glass, (c) zeolite-rich glass, and (d) palagonitized glass. 4. Zone II B(2):
Sub-parallel layers of (a) zeolite-rich glass and (b) palagonitized glass along microcracks; (c) Vesicle filled with clay minerals. 5. Zone II B(3):
Fractured margin of a calcite-filled vein showing (a) zeolite-rich concretions (b) developed in altered glass. 6. Zone IIC: Altered fragment of
hyaloclastic breccia showing vesicle filled with (a) zeolites (Na-Ca chabazite) and (b) clay minerals (mixed-layer chlorite-smectite).
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Plate 3. Characteristic microscopic features of a hyaloclastite-rich sediment (Sample 483-8-1, 59-65). 1. (a) Photomicrograph of glass shards and
lamellae (b) in a groundmass of detrital clay minerals, (c) Cavities filled with resin for polishing process. 2. Photomicrograph of glass fragments
completely altered and replaced by clay minerals showing (a) a more or less fine "pellet" texture. 3. Details of the alteration in glass fragments:
(a) unaltered core; (b) palagonitized rim with a preserved massive texture; (c) altered glass, (d) progressively transformed into secondary clay
minerals, and (e) exhibiting a micropellet texture; (f) detrital clay minerals. 4. SEM micrograph showing (a) preserved glass fragment in a cavity
related to the original form of the fragment. The centripetal dissolution of the glass has not affected the (b) palagonitized glassy rim coating the
inside cavity, (c) Scarce pellets fill the interstitial space between the fresh glass and its palagonitized rim. 5. Magnification of clay mineral
"pellets."
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Plate 4. Characteristic macroscopic and microscopic features of sediments in contact with basalt (Section 485A-23-1). 1. General view of Section
23-1. (a) Unaltered claystone, (b) claystone altered during diagenetic processes, (c) greenish calcareous sandstone, coating the (d) aphyric basalt.
Intervals indicate locations of samples taken for analysis. 2. Magnification of Zone C in Figure 1 showing (a) the glassy rim of (b) a poorly
altered basalt margin, and (c) coarse bedding in the overlying sediment. 3-4. Details of calcareous sandstone: (a) pyrite, (b) albite, (c) calcite ce-
ment, (d) zoned clinopyroxene (core: Mg>Fe; margin: Fe>Mg), (e) zoned plagioclase (core: Na-Ca; margin: Na).
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