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Voicaniclastics recovered from offshore Baja California and from

the California Continental Borderland during Leg 63 of the Deep Sea

Drilling Project (DE P) are middle Miocene to Quaternary in age. They

include ash, tuffs, lapilli tuffs, volcanogenic breccias, and associated

arkosic and lithic sandstones. The volcaniclastics are most abundant in

the Miocene intervals of Sites 467, 468, and 469. At the other drill

sites of Leg 63 volcaniclastics are comparatively rare in the strati-

graphic sequence.

Chemical compositions of the volcaniclastics range from basaltic to

dacitic. The altered middle to late Miocene tuffs and lapilli tuffs of

Hole 467 are basaltic. The middle to late Miocene volcanogenic breccias

of Sites 468 and 469 contain basaltic to si licic clasts, though most are

andesitic to basaltic. The finer-grained tuffs and lapilli tuffs at

Sites 468 and 469 are silicic, probably dacitic. Sandstones associated

with the brecelas and lapilli tuffs are plagioclase arenites and volca-

nic arenites. The ashes and tuffs recovered at Sites 47C, 471, 472, and

473 are vitric and andesitic to dacitic in composition.

The middle to late Miocene tephra in the altered tuffs and. lapilli



tuffs of Hole 467 were produced in phreatomagmatic or shallow submarine

eruptions and they resemble scoria. The silicio pumice in Site 468 and

469 tuffs and breccias is probably from subaerial explosive eruptions.

The volcaniclastics were deposited by turbidity currents, debris

flows, and by the settling of eolian tephra through the water column to

the bathyal seafloor. Bottom currents, probably contourites, reworked a

few of the thin tephra deposits before burial. Deposition of tephra by

turbidity currents is represented commonly in the Miocene intervals of

Sites 467, 468, and 469. Evidence includes Bouma sequences containing

graded bedding, parallel laminations, micro cross-laminations, commonly

with sharp basal contacts and loaded basal contacts. Debris flows also

deposited volcaniclastics as indicated by the poorly-sorted or struc-

tureless beds of volcanogenic breccia and of some lapilli tuffs. These

sediment flows originated in shallow marine environments. Evidence

includes: the vesicularity of Hole 467 tephra; abraded shallow marine

fossils in the volcanogenic breccia of Core 33, Hole 469; and the abun-

dance of glauconitic pellets in volcaniclastics and associated sand-

stones from Site 468 and 469. The ashes and tuffs that were deposited

by settling out through the water column, many of those from Sites 470,

471, 472, and 473, do not have these suites of sedimentary structures.

Most of the lithified volcaniclastics are diagenetically altered to

smectites and zeclites. Alteration is severe in Hole 467, and less

extensive at the other sites. At Site 467 the tuffs and lapilli tuffs

oontaindiagenetic beidellite, saponite, mixed-layer beidellite-montmo-

rillonite, chloritic intergrades, analcime, orthoclase, high sanidine,

barite, gypsum, pyrite, and calcite. Montmorillonite, clinoptilolite,

dolomite, pyrite, and trace amounts of phillipsite and analcime are the



diagenetic minerals in volcaniclastics of Sites 468 and 469. Altered

vitric tuffs at Sites 471 and 473 contain diagenetic Al-rich montmoril-

lonite. There are no vertical zonations of amectites or zeolites in the

volcaniclastics. The composition of the parent materials strongly con-

trolled the resulting diagenetic assemblage. Low temperature hydro-

thermal alteration is a possible alternative to a simply diagenetic

process in the alteration of tephra in Hole 467.

The tuffs and lapilli tuffs of Hole 467 are not correlative to the

andesitic-to-dacitic Blanca Formation volcaniclastics of middle Miocene

age which crop out on the northern Channel Islands because Hole 467

volcaniclastics are basaltic in composition. The basaltic San Miguel

Islands Volcanics are early to middle Miocene in age, older than the

middle to late Miocene tuffs and lapilli tuffs of Hole 467. The likely

sources of the Miocene tephra in Hole 467 are areas of basaltic hyalo-

clastite and basaltic seamounts in the area adjacent to Site 467.

The pumiceous lapilli tuffs, volcanogenic breccias, arkosic and

lithic arenites of Miocene age in Sites 468 and 469 are derived from the

upper part of the Patton Ridge. The breccias and associated lapilli

tuffs in Hole 469 were deposited by debris flows which originated in a

shallow marine environment on the Patton Ridge. The chemical composi-

tions of most of the unaltered ash samples are of calc-alkaline

affinity. Calc-alkaline volcanics of Miocene to recent age occur on the

Baja peninsula. These volcanics are the closest sources for the silicic

tephra from Sites 470, 471, 472, and 473. The siliceous to intermediate

composition of the volcanics and volcaniclastics in Sites 468 and 469

may be a result of the oblique subduction of the oceanic spreading ridge

beneath the California Continental Borderland during the Miocene.



Petrology, Sedimentology, and Diagenesis of Voicaniclastics and Sand-
stones from Leg 63 of the Deep Sea Drilling Project, Baja California and
Southern California Continental Borderland

by

Richard 0. Mahood

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Master of Science

Completed May 28, 1985

Commencenent June, 1986



APPROVED:

Redacted for Privacy
Dr. Alan R. N-em, Associate Professor of Geology in charge of major

Redacted for Privacy

Dr. Robert Yeats, ad of Department of Geology

Redacted for Privacy

Dr. Ellen Drake, Research Associate, School of Oceanography, 0. S. U.

Redacted for Privacy

Dean of Gradua School

Thesis Presented May 28, 1985

Typed by Carol A. Johnston for Richard O. Mahood



CRY Mil.RDMIEBTS

I wish to recognize the assistance and support of many people in

the preparation of this thesis. I thank Dr. Alan Niem and Wendy Niem

for their guidance and encouragement. Dr. Robert Yeats and Dr. Ellen

Drake of the thesis committee are also thanked for their review of the

thesis and comments. The support and encouragement of Carol Johnston,

Geoff Johnston, J. Peter Weidenheim, Greg and Carol Mack, Carolyn and

Curt Peterson, and the Johnston and Mahood families were instrumental in

completion of the thesis. Encouragement was also provided by my col-

leagues at Rockwell International, Basalt Waste Isolation Project.

Funds provided by the O. S. U. Research Office helped defray the

costs of laboratory materials and Scanning Electron Microscope (SEM)

instrument time. A. H. Soeldncr was the instrument operator and photo-

grapher during the SEM analyses. Chemical analyses and X-ray diffrac-

tion analyses of secondary phases for many of the samples were provided

by V. I. Greohin, V. A. Alexandrova, and B.A. Sakharov of the Soviet

Academy of Science. Dr. E.M. Taylor and Ruth Lightfoot of the O. S. U.

Department of Geology, provided major element chemical analyses of two

rock fragments from a volcanic breccia. Dr. Hugh McLean of the U. S.

Geological Survey loaned over 70 thin sections of volcanic, volcani-

elastic, and sedimentary rocks from the northern Channel Islands of

southern California. The staff of the DSDP core storage facility in La

Jolla, California, assisted with the description and sampling of cores

from Leg 63.



TABLR OF column

INTRODUCTION 1

INVESTIGATIVE METHODS 5

GEOLOGIC SETTING 8
Plate Tectonic Setting 10
Generalized Stratigraphy of the Borderland 12

STRATIGRAPHY OF LEG 63 17

SEDIMENTOLOGY 21
Textures of Volcaniclastics 21
Bedding Styles 22
Sedimentary Structures 24
Discussion of Sedimentology 34

PETROGRAPHY 42
Methods and Classification 42
Petrography of Tuff and Lapilli Tuff 46
Unaltered Vitric Ashes 58
Volcanogenic Breccias 61
Sandstone Petrography 65

GEOCHEMISTRY OF VOLCANICLASTICS 72
Geochemistry of Tuff and Lapilli Tuff From Hole 467 76
Geochemistry of Volcanogenic Breccia Clasts 79
Geochemistry of Unaltered Vitric Ashes 80

CLAY MINERALOGY 86
Clay Minerals in Volcaniclastics of Hole 467 88
Clay Minerals in Volcaniclastics from Site 468 and Hole 469 92
Clay Minerals in Altered Tuffs of Sites 471 and 473 93

MUTES AID POTASSIUM FELDSPAR' 95
Analcime and Potassium Feldspar Assemblage 98
Clinoptilolite Analcime Assemblage 100
Phil 1 ipsite 101

DIAGEIESIS 102
Introduction 102
Composition of Parent Materials 103
Burial Depth and Geothermal Gradient 105
Composition of Pore Waters 107
Hydrothermal Effects 110

CONCLUSTOIS 112



BIBLIOGRAPHY 115

APPENDICES 124

Appendix 1 : Thin Section Data 124

Appendix 2 : Core Descripiiono 133



LIST OF FIGURES

Figure lam
1. Locations of Leg 63 drill sites 3

2. Generalized stratigraphic section of Leg 63 of the Deep 4

Sea Drilling Project (after Yeats, at al., 1981).

3. Generalized topographic map of the northern California 9

Continental Borderland.

4. Sketch of interactions between the North American and 11

oceanic plates during the Cenozoic in the southern

California area (after Atwater, 1970; and Dickinson,

1981).

5. Generalized boundaries between the three geologic 14

terranes with contrasting stratigraphic sequences in

the northern California Continental Borderland.

6. Stratigraphic section of volcaniclastics in Leg 63. 20

7. Massive tuff grading upward into parallel laminated 26

tuff, and overlain by bioturbated nannofossil chalk.

8. Altered vitric tuff with sharp basal contact with 27

silty claystone, scoured.

9. Composite bed of tuff and nannofossil chalk,

Boum Tede sequence.

28



LIST OF FIGURES

Figure Zan

10. Basal part of size- and density-graded poorly sorted 30

volcanogenic breccia.

11. Pumiceous lapilli tuff that is the upper part of the 31

size- and density-graded volcanogenic breccia of

Core 33, Hole 469.

12. Photomicrograph of pelecypod (P), bryozoan (B), and 32

foraminifera (F) fragments in pumice lapilli tuff.

13. Trace fossils, including Cbondrites tubes (C), a 33

back-filled vertical Teichichnus (T) burrow, and

Zoonhvcos (Z) burrows in nannofossil chalk inter-

bedded between tuffs.

14. Geologic map of the area surrounding Site 467 (after 38

Vedder et al., 1981; and Crouch, 1981).

15. Geologic map of the area near Sites 468 and 469

(after Vedder et al., 1981).

40

16. Classification of volcaniclastics rocks of Leg 63 of 44

the Deep Sea Drilling Project (DIGS classification,

Schmid, 1981).

17. Photomicrograph of typical altered lapilli from

Bole 467, 467-81-1, 18-20 cm.

45



LIST OF FIGURES

Figure

18. Photomicrograph of smectite-altered tuff. 48

19. Relic of phenocryst (pyroxene?) in vesicular lapilli 49

from Sample 467-82-1, 15-18 cm.

20. SEM micrograph of long-tube silicic pumice from

Sample 4688-37-1, 29-35 cm.

21. Photomicrograph of pumice"and perlitic glass in

pumiceous lapilli tuff that forms the upper part

of the graded volcanogenic breccia in Core 33, Hole 469.

50

52

22. SEM micrograph of interior of an altered lapilli. 53

23. Photomicrograph of authlgenic potassium feldspar

crystals (sanidine, (K)) in vesicular lapilli fragment

of Sample 467 -80-2, 20-24 cm.

55

24. SEM micrograph of trapezohedral analeime crystal from 56

pore filling in lapilli tuff, Sample 467-80-2, 54-56 OM

25. Euhedral trapezohedral pore-filling analcime, (A), 57

overgrown by paragenetically younger pore-filling

calcite in altered tuff, Sample 467-79-2, 45-50 cm,

uncrozsed nicols.

26. SEM micrograph of sickle-shaped glass shard from

Sample 469-8-5, 5-7 cm, a Pliocene ash.

59



LIST c FIGURES
FIEMER but

27. Detrital diatomaceous and spicule-rich clay matrix 64

typical of the pumiceous, lapilli tuff and volcanogenic

breccia of Core 33, Hole 469.

28. Clinoptilolite-cemented sandstone, Sample 468B-22-1, 70

2-6 cm.

29. Compositional classification diagram of provenance of 71

sandstones from Holes 468B and 469, Leg 63

30. Plot of weight percent total alkalis versus Si02 for 84

chemical analyses of unaltered tephra of Leg 63.

31. Alkali-Iron-Magnesium (AFM) diagram of chemical data 85

from Table 5 of unaltered tephra of Leg 63.

32. Typical X-ray diffractograms of the <1 micron size 89

fraction from altered volcaniclasties from Leg 63.

33. X-ray diffractograms of the <1 micron size fraction 90

of Sample 467-80-2, 54-56 cm.

34. X-ray diffractograms showing the thermal stability 97

typical of the crystal structure of clinoptilolite,

Sample 468B-22-I, 6-8 cm.



LIST OF TABLES

Table Pare

1. Refractive indices of unaltered tephra and 60

corresponding Si02 contents.

2. Modal composition of sandstones from Boles 468B

and 469.

3a. Chemical composition of bulk samples of volcani-

elastics from Leg 63 of the Deep Sea Drilling Project

(after Grechin et al., 1981a).

67

73

3b. Chemical composition of bulk samples of voleani- 74

elastics from Leg 63 of the Deep Sea Drilling Project

(after Grechin et al., 1981a).

3c. Chemical composition of bulk samples of volcani-

elastics from Leg 63 of the Deep Sea Drilling Project

(after Grechin et al., 1981a).

75

4. Chemical composition of bulk samples of volcani- 78

elastics from Leg 63, and Leg 33, of the Deep Sea

Drilling Project (after Grechin et al., 1981a; and

Kelts and McKenzie, 1976).

5. Chemical compositions of unaltered tephra samples from 83

Leg 63 recalculated from Table 3 to include only the 11

major elements.



LIST OF TAB=

Table Page

6. Major diagenetic clay minerals in volcaniclastics 87

of Leg 63.



PRZ:FACE

Since this thesis concerns rocks recovered during coring of 11

holes at seven drill sites that constituted Leg 63 of the Deep Sea

Drilling Project (DSDP) some explanation of terminology and procedures

used by the shipboard scientific party and the Deep Sea Drilling Project

Staff is required. A drill site is the area of sea floor within a 900

meter radius of an accoustical beacon dropped to the sea floor from the

lomar Challenger. The beacon signal is used by the automated shipboard

dynamic positioning system to maintain position over the drill site. All

Holes cored within the circular area are assigned the number of that

drill site: e.g., Holes 468, 468A, and 468B were cored at Site 468.

The coring interval is usually 9.5 meters. Cores are numbered

serially to total cored depth. Before description and sampling each core

is cut into sections 1.5 meters long and split lengthwise. The last

section is less than 1.5 meters and includes the core-catcher sample.

Sample 467-80-2, 16-20 cm, for example,is from the 16 to 20 cm interval

of Section 2, Core 80, of Hole 467. Descriptions and photographs of each

core, made by the shipboard scientific party and the Deep Sea Drilling

Project Staff, are in the Site Chapters of Yeats, R.S., Haq, B.U., and

others (1981).



PETROLOGY, SEDIMENTOLOGY, AND DILGEKESIS OF YOLCANICLASTICS AND

SANDSTONES FROM LEG 63 OF THE DEEP SEA DRILLING PROJECT, BAJA CALIFORNIA

AND CALIFORNIA CONTINENTAL BORDEBUND

INT CDUCT I ON

In the fall of 1978 11 drill holes were cored into the seafloor

offshore of southern California and western Baja California as part of

Leg 63 of the Deep Sea Drilling Project (Fig. 1). Strata of Quaternary

to Miocene age were recovered during the drilling (Yeats et al.,1981).

Volcaniclastic rocks are especially abundant in the middle Miocene and

upper Miocene sedimentary intervals of Holes 467, 468, 468B, and 469

(Fig. 2). These volcaniclastic rocks include altered vitric tuff,

altered lapilli tuff, volcanogenic breccia, and sandstones. In the

other drilled holes (e.g. Sites 470, 471, 472, and 473), located off-

shore of Baja California, only small amounts of volcaniclastics of

Quaternary to Miocene age were recovered. The volcaniclastics at these

drill sites are mottles and laminae of unaltered vitric ash and altered

vitric tuff.

The volcaniclastic rocks of Leg 63 are significant in many res-

pects. The coarse grain-size of the lapilli tuffs and volcanogenic

breccia indicates that the volcanic sources of these rocks were in the

outer part of the California Continental Borderland and not on the

mainland of North America. The proximity of drill Site 467 to the

northern Channel Islands on which are exposed volcaniclastic rocks of

middle Miocene age, such as the middle Miocene Blanca Formation, begged
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a comparison if not a correlation. The purposes of this thesis are to

determine 1) the types of volcanism and plate tectonic setting that

produced the volcaniclastics; 2) the sedimentological processes respon-

Bible for their deposition; 3) mineralogy of the diagenetic alter-

ation products and diagenetic factors important in that alteration; and

4) the relationships between the volcaniclastics of Sites 467, 468, and

469 and middle Miocene volcaniclastic rocks on the northern Channel

Islands.
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Figure 1. Locations of Leg 63 drill sites.
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INVESTIGATIVE METHODS

The volcaniclastics of Leg 63 underwent four types of investiga-

tion: sedimentology, petrography, X-ray diffraction, and chemical

analysis. Cores from Leg 63 are kept in the DSDP Core Repository at

Scripps Institute of Oceanography, in La Jolla, California. The author

and Dr. plan R. Niem reexamined and further described sedimentary struc-

tures and the stratification sequences of the volcaniclastics in the

cores at the repository during November of 1979. These descriptions are

listed in Appendix 2. Core photographs, taken by the shipboard staff

during Leg 63, also have been analyzed for sedimentological data.

Petrographic examinations included thin sections and smear slides.

Samples were impregnated with LAMINAC polymer plastic resin or with

PETROPDXY 154 epoxy before thin sections were cut. Impregnated samples

were less likely to disaggregate or to break at the bond between the

thin section billet and microscope slide than are untreated samp]es.

Seventy thin sections of volcanic and volcaniclastic rocks of the middle

Miocene Blanca Formation and the Santa Cruz Island Volcanics from Santa

Rosa, Santa Cruz, and San Miguel Islands were also scanned to determine

if either group of rocks are similar to volcaniclastics of Leg 63. The

thin sections were graciously loaned by Dr. Hugh McLean of the United

States Geological Survey, Menlo Park, California. I also attended the

Geological Society of America Field trip in November, 1979, on Santa

Cruz Island to examine volcaniclastics of the middle Miocene Blanca

Formation and Santa Cruz Island Volcanics in the field. The trip was led

by Mssrs. Hugh McLean and David Howell.
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Refractive index oils were used to determine the refractive indices

of glass shards in unaltered nitric ash samples. The refractive

indices of the shards were used to calculate the content of Si02 in the

ashes (Williams et al., 1982). Thin sections and thin section billets

were stained to identify potassium feldspar and carbonate minerals

using the methods described by Laniz et al.,(1964) and Friedman (1959).

Tephra from many samples were examined with an International Scientific

Instrument Mini-SEM (scanning electron microscope) at the Electron

Microscopy Facility, Oregon State University. A. H. Soeldner operated

the SEM and photographed the samples.

A Phillips diffractometer and Debye-Scherrer powder camera were

used in X-ray diffraction analyses of zeolites, potassium feldspars, and

clay minerals. Monochromatic CuK alpha radiation was used with the

diffractometer and nickel-filtered CuK alpha with the camera. Bulk

samples and hand-picked mineral separates were analyzed.

Many of the volcaniclastic samples contain clinoptilolite. Thermal

stability of the crystal structure is an accepted criterion for distin-

guishing between the zeolites, clinoptilolite and heulandite (Mumpton,

1960; Boles, 1972; Barrows, 1980). Three X-ray diffractograms for each

of these samples were made, with the sample at room temperature, after

the sample was heated for four hours at 250° C, and after the sample was

heated at 450° C for sixteen hours. The crystal structure of clinop-

tilolite is unaffected by this procedure, whereas the crystal structure

of heulandite contracts and then collapses in response to the heat

treatment.

Reliable identification of clay minerals requires special methods

of sample preparation and X-ray diffraction examination. In the pro-
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cedure recommended by Taskey and harward (1978) the type of exchangeable

cation in the clay structure, and the relative humidity of the sample

during the X-ray diffraction analysis are controlled. There are also a

sequence of heat and humidity treatments. These methods were used in

the clay mineral analysis of one sample.

Dr. E. M. Taylor and Ruth Lightfoot provided major element chemical

analyses of two rock fragments from a volcanic breccia using atomic

absorption, X-ray fluorescence, and visible light spectrophotometry

techniques at the Department of Geology, Oregon State University.

The methods utilized by Grechin, Alexandrova, and Sakharov of the

Soviet Academy of Science in further wet chemical analyses of the vol-

caniciastics, in clay mineralogy analyses, and in X-ray diffraction

identification of zeolites and K-feldspar are given in Grechin and

others (1981a). I was a coauthor of this paper on the volcaniclastics

of Leg 63 of the DSDP.
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GEOLOGIC SETTING

There are four basic geologic settings for the seven drill sites of

Leg 63 (Fig. 1). Sites 467 and 468 are on the outer margin of the

California Continental Borderland. The borderland is a largely sub-

marine geomorphic province. It extends southward from Point Conception

to Cedros Island, Baja California, and eastward from the base of the

continental slope and Cedros Deep to the mainland (Fig. 1, Moore, 1969).

Elongate, north- to northwest-trending ridges, banks, and intervening

bathyal basins typify the borderland of southern California (Fig. 3).

Offshore of Baja California the borderland narrows as these basins

coalesce into one ridge-basin pair expressed by Cedros Island and Bahia

Sebastian Vizcaino (Sebastian Vizcaino Bay) (Howell and Vedder, 1981).

Sites 469, 470, and 471 are on the Pacific Plate near the base of

the continental slope of the California Continental Borderland and Baja

California. Sites 469 and 471 are on sediment filled troughs that may

represent the trench active when the continental margin was convergent

(Yeats et al., 1981). Site 470 is situated between Guadalupe Island and

the northern end of the Cedros Deep, and between two west-trending

probable fracture zones (Yeats et al., 1981). The Cedros Deep is prob-

ably a trench that was active during subduction of the Farallon Plate

but now is inactive (Yeats et al., 1981).

Site 472 is on pelagic sediments that overlie oceanic crust of the

Pacific Plate west of Baja California. The site is on a small plateau

in an area of abyssal-hill topography and is beyond the influx of ter-

rigenous sediment (Yeats et al., 1981)
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Site 473 is on the Rivera. Plate. The plate is a segment of

oceanic crust bounded by the crest of the East Pacific Rise, the Rivera

fracture zone, a transform fault, and the Middle American trench and

continental slope of Mexico. The rise, fracture zone, and trench are all

seismically active (Yeats et al., 1981).

Plate Tectonic Setting

The California Continental Borderland lies in the transition zone

between the oceanic crust and pelagic sediments of the Pacific plate to

the west and the continental crust of the North American plate to the

east. Currently the California Continental Borderland is part of a

transform margin in which the relative motions of the North American and

Pacific plates occur without subduction of oceanic crust. Prior to the

Tertiary, the area of the present borderland and the western margin of

California was a convergent plate boundary.

The change from a convergent margin to a transform margin began

with the formation of two migrating triple junctions about 29 million

years ago (Atwater, 1970). Two triple junctions formed when the

Pacific-Farallon spreading ridge began to be subducted obliquely into

the Farallon-American trench (Fig. 4, Atwater, 1970; Dickinson,

1981). The Rivera ridge-trench-transform triple junction moved

southward as the spreading ridge and the Cocos Plate were subducted into

the trench (Fig. 4, Atwater, 1970; Dickinson, 1981). Concurrently the

Mendocino transform-trench-transform triple junction migrated northward

as the Farallon Plate was subducted into the trench (Fig. 4, Atwater,

1970; Dickinson, 1981).
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plates during the Cenozoic in the southern California area (after

Atwater, 1970; and Dickinson, 1981).
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Oceanic crust of the Pacific Plate cored at Site 469 is between 17

and 20 million years old (Vedder et al., 1981; Yeats and Hag, 1981).

Therefore, the Rivera triple junction had moved southward past that

area, and subduction of oceanic crust had ended there by about 17-20

million years ago, in the early Miocene. Between the two triple

junctions the Pacific Plate was brought into contact with the North

American Plate (Atwater, 1970; Dickinson,1981).

Crustal deformation in the borderland region resulted as relative

motion between the American and Pacific plates was accommodated

(Atwater, 1970). This deformation may have included wrench faulting

(Crouch, 1981), northward rifting of large elongate crustal blocks

(Crouch, 1981; Howell and Vedder, 1981), and east-west crustal extension

(Howell and Vedder, 1981; Yeats, 1976). The ridge and basin topography

of the northern borderland reflects the dominant structural style of the

area: north- to northwest-trending high-angle faults and en echelon

folds (Crouch, 1981). This topography began forming in the early Mio

cene and was well developed by the Pliocene (Howell and Vedder, 1981).

The San Andreas fault system currently is the crustal transform boundary

separating the North American and Pacific plates in the area (Yeats,

1981).

Generalized Stratigraphy of the Borderland

Rocks produced in the pre-Tertiary convergent margin of southern

California include the Jurassic(?) to lower Tertiary(?) age accre-

tionary-wedge Franciscan complex, forearc basin deposits similar to the

Cretaceous Great Valley Sequence, ophiolites, and plutonic and volcanic
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rocks (Crouch, 1981; Howell and Vedder, 1981). The pre-Tertiary strati-

graphy of the borderland defines three northwest-elongate geologic ter -

ranes (Fig. 5, Crouch, 1981; Howell and Vedder, 1981; Yeats, 1976).

Borders of the terranes probably are major faults (Crouch, 1981; Howell

and Vedder, 1981). The terranes are, from west to east, the Outer

Borderland terrane, the Island Block terrane, and the Inner Borderland

terrane (Yeats, 1976). The Outer Borderland terrane and the eastward

adjacent Island Block terrane are crustal blocks possibly displaced

northward some 260 km from the outer continental margin of Baja Cali-

fornia during the Neogene (Crouch, 1981).

Sites 467 and 468 are in Outer Borderland terrane (Fig. 5). The

base of the generalized stratigraphic section for the terrane is hypo-

thesized as basaltic oceanic crust that has been thrust beneath an 8-

kilometer thick sequence of Eocene to Cretaceous(?) low-pressure low-

temperature metasedimentary rocks (Crouch, 1981; Howell and Vedder,

1981). Unconformably above the metasedimentary rocks are marine

siltstones, claystones, and minor sandstones of Oligocene to Miocene age

(Crouch, 1981; Howell and Vedder, 1981). The Oligocene to Miocene

sequence is about 1.5 kilometers thick and contains unconformities at

the Miocene-Oligocene boundary and in the middle Miocene (Crouch, 1981).

Miocene strata are the thickest and most areally extensive rocks

in the outer borderland (Crouch, 1981). Intrusive, volcanic, and vol-

caniclastic rocks occur in the middle Miocene part of the section. The

volcanic and volcaniclastic rocks range from basalts to dacites, al-

though most are andesitic to basaltic (Crouch, 1981). The Pliocene to

Quaternary section is about 200 meters in thickness, and consists of

deep marine hemipelagic mud and minor terrigneous sand (Crouch, 1981).
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A = Outer Borderland

B = Island Block

(: = Inner Borderland

Figure 5. Generalized boundaries between the three geologic terranes

with contrasting stratigraphic sequences in the northern California

Continental Borderland. Bathymetric contours are

Howell, and Vedder, 1981).

in meters (after
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The stratigraphic sequence in the eastward adjacent Island Block

terrane is unlike the Outer Borderland terrane. The stratigraphic

sequence of the Island Block terrane includes a diverse group of Juras-

sic to Cretaceous metamorphic, igneous, and ophiolitic rocks, and Creta-

ceous to Quaternary sedimentary rocks and sediments (Crouch, 1981;

Howell and Vedder, 1981). The metamorphic rocks are a high-pressure

low-temperature suite (Crouch, 1981; Howell and Vedder, 1981). The

sedimentary strata include Cretaceous marine sandstones and shale

similar to the Great Valley forearc basin sequence of central and nor-

thern California (Crouch, 1981; Howell and Vedder, 1981). The thick

Paleocene to Oligocene section of marine sandstone, shale, siltstone and

claystone, and minor conglomerate overlies the Cretaceous strata

(Crouch, 1981; Howell and Vedder, 1981). The Miocene interval contains

volcanic and volcaniclastic rocks some of which are exposed on San

Miguel, Santa Rosa, and Santa Cruz islands. The San Miguel Volcanics,

of San Miguel and Santa Rosa islands consists of early to middle Miocene

basaltic flows and volcaniclastics (Weaver and Doerner, 1969). The

middle Miocene Blanca Formation exposed on San Miguel, Santa Rosa, and

Santa Cruz Islands consists of subaerial and submarine andesitic to

dacitic conglomerate, turbidite sandstone, tuff, and dacitic lapilli

tuff and tuff breccia (Fisher and Charlton, 1976; McLean et al., 1976).

The Pliocene to Quaternary interval is mostly marine silt, clay, and

sand (Crouch, 1981; Howell and Vedder, 1981).

The major stratigraphic differences between the eastward Inner

Borderland terrane and the westward adjacent Island Block terrane are

the inferred relationship between ophiolitic and Franciscan rock assem-

blages, and the relative thicknesses of Cretaceous (?) to Oligocene (?)
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strata (Howell and Vedder, 1981). Ophiolitie rocks are thrust beneath

metamorphic Franciscan assemblage rocks in the inner Borderland terrane.

The opposite is inferred for the westward adjacent Island Block terrane,

e.g. metamorphic Franciscan assemblage rocks are thrust beneath ophio-

litic rocks (Howell and Vedder, 1981). In the Inner Borderland terrane

sedimentary rocks of Cretaceous(?) to Oligocene (?) age are rare

relative to the Island Block terrane (Howell and Vedder, 1981).
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STRATIORAPHr OF LEO 63

The stratigraphic sequence of Leg 63 drill sites consists mainly

of interbedded hemipelagic clays, nannofossil and diatom oozes, and

the lithified analogs of these sediments; claystones, chalk, and

porcellanite (Fig. 2). The strata range from middle Miocene to

Quaternary in age. Minor constituents in the stratigraphic sequence

include volcanic ashes, tuffs, lapilli tuffs, sandstones, and volcano-

genic breecias. Nevertheless, in the Miocene intervals of Hole 467,

Site 468, and Hole 469 volcaniclastics constitute nearly a quarter of

the strata recovered (Fig. 6). One hundred and forty one intervals of

ash, tuff, lapilli tuff, and volcanogenic breccia were recovered

during Leg 63. The base of the sections at Sites 469, 470, 471, 472,

and 473 is oceanic crust (e.g. pillow basalts, basalt breecias, and

diabase sills).

The middle Miocene to upper Miocene volcaniclastics of Hole 467

occur in Cores 74 to 88 and constitute 23% of the recovered core. In

this interval, 692 meters to 824 meters, 64 intervals of tuff and

lapilli tuff are interbedded mainly with nannofossil chalk and cal-

careous claystone (Appendix 2). In Cores 74 to 80 the ratio of tuff

to lapilli tuff is 72 to 28. Cores 80, 81, and 82 contain only

lapilli tuff. The ratio of tuff to lapilli tuff in Cores 83 to 88 is

77 to 23. The intervening claystone and chalk commonly are biotur-

bated. Minor interbeds of calcite-cemented sandstone and ehert brec-

cia are also present.
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Volcaniclastics of Hole 468B occur in Core 19 through Core 37 in

the Miocene interval. Total core recovery in this section, between

235.0 meters to 415.5 meters, is 20%. Volcaniclastics constitute 11%

of the core and hemipelagic ciaystone 89% of the core. Eighteen

distinct beds of volcaniclastic rock occur in this interval. Volcano-

genic breccia is the main volcaniclastic rock type. The breccias

consist of pebble-sized °lasts of andesite and basalt, some in a

matrix of clay or sand (Appendix 2). Many of the breccias contain no

matrix; only the larger volcanic clasts remain. Presumably the

friable matrix was washed away during coring and core recovery opera-

tions. Lithic (pumiceous) arenites and arkosic arenites occur in

Cores 25, 26, and 34.

Twenty beds of lower or middle Miocene volcaniclastics occur in

Cores 16 to 39 in Hole 469, an interval from 140.5 meters to 368.5

meters. A layer of ash occurs in upper Pliocene nannofossil ooze of

Core 8 (Appendix 2). The vitric ash layers of Cores 16, 17, and 24

are 4 cm to 10 cm thick; interbeds are nannofossil ooze or nannofossil

chalk (Core 24). Substantial beds of volcaniclastics first appear in

Core 33 (Appendix 2). The interval from Core 33 to Core 39 contains

volcanogenic breccia and pumiceous and vitric tuffs interbedded with

claystones. The breccia and tuffs constitute 39% of the recovered

strata; the ratio of breccia to tuff is about 28 to 72.

Laminations, mottles, and very thin to thin beds of vitric ash

occur in the strata of Sites 470, 471, 472, and 473. The ashes range

from Miocene to Quaternary in age. Vitric tuff beds less than 10 cm

thick also occur in Core 44 of Hole 471 and in Cores 16 and 18 of Hole

473 (Appendix 2). The tephra, a total of 39 intervals, constitute
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less than 1% of the recovered core and are interbedded with clay and

ooze, claystone, porcellanite, and sandstone.
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SEDIHENTOLOGI

Textures of Volcaniclastics

Vitric tuffs from Leg 63 cores are usually well sorted. Lapilli

tuffs and volcanogenic breccias from Leg 63 cores are poorly sorted.

The volcaniclastic and arkosic arenites from Hole 468B are moderately

well sorted and contain little or no clay matrix.

Ash and lapilli from Leg 63 are generally angular to subangular and

show little evidence of rounding or abrasion that would be expected if

the tephra had been reworked by currents. The scarcity of non- pyroclas-

tic mineral and lithic components in the tuffs and lapilli tuffs of Hole

467 also indicate the tephra are not recycled. The volcaniclastic to

arkosic arenites and many volcanogenic breccias of Sites 468 and 469

contain subangular to well rounded clasts. The rounding of clasts and

shallow water fossils such as pelecypods and bryozoans in the breccia of

Core 33, Hole 469 indicate the breccia is re-sedimented.

Ash shards range from sickle-shapes and bubble-wall shards to

irregular blocky angular forms. The sickle-shaped and bubble-wall

shards resemble silicic pyroclasts (Heiken, 1972). The irregular blocky

shards resemble basaltic hyaloclastic ash (Heiken, 1972) and occur in

tephra of Sites 467 and 469. Pumice shards are rare in Hole 467 vol-

caniclastics, but abundant in volcaniclastics of the other sites. Both

long-tube and minor short-tube (cellular) varieties of pumice (Fiske,

1969; van der Lingen, 1973) occur in the volcaniclastics of Leg 63.



22

Lapilli from Leg 63 are generally elongate in form, angular to

subangular, and highly vesicular. Vesicles in the lapilli range from

spherical and ellipsoidal to elongate tubular forms. In the scoriaceous

tuffs and lapilli tuffs of hole 467, spherical and ellipsoidal vesicles

are abundant and elongate tubular vesicles are not common. In contrast,

elongate tubular vesicles are common in the silicic pumice and ashes of

Sites 468, and 469. Long-tube pumice is characteristic of Krakatoan-

type glowing avalanche eruptions (Williams and McBirney, 1979). Short-

tube pumice have irregular to spherical vesicles with thin walls (var-

ieties of pumice after Fiske, 1969; and van der Lingen, 1973) and occur

in the tuffs and lapilli tuffs of Sites 468 and 469. In general, pumice

lapilli of Sites 468 and 469 are more vesicular, of lighter color, and

are relatively unaltered in comparison to scoriaceous lapilli of Hole

467.

The vesicularity of the ash and lapilli indicate the eruptions

occurred either subaerially or in water less than 1000 meters deep

(Fisher, 1985). Hydrostatic pressure at water depths greater than 500

meters prevents vesiculation of most basaltic magmas (McBirney, 1963;

Bonatti, 1970), and most explosive submarine basaltic eruptions occur in

water less than 200 meters deep (see Fisher, 1985 for review of litera-

ture). Submarine vesiculation and explosive eruption of silicic or

alkali basalt magma may be possible at water depths down to 1000 meters

(Fisher, 1985).

Bedding Styles

Beds of volcaniclastic strata range from less than 2 mm (laminae) to
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122 cm (very thick bedded). Lower contacts of beds are sharp and upper

contacts are sharp, gradational, or bioturbated. Strata less than 30 cm

thick usually have sharp upper contacts. Beds greater than 30 cm in

thickness commonly have gradational or bioturbated upper contacts. In

many of the tuffs of Hole 467 burrows at the tops of beds are filled

with reworked ash.

Amalgamated beds occur in the volcaniclastics of Hole 467, Site 468,

and Hole 469. Amalgamated beds consist of multiple sandstone beds

without intervening mudstone (Walker, 1979). Amalgamated beds generally

display only poorly developed normal grading and Bouma Ta divisions

(Walker, 1979). Beds of sediment become amalgamated when the younger

bed is deposited on and merges into an underlying bed deposited by a

prior sediment flow (Walker, 1979).

Amalgamated beds occur in Cores 79, 80, 84, 85, and 86 of Hole 467

(Appendix 2). Composite normally graded beds with multiple Bouma Ta

intervals occur in Cores 79-3, 80-1, and 84-1 (Appendix 2). Amalgamated

beds in Cores 79-4, 84-1, 85-3 & -4, and 86-1 are more complex and range

from a Bouma Tabe, Tab, Ta sequence in Core 79-4, to Bouma TabTa in Core

85-3 and 85-4 (Appendix 2). Two moderately-sorted, normally graded,

and in part laminated, pumiceous vitric tuffs form an amalgamated bed in

Core 37 of Hole 469 (Appendix 2). The basal contact of the amalgamated

bed is sharp and loaded while the contacts within the unit are

gradational.

Bedding styles in the volcaniclastic unit of Hole 467 define a

general coarsening and thickening upward trend followed by fining and

thinning upward (Fig. 6). This trend may reflect a small submarine

channel fill, or progradation and subsequent abandonment of a depo-
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sitional lobe of a submarine fan (Mutti and Ricci-Lucchi, 1972; Walker,

1978). Conversely, the uphole trends in grain size and bed thickness

may represent variations in the intensity and duration of the volcanism

that supplied the detritus and not sedimentological processes alone.

Sedimentary Structures

The Miocene tuffs of Hole 467, Site 468, and Hole 469 commonly

contain sedimentary structures typical of incomplete Bouma sequences

(Bouma and Hollister, 1973) representing sediment deposition by

turbidity currents. The structures include normal graded bedding, rare

reverse graded bedding (467-83-3, 25-35 cm, Appendix 2), parallel lami-

nations, and micro cross-laminations. The nannofossil claystone and

chalk interbedded with the volcaniclastics commonly are bioturbated.

Bouma Tabe and The or Tde sequences are common and consist of graded

bedding, Ta, parallel laminations, Tb or Td, grading upward into hemi-

pelagic claystone or pelagic chalk, Te (Fig. 7). Some tuff layers show

micro cross-laminations, Td, overlain by parallel laminations, Td, and

hemipelagic claystone, Te, a Bouma Tcde sequence (Fig. 8). This Bouma

T
cde sequence reflects deposition from a tractive phase of a turbidity

current for the Tc interval followed by suspension deposition for the

Tde interval. Composite beds consisting of micro cross-laminated and

parallel laminated tuff, nannofossil chalk, and an upper laminated tuff,

also occur (Fig. 9). At the basal contacts of some tuffs are load

casts, scour features, and rare penetrations of lapilli into the under-

lying strata (467-86-1, 6-9 cm). Mudstone rip-ups (467-85-4, 15-20 cm)

and minor soft sediment slump folds or prolapsed bedding (467-83-3, at
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about 778 m; 469-36-2, 20-35 cm) occur in a few thinly laminated tuffs

in Holes 467 and 469.
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Figure 7. Massive tuff grading upward into parallel laminated tuff, and

overlain by bioturbated nannofossil chalk. This is a Bouma Tabe

sequence. Sample is 467-79-2, 80-95 cm, scale is in centimeters.



Parallel laminated tuff
Bouma T

d

Faintly cross-laminated tuff
Bouma Tc

Scoured base of tuff

27

Figure 8. Altered vitric tuff with sharp basal contact with silty

claystone, scoured. Tuff has faint cross-laminations and parallel lami-

nations. This is a Bouma Tcd sequence in sample 469-37-CC, 0-7 cm.

Scale is in centimeters.
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Figure 9. Composite bed of tuff and nannofossil chalk, Bouma Tcde

sequence. Scale is in centimeters. Sample is 467-79-2, 57-72 cm.
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The volcanic breccias and pumiceous lapilli tuffs of Site 468 and

Hole 469 have assemblages of sedimentary structures dominated by size

and density grading and by the segregation of vesicular pyroclastics

from non-vesicular clasts. The segregation of non-vesicular and vesicu-

lar °lasts occurs during turbulent submarine flow, when the vesicular

tephra are hydrodynamically separated from the denser non-vesicular rock

fragments and crystals (Fiske and Matsuda, 1964; Niem, 1977). The

denser clasts are typically concentrated in the bottom of the deposit

(Fiske and Matsuda, 1964; Niem, 1977). The best examples of this hydro-

dynamic separation are in Core 33 of Hole 469. In Core 33 the basal

part of an resedimented volcanic breccia consists mainly of non-

vesicular basalt and andesite rock fragments (Fig. 10). The breccia

grades upward into epiclastic pumiceous lapilli tuff (Fig 11). The tuff

is depleted in non-vesicular cysts and contains many retransported

porous shell fragments from a shallow marine fauna including pelecypods,

echinoderms, bryozoans, and barnacles (Fig. 12).

Claystone and chalk interbedded with the volcaniclastics of Hole 467,

469, and Site 468 display lenticular bedding, slump structures and

laminations and are bioturbated. Turbidity currents commonly dump

coarser-grained denser detritus rapidly on underlying plastic beds of

finer-grained cohesive sediment and create load structures, slump folds,

and convolute bedding (Middleton and Hampton, 1973) as observed in the

chalk and claystone. The preserved trace fossils include Zoophvcos,

composite and rind burrows, Teichichnus, and Chondrites (Fig. 13).

These trace fossils are part of the Zocohvcos assemblage of Chamberlain

(1978) that indicates bathyal to abyssal water depths.
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Figure 10. Basal part of size- and density-graded poorly sorted

volcanogenic breccia. Clasts include basalt, andesite, and tachylite in

a matrix of diatomaceous claystone. Sample is 469-33-1, 100-106 cm.
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Figure 11. Pumiceous lapilli tuff that is the upper part of the size-

and density-graded volcanovenic breccia of Core 33, Hole 469. Large

light clasts are pumice (P). Note the abundant shell debris (S) in-

cluding pelecypod, bryozoan, and echinoderm fragments. Sample is 469-

33-1, 13-20 cm.
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Figure 12. Photomicrograph of pelecypod (P), bryozoan (B), and forami-

nifera (F) fragments in pumice lapilli tuff. Sample is 469-33-1, 30-

33 OM Also note glauconite (0) in Figure 12B, and the abundance of

volcanic lithic clasts (V).
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Figure 13. Trace fossils, including Chondrites tubes (C), a back-filled

vertical Ipichichnla (T) burrow, and Z000hycos (Z) burrows in nannofossil

chalk interbedded between tuffs. Sample is 467-83-2, 74-79 cm.
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Thin beds and laminae of vitric ash and tuff at Sites 470, 471,

472, and 473 and in the upper part of Hole 469 consist of angular,

moderately well-sorted glass snarls and crystals admixed with pelagic

foraminifers, coccoliths and diatoms. The beds and laminae of vitric

ash and tuff lack Bouma sequences, abraded re-transported shallow water

fossils, density and size grading, or rounded epiclastic rock fragments

found in the volcaniclastic turbidites of Sites 467, 468, and 469. The

tephra at Sites 470, 471, 472, and 473 probably fell out of eruptive

plumes and settled to the seafloor. Isolated pumice lapilli in the

diatomaceous silty claystone of Core 17 Hole 468B (Appendix 2) may have

settled through the water column to the sea bottom after floating over

the site of deposition and losing buoyancy.

Discussion of Sedimentology

Processes that deposit marine volcaniclastic sediments include

submarine ash flows; debris flows; tephra falls into water; turbidity

currents; grain flows; and other current reworking processes ( Lajoie,

1982; Tasse et al., 1979; Niem, 1977; Yamada, 1973; Bond, 1973; Fernan-

dez, 1969; Mutti, 1965; Fiske and Matsuda, 1964). Sedimentary struc-

tures, bedding styles, and textures of volcaniclastics from Leg 63

indicate that turbidity currents, debris flows, grain flows, and set-

tling of tephra through the water column were the main depositional

processes.

Many of the Miocene tuffs from Hole 467, Site 468, and Hole 469

contain sedimentary structures that are typical of sediment deposited by

turbidity currents. The structures include normal graded bedding, rare
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reverse density graded bedding, parallel laminations, micro cross-lami-

nations, and incomplete Houma sequences (Appendix 2). Sedimentary

structures in the epiclastic volcanic breccias and pumiceous lapilli

tuffs of Site 468 and Hole 469 are dominated by size and density grading

and by the segregation of vesicular pyroelastics from non-vesicular

clasts (Appendix 2).

Features characteristic of subaqueous high-concentration flow

deposits include poor or absent internal bedding as in Cores 79, 80, and

81 of Hole 467, matrix support of large clasts, poor sorting of clasts,

and a thin zone of inverse grading near the base of the deposit (Fisher,

1985). The 27-meter interval of lapilli tuff in Cores 80 through 83 of

Hole 467 was probably deposited by a high-concentration sediment flow.

The interval is poorly sorted, and without sedimentary structures in the

basal 19 meters (756.5-775.0 m, Appendix 2). The upper 18 meters is

normally graded. The uppermost 50 cm , 747.9-748.4 m, grades from

lapilli tuff to tuff.

Subaqueous debris flow conglomerates or breccias may grade upward

into massive or rippled sandstone (Fisher, 1985). In Core 34 of Hole

468B for example, poorly-sorted volcanogenic breccia is overlain by, and

possibly grades upward into, medium - grained tuffaceous sandstone. Unfor-

tunately, core recovery was poor and the contact between the two litho-

logies was destroyed in the coring and recovery operations so it is not

possible to determine whether the breccia grades into sandstone or is

simply overlain by it. Other features of debris flow deposits include

the imbrication of long clasts or alignment of long clasts semi-parallel

to the depositional surface, sharp non-erosive basal contacts, and

penetration of large clasts into underlying fine-grained sediments
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(Fisher, 1985). Sharp basal contacts are common in the volcaniclastics

of Sites 467, 468, and 469, but penetrations of lapilli into the under-

lying strata, as in 467-86-1, 8 -9cm, are rare (Appendix 2).

The tephra of Hole 467 are similar in shape to basaltic ash and

lapilli from magmatic and phreatomagmatic eruptions. Chemical compo-

sitions of the tephra from Hole 467 are basaltic. Vesicularity of the

ash and lapilli indicate the eruptions occurred either subaerially or in

water less than 500 meters deep (Fisher, 1985). Fragments of pelecy-

pods, bryozoans, and echinoderms in the lapilli tuffs of Holes 467 and

469 also are evidence that the tephra was transported through shallow

marine environments before deposition in bathyal to abyssal depths. The

bathyal to abyssal water depth of the depositional environment is indi-

cated by the Zoophycos trace fossil assemblage (Chamberlain, 1978)

preserved in the cores.

Although volcaniclastics and volcanic rocks of Miocene age crop out

on the northern Channel Islands east of Site 467 these islands were not

source areas for tephra in Hole 467. Chemical composition, petrographic

characteristics, or age are mitigating factors in comparisons of either

the Blanca Formation, the Santa Cruz Island Volcanics, or the San Miguel

Volcanics to Hole 467 tephra.

The Blanca Formation of Santa Cruz and Santa Rosa Islands is coeval

to the middle Miocene volcaniclastics in Cores 81 through 88 of Hole

467, but chemical compositions of the two are dissimilar. The Blanca

Formation volcaniclastics are andesitic to dacitic in composition

(Fisher and Charlton, 1976; and Vedder et al., 1981). Tuff and lapilli

tuff of Hole 467 are basaltic. The San Miguel Volcanics of San Miguel

and Santa Rosa islands are basaltic in composition but are of early to
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middle Miocene age (Vedder et al., 1981). Hole 467 volcaniclastics are

middle to late Miocene in age (Yeats et al., 1981). The Santa Cruz

Island Volcanics range from basalt to dacite, with pyroxene andesite as

the most common lithology (Crowe et al., 1976; and McLean et al., 1976).

The Santa Cruz Island Volcanics are largely early Miocene in age, older

than the tuffs and lapilli tuffs of Hole 467 (Crowe et al., 1976; and

McLean et al., 1976).

Examination of thin sections of the Blanca Formation and Santa Cruz

Island Volcanics loaned by Dr. Hugh McLean of the U.S. Geological Survey

revealed little in similarity to the volcaniclastics of Hole 467. Hole

467 tuffs and lapilli tuffs consist of altered originally glassy

vesicular ash and lapilli, some containing crystal voids and phenocrysts

of plagioclase. Hole 467 tephra are highly vesicular and have textures

indicative of explosive basaltic eruptions. The Blanca Formation and

Santa Cruz Island Volcanics are petrographically more diverse and

include lava flows, intrusives, as well as pyroclastics (Crowe et al.,

1976; Fisher and Charlton, 1976). This petrographic diversity is not

found in Hole 467 tuffs and lapilli tuffs.

A barrier to the transport of sediment from the northern Channel

Islands to the area of Hole 467 may have existed during the middle to

late Miocene. A major fault zone is thought to exist between the

Site 467 and the northern Channel Islands platform joining two strati-

graphically defined geologic terranes (Fig. 5; Crouch, 1981; Howell and

Vedder, 1981). Movements along this tectonic feature may have produced

the impediment to sediment transport from the islands to the area of

Site 467. Local sources of basalt and basaltic andesite near Site 467

include Davis Knoll and Rodriguez Seamount (Fig. 14).
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These areas are the likely sources for the tephra in the Miocene inter-

vals of Hole 467 (Vedder et al., 1981). Turbidity currents and debris

flows that deposited tuffs and lapilli tuffs of Hole 467 may have begun

as base surges (Fisher and Waters, 1970), steam-inflated slurries

erupted directly from the vent (Fiske and Matsuda, 1964; Niem, 1977;

Yamada, 1973), or with the failure of unstable submarine slopes laden

with tephra near the vent (Fisher, 1984).

Much of the sediment in the volcaniclastic sandstones and volcano -

genie breccias of Holes 4688 and 469 probably originated on the upper

part of the Patton Ridge. Glauconite pellets in the sandstones and

breecias indicate a relatively shallow marine source area, e.g. shal-

lower than the outer shelf or upper slope, as does shell debris in the

breccia of Core 33, Hole 469 (Fig 12). Some of the source areas had

high current and wave energies. Supporting evidence includes the

moderately sorted textures and well-rounded mineral and lithic grains in

the sandstones, and high degree of rounding of pebbles and cobbles in

some breccias. Possible sources for the volcanic clasts such as sea-

floor outcrops of basaltic andesite, andesite, and hyaloclastite occur

in the area near Site 468 (Fig. 15, Vedder et al., 1981). The coarse

grain-size and abundance of siliceous pumice and perlitic glass in the

breccia of Core 33, Hole 469 strongly indicates sediment transport from

the borderland since siliceous pumice is not typical of oceanic sub-

marine volcanism. The mixture of pumice, perlitie glass, hyaloclastic

basalt fragments, shallow water fossils, and a diverse assemblage of

lava fragments in the breccia would not be expected from a simple

oceanic source area such as nearby basaltic seamounts (Vedder et al.,

1981).
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Volcanoes on Baja California or the mainland of Mexico are the

probable sources of vitric ashes at Sites 470, 471, 472, and 473.

Basaltic to rhyolitie calc-alkaline volcanism has been common around the

Gulf of California and the mainland of Mexico from the middle Miocene to

the present (Gastil et al., 1979). The ashes probably settled to the

seafloor after falling out of airborne ash plumes blown by the trade

winds.
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PETROCRAPHI

Methods and Classification

Four types of volcaniclastic rocks were petrographically studied:

tuff, lapilli tuff, volcanogenic breccia, and lithic (volcanic) sand-

stone. At least 500 points were counted in 33 thin sections using a

mechanical stage and tabulators. Many of these thin section billets

were stained to identify carbonate (Friedman, 1959) and feldspar

minerals (Laniz at al., 1964). The staining procedures were very useful

for identifying the carbonate minerals, but less useful for K-feldspar

identification because potassium-bearing clays and zeolites common in

the volcaniclastics reacted to the feldspar stain readily. Smear slides

of 17 unaltered vitric ash samples were also examined. Refractive

indices of glass shards from 11 of these samples were determined using

refractive index oils. The size classes of Fisher (1966) are used in

this thesis in description of the tuffs and lapilli tuffs: fine ash =

grains <1/16 mm diameter; coarse ash = grains 1/16 - 2 mm in diameter;

and lapilli = grains 2-64 mm in diameter. The tuffs and lapilli tuffs

of Hole 467 consist predominantly of scoria: mafic vesicular volcanic

glass with spherical to ellipsoidal vesicles. Pumice is frothy, light

colored, silicic in composition, and characterized by either long-tube

or cellular vesicles. In this thesis I consider pumice and scoria

vitric components as they were initially glassy, though now are largely

diagenetically altered to clays.

The compositional classification used for the tuffs is the vitric-

crystal-lithic scheme recommended by Schmid (1981). Folk's (1974)



43

sandstone classification is used. Data from 22 point-counted tuff

samples are plotted on the International Union of Geological Scientists

(IUGS) classification diagram for pyroclastic rocks (Schmid, 1981) as

well as volcanic breccia analyses (Fig. 16). Volcanogenic breccias are

elastic sediments composed of pebble-sized volcanic rock fragments.

Scanning electron microscopy of tephra from Holes 467 and 469 sup-

plemented the petrographic methods. The ash and lapilli from the Mio-

cene intervals of Hole 467 (Fig. 17) resemble basaltic tephra produced

by magmatic or phreatomagmatic eruptions (Heiken, 1972). SEM photo-

graphs of tephra from drill sites 468 through 473 resemble magmatic ash

of silicic composition (Heiken, 1972).
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Figure 17. Photomicrograph of typical altered lapilli from Hole 467,

467-81-1,18-20 cm. Large crystals are plagioclase. Lapilli are altered

to greenish smectite clays.
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Petrography of Tuff and Lapilli Tuff

Tuff and lapilli tuff occur in most of the drill sites of Leg 63.

They are most abundant in the middle Miocene through upper Miocene

intervals of Hole 467 (Appendix 2). At the other drill sites tuff and

lapilli tuff are less abundant compared to the hemipelagic mudstones and

chalks.

Ash and lapilli constitute from 74% to 100% of the framework grains

in the tuffs of Hole 467, and from 62% to 90% of the clasts in tuffs

from Hole 468B and Hole 469.

The ash and lapilli are in framework support. Broken or compacted

vesicles are rare. This tephra is classified as vitric (Fig. 16),

although diagenetic alteration has destroyed most of the original glass.

Diagenetic alteration is especially pervasive in the scoriaceous tuffs

of Hole 467 which are completely altered to smectite clays, zeolites,

potassium feldspar, and calcite. Fortunately, the alteration has not

destroyed the primary textures and shapes of most of the tephra.

The ash and lapilli are highly vesicular. Coarse ash size shards

range from sickle-shaped bubble wall shards to irregular blocky angular

forms (Fig. 18). The lapilli are generally elongate in form, and

angular to subangular. Vesicles in the tephra range from spherical and

ellipsoidal to elongate tubular forms. In the scoriaceous tuffs and

lapilli tuffs of Hole 467 spherical and ellipsoidal vesicles are abun-

dant and elongate tubular vesicles are not common. In contrast, elon-

gate tubular vesicles are common in the silicic pumice and ashes of

Sites 468, and 469. Short-tube pumice (varieties of pumice after Fiske,

1969; and van der Lingen, 1973) in the silicic tuffs and lapilli
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thin walls. Some short-tube pumice contain albite-twinned plagioclase,

and quartz. In general, pumice lapilli are more vesicular, of uniformly

lighter color, and unaltered in contrast to the scoriaceous lapilli of

Hole 467.

Plagioclase microlites and phenocrysts are common in the basaltic

ash and lapilli of Hole 467. Microlites of plagioclase in the altered

glass commonly display an aligned hyalopilitic texture (after Williams

et al., 1982). Phenocrysts range in composition from calcic andesine

(An47) to labradorite (An64). Phenocrysts other than plagioclase are

absent. Hexagonal crystal molds, possibly relics of pyroxene pheno-

crysts, do occur. They are usually outlined by diagenetic clays, zeo-

lites, and potassium feldspar (Fig. 19).

The refractive index of glass in the unaltered pumice from Sample

468B-23-CC, 23-25 cm is 1.502 which correlates to about 71% si02 (Wil-

liams et al., 1982, graphic plot of refractive index versus silica

content). This Si02 content is in the rhyodacitic range. At high

magnification, SEM micrographs show some corrosion and embayment of the

glass probably resulting from hydration (Fig. 20). Hydration is an

initial stage in the alteration of volcanic glass; this may have affec-

ted the refractive indices and thus the accuracy of the Si02 estimation.

Minor non-pyroclastic framework grains in the tuffs and lapilli

tuffs include basalt, andesite, perlitic glass, plagioclase, quartz,

hornblende, augite, glauconite pellets, collophane-coated grains, and

fossils. Foraminifer tests occur in most samples. Diatom frustules and

radiolarians are less abundant.
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0.5mm

Figure 18. Photomicrograph of smectite-altered tuff. Greenish to pale

brown clays cement the tephra in the tuff. Sample is 467-83 -3,

105-106 cm.
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Figure 19. Relic of phenocryst (pyroxene?) in vesicular lapilli from

Sample 467 -82-1, 15-18 cm. Potassium feldspar crystals (K) and smectite

clays rim and partly fill the crystal mold. Uncrossed nicols.
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Figure 20. SEM micrograph

37 -i, 29-35cm. Note minor

the lower micrograph.

of long-tube silicic pumice from Sample 468B-

corrosion and hydration of the glass shown in
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Calcareous fragments of molluscs, bryozoans, and echinoderms supplement

the more abundant microfossils in Samples 467-79-2, 45-50 cm, 467-79-3,

40-44 cm, 469-33-1, 19-21 cm, and 469-33-1, 30-33 cm. Perlitic glass is

not present in the volcaniclastics of Hole 467.

Perlitic glass is colorless to dark brown, subangular to sub-

rounded, and occurs in samples from Sites 468 and 469. Clasts of

perlitic glass are smaller than pumice (Fig. 21). Light brown to color-

less perlitic glass from Sample 468B-34-1, 90-94 cm has a refractive

index of 1.514. This corresponds to a 8102 content of 65%, a dacitic

composition. Dark brown perlitic glass in Sample 469-33-1, 30-33 cm has

a refractive index of 1.596 corresponding to about 47% 8102, a basaltic

composition. Many of the dark perlitic clasts contain albite twinned

plagioclase microlites. Some also have rims of palagonite. The micro-

lites, palagonite, and refractive indices are typical of basaltic glass

(Honnorez, 1978).

Vesicles in the basaltic tephra from Hole 467 are lined or comple-

tely filled with authigenic minerals. Clay minerals commonly form

concentric layers with slightly different shades of green and yellow

inside the vesicles. Frequently, the clay minerals have grown into the

vesicles as radially oriented sheets (Fig. 22). Vesicles are also lined

with pyrite. Amygdules in the tephra of Hole 467 are formed by clay

minerals, or by clay-rimmed vesicles filled with analcime or calcite.

Amygdules are rare in the more siliceous tephra from Site 468 and Hole

469.
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Figure 21. Photomicrograph of pumice and perlitic glass in pumiceous

lapilli tuff that forms the upper part of the graded volcanogenic breccia

in Core 33, Hole 469. Clasts include long-tube pumice (L), short-tube

pumice (8), perlitic glass (P), volcanic rock fragments (V), and

tachylite (T). Sample is 469-331, 30-33cm, uncrossed nicols.
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Figure 22. SEND micrograph of interior of an altered lapilli. Smectite

clays have replaced the glass originally between the vesicles. The

clays have sheave-like forms typical of smectites (Welton,1984). Many

vesicles are lined with radially oriented smectite sheaves. Sample is

467-81-1, 18-20m
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In Hole 467 the volcanic glass of the basaltic tephra has been

largely replaced by smectites and other clay minerals and by analcime,

potassium feldspar, calcite, and pyrite. Smectites are the most abun-

dant diagenetic phase. The smectites produce the pale bluish green to

brownish green colors that typify the volcaniclastics in the drill

cores. Tephra extensively altered to potassium feldspar, analcime, and

calcite are light gray to white in slabbed cores. Diagenetic potassium

feldspar occurs between the clay-rimmed vesicles as colorless euhedral

crystals or as masses of anhedral crystals. Well formed clear crystals

have flattened rhombic shapes (Fig. 23). The low birefringence, lack

of albite twinning, and crystal form of the potassium feldspar were

criteria for petrographic identification. Staining the thin section

billets to identify potassium feldspar was not effective. I used an

X-ray powder photograph to verify the optical identification.

Analcime, calcite, and smectite clays cement the tuffs and lapilli

tuffs of Hole 467. Analcime forms masses of anhedral crystals and

euhedral trapezohedral crystals (Fig. 24). In many samples, analcime is

overgrown by calcite (Fig. 25). A mosaic of sparry calcite cements the

tuffs in Core 85 of Hole 467. X-ray diffractograms and X-ray powder

photographs confirmed these optical identifications of analcime.

In the silicic tephra from Site 468 and Hole 469 the diagenetic

alteration is less severe than the alteration of tephra from Site 467.

Clinoptilolite, smectite clay minerals, calcite, and dolomite are the

main diagenetic minerals. Tephra altered to clinoptilolite are

colorless in thin section and contain the characteristic prismatic

crystals. X-ray diffractograns confirmed the presence of clinoptilo-

lite.
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Figure 23. Photomicrograph of authigenic potassium feldspar crystals

(sanidine, (K)) in vesicular lapilli fragment of Sample 467-80-2, 20-

24 cm. Sanidine and greenish smectite clay minerals have replaced the

original glass in the lapilli and filled in the vesicles.
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Figure 24. SEM micrograph of trapezohedral analcime crystal from pore

filling in lapilli tuff, Sample 467-80-2, 54-56 OM
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Figure 25. Buhedral trapezohedral pore-filling analcime, (A), overgrown

by paragenetically younger pore-filling calcite in altered tuff, Sample

467-79-2, 45-50 cm, uncrossed nicols. Calcite, (C), is highly birefrin-

gent and isotropic analcime, (A), is optically extinct in crossed pola-

rized light as shown in Figure 25B.
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Unaltered Vitric Ashes

Unaltered shard-rich volcanic ash occurs as thin beds and mottles

in the Quaternary to Miocene intervals of Leg 63 particularly at Sites

470, 471, 472, and 473 (Fig. 6). The ashes are vitric and consist of

clear glass shards with cuspate and sickle-shaped forms (Fig. 26). Some

of the 17 ash samples examined also contain rare pumice lapilli and

minor amounts of monocrystalline quartz, plagioclase, and sanidine.

Refractive indices of unaltered, colorless glass shards from nine sam-

ples range from 1.496 to 1.518 (Table 1). This correlates to a range of

73% to 64% Si02, (Williams et al., 1982, graphic plot of refractive

index versus Si02 content) from rhyodacitic to dacitic compositions

(Taylor, 1978a). Mixtures of unaltered pale brown and colorless shards

occur in SaMples 470-2-1, 123-124 cm, and 471-5-4, 116-117 cm. The

refractive indices for these samples are 1.540, and 1.532 respectively.

The corresponding Si02 contents for the samples are 56%, and 58%. These

mixed color ash samples are andesitic.
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Figure 26. SEM micrograph of sickle-shaped glass shard from Sample 469 -

8 -5, 5 cm, a Pliocene ash. Note the clay platelets adhering to the

shard.
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Table 1. Refractive indices of unaltered tephra and corresponding Si02

contents.

Sample Refractive Index SiC2*

469- 8-5, 33-35 cm 1.500 73%

469-16-CC, 10-11 cm 1.518 64%

469-24-2, 49-50 cm 1.496 73%

470- 2-1, 123-124 cm 1.540 56%

470- 3-3, 21-24 cm 1.518 64%

470- 5-2, 96-98 cm 1.512 68%

470-14-1, 60-62 cm 1.500 73%

471- 5-4, 116-117 cm 1.532 58%

472-10-CC, 15-17 cm 1.500 73%

473- 9-2, 54-55 cm 1.508 69%

473-16-3, 40-44 cm 1.508 69%

* after Williams, Turner, and. Gilbert (1982)
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Vol canogenic Breccias

Clasts in the breccias of Holes 468, 468B, and 469 are largely

pebble-sized. Andesite and basalt are the most abundant lithology,

followed by perlitic glass, pumice, and blocky grains of non-vesicular

basaltic glass (tachylite). Clasts of dacite are reported in the vol-

canogenic breccias of Cores 19 to 24 Hole 468B (Appendix 2) in the core

descriptions of Yeats et al. (1981). I did not have thin sections of

these clasts so I maintained the original lithologic description. How-

ever, thin section and chemical analysis (Table 3b) of similar "dacite"

clasts in Hole 468B volcanogenic breccias, such as in Core 27 (Appendix

2), revealed basaltic andesite to andesitic compositions. The basaltic

and andesitic clasts are porphyritic or glomeroporphyritic. Phenocrysts

of augite and hypersthene are common. However, plagioclase is the most

abundant phenocryst. It ranges from calcic andesine (An47) to labra-

dorite (An68) in the basalt and andesite clasts of Hole 468B. Plagio-

clase phenocrysts in the basalt and andesite clasts of Hole 469 range

from labradorite (An60) to bytownite (An72). The few intersertal basalt

and the diabase clasts in the breccias of Hole 469 contain olivine

phenocrysts.

Groundmass in the porphyritic clasts consists of pale brown micro-

litic glass or plagioclase and pyroxene microlites. The refractive

index of the pale brown isotropic glass from the groundmass of one glom-

eroporphyritic clast, (Sample 468B-34-1, 90-94 cm), is 1.544. This cor-

responds to a SiO
2
content of about 55% , or andesite (Williams et al.,

1982). Major oxide chemical analyses of three porphyritic basaltic



62

clasts from the volcanic breccia in Core 27, Hole 468B (Table 3b) also

yielded Si02 values of about 53 to 57%, or basaltic andesite to andesite

(Taylor, 1978a). The samples are altered by clays and zeolites. The

clasts are light gray which may explain their description as "dacite" in

Yeats et al., (1981).

Coarse-ash sized hyaloclastic glass occurs in the volcanic breccia

of Core 33, Hole 469, although in minor amounts. The shards have the

blocky and angular shapes with the gently curving or planar surfaces

typical of hyaloclastites (Heiken, 1972; Honnorez and Kirst, 1975). The

hyaloclastic glass is brown and is probably basaltic. Some hyaloclastic

shards contain microlites and plagioclase phenocrysts with quenched or

skeletal textures. Palagonite and clay minerals rim many fragments.

Calcite and clinoptilolite pseudomorphs of hyaloclastic grains are com-

mon. Calcite is paragenetically younger than clinoptilolite, since many

clinoptilolite-rimmed pseudomorphs have cores of sparry calcite.

The volcanic breccias also contain quartz, plagioclase, augite,

glauconite pellets, and minor amounts of blue-green hornblende. Rare

calcareous siltstone and arkosic sandstone clasts occur in the breccia

of Core 33, Hole 469. Clasts of gabbro, chert, and epidote were noted

by Vedder et al.,(1981) in the breccia of Core 33, Hole 469. The non -

volcanic fragments constitute less than 7% of the framework grains of

the volcanic breccias of Holes 468B and 469.

Detrital clay matrix is largely absent in the breccias of Core 27,

Hole 468B. The pebble-sized clasts in these breccias are enclosed by a

matrix of clinoptilolite-cemented arkosic sand (arenite). The brown

detrital clay matrix of the breccia in Core 33, Hole 469 contains many

diatom frustules, sponge spicules, radiolarians, foraminifera tests, and
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rhombs of dolomite (Fig. 27). The siliceous microfossils are poorly

preserved. The diagenetically formed dolomite crystals are silt-sized

to fine sand-sized and form about 15% to 20% of the matrix. Small

colorless crystals similar in shape to the autbigenic potassium feldspar

of Hole 467 also occur in the matrix. X-ray diffraction analyses of the

matrix revealed opal-CT (Grechin et al., 1981b). This opal-CT cements

the clasts and matrix of the breccia.
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Figure 27. Detrital diatomaceous

of the pumiceous lapilli tuff and

469. Rounded light colored clast

graph is perlitic glass. Sample

and spicule-rich clay matrix typical

volcanogenic breccia of Core 33, Hole

in upper left corner of photomicro-

is 469-33-1, 30-33 cm, polarized light.
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Sandstone Petrography

The composition of the sandstones that are interbedded with the

volcanogenic breccia and lapilli tuff in the middle Miocene intervals of

Holes 468B and Hole 469 is summarized in Table 2. The sandstones from

Site 468 were selected for study because they are interbedded with

lapilli tuffs, pumiceous sandstones, or volcanogenic breccias.

Sandstones in Core 26, Hole 468B include a normally graded medium -

grained arkosic arenite (50 - 130 cm interval) which has parallel lami-

nations in the 50-60 cm interval. This Bouma T
ab sequence is overlain

by a structureless highly pumiceous sandstone in the 5-50 cm interval

(Appendix 2). The pumiceous sandstone is overlain by 5 cm of fine-

grained arkosic arenite. The pumiceous arkosic arenite of Hole 468E

Core 34 (32 - 70 cm) is interbedded between voicanogenic breccias.

Sedimentary structures are absent in this core. The volcanic wacke in

the 70 - 100 cm interval of Core 37 Section 1, Hole 468B is an amal-

gamated bed consisting of two Bourne Tab sequences (Appendix 2). The

wacke is underlain by lapilli tuff and overlain by volcanogenic breccia

(Appendix 2). Sandstones also occur as the matrix of volcanogenic

breccias such as the volcanic arenites in Hole 468B-24-CC, 0-4 cm, and

468B-23-CC. Other volcanogenic breccias in Hole 468B also contain

sandstone as matrix, eg. in Cores 19, 20, 21, 25, and 27.

Four of the sandstones I analyzed are arkosic arenites. One is a

arkosic wacke. One is a volcanic lithic wacke. The classification is

based on Folk (1974). The ratio of quartz:feldspar:lithic (QFL) grains

is 21:55:24 for the group of sandstones. These end-members constitute
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89% of the total detrital framework grains in the sandstones. Ninety

percent of the quartz is monocrystal line. Polycrystalline quartz and

minor amounts of chert comprise the remaining 10%. Albite twinned

plagioclase constitutes 89% of the feldspar fraction. The plagioclase

ranges in composition from andesine (An39) to labradorite (An62). Zoned

plagioclase grains are common and suggest volcanic provenance (Williams

et al., 1982). The remaining feldspar types include sanidine, ortho-

clase, and microcline. The lithic fraction of the sandstones is domi-

nated by volcanic fragments. Pumice and glass shards constitute 58% of

the volcanics. The remaining lithics include perlitic silicic glass,

andesite, basalt, and altered volcanic lava fragments.

The compositional maturity of the sandstones from Hole 468B is low.

These sandstones contain an abundance of plagioclase feldspar, volcanic

lithic fragments, and volcanic glass both shards and pumice. Texturally

the arenites are submature and the wackes are immature. Clay matrix is

absent in the arenites.

Glauconite averages 5% of the framework of the sandstones. Foram-

inifer tests, diatom frustules, and siliceous sponge spicules are

common. Other framework mineral grains include blue-green hornblende,

pyroxene, epidote, and magnetite. Heavy-mineral analyses were provided

by Grechin (Grechin et al., 1981a, unpublished data) for Sample 469-29-

CC, 0-6 cm, a lithic sandstone. The assemblage of heavy minerals

consists of magnetite (36%), hornblende (10%), pyroxenes (30%), epidote

(18%), zircon (6%), with trace amounts of apatite and sphene. An

igneous source for these minerals is likely. Magnetite and pyroxene

suggest mafic rocks, while zircon sphene and epidote are more likely

from more silicic rocks.
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Table 2. Modal composition of sandstones from Holes 468B and 469.

Hole 468B 468B 468B 468B 468E 469

Core 22 24 24 34 37 45
Section 1 CC CC 1 1 1

Interval 6- 0- 0- 51- 84- 59-
(cm) 8 4 4 54 91 60

Framework 41% 40% 41% 65% 39% 24%

Cement 43% 39% 49% 8% 26% 36%
Matrix 3% 1% 2% 3% 25% 22%

Porosity 13% 20% 8% 24% 10% 18%

Quartz-t 18% 24% 10% 11% 17% 57%
Feldspar 69% 66% 83% 51% 40% 43%
Lithic 13% 10% 7% 38% 45% 0%

Quartz-t = monocrystalline and polycrystalline quartz, and chert
Feldspar = monocrystalline plagioclase and K-feldspar
Lithic = all lithic grains except chert

Quartz-m 16% 23% 9% 10% 14% 43%

Feldspar 69% 65% 83% 51% 40% 43%
Lithic-t 15% 12% 8% 39% 46% 14%

Quartz-m = monocrystalline quartz
Lithic-t = lithic grains including chert

Quartz-p 12% 13% 7% 2% 6% 100%

Lithic-v 88% 87% 93% 96% 94% 0%

Lithic-s 0% 0% 0% 2% 0% 0%

Quartz-p = polycrystalline quartz
Lithic-v = volcanic lithic grains
Lithic-s = sedimentary lithic grains

Quartz-m 18% 26% 10% 18% 27% 50%

Plagioclase 74% 74% 76% 66% 68% 54%

K-feldspar 8% 0% 14% 16% 5% 16%
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Trace amounts of glauoophane occur in Sample 469-43-1, 59-60 cm. Collo-

phane-coated grains are also abundant in this sample.

Framework grains are cemented by clinoptilolite, calcite, dolomite,

and clay minerals. Clinoptilolite and carbonates are the dominant ce-

ments. For the group of sandstones clinoptilolite and carbonate cements

are equal in abundance. Some sandstones are cemented entirely by

clinoptilolite (Fig. 28); some by carbonates, calcite and dolomite.

Clay as a cement is minor. Matrix in the wackes is entirely clay.

The composition of the detrital fraction of the sandstones

indicates two source terranes. The abundance of oscillatory zoned

intermediate to basic plagioclase and volcanic rock fragments in the

sandstones from Hole 468B reflects a source area dominantly composed of

basaltic to andesitic volcanic rocks (Fig. 29). The abundance of feld-

spar in some of the sandstones (as shown in the QFL and QmFLt plots of

Fig. 29) may have resulted through the destruction of less-stable

lithic grains before deposition by chemical weathering and mechanical

abrasion such as by wave action. Indeed, some of the feldspar grains

are well rounded (Fig. 28).

The source area for Sample 469-43-1, 59-60 cm is clearly non,

volcanic. Volcanic lithic fragments are absent. Polycrystalline quartz

is also much more abundant than in, the samples from Hole 468B ( Table 2,

and Fig. 29). The presence of glaucophane in this sandstone is an

indication that the source area included low-temperature, high-pressure

metamorphic rocks. Low-temperature, high-pressure metamorphic rocks

similar to the Franciscan Complex occur widely in the Island Block

geologic terrane of the borderland (Fig. 5) and on the continental slope

in the area near Site 468 (Fig. 15; Howell and Vedder, 1981; Vedder et
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al., 1981). The plots of this sample, number 6, in Figure 29 suggest a

"continental" provenance (Dickinscn and Suczek, 1979).
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Figure 28. Clinoptilolite cemented sandstone, Sample 468B-22-1, 2-6 cm.

Note the rounded plagioclase grain in center of photograph, polarized

light.
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GEOCHEMISTRY OF VOLCARICUSTICS

Data from whole-rock chemical analyses of tuff, lapilli tuff,

volcanic ash, and volcanic breccia pebbles are presented in Table 3.

Ferric iron content (Fe203) shown on Table 3 is the difference between

total iron and ferrous iron (Fe0). Pyrite is a common authigenic com-

ponent of the volcaniclastics. Pyrite was insoluble with the wet chemi-

cal analytical methods used by Grechin et al. (1981a) to measure ferrous

iron (Fe0). Thus ferrous iron in pyrite is included in the ferric iron

(Fe203) content in the data provided by Grechin (1981a). Such is not

the case for Samples 468B-27-1, 6-8 cm and 468B-27-1, 10-12 cm, analyzed

by F. M. Taylor and Ruth Lightfoot, in which all iron is represented as

ferrous (Fe0) including iron from pyrite. The amount of SO3 in samples

467-74-2,96-100 cm, 467-74-2, 119-123 cm, 469-8-4, 40-44 cm, and 471 -5-

4, 114-116 cm is high and may represent gypsum crystallized from inter-

stitial pore water. Halite also probably crystallized from pore waters

in some samples as indicated by the Cl content of Samples 470-3-3, 21-

23 cm, 1.20%, 471-5-4, 114-116 cm, 1.42%, and 473-26-2, 32-36 cm, 1.04%.

The Na + content of these samples would be inflated by an amount from the

halite (NaC1).
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Table 3a.. Chemical composition of bulk samples of volcaniclastics from

Leg 63 of the Deep Sea Drilling Project (after Grechin et al., 1981a).

Hole
Core
Section
Interval
(cm)

Rock-

467
74
2

96-

100

467
74

2

119-
123

467
,..., vQ"

2 .

16-

20

467

82

1

118-
121

467
84

1

31-

35

468
18

1

4-
6

type A

Si02 40.95 41.76 41.58 42.76 45.61 58.44
TiO2 2.47 2.48 2.21 2.13 2.12 0.53

A1203 16.75 17.40 15.15 15.82 16.89 14.11

Fe203 10.56 10.69 2.53 2.82 3.56 2.73
Fe0 0.50 0.43 4.83 4.54 3.86 1.85

Mn0 0.10 0.07 0.10 0.10 0.04 0.06
Mg0 1.59 2.62 10.52 10.43 6.44 1.69
Ca0 3.60 2.53 4.58 4.01 1.79 4.91

Na20 1.84 1.84 1.84 2.34 7.39 4.57

K20 0.31 0.24 2.10 1.66 0.72 2.87

H20+ 4.34 4.11 5.67 4.46 6.71 4.37
H20- 9.26 9.11 6.23 6.87 3.95 1.39

P205 0.05 0.04 0.90 0.51 0.11 0.12

CO2 0.00 0.00 0.95 0.85 0.00 1.00
C 0.00 0.00 0.00 0.00 0.00 0.00
S03 3.93 2.90 0.47 0.20 0.34 0.33
Cl 0.14 0.14 --- 0.07 0.35 0.89

S 6.36 6.72 --- 0.10 0.76 0.79

Sub-
Total 102.75 102.90 99.66 99.67 100.63 100.65

0 = S 3.18 3.36 0.05 0.38 0.40
0 = C12 0.03 0.03 0.01 0.08 0.20

Total 99.54 99.51 99.66 99.61 100.17 100.05

A = unaltered tephra T = altered tuff L = altered lapilli tuff

Samples analyzed using wet chemistry methods (Grechin et al, 1981a).
= results not calculated or not provided by analytical method
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Table 3b. Chemical composition of bulk samples of volcaniclastics from

Leg 63 of the Deep Sea Drilling Project (after Grechin et al., 1981a).

Hole 468B 468B 468E 469 469 470
Core 27' 27' 27 e 36 3

Section 1 1 1 5 1 3

Interval 6- 10- 17- 40- 77- 21-
(cm) 8 12 20 44 78 23

Rock -
type B B B A T A

Si02 56.90 55.40 52.72 55.70 53.75 57.39
TiO2 1.90 1.85 1.83 0.34 0.46 0.46

A1203 25.20 24.20 22.18 10.20 12.98 14.54

Fe203 - -- --- 2.37 13.90 5.29 3.98
Fe0 1.90 2.30 0.64 0.57 0.97 1.20
Mn0 --- --- 0.02 0.03 0.15 0.17
Mg0 0.40 0.50 1.63 0.61 0.48 1.36

Ca0 8.00 8.10 8.65 1.51 1.59 1.13
Na20 4.90 4.90 5.07 3.53 2.70 7.61

K20 1.55 1.80 1.13 3.29 0.89 4.58

H204- --- --- 0.99 2.35 5.73 4.63
H20- --- --- 1.57 0.83 8.12 1.04

F205 --- --- 0.83 0.02 0.04 0.04

CO2 - -- --- 0.00 0.00 0.50 0.00
C --- --- 0.00 0.52 0.59 0.33
S03 --- --- --- 2.84 0.24 0.22
Cl --- - -- --- 0.29 0.90 1.55

S --- --- - -- 6.90 0.27 0.03

Sub-
Total 100.75 99.05 99.63 103.44 99.95 100.26

0 = S 3.45 0.13 0.01

0 = C12 --- 0.06 0.20 0.35

Total 100.75 99.05 99.63 99.92 99.62 99.90

A = unaltered tephra T = altered tuff L = altered lapilli tuff
B = pebbles of andesite and basaltic andesite from volcanogenic breccia
* = chemical analyses by atomic absorption, X-ray fluorescence,

and visible light spectrophotometry techniques; other samples
analyzed using wet chemistry methods (Grechin et al., 1981a).

= results not calculated or not provided by analytical method



75

Table 3c. Chemical composition of bulk samples of volcaniclastics from

Leg 63 of the Deep Sea Drilling Project (after Grechin et al., 1981a).

Hole
Core
Section
Interval

Rock -

470

5

2

97-
98

471

5

4

114-
116

471

36
1

91-

93

471

44

3

40-

42

473
16

3

40-
42

473
26

2

32-
36

type A A T T A

Si02 63.29 57.11 53.00 53.69 58.86 57.12
TiO2 0.45 0.70 0.40 0.27 0.23 0.47
A1203 12.53 14.86 15.44 17.83 13.34 13.56
Fe203 4.18 4.06 3.17 3.32 4.62 3.96
Fe0 1.24 1.97 0.70 0.74 1.04 1.36
Mn0 0.06 0.09 0.01 0.01 0.03 0.13
MgO 0.95 1.64 5.24 3.59 0.73 3.99
Ca0 1.82 3.64 0.83 1.11 0.84 1.68

Na20 5.30 5.18 3.06 2.70 4.60 3.83
K20 3.72 2.87 0.43 0.31 3.72 2.44
H20+ 4.32 3.41 5.48 6.60 4.93 3.93
H20- 0.64 0.80 10.91 9.16 1.94 5.35
P205 0.07 0.20 0.03 0.02 0.02 0.14
CO2 0.00 0.20 0.12 0.13 0.00 0.00
C 0.11 0.08 0.18 0.00 0.29 0.20
so3 0.10 1.31 0.00 0.00 4.05 0.52
Cl 1.12 1.83 0.75 0.56 0.23 1.34

S 0.25 0.57 0.12 0.15 0.64 0.31

Sub-
Total 100.15 100.52 100.02 100.19 100.11 100.33

0 = S 0.13 0.28 0.06 0.08 0.32 0.16

0 = C12 0.25 0.41 0.17 0.13 0.05 0.30

Total 99.77 99.83 99.79 99.98 99.74 99.87

A = unaltered tephra T = altered tuff

Samples analyzed using wet chemistry methods (Grechin et al., 1981a).
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Geochemistry Of Tuff And Lapilli Tuff From Hole 467

Chemical compositions of the altered tuff and lapilli tuff of Hole

467 are unlike those of volcaniclastics from other holes of Leg 63 in

several ways (Fig. 3). Hole 467 volcaniclastics are abnormally low in

Si02 (40.9% to 45.6%), high in TiO2 (2.1% to 2.5%), and have low Si02 /

A1203 ratios (2.4 - 2.7). The Si02/A1203 ratios are within the range

(2.5 to 4.5) described by Heiken (1974) for basaltic tephra. The

volcaniclastics from Hole 467 have a low total alkali content (2.1% -

4.0 %), except for Sample 467-84-1, 31-35 cm which has 8.1%. Analcime,

Na16(A116Si32096) '16H20 (formula from Mumpton, 1981) is abundant in this

sample which may explain the high Na20 content. Halite may also be a

contributor to the high Na20 content of the sample.

The pervasive alteration of the volcaniclastics of Hole 467 makes

estimation of the initial composition somewhat speculative. It is

unlikely that the tuffs were altered in a closed system that preserved

the initial chemical composition without loss or gain of chemical con-

stituents. The chemical data from Site 467 are a bit unusual in a

number of ways, probably reflecting alteration of the tephra. The

content of Ca0 in the samples (1.79% to 4.58%) is less than expected

("10%; see Table 2 of Heiken, 1974) since the low Si02 and the high TiO2

values suggest basaltic compositions. The amount of Ca0 in each sample,

except for 467-84-1, 31-35 cm, is less than the corresponding Mg0 con-

tent. Usually the opposite, Mg0 << CaO, is true (Heiken, 1974; Table

2.1 of Fisher and Schmincke, 1984). The uniformly high TiO2 contents
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are a strong indicator that the scoria and ash were initially basaltic

in composition. Titanium is relatively immobile during alteration of

basaltic glass; however, changes in the amounts of the other major

elements will produce an enrichment of titanium in the altered tephra

(Fisher and Schminke, 1984; Kastner, 1981). The degree of TiO2 enrich-

ment increases as the glass becomes more altered and more hydrated

(Fisher and Schmincke, 1984). The H2O content in pal agonized basaltic

tephra commonly ranges from 10 to 20% (Fisher and Schmincke, 1984). The

content of H2O for Hole 467 volcaniclastics ranges from 11 to 14%.

The contents of MgO, Na20, K20, and Mg0 decrease as basaltic glass

is converted to palagonite (Fisher and Schmincke, 1984). Si02, and

A1203 are much less mobile while Fe, like Ti, is relatively immobile

(Fisher and Schmincke, 1984). The high Mg0 content in samples from

Cores 80, 82, and 84 is also suggestive of a basaltic composition.

These samples are rich in saponite, a Mg trioctahedral smectite. Sapo-

nite may have incorporated magnesium from the tephra and from pore

water.

The chemical composition of Hole 467 volcaniclastics is similar to

altered basaltic hyaloclastic sandstone from offshore of the Line

Islands that was recovered from Hole 315A, DSDP Leg 33 (Table 4; Kelts

and McKenzie, 1976). The Line Islands are a group of islands and sea-

mounts that trend northwest from the Equator south of the Hawaiian

Islands to about 210 north Latitude west of the Hawaiian Islands (Kelts

and McKenzie, 1976). The sum of the chemical data from Hole 315A is

only 89%, so comparisons of the two sets of data can only be general in

nature. The mafic volcaniclastics from Hole 315A contain 9% more Si02

and 4% less A1203 than the mean values from Hole 467.
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Table 4. Chemical composition of bulk samples of volcaniclastics from

Site 467, Leg 63, and from Hcle 315A, Leg 33, of the Deep Sea Drilling

Project ( after Grechin et al., 1981a; Kelts and McKenzie, 1976).

Hole 467 467 467 467 467 315A
Core 74 74 80 82 84 29
Section 2 2 2 1 1 2
Interval 96- 119- 16- 118- 31- 22-
(cm) 100 123 20 121 35 26

Rock -
type

Si02 40.95 41.76 41.58 42.76 45.61 52.37
TiO2 2.47 2.48 2.21 2.13 2.12 2.15
A1203 16.75 17.40 15.15 15.82 16.89 11.72
Fe203 10.56 10.69 2.53 2.82 3.56 9.82
Fe0 0.50 0.43 4.83 4.54 3.86 WM =P.M, 1

Mn0 0.10 0.07 0.10 0.10 0.04 0.72
Mg0 1.59 2.62 10.52 10.43 6.44 6.35
Ca0 3.60 2.53 4.58 4.01 1.79 2.84
Na20 1.84 1.84 1.84 2.34 7.39 1.45
K20 0.31 0.24 2.10 1.66 0.72 1.90
R20+ 4.34 4.11 5.67 4.46 6.71 - - --
H20- 9.26 9.11 6.23 6.87 3.95 - - --
P205 0.05 0.04 0.90 0.51 0.11 0.27
CO2 0.00 0.00 0.95 0.85 0.00 - - --
C 0.00 0.00 0.00 0.00 0.00 - - --

S03 3.93 2.90 0.47 0.20 0.34 - - --
Cl 0.14 0.14 --- 0.07 0.35 - - --
S 6.36 6.72 --- 0.10 0.76 0.52

Sub-
Total 102.75 102.90 99.66 99.67 100.63 89.39

0 = S 3.18 3.36 --- 0.05 0.38 - - --
0 = C12 0.03 0.03 --- 0.01 0.08 - - --

Total 99.54 99.51 99.66 99.61 100.17 - - --

T = altered tuff L = altered lapilli tuff S = volcanogenic

sandstone

Samples analyzed using wet chemistry methods (Grechin et al, 1981a), and
X-ray flourescence methods (Kelts and McKenzie, 1976). Kelts and
McKenzie (1976) do not explain why their data does not sum to "100%.

= results not calculated or not provided by analytical method
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Data for the other elements, with exception of Mn0 and Na20, for sample

315A-29-2, 22-26 cm are within the ranges of values reported for Hole

467 volcaniclastics. The content of Mn0 is greater than that of Hole

467 while the opposite is true for Na20.

The volcaniclastics from Hole 315A are extensively altered to

potassium feldspar, montmorillonite, and minor amounts of analcime and

chlorite (Kelts and McKenzie, 1976). The petrographic textures of the

volcaniclastics including vesicularity, vesicle shapes, and secondary

phases from Leg 33 are similar to the tuffs of Hole 467 (Grechin et al.,

1981a; Kelts and McKenzie, 1976). Kelts and McKenzie (1976) state that

the chemical composition of the volcaniclastics from Leg 33 reflect the

alteration of basaltic tephra.

Geochemistry of Volcanogenic Breccia Clasts

The three clasts of vesicular lava from the volcanic breccia of

Core 27 Hole 468B have uniformly high contents of TiO2 (1.8% to 1.9%),

and low to intermediate amounts of Si02 (52.7% to 56.9%). These Si02

and TiO2 values correspond to high titanium basaltic andesite to

andesite (Taylor, 1978a).

This chemical classification is somewhat speculative since samples

468B -27 -1, 6-8 cm and 468B-27-1, 10-12 cm are altered and enrichment of

titanium and losses or gains in other constituents is likely. The

amount of A1203, 22.2% to 25.2%, is unusually high, even for high

aluminum basaltic andesite. Enrichment of titanium relative to iron and

magnesium in the clasts is suggested by the ratio TiO2 / (Fe0 + Fe203 +
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Mg0) which for the three clasts ranges from 0.61 to 0.83 (Table 3b).

The same ratio for unaltered volcanic rocks is 0.10 for basalt, 0.10 for

tholeiite, 0.08 for andesite, a.nd 0.09 for dacite (data from Table 2.1

of Fisher and Schmincke, 1984).

The abundance of clays and zeolites including phillipsite,

(Na,K)10(A110S122062)*20H20, as seen in thin sections of the samples, is

one indication of the alteration of the clasts. Another physical indi-

cator of the alteration is the lack of physical toughness of the sam-

ples; they were very soft, and hydrated. Seafloor outcrops of volcanic

rocks in the area near Site 468 include basalt, basaltic andesite, and

hyaloclastite (Fig. 15, Vedder et al.,1981). These areas are likely

sources for the volcanic breccia clasts.

Unaltered Vitric Ashes

The chemical data on unaltered vitric ashes provided by Grechin et

al. (1981a) must be used cautiously when classifying the ash and tuff

samples on the basis of major element chemical compositions. Grechin

did not indicate if the ash and tuff were thouroughly cleaned before the

analyses were performed to remove halite or gypsum for example. The data

provided by Grechin (Grechin et al., 1981a) reflects the inclusion of

non-pyroclastic material in the samples. This is indicated by large

amounts of Cl, S03, or S in all of the samples except for 468-18-1, 4-

6 cm (Table 3). Two samples of unaltered tephra have odd compositions.

Sample 469-8-5, 40-44 cm contains an unusually high total iron content,

14.47%. Sample 470-3-3, 21-23 cm contains 12.91% total alkalis, com-

parable to the average alkali content of an phonolite (Table 2-1 of
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Fisher and Schmincke, 1984). This sample is also unusual since it has

more Mg0 than Ca0 (Table 3b).

The six unaltered ash samples have Si02 contents of 55% to 63%

(Table 3) and fall within the andesitic to dacitic compositional field

defined by Taylor (1978). Refractive indices of the unaltered glass

provides a check of the Si02 content (Table 1). The Si02 data provided

by refractive index measurements are 1% to 10% greater than data from

chemical analyses of the same tephra samples provided by Grechin et al.

(1981a). The Si02/A1203 ratio ranges from 4 to 5, within the range of

values calculated from Table 2-1 of Fisher and Schmincke (1984) and

Table 2 of Heiken (1974). The TiO2 contents, 0.23% to 0.70%, are some-

what below the range expected for andesitic to dacitic tephra, 0.9% to

0.6% (Table 2-1 of Fisher and Schmincke, 1984).

Plots of the total weight percent alkalis versus Si02 and of iron :

magnesium : alkalis are useful for comparing and classifying volcanic

rocks based on chemical composition (Irvine and Baragar, 1971). The

bulk chemical data of the ashes were recalculated without H20+, H20-,

CO2, C, SO3, Cl, and S so that data from Leg 63 tephra could be compared

to other volcanic rocks (Table 5). Four of the six samples are in the

calc-alkaline field of the total alkali/Si02 plot (Fig. 30). Sample

470-3-3, 21-23 cm plots in the alkaline field of Figure 30, as expected,

considering its alkali content of 12.19%. Sample 471-5-4, 114-116 cm

also plots in the alkaline field of Figure 30, but is not extremely

alkalic. The remaining four samples are in the calc-alkaline field of

Figure 30. The alkali/iron/magnesium (AFM) plot for the tephra also

shows sample 469-8-5, 40-44 cm has a higher iron content which isolates

it from the other samples (Fig. 31). The other five samples plot within
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the generalized calc-alkaline field of Irving and Baragar (1971, Fig.

2E). Cenozoic volcanic rock of calc-alkaline composition is common

around the Gulf of California (Gastil et al., 1979) and also occurs on

the borderland and mainland of southern California. Volcanic eruptions

in these areas were the probable sources of the tephra. Composition of

sample 469-8-5, 40-44 cm which plots in the tholeiitic field of Figure

30, is suggestive of a more oceanic volcanic source.

The altered tuffs and lapilli tuffs from Leg 63 drill sites other

than Site 467 are generally similar to the unaltered tephra in bulk

chemical composition. The altered tuffs have lower Si02, Na20, and K20

contents than the fresh tephra. The Ti02 content of the altered tuffs

ranges from 0.27 to 0.53, while Si02 ranges from 53 to 54%. This is in

the andesitic compositional range (Taylor, 1978).
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Table 5. Chemical composition of unaltered tephra samples from Leg 63

recalculated from Table 3 to include only the 11 major elements. Data

from Sample 469-8-5, 40-44 cm is recalculated to remove ferrous iron

(Fe0) from pyrite that was included in the original ferric iron (Fe203)

value.

et al.,

Original data are from wet chemical analyses provided by Grechin

(1981a).

Hole 468B 469 470 470 471 473
Core 18 8 3 5 5 16

Section 1 5 3 2 4 3

Interval 4- 40- 21- 97- 114- 40-
(cm) 6 44 23 98 116 42

Si02 63.64 68.63 62.01 67.45 61.76 66.69
TiO2 0.58 0.42 0.50 0.48 0.76 0.26

A1203 15.36 12.57 15.71 13.35 16.07 15.11

Fe203 2.97 6.53 4.30 4.46 4.39 5.23
Fe0 2.01 0.70 1.30 1.32 2.13 1.18
Mn0 0.07 0.02 0.18 0.06 0.10 0.03
Mg0 1.84 0.70 1.47 1.01 1.77 0.83
Ca0 5.35 1.86 1.22 1.94 3.94 0.95

Nag 4.98 4.35 8.22 5.65 5.60 5.21

1(20 3.13 4.05 4.95 3.96 3.10 4.21

P205 0.13 0.02 0.04 0.07 0.22 0.02

Total 100.05 99.92 99.90 99.77 99.93 99.74
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Figure 30. Plot of weight percent total alkalis versus Si02 for

chemical analyses of unaltered tephra of Leg 63. Chemical data is from

Table 5. Solid curve is general border between alkaline and calc-

alkaline fields (after Fig. 3 of Irvine and Baragar, 1971).



SAMPLE

466-19-1 , 4-6
2 469-9-5,40-44
3 470-3-3,21-23
4 470-5-2,97-98
5 471-5-4,114-116
6 4 7 3-16-3 , 40-42
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A = Na20 + K20 F = Fe0 + (0.8998)Fe203 M = Mg0

Figure 31. Alkali-Iron-Magnesium (AFM) diagram of chemical data from

Table 5 of unaltered tephra of Leg 63. Dashed line is the general

boundary between the tholeiitic and calc-alkaline compositions (after

Fig. 2 of Irvine and Baragar, 1971).
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CLAY MINERALOGY

Vladimir Grechin of the Soviet Academy of Science (Grechin et

al., 1981a) provided clay mineralogy analyses on the <1 micron size

fraction separated from nineteen volcaniclastic samples from Leg 63

(Table 6). Seven are from altered tuffs and altered lapilli tuffs of

Hole 467. Eight are from altered pumiceous tuffs and associated vol-

caniclastic sandstones of Hole 468B and Hole 469. Four are from altered

vitric tuffs of Hole 471 and Hole 473 (Table 6). Grechin used X-ray

diffraction and electron diffraction methods to identify the clay

mineral assemblage and chemical analyzes to determine the structural

chemical formulas of the smectite clays (in Grechin et al., 1981a).

I analyzed the clay minerals from the <1 micron size fraction of an

altered lapilli tuff from Hole 467. I identified the clay minerals

using X-ray diffraction analysis and sample preparation methods recom-

mended by Taskey and Harward (1978).

Smectites are the dominant clay minerals in the twenty samples. In

some samples chlorite, mica, dehydrated halloysite, and varieties of

mixed-layer clays also occur. The presence of amorphous material in the

clay-sized fraction is indicated by surfaces of tephra examined using

SEM. The twisted sheaves, crumpled sheets, and coronated surfaces of

the altered tephra as shown in SEM micrographs are typical of smectite

clays (Welton, 1984). This surface texture is probably a result of

desiccation of the clays during sample preparation for SEM viewing

(Borchardt, 1977).
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Table 6. Major diagenetic clay minerals in volcaniclastics of Leg 63.

Sample

467-74-2, 96-100 cm **

467-74-2, 119-123 cm **

467-80-2 16- 20 cm ++

467-80-2, 54- 56 cm ++

467-82-1, 114-118 cm ++

467-83-3, 83- 85 cm **

467-84-1, 31- 35 cm **

468B-26-1, 42- 46 cm : Fe-rich montmorillonite

468B-26-1, 72- 76 cm :

468B-34-1, 60- 63 cm +

468B-37-2, 19- 26 cm +

469-29-CC, 0- 6 cm *

469-35-1, 49- 52 cm *

469-36-1, 77- 78 cm Al-rich montmorillonite

469-38-1, 32- 36 cm *

471-36-1, 91- 93 cm *

471-44-3, 40- 42 cm *

473-16-3, 40- 42 cm *

473-26-2, 32- 36 cm *

** altered basaltic tuff

++ altered basaltic lapilli tuff

Main Clay Minerals

mixed-layer beidellite-montmorillonite

mixed-layer beidellite-montmorillonite

beidellite, saponite,
and chloritic intergrades

chloritic intergrades, and saponite

beidellite, and saponite

beidellite, and saponite

* altered silicic tuff

+ altered silicic lapilli tuff

: arkosic and volcaniclastic sandstones
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Clay Minerals in Voleaniclastics of Hole 467

Smectites are the dominant clay minerals in the seven samples from

altered tuff and lapilli tuff of Hole 467 (Table 6). There are three

assemblage of smectites in these samples: 1) mixed layer beidellite -

montmorillonite, 2) mixtures of beidellite and saponite with Na as

exchangeable interlayer cations, and 3) mixtures of beidellite and

saponite with Mg and hydroxy polymers of Mg, Fe, and Al in the inter-

layers (Grechin et al., 1981a).

The mixed layer beidellite - montmorillonite clay occurs in samples

of the extensively-altered tuff in Core 74 (Samples 467-74-2,96-100 cm

and 467-74-2,119-123 cm). This clay mineral is identified by a single

(060) X-ray diffraction peak at 1.496 A (Fig. 32). Grechin (Grechin et

al., 1981a) reported that the smectite is a mixed layer beidellite -

montmorillonite based on the results obtained using the Green-Kelly

(1953) analysis.

Beidellite, an Al-bearing dioctahedral smectite, and saponite, a

Mg-rich trioctahedral smectite, both occur in Samples 467-82-1, 114-118

cm, 467-83-3, 83-85 cm, and 467-84-1, 31-35 cm. These samples have two

(060) reflections at 1.497 X (beidellite) and 1.531 1 (saponite) (Fig.

32; Grechin et al., 1981a). The ratio of intensities of the (060)

reflections, as shown by the peak heights, indicate that beidellite and

saponite are equally abundant in Samples 467-82-1, 114-118 cm and 467-

83-3, 83-85 cm whereas beidellite is four times as abundant as saponite

in Sample 467-84-1, 31-35 cm (Grechin et al., 1981a).
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Figure 32. Typical X-ray diffractograms of the <1 micron size fraction

from alteree volcaniclastics from Leg 63. A = oriented air-dried

sample; I> = (060) reflections from random mounts of air-dried samples; C

= oriented sample saturated with glycerine; D = oriented sample heated

at 5500C (after Grechin et al., 1981a).
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Figure 33. X-ray diffractograms of the <1 micron size fraction of

Sample 467-80-2, 54-56 cm. Three oriented mounts of the <1 micron clay

fractions were prepared on glass slides; two saturated with Mg2+

cationse and one saturated with K+ cations. The Mg2+ saturated mounts

were also vapor solvated, one with ethylene glycol and one with glyce-

rol. The V- saturated mount was analyzed during a sequence of tempera-

ture (105 °C, 25 °C, 3000C, and 550 °) and humidity (10% relative humidity,

and 54% relative humidity) treatments.
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The beidellite has Na as the exchangeable interlayer cation (Grechin et

al., 1981).

The third assemblage of smectite clays is in Samples 467-80-2, 16-

20 cm and 467-82-1, 114-118 cm. The assemblage consists of beidellite

and saponite that yield (060) reflections at 1.501 1 and 1.536 1 respec-

tively (Fig. 32). The smectites contain Mg cations and hydroxyl poly-

mers of Mg, Al, and Fe in the interlayers (Grechin et al, 1981a). The

hydroxyl polymers prevent collapse of the crystal lattice when glyce-

rine-solvated samples are heated to 550°C. The (001) peak shifts from

17.8 1 to a broad peak between 10 1 to 14 1 when heated and not from

17.8 1 to 9.9 I typical of the Na-interlayered beidellite and saponite

(Fig. 32 row C, D; Grechin et al., 1981a). The clays containing hy-

droxyl interlayers are probably chloritic intergrades, clays tran-

sitional between smectite and chlorite.

Chloritic intergrades occur in Sample 467-80-2, 54-56 cm based on

X-ray diffraction analyses of the <1 micron-size fraction prepared under

controlled conditions of relative humidity and cation saturation (Taskey

and Harward,1978). The (001) reflection of the Mg2+ saturated sample

have d spacings of 16.06 1 at 54% relative humidity which expand to 17.5

1 when solvated with ethylene glycol and to 17.3 1 when solvated with

glycerol (Fig. 33). The (001) reflection of the Me+ saturated sample

mounts indicates the presence of either smectite or chloritic inter-

grades (Barnhisel, 1977, Borchardt, 1977, Taskey and Harward, 1978).

The broad low reflections between 10 1 and 14 1 for the potassium-

saturated samples treated at 105° C, and 300° C are indicative of chlo-

ritic intergrades (Taskey and Harward, 1978). The broad low peak col-

lapses to a 10.31 reflection after the sample is heated to 550°C. Both
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montmorillonite and ohloritic intergrades respond in this manner so the

peak shift is not useful to discriminate between the two (Barnhisel,

1977, Borchardt, 1977, Taskey and Harward, 1978). The (060) d spacing

of 1.533 to 1.535 , measured from the packed-powder diffractogram

pattern, indicates that iron-rich saponite may also be present

(Scheidegger and Stakes,1980).

Grechin noted that in some samples mixed-layer chlorite-smectite

supplements the more abundant smectite clays (Grechin et al., 1981a).

Diagnostic features of the mixed-layer chlorite - smectite are the mul-

tiple reflections between 12.9 and 13.5 2 for oriented samples heated

to 550°C and reflections between 7.3 I and 7.7 I from oriented glyce-

rine-saturated samples (467-84-1, 31-35 cm; Fig. 32 C, D) (Grechin et

al., 1981a). Alternatively, the 7.3 I to 7.7 1 peaks may result from

minor amounts of dehydrated halloysite or kaolinite (Grechin et al.,

1981a). Mica-like interlayers may occur in the smectites of Sample 467-

83-3, 83-85 cm (Grechin et al., 1981a).

Clay Minerals in Voleaniclastics from Site 468 and Hole 469

Dioctahedral montmorillonite is the dominant smectite in eight

samples analyzed from Holes 468B and 469 (Grechin et al., 1981a). The

altered pumiceous tuffs from Cores 36 and 38, Hole 469 (Samples 469 -36-

1, 77-78 cm and 468-38-1, 32-36 cm) contain only montmorillonite in the

<1 micron size fraction (Fig. 32, Grechin et a1.,1981).

The X-ray diffraction patterns of montmorillonite in the <1 micron

size fraction of four samples from epiclastic pumiceous tuff and vol-

canic sandstone of Hole 468E resemble the diffraction pattern of Sample
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469-36-1, 77-78 cm (Fig. 32; Grechin et al., 19810. The montmoril-

lonite in samples from Hole 468B probably contains up to 20% of unexpen-

ded micaceous layers in its structure and may contain more Fe cations in

the octahedral layer than montmorillonite in Sample 469-36-1, 77-78 em

(Grechin et al., 1981a).

Terrigenous clays occur in six samples. Chlorite, kaolinite, and

mica are in Samples 469-29-CC, 0-6 cm and 469-35-1, 49-52 cm (Grechin et

al., 1981a). Chlorite is abundant in volcaniclastic sandstone, Samples

468B-26-1, 42-46 cm and 468B-26-1, 72-76 cm, and occurs in trace amounts

in pumiceous lapilli tuff, Samples 468B-34-1, 60-73 am and 468B-37-2,

19-26 cm (Grechin et al., 1981a). Glauconitic pellets in Sample 469 -35-

1, 49-52 cm are a mixture of nontronite, an iron-rich dioctahedral

smectite, and glauconite-celadonite, a dioctahedral mica (Grechin et

al., 19816).

Clay Minerals In Altered Tuffs Of Sites 471 and 473

The main constituent in the <1 micron size fraction in the altered

vitric tuffs from Holes 471 and 473 (Samples 471-36-1, 92-93 am) is

finely dispersed dioctahedral montmorillonite (Grechin et al., 1981a).

The (060) reflection of the montmorillonite ranges from 1.498 to 1.50

X (Grechin et al., 1981a). The (002) peak has a range of 4.8 X to 4.9

R. It has a high intensity in all four heat-treated samples (Fig. 32)

indicating that the montmorillonite is Al-rich (Grechin et al., 1981a).

Minor amounts of mica and of chlorite occur in Samples 473-26-2,

32-36 cm, and 471-36-1, 91-93 cm, respectively (Grechin et al., 1981a).



94

The terrigenous mica and chlorite were probably introduced into the ash

from the overlying hemipelagic clays by burrowing organisms (Grechin et

al., 1981a).
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ZEOLITES AND POTASSIUM FELDSPAR

Diagenetic zeolites occur in the volcaniclastic rocks of Leg 63

except those at Sites 470 and 472. Analeime and clinoptilolite are the

most abundant zeolites. Phillipsite is much less abundant. Diagenetic

potassium feldspar occurs mainly in the altered volcaniclastics of Hole

467 and also in the matrix of the volcanogenic breccia in Core 32, Hole

469.

I analyzed seven samples of tuff and lapilli tuff from Hole 467 and

ten samples of tuff and sandstone from Hole 468B for zeolites and potas-

sium feldspar using X-ray diffraction of bulk samples and mineral sepa-

rates. The data were interpreted using X-ray powder diffraction data

files (Bayliss et al., 1980), and with X-ray powder diffraction patterns

in Appendix III of Mumpton (1981). Analcime was identified by the three

most intense X-ray diffraction peaks at 3.42 1, 5.58 1, and 2.92 I,

which have relative intensities of 100%, 90%, and 80% . The less

intense X-ray diffraction peaks for analcime and the other zeolites were

also measured and compared to powder diffraction data files to verify

the identification. Clinoptilolite was identified by the three most

intense X-ray diffraction peaks at 8.97 1, 3.97 1, and 3.92 1, which

have 100%, 100% and 66% relative intensities. To further verify the

presence of clinoptilolite I tested the thermal stability of the mineral

(Mumpton, 1960; Boles, 1972; and Barrows, 1980). The crystal structure

of clinoptilolite is thermally stable as is the X-ray diffraction pat-

tern (Fig. 34). The crystal structure of heulandite which can be mis-

taken for clinoptilolite in thin section contracts when heated to 260°C
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and totally collapses when heated to 445000. Phillipsite was identified

by the three most intense X-ray diffraction peaks at 3.15 1, 7.07 I, and

3.23 1, which have 100%, 71% and 64% relative intensities.
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Analcime and Potassium Feldspar Assemblage

Analcime is most abundant in the altered tuffs and lapilli tuffs of

Hole 467. Analcime replaces volcanic glass and a few plagioclase micro-

lites in the tephra. Analcime also is common as pore-filling crystals

and as cement. Well-formed crystals of analcime with trapezohedral

habit (Fig. 24) are common in pore spaces. The euhedral pore-filling

trapezohedral crystals of analcime from tuffs in Core 79 (Samples 467-

79-2, 45-50 cm and 467-79-3, 40-44 cm) are clear and transparent whereas

crystals of similar size and form in lapilli tuffs contain acicular

inclusions. The inclusions may represent precursors to the analcime.

Iijima (1974) illustrated similar acicular inclusions in analcime from

altered Miocene submarine pumiceous tuffs and interpreted the inclusions

as pseudomorphs of mordenite. X-ray diffractograms of Hole 467 samples

containing analcime with acicular inclusions did not show mordenite,

phillipsite or zeolites other than analcime. Alternatively, the inclu-

sions may be acicular chlorite clays which have been overgrown by the

analcime. In contrast to the well-formed pore-filling crystals is the

analcime cement in the tuff of Sample 467-84-1, 28-32 cm. The cement is

a mass of small anhedral crystals.

Authigenic potassium feldspar is a distinctive alteration product

in vesicular ash and lapilli in Hole 467. Sanidine is the most common

authigenic feldspar in altered tuffaceous rocks (Kastner and Seiver,

1979). Such potassium feldspar-altered clasts from Hole 467 of Leg 63

are pale gray in thin section billets and in the slabbed core. Tephra

altered to smeetites and the other clay minerals have greenish colors.
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Grechin (Grechin et al., 1981a) indexed the X-ray diffraction pat-

terns of size- and density-segregated K-feldspar from samples 467-80-2,

20-24 cm and 467-82-1, 114-118 cm as recommended by Barth (1969). The

result is a measure of the randomness of the distribution of aluminum in

the crystallographic nodes of the feldspar, the A1T1 and A1T2 tetra-

hedral sites (Barth, 1969; Smith, 1974). In an ideal high-sanidine

feldspar aluminum has a totally random distribution in the tetrahedral

sites so the A1T1 and AlT2 values both equal 25 (Barth, 1969; Smith,

1974). The K-feldspar in Sample 467-80-2, 16-20 cm has A1T1 and AlT2

values of 26 and 24, very close to the ideal high sanidine (Grechin et

al., 1981a).

As the distribution of aluminum in the tetrahedral sites of the K-

feldspar crystal becomes less random the values for A1T1 and AlT2 become

less equal. Low sanidine, a more ordered feldspar, occurs in Sample

467-82-1, 114-118 cm and has A1T1 and AlT2 values of 29 and 21 (Grechin

et al., 1981a). The A1T1 and AlT2 data for this sample are close to low

sanidine (Eifel 7002) in Table 3-2 of Smith (1974). Grechin also calcu-

lated another parameter,AZ, from the X-ray data using the methods in

Barth (1969). For Sample 467-82-1, 114-118 cm AZ = 0.16, indicating

the sample has some sodium in the crystal structure (Grechin et al.,

1981a).

To verify the presence of authigenic feldspar in the lapilli tuffs,

of Hole 467, I hand-picked light-colored lapilli from Sample 467-80-2,

20-24 cm. The lapilli were then ground in acetone with a mortar and

pestle and then photographed in a Debye-Scherrer powder camera. The

spacing and intensity of the (201), (060), and (204) X-ray diffraction

peaks were used to define the structural state of the feldspar from the
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lapilli using the methods described by Wright (1968). The 2Q and inten-

sity values for sample 467-80-2, 20-24 cm are 21.01° and 75% for the

(201) reflection; 41.59° and 15% for the (060) reflection, and 50.88°

and 30% for the (204) reflection. The data for the three reflections

were plotted on Figures 2, 3, and 4 of Wright (1968). The plots in-

dicate that the feldspar is high sanidine.

The amount of separation of the (131) and (131) reflections in the

X-ray diffraction pattern of a potassium feldspar is a measure of the

structural state of the feldspar (Goldsmith and Laves, 1954). As the

distribution of Al and Si in the tetrahedral crystallographic sites

becomes more ordered, separation of (131) and (131) peaks increases.

Monoclinic potassium feldspars have a single (131) peak, indicating the

distribution of Al and Si in the tetrahedral sites is random (Goldsmith

and Laves, 1954). The potassium feldspar from sample 467-80-2, 20-24

has a single (131) X-ray diffraction peak as would be expected for high

sanidine.

Clinoptilolite Analcime Assemblage

Clinoptilolite is the most abundant zeolite in the altered volcani-

elastics of Leg 63 other than Hole 467. Clinoptilolite replaces glass

shards, pumice, perlitic glass, hyaloclastic glass, and calcite in

foraminifera tests. Clinoptilolite is the cement in the arkosic

arenites in Hole 468B. Plagioclase grains in the clinoptilolite-

cemented arenites typically have surfaces pitted with prismatic

cavities. The cavities are filled by clinoptilolite crystals which

commonly extend into the pore space. The volcanogenic breccias of Site
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468 and 469 also contain pore-filling aggregates of clinoptilolite.

Analcime is a minor constituent in the volcaniclastics that contain

clinoptilolite. According to Greohin (Greohin et al., 1981a) analcime

forms discontinuous rims on plagioclase grains and fills fractures in

the grains. My X-ray diffraction data showed analcime only in one

sample from Sites 468 and 469, 468B-26-1, 25-30 cm. Trace amounts of

authigenic potassium feldspar occur in the matrix of the volcanogenic

breccia in Core 33 of Hole 469. The crystals resemble the sanidine from

the altered tephra of Hole 467.

Phillipsite

Minute prismatic crystals of phillipsite occur in vesicles of

altered basaltic andesite from a breccia in Core 27, Hole 468B (Sample

468B-27-1, 16-18 cm). Basis of the identification is a Debye-Scherrer

powder photograph of hand-picked crystals. Phillipsite also occurs in

Sample 468B-27-1, 6-8 cm.
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DIAGENESLS

Introduction

Smectite clay minerals, zeolites, and potassium feldspar (K-feld-

spar) are the main diagenetic minerals in the altered volcaniclastics of

Leg 63. Smectite clays, zeolites, and the polymorphs of silica, are the

most common alteration products of volcanic glass (Fisher and Schmineke,

1984, Kastner, 1979). Potassium feldspar is less common (Kastner and

Siever, 1979). Three groups of factors exert great influence over the

alteration of glassy tephra: the original composition of the glass;

physical factors such as temperature, texture, surface area, porosity,

and permeability of the tephra; and composition and variability of the

pore solutions (Fisher and Schmineke, 1985). At low temperatures the

alteration is influenced most by the original composition of the tephra

(Fisher and Schmineke, 1984).

Smectites and zeolites form from volcanic glass under a variety of

conditions including submarine weathering (halmyrolysis), hydrothermal

alteration, burial diagenesis (Hay, 1978; Iijima, 1978). The formation

of zeolites is influenced by the composition of the parent materials,

depth of burial, temperature, time, chemical composition Eh and pH of

pore fluids, and whether the system is open or closed to pore fluid

migration (Surdam and Boles, 1979; Holler and Wirsebing, 1978; Hay,

1966). The formation of smectite clays and stability of these clays are

also affected by these factors and by the pore water / rock ratios

(Stakes and Scheidegger, 1981).
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Composition of Parent Materials

The initial chemical composition of the volcaniclastic materials

appears to have had a strong influence on the diagenetic minerals in the

altered volcaniclastics of Leg 63. The altered basaltic tuffs and

lapilli tuffs of Hole 467 contain an assemblage of diagenetic minerals

that include smectite clays, analcime, and potassium feldspar. The

smectite clays are mixed layer beidellite-montmorillonite, mixtures of

saponite and beidellite, chloritic intergrades, and mixed layer

chlorite- smectite. The abundance of saponite in some of the tuffs may

reflect an initially high content of magnesium in the tephra. Those

samples containing mixed layer beidellite-montmorillonite may reflect a

compositional variation in the basaltic tephra or alternatively an

admixture of small amounts of more siliceous ash (Grechin et al.,

1981a).

Diagenetic alteration of basaltic glass begins with hydration of

the exposed surfaces. Palagonite, an noncrystalline mineraloid, is the

first diagenetic phase to form, preceding smectites and zeolites

(Honnorez, 1978). Palagonite is the precursor to the smectite clays,

nontronite and trioctahedral smectites such as saponite formed from

basaltic glass (Fisher and Schmincke, 1984). The formation of palago-

nite from basaltic glass, sideromelane, involves the addition of 10 to

20$ H20, oxidation of the iron (Fe() to Fe203), and gains or losses of

the other constituents (Fisher and Schmincke, 1984). Generally TiO2

content increases with palagonitization while the alkali and alkali

earth elements are much reduced (Fisher and Schmincke, 1984). Mobility
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of the other elements such as Si02, A1201, and FeO is intermediate

between TiO2 and the alkalis (Fisher and Schmincke, 1984).

Phillipsite and analcime are the most common zeolites in altered

submarine basaltic ash (Kastner, 1979). Phillipsite forms rapidly,

within 105 to 106 years, but it is metastable and rarely preserved in

samples recovered from depths greater than 500 meters below the seafloor

(Kastner, 1979). The relationship of subbottom depth : phillipsite

occurrence is based on X-ray diffraction data from over 320 samples of

DSDP cores (Boles, 1981). From this data set Boles (1981) states that

phillipsite increases in abundance with increasing age of the the sedi-

ment until the Miocene, thereafter as age increases the abundance of

phillipsite decreases. Thus the phillipsite in the vesicles of the

altered basaltic clasts in the breccia of Core 27, Hole 468E is somewhat

unusual. SEM analysis might show whether the phillipsite was in textu-

ral equilibrium, with euhedral crystal surfaces. Pitted or embayed

crystal faces on the phillipsite would indicate dissolution and insta-

bility of the zeolite. Phillipsite may serve as a precursor to analcime

in altered basaltic tephra: phillipsite + tie --> analcime + IC+

(Kastner, 1979). Acicular inclusions in analcime crystals of Hole 467

(Cores 80, 81, 82, and 84) resemble zeolite precursors illustrated by

Iijima (1974). Phillipsite was not detected in my X-ray diffraction

data from Hole 467, however. The sub-bottom depth of these Miocene

cores is greater than 700 meters, below the usual depth of phillipsite

preservation.

The alteration of silicic tephra is fundamentally different from

basaltic tephra (Fisher and Schmincke, 1984). Hydration and alkali ion

exchange of silicic glass is followed by dissolution of the hydrated
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material, forming pores later to be filled with secondary phases (Fisher

and Schminke, 1985). The alteration of sideramelane to palagonite and

palagonite to smectites occurs without the dissolution of the glass

(Fisher and Schmincke, 1984). Clinoptilolite is the most abundant

zeolite in the volcaniclastics of Leg 63 except for those of Hole 467.

It occurs in the altered pumiceous tuffs and silicic vitric tuffs, in

the arkosic and lithic arenites, and in the volcanogenie breccias. The

most common precursors of clinoptilolite are silicic shards (Fisher and

Schmincke, 1984). Diagenetic clays in these rocks are dominated by

iron-bearing or aluminum-bearing montmoril lonite.

Sequences of marine sediments that are buried greater than 100

meters below the seafloor and which contain volcanic glass of silicic to

intermediate composition have many characteristics favorable to the

formation of clinoptilolite. Specifically, high activities of silica

and low activities of aluminum are needed (Hay,1978; Hawkins et al.,

1978; Iijima, 1978; Kastner, 1979). Clinoptilolite can form directly

from the alteration of glass, from biogenic siliceous skeletons, or from

phillipsite with the addition of H2 SiO4 (Fisher and Schmincke, 1984;

Kastner, 1979). Although phillipsite is usually associated with basal-

tic tephra, it is known to occur as the dominant zeolite in some

deposits of altered silicic tephra (Hay, 1981).

Burial Depth and Geothermal Gradient

The progressive alteration of volcaniclastic sediments in a subsi-

ding basin is termed burial diagenesis (Hay, 1981). Thick sequences of
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volcanielastie sediment that have undergone burial diagenesis commonly

contain vertical zonations cf different zeolite and clay minerals (Hay,

1981). A prerequisite for burial diagenesis besides rapid basin subsi-

dence and thick accumulations of tephra and overlying sediment is a high

geothermal gradient. The altered volcaniciastics of Leg 63 do not

contain any downhole vertical succession of different zeolite and clay

minerals. Probably the section containing tephra is not thick enough or

the geothermal gradient is too low for burial diagenetic zonations to

form.

The only mineral zonation with depth in Leg 63 cores is the trans-

formation of opal-A to opal-CT (Grechin et al., 1981b). Opal-A consists

of biogenous hydrous silica such as diatom frustules, radiolarian

skeletons, and sponge spicules. It is X-ray amorphous. Opal-CT has a X-

ray diffraction pattern similar to crystobalite. It is formed dia-

genetically from opal-A. Geothermal gradient is a strong control of the

depth at which the transition of opal-A to opal-CT occurs (Grechin, et

al., 1981b). The temperature in the physical environment of the tephra

deposit also strongly influences the rate of alteration of the glass

(Fisher and Schmincke, 1984). Around the northern rim of the Pacific,

Cenozoic hemipelagic muds and siliceous oozes in areas with high geo-

thermal gradients show the conversion of opal-A to opal-CT at shallower

depths of burial than similar sediments in areas with lower gradients

(Bramlette, 1946; Mizutani, 1967; Grechin, 1971, 1976; Pisciotto, 1978,

1979). Glassy tephra distributed in these sediments first show exten-

sive alteration at the approximate depth where the opal-A : opal-CT

transition occurs (Grechin et al., 1981b). The change of opal-A to

opal-CT at Leg 63 drill sites also coincides with the lithification of
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sediments, changes in pore water composition, and locally in the forma-

tion of dolomite (Grechin et al., 1981b; Piscictto and Mahoney, 1981).

This relationship between geothermal gradient, conversion of opal,

and the onset of tephra alteration is supported by Leg 63 data. In

Holes 471 and 473 the geothermal gradients are 70 - 151 °C / km and 64 -

160°C / km (Yeats et al., 1981). The first appearance of opal-CT in

these holes is at 161 m and 203 m respectively (Grechin et al., 1981b).

In Hole 467 the geothermal gradient is 63°C / km (Yeats, et al.,1981),

and the first opal-CT is at 538 m (Grechin et al., 1981b).

The situations at Site 468 and Hole 469 are not as simple. At Site

468 is a Pliocene - upper Miocene unconformity (Fig 6). The thickness

of missing strata and the geothermal gradient are unknown (Yeats et

al.,1981). In Hole 469 tephra that optically appears to be unaltered

occurs in Cores 30 and 33, below the opal-A : opal-CT transition level

of 235 m. The numbers of siliceous microfossils drops substantially

below 235 m in Hole 469 (Grechin et al., 1981b). The muddy matrix in

the breccia of Core 33 of Hole 469 contains opal-CT, but also has

abundant siliceous microfossils (Grechin et al., 1981a). Alteration of

the glassy tephra has begun as shown by the abundance of perlitic glass,

since perlitic texture is a result of glass hydration (Fisher and

Schmincke, 1984), and by the presence of glass shards replaced by clin-

optilolite. The process of alteration has not been completed for all

the glassy or opaline material however.

Composition of Pore Waters

Physical and chemical characteristics of pore waters influence the
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alteration of glass and the types of zeolites and clays formed during

diagenesis. These factors include salinity, pH, Eh, activities of

alkali and alkali earth ions, activities of H2SiO4 and Al(OH)4, and

partial pressure of B20 (Fisher and Schmincke, 1984, Hay, 1978). Per-

meability of the volcaniclastic sediments is also important. Pore water

trapped in a micro-chemical environment of an impermeable glassy tuff

would change drastically in composition as the tuff was altered (Fisher

and Schmincke, 1984). The pH in such a system would be greatly affected

by the flux of elements out of the glass as alteration proceeded for

example (Fisher and Schminke, 1984).

Salinity of pore waters squeezed from Leg 63 core samples is close

to sea water and varies only slightly with depth in any hole (Gieskes at

al., 1981). The pH varies from 7 to 8 (Pisciotto and Mahoney, 1981).

Pyrite is common in the altered volcaniclastics and is an indication

that the pore waters were reducing. Concentration of Ca2+ increase with

depth, other than in Hole 467, while Mg24' concentrations decrease (Gies-

kes et al., 1981; Grechin et al., 1981b). Data on the activities of

H2S104 and Al(OH)4, and on the partial pressure of H2O for Leg 63 are

not available, as they were not calculated by the scientists con-

tributing to the study of Leg 63 (Yeats et al., 1981). The lack of

muddy detrital matrix in most of the volcaniclastics and the vesicu-

larity and loose packing of the tephra indicate that the sediments were

very permeable. The breccias in Core 34 of Hole 468B, and Core 33 of

Hole 469 are exceptions. They contain large amounts of muddy detrital

matrix.

The observed downhole reduction of Mg2+ concentrations in pore

water with increasing depth at Hole 467 (Gieskes at al.,1981) is partly
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a reflection the alteration of the volcaniclastics and formation smec-

tites and zeolites. Formation of these secondary phases from volcanic

glass at low-temperatures will remove 180, Mg2+, and e from pore solu-

tions and free Ca2+ from the glass (Fisher and Schminke, 1984). Sapo-

nite, a magnesium-rich trioctahedral smectite, is common in the altered

basaltic tuffs and lapilli tuffs of Hole 467. The occurrence of pore-

filling calcite that precipitated after the smectites and zeolites in

altered tuffs and lapilli tuffs of Hole 467 ( see Petrography section

and Appendix 2) is evidence tha Ca2+ was available in the pore solu-

tions.

Dolomite is another trap for Mg2+ in pore waters. Dolomite occurs

as minute euhedral crystals in the pore spaces of tuffs, lapilli tuffs,

volcanogenic breccias, and volcanic and arkosic sandstones of Sites 468

and 469, and to a lesser degree in the volcaniclastics of Hole 467. It

also occurs in the muddy matrix of the volcanogenic breccias in Core 34

of Hole 468B and Core 33 of Hole 469. Folk and Land (1975) reported that

the formation of dolomite and clay minerals removes Mg2+ from pore

waters. Dolomitization is also associated with the conversion of opal-A

to opal-CT in the hemipelagic sediments of Leg 63 (Grechin et al.,

1981b; Pisciotto and Mahoney, 1981). The formation of dolomite at Leg

63 drill sites occured shortly after burial in some cases where data

from oxygen isotope and carbon isotope geochemistry indicated low tem-

perature, shallow burial conditions during dolomitization (Pisciotto and

Mahoney, 1981). The early formation of dolomite may have reduced the

permeability of the breccias in Core 34 of Hole 468B, and in Core 33 of

Hole 469.
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Hydrothermal Effects

Grechin (Grechin et al., 1981a) suggested that the tuffs and lapil-

li tuffs of Hole 467 may have been affected by low-temperature hydro-

thermal alteration and cited the presence of barite, gypsum, and authi-

genic potassium feldspar. Low temperature hydrothermal alteration,

although possible, is not required to explain the assemblage of secon-

dary minerals in the altered tuffs and lapilli tuffs of Hole 467.

Barite, gypsum, and authigenic potassium feldspar can form through

low temperature hydrothermal processes. Large slabs of barite have been

recovered from the borderland about 61 km southeast of Site 467 (Church,

1970; Cortecci and Longinelli, 1972). Analysis of sulfur and oxygen

isotopes in the barite slabs indicate the material is of hydrothermal

origin (Church, 1970; Cortecci and Longinelli, 1972). To substantiate

the hydrothermal origin of barite in Hole 467 volcaniclastics isotope

studies would be necessary, assuming enough barite could be separated.

Smectite, analcime, and sanidine, the dominant secondary phases in

altered tephra from Hole 467, can form at low temperatures in pore water

of normal composition through the diagenetic alteration of basaltic

tephra (Kastner and Seiver, 1979). Barite also can form at low tempera-

tures by biological processes in sediments (Church, 1979). Gypsum in

the volcaniclastics may have precipitated from the pore waters after

samples were removed from the core and dried before chemical analysis.

Sanidine is the most common diagenetic potassium feldspar in altered

tephra (Kastner and Seiver, 1979).

The compositions of pore water squeezed from Hole 467 tuffs and

lapilli tuffs are similar to normal sea water and do not suggest hydro-
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thermal fluids (Gieskes, et al., 1981). In short, hydrothermal effects

are not necessary to explain the assemblage of authigenic minerals in

the volcaniclastics of Hole 467.
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CONCLUSIONS

Volcanism on the outer continental margin in the area of Site 467

during the middle to late Miocene was mostly basaltic in composition,

based on the TiO2 and Si02 contents from chemical analyses of altered

tuffs and lapilli tuffs. The chemical data, although of an uncertain

reliability because of the extensive alteration of the tephra, are sup-

ported by petrographic textures and SEM morphologies of the material.

The altered Miocene tephra of Hole 467 has similar petrographic charac-

teristics to altered basaltic ash and lapilli from the Line Islands of

the central Pacific (Kelts and McKenzie, 1976) and to basaltic phreato-

magmatic ash illustrated by Heiken (1972). Local basaltic vents were

the sources of the basaltic shards and lapilli that form the tuffs and

lapilli tuffs of Hole 467 (Vedder et al., 1981).

The light gray to white color of tephra from Hole 467 that are

altered by authigenic feldspars gives a deceptive impression of

siliceous pumice to the naked eye. The basaltic character of the tephra

from Hole 467 was somewhat unexpected since middle Miocene andesitic to

dacitic volcani-clastics of the Blanca Formation crop out on the

northern Channel Islands east of the drill site. The absence of

material from the nearby northern Channel Islands suggests that a

physical barrier to the transport of sediment existed during the middle

to late Miocene. The inferred tectonic fault zone joining the Outer

Borderland geologic terrane to the Island Block geologic terrane may
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have been part of that barrier. These two geologic terranes may have

been displaced northward since the Miocene (Crouch, 1981; Howell and

Vedder, 1981). If this is so, the present alignment of the two areas

may not have existed during the riddle to late Miocene.

Volcanogenic breccias recovered in the Miocene intervals of Holes

468 and 469 are compositionally diverse and contain siliceous pumice,

andesite, basalt, shallow water fossils such as pelecypods (Core 33,

Hole 469), and glauconitic pellets. This material, like the tuffs and

lapilli tuffs of Hole 467, was transported from shallow marine source

areas on the Patton Ridge to a bathyal depositional environment. The

processes responsible for transporting the breccias were debris flows.

This is indicated by the coarse grain size of the clasts, pebbles; the

poorly-graded to structureless beds; and locally by penetrations of

coarse clasts into underlying finer sediment. The lapilli tuffs in

Cores 80, 81, and 82 of Hole 467 are likely debris flow deposits.

Turbidity currents deposited most of the remaining volcaniclastic inter-

vals in Sites 467, 468, and 469. These intervals are characterized by

sharp basal contacts with the underlying sediment, and by Bouma

sequences of sedimentary structures.

Studies of interstitial waters squeezed from the the rocks of Leg

63 revealed only minor variations in composition relative to sea water

(Gieskes et al., 1981). Geothermal gradients measured during the leg

were not especially high (Yeats et al., 1981). Both of the factors,

temperature and pore water composition are important in the alteration

of volcanic glass (Fisher and Schmincke, 1984). At low temperatures the

chemical composition of the original tephra is probably the most

influential factor controlling the type of secondary minerals that form
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(Fisher and Schmincke, 1984). The basaltic tuffs and lapilli tuffs of

Site 467 contain the diagenetic minerals beidellite, saponite, mixed

layer beidellite-montmorillonite, chloritic intergrades, analcime,

orthoclase, high sanidine, pyrite, barite, and calcite. The secondary

phases present in the volcanogenic breccias, altered silicic tuffs, and

volcanic and plagioclase arenites of Sites 468 and 469 include mont-

morillonite, clinoptilolite, dolomite, pyrite, and trace amounts of

phillipsite and analcime. There are no vertical zonations of smectites

or zeolites in the volcaniclastics. Low temperature hydrothermal alter-

ation of the tuffs and lapilli tuffs of Hole 467 has been suggested by

Grechin (Grechin et al., 1981a) as a source of the barite and authigenic

potassium feldspar. At present this cannot be excluded as a possibility

since either normal diagenetic or hydrothermal processes could produce

the assemblages of secondary minerals in Hole 467.
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APPENDIX 1 : THIN SECTION DATA

Data collected during point- counting of petrographic thin sections

is listed in the following format: sample identification; percent

framework, porosity, matrix, and cement; and tabulations of modal

fractions in each thin section. The quality of each thin section is

also rated, from very good (VG), good (G), to poor (P).
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MODAL COMPOSITION OF VOLCANICLASTICS AND SANDSTONES

Hole 467 467 467 467 467 467 467 467 467 467

Core 79 79 79 80 80 81 81 82 82 83

Section 2 3 5 1 2 1 1 1 1 2

Interval 45- 40- 80- 91- 20- 18- 22- 15- 114- 26-
(em) 50 44 83 94 24 20 24 18 118 29

N
QUALITY
ROCK TYPE

588
G
V.T.

623
G

L.T.

604
P

V.T.

967
G

V.T.

527
G

L.T.

717
P

L.T.

534
G

L.T.

539
VG

L.T.

251
P

L.T.

206
P

V.T.

FRAMEWORK 56% 53% 47% 43% 62% 53% 72% 72% 76% 49%

POROSITY 12% 5% 47% 23% 8% 25% 6% 23% 4% 19%
MATRIX 20% 10% 4% 33% 12% 22% 21% 5% 16% 15%

CEMENT 12% 32% 2% 1% 18% 0% 1% 0% 0% 17%

L. PUMICE 10 4 7 6 11 5 11 15 0 2

S. PUMICE 307 297 198 284 299 325 323 305 151 89

SHARDS 13 16 9 24 14 0 10 51 13 2

ANDESITE 0 0 27 6 0 34 0 0 0 0

DACITE 0 0 0 37 0 0 0 0 0 0

ALT. VOL. 0 14 25 31 2 17 40 16 22 6

CHERT 0 0 6 0 0 0 0 0 0 0

BIOTICS + + 7 2 3 + 0 0 1 0

QUARTZ 0 0 5 1 0 0 0 0 1 0

PLAG. 0 1 1 6 0 0 0 + 4 +

K-SPAR. 0 0 1 0 0 0 0 0 0 +
AMPHI. 0 0 0 0 0 0 0 0 0 0

PYROX. 0 0 0 0 0 0 0 0 0 0

GLAUC. 0 0 + 0 0 0 0 0 0 0

CLAY 142 181 15 318 154 139 115 29 40 66

CARBONATES 8 9 8 10 0 + 0 0 0 0

ZEOLITES 0 45 2 + 4 16 4 + 0 +
A. K-SPAR + + 0 + + + + + 0 +

SILICA 0 0 0 0 0 0 0 0 0 0

PYRITE 32 24 11 11 0 + 0 0 9 3

POROSITY 76 32 282 231 40 181 31 123 10 38

N = Number of points counted in thin section
L. PUMICE = Long-tube pumice S. PUMICE = Short-tube pumice
SHARDS = Shards of volcanic glass
ALT. VOLC. = Altered volcanic rock fragment, type indeterminable
M.R.F. = Metamorphic rock fragments
S.R.F. = Sedimentary rock fragments
BIOTICS = Biotic fragments, e.g. foraminifers, diatom frustules, etc.
PLAG. = Plagioclase feldspar K-SPAR = Potassium feldspar
AMPHI. = Amphiboles PYROX. = Pyroxenes
GLAUC. = Glauconite COATED GR. = Collophane coated grains
CLAY = Clay both in matrix and as cement
A. K-SPAR = Authigenic potassium feldspar
+ = Noted in thin section



467-79-2, 45-50 cm

467-79-3, 40-44 cm

467-79-5, 80-83 cm

467-80-1, 91-94 cm

467-80-2, 20-24 cm

467-81-1, 18-20 cm

467-81-1, 22-24 cm

467-82-1, 15-18 cm

467-82-1, 114-118 cm

467-83-2, 29-29 cm
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NOTES

Vitric tuff, analcime cement is abundant.

Lapilli tuff, authigenic potassium feldspar is
abundant in thin section.

Vitric tuff.

Vitric tuff, with abundant authigenic potassium
feldspar.

Lapilli tuff, authigenic potassium feldspar is
abundant, but cemented by clays.

Lapilli tuff, lapilli are rounded, analcime in
pore space, °lasts cemented by clays.

Lapilli tuff, authigenic potassium feldspar in
pore spaces.

Lapilli tuff, cemented by clays.

Lapilli tuff.

Vitric tuff, cemented by clays.
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Hole 467 467 467 467 467 467

Core 83 84 84 85 85 85
Section 3 1 1 3 3 4

Interval 105- 28- 30- 88- 110- 0-

(cm) 106 32 34 91. 113 4

N 607 625 530 435 628 535
QUALITY G G VG P G G

ROCK TYPE V.T. V.T. V.T. V.T. V.T. L.T.
FRAMEWORK 58% 51% 66% 28% 48% 67%
POROSITY 15% 9% 7% 35% 40% 11$
MATRIX 0$ 6$ 1$ 30% 1% 16%

CEMENT 27% 34% 26% 7% 11$ 6%

L. PUMICE 5 16 9 0 0 0

S. PUMICE 274 259 290 110 159 311

SHARDS 64 44 52 0 0 +

ANDESITE 0 0 0 0 134 0

DACITE 0 0 0 0 0 0

ALT. VOL. 5 3 0 0 0 13

CHERT 0 0 0 0 0 2

BIOTICS 0 + 0 + + 6

QUARTZ 1 0 0 0 + 5

PLAG. 1 4 0 7 8 11

K-SPAR. 0 0 0 0 0 8

AMPHI. 0 0 0 0 0 0

PYROX. 0 0 0 0 0 0

GLAUC. 0 0 0 + + +

CLAY 163 + 3 134 35 85
CARBONATES + + 0 9 34 35
A. K-SPAR. 0 + 0 + 0 0

ZEOLITES + 207 140 + 0 0

PYRITE + 37 + 17 + 1

SILICA 0 0 0 0 7 0

POROSITY 94 55 36 154 251 58

N = Number of points counted in thin section
L. PUMICE = Long-tube pumice S. PUMICE = Short-tube pumice
SHARDS = Shards of volcanic glass
ALT. VOLC. = Altered volcanic rock fragment, type indeterminable
M.R.F. = Metamorphic rock fragments
S.R.F. = Sedimentary rock fragments
BIOTICS = Biotic fragments, e.g. foraminifers, diatom frustules, etc.
PLAG. = Plagioclase feldspar K-SPAR = Potassium feldspar
AMPHI. = Amphiboles PYROX. = Pyroxenes
GLAUC. = Glauconite COATED GR. = Collophane coated grains
CLAY = Clay both in matrix and as cement
A. K-SPAR = Authigenic potassium feldspar
+ = Noted in thin section



128

NOTES

467-83-3, 105-106 cm Vitric tuff, well-sorted, cemented by clays.

467-84-1, 28-32 cm Vitric tuff, well-sorted, cemented by analcime,
and clays. Contains authigenic potassium feld-
spar.

467-84-1, 30-34 cm Vitric tuff, well-sorted, analcime cement.

467-85-1, 88-91 cm Vitric tuff, poorly-sorted, may contain barite.

467-85-3, 110-113 cm Vitric tuff, poorly-sorted, coarse-grained cal-
cite cement.

467-85-4, 0-4 cm Lapilli tuff, coarse-grained calcite cement and
large crystals of plagioclase.
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Hole 468E 468B 468B 468B 468B 468E 468B 468B 468B
Core 22 23 24 26 27 27 34 37 37
Section 1 CC CC 1 1 1 1 1 1

Interval 16- 23- 0- 110- 3- 28- 51- 29- 84-
(cm) 20 25 4 114 7 30 54 35 91

N 606 607 502 620 670 640 589 720 619
QUALITY G G G G G G G G G
ROCK TYPE ST VCT VA VA VB VB VA LT VW
FRAMEWORK 11% 30% 38% 38% 68% 75% 57% 45% 38%
POROSITY 20% 27% 20% 7% 29% 13% 27% 20% 10%
MATRIX 20% 8% 2% 2% 0% 0% 3% 16% 26%
CEMENT 49% 35% 40% 53% 3% 12% 13% 19% 26%

L. PUMICE 0 55 0 0 0 + 7 81 21

S. PUMICE 0 14 0 0 0 0 1 61 17

SHARDS 0 22 0 + + + 32 57 59
BASALT 0 0 0 0 0 0 0 19 0

ANDESITE 0 0 0 0 429 466 43 11 0

DACITE 0 0 0 0 0 0 0 0 0

ALT. VOL. 0 + 36 14 9 2 32 2 2

M.R.F. 0 0 0 0 0 0 0 0 0

S.R.F. 0 0 + 0 0 + 2 0 0

CHERT 4 0 2 1 1 0 3 1 6

BIOTICS 0 22 + 1 0 0 0 1 3
QUARTZ 17 13 35 17 1 1 32 20 33

PLAG. 23 48 93 129 7 6 128 65 84
K-SPAR. 7 3 8 25 9 6 30 5 7
AMPHI. + + 1 1 0 0 + + 1

PYROXENE 0 + 1 0 0 1 + + 0

MICA 0 0 + 0 0 0 0 + 1

GLAUC. 5 8 16 25 + + 28 4 3

CLAY 125 59 13 31 0 0 49 185 172

CARBONATES 303D 4 51 187 2 1 10 36 83

A. K-SPAR. 0 0 0 0 0 0 0 0 2
ZEOLITES 0 179 132 99 19 34 10 13 44
PYRITE + 10 12 24 1 39 23 18 22
SILICA 0 0 0 0 0 0 0 0 0

POROSITY 122 163 102 46 191 84 159 141 61

N = Number of points counted in thin section
L. PUMICE = Long-tube pumice S. PUMICE = Short-tube pumice
SHARDS = Shards of volcanic glass
ALT. VOLC. = Altered volcanic rock fragment, type indeterminable
M.R.F. = Metamorphic rock fragments
S.R.F. = Sedimentary rock fragments
BIOTICS = Biotic fragments, e.g. foraminifers, diatom frustules, etc.
PLAG. = Plagioclase feldspar K-SPAR = Potassium feldspar
AMPHI. = Amphiboles PYROX. = Pyroxenes
GLAUC. = Glauconite COATED GR. = Collophane coated grains
CLAY = Clay both in matrix and as cement
A. K-SPAR = Authigenic potassium feldspar
+ = Noted in thin section



468B-22-1, 16-20 cm

468B-23-1, 23-25 cm

468B-24-CC, 0-4 cm
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NOTES

Dolomitic arkosic siltstone.

Vitric crystal tuff, clinoptilolite cemented,
with forams, siliceous microfossils, and echino-
derm plates noted.

Volcanic arenite, clinoptilolite cemented

468B-26-1, 110-114 cm Volcanic arenite, cemented by clinoptilolite and
dolomite

468B-27-1, 3-7 cm

468B-27-1, 28-30 cm

468B-34-1, 51-54 cm

468B-37-1, 29-35 cm

468B-,37-1, 84-91 cm

Volcaniclastic breccia, sand-sized matrix is
cemented by clinoptilolite.

Volcaniclastic breccia, sand-sized matrix is
cemented by clinoptilolite, pyrite rim on large
andesite clast.

Volcanic arenite.

Vitric crystal tuff, cemented by clay, with zeo-
lites, pyrite, dolomite in the matrix as well.

Volcanic wacke, glaucophane noted.
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Hole 469 469 469 469 469 469 469 469
Core 33 33 33 36 36 37 37 43
Section 1 1 1 1 CC 1 1 1

Interval 19- 99- 132- 78- 0- 21- 63- 59-
(cm) 21 104 135 79 it 22 64 60

N
QUALITY
ROCK TYPE

497
G

LT

563
G
VB

630
G

VB

539
G

VT

503
G

VT

456
P

VT

349
P

VT

575
G
AW

FRAMEWORK 59% 59% 53% 88% 65% 44% 62% 24%
POROSITY 6% 10% 6% 6% 3% 21% 4% 19%

MATRIX 29% 27% 4% 5% 3% 30% 28% 21%
CEMENT 6% 4% 37% 1% 29% 5% 6% 36%

L. PUMICE 97 0 2 290 0 1 16 0

S. PUMICE 95 15 6 181 79 119 94 0

SHARDS 55 0 0 2 161 48 79 0

ANDESITE 2 175 111 0 0 0 0 0

DACITE 14 0 0 0 0 0 0 0

BASALT 0 136 46 0 0 0 0 0

ALT. VOL. 0 0 154 0 74 0 16 0

M.R.F 0 0 1 0 0 0 0 0

S.R.F. 2 4 0 0 0 0 0 0

CHERT 0 0 0 0 0 0 0 12

BIOTICS 86 0 1 1 12 27 it 25

QUARTZ it 0 0 0 0 2 6 37

PLAG. 5 3 2 0 0 2 1 25
K-SPAR. 0 1 1 0 0 0 0 12

AMPHI. 1 0 0 0 + 0 0 +

PYROXENE + 0 0 0 0 0 0 0

GLAUC. 5 0 0 0 0 1 0 3

COATED GR. 0 0 0 0 0 0 0 22

CLAY 75 160 253 32 158 6 107 f**

CARBONATES 7 6 10 0 0 2 ,.. 3 186

A. K-SPAR. 0 + 0 0 0 0 0 0

ZEOLITES 2 3 13 3 0 11 7 +
PYRITE 13 3 0 + It 5 2 20
SILICA + + 0 + 0 137 0 0

POROSITY 32 57 37 30 15 95 14 109

N = Number of points counted in thin section
L. PUMICE = Long-tube pumice S. PUMICE = Short-tube pumice
SHARDS = Shards of volcanic glass
ALT. VOLC. = Altered volcanic rock fragment, type indeterminable
M.R.F. = Metamorphic rock fragments
S.R.F. = Sedimentary rock fragments
BIOTICS = Biotic fragments, e.g. foraminifers, diatom frustules, etc.
PLAG. = Plagioclase feldspar K-SPAR = Potassium feldspar
AMPHI. = Amphiboles PYROX. = Pyroxenes
GLAUC. = Glauconite COATED GR. = Collophane coated grains
CLAY = Clay both in matrix and as cement
A. K-SPAR = Authigenic potassium feldspar



+ :7 Noted in thin section
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469-33-1, 19-21 cm Pumiceous lapilli tuff, graded, biotics include
forams, diatoms, spicules, coccoliths, bryozoans.

469-33-1, 99-104 cm Volcaniclastic breccia, matrix is mostly opal-CT
with dolomite rhombs and clay.

469-33-1, 132-135 cm Volcaniclastic breccia, in matrix are siliceous
microfossils, forams, and dolomite rhombs.

469-36-1, 78-79 cm Vitric tuff, pumiceous.

469-36-CC, 0-4 cm Vitric tuff, matrix is a mix of silica and clay.

469-37-1, 21-22 cm Vitric tuff, thick and opaque thin section.

469-37-1, 63-64 cm Vitric tuff.

469-43-1, 59-60 cm Arkosic wacke, with glaucophane, matrix is a mix
of finely divided dolomite and clay.
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APPENDIX 2 : CORE DESCRIPTIONS

Core descriptions of volcaniclastics of Leg 63 of the Deep Sea

Drilling Project. Each 1.5 meter core section is on a separate page,

core intervals without volcaniclastics are omitted. See appendix legend

for explanation of symbols.
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LEGEND

LEGEND FOR CORE DESCRIPTION FORMS

LITHOLOGIC SYMBOLS

OOZE

- CLAYSTONE

CHERT

CHALK

LIMESTONE

EMIR

-S
11111111111,1111

11.1111114

N.R.

ASH

TUFF

LAPILLI TUFF

VOLCANIGENIC
BRECCIA

SANDSTONE

PUMICEOUS
SANDSTONE

NO RECOVERY

DRILLING DISTURBANCE

SEDIMENTARY STRUCTURE SYMBOLS

0000

1-0,f

MICRO- CROSS-LAMINAE

PARALLEL LAMINATION

CROSS-LAMINATION

NORMAL GRADED BEDDING

DENSITY GRADED BEDDING

REVERSE GRADED BEDDING

CONVOLUTE & CONTORTED BEDDING

LENTICULAR BEDDING

LOAD CASTS

SLUMP BLOCKS OR SLUMP FOLDS

FLAME STRUCTURE

FILLED FRACTURES

SHARP CONTACT

GRADATIONAL CONTACT

CONTACT DESTROYED BY DRILLING

INTERVAL OF CORE CONTAINING
SPECIFIED SEDIMENTARY STRUCTURE

BIOTURBATION
LESS THAN 30% OF CORE SURFACE

BIOTURBATION
30% TO 60% OF CORE SURFACE

BIOTURBATION
GREATER THAN 60 % OF CORE SURFACE

CORE SECTIONS GREATER
THAN 25 CM IN LENGTH

SAMPLE LOCATIONS

THIN SECTION OR SMEAR SLIDE

CORE SECTIONS BETWEEN X* THIN SECTION & X-RAY DIFFRACTION

SCM TO 25CM IN LENGTH
CLAY MINERALOGY

40.
10. CORE SECTIONS LESS C CHEMICAL ANALYSIS

110. THAN 5CM IN LENGTH
AO.
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Interbedded CALCAREOUS CLAYSTONE,
SCORIACEOUS TUFF, and SCORIACEOUS
LAPILLI TUFF. Claystone is light olive
gray (5Y 5/2).

Tuff and lapilli tuff are medium
dark gray (N4). Lapilli tuff and coarse
ash-sized scoriaceous tuff are normally
graded. Tuff is also faintly laminated.
Lapilli tuff and tuff constitute a Bouma
Tab sequence.

Both lapilli tuff and tuff have been
altered by smectite clays, and micro-
crystalline quartz. Finely disseminated
pyrite noted in the tuff.
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Interbedded NAN-NOFOSSIL CLAYSTONE and
SCORIACEOUS TUFF. Claystone is light olive
gray (5Y 5/2) to dark gray (N3). Claystone
is laminated with some slumped/inclined
laminations, and calcite filled fractures.

Scoriaceous tuff is medium gray (N5),
friable and altered by clays. Contacts of
tuff and claystone are indistinct and grada-
tional.
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Interbedded CLAYEY NANNOFOSSIL
HALK, SCORIACEOUS TUFF, and CALCAREOUS
HEFT. Clayey nannofossil chalk is olive
ray (5Y 5/2) to yellowish gray (5Y 7/2)
and is extensively burrowed.

Scoriaceous tuff is greenish gray

(5G 6/1). The upper tuff (83-124 cm)
consists of coarse ash-sized tephra
ihile the lower tuff (130 -150 cm)
ontains fine ash-sized material.

moth intervals contain diagenetic
lays and zeolites. The upper tuff
83-124 cm) is normally graded, and
laminated, a Bourne Tab sequence.
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TUFF, LAPILLI TUFF, and CLAYEY
NANNOFOSSIL CHALK.

Tuff' and lapilli tuff are greenish
gray (5G 6/1). Lapilli tuff in the 83
cm to 150 cm interval has a graded base
and laminated top, a Bouma Tab sequence.
Tuff is 66 cm to 72 cm interval has
microcross laminations overlain by
parallel laminations, a Bouma Ted
sequence. Tuff in the 17 cm to 63 cm
interval has microcross laminations, 57
cm to 6 3 cm, overlain by normally
graded tuff. The tuff has parallel
laminations in the 17 cm to 25 cm
section. These sedimentary structures
define a Bouma Tab° sequence. Tuff
at 0 cm to 16 cm contains parallel
laminations.

Clayey nannofossil chalk is olive
gray (5Y 5/2) to yellowish gray (5Y 7/2).
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Interbedded SCORIACEOUS LAPILLI
TUFF, SCORIACEOUS TUFF, and CLAYEY

NANNOFOSSIL CHALK. Tuff and lapilli tuff

are greenish gray (5G 6/1). The tuffs

are composed of vesicular ash and lapilli

that have been altered to omectites,
analcime, potassium feldspar, pyrite, and

calcite. Foraminifer tests, echinoderm
and mollusk shell fragments also occur.

Three normally graded sequences
occur in the 76 to 120 cm interval. The

contacts between the sequences are

gradational. The interval is an
amalgamated Bourne Taaa sequence.

Clayey nannofossil chalk is olive

gray (5Y 5/2) to yellowish gray (5Y 7/2).
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Interbedded SCCRIACEOUS TUFF,
SCORIACEOUS LAPILLI TUFF, and CLAYEY
NANNOFOSSIL CHALK. Tuff and lapilli tuff
are greenish gray (5G 6/1). Tuff and
lapilli tuff constitute a series of
amalgamated beds, Bouma Tab (100-150 cm),
Bouma Tabc (73-100 cm), Bouma Tab (58-73
cm), and Bouma Ta (?) (30-58 cm). Bouma
Ta intervals are massive and thickest in
the series. Upper part of the tuff (19-
30 cm) is interlaminated with clayey
nannofossil chalk and is extensively
burrowed.

Clayey nannofossil chalk is olive
gray (5Y 5/2) to yellowish gray (5Y 7/2).
Cylindrical composite burrows occur in
the 0-5 cm interval of chalk.
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SCORIACEOUS TUFF, greenish gray (5G
6/1). Lower part of the tuff (70-110 cm)
is normally graded but upper portion (0-
110 cm) is massive. Tuff is a Bouma Ta
or Taa sequence. The tuff is moderately
sorted and contains scattered scoriaceous
lapilli. In the lower interval (70-110
cm) both light colored and darker lapilli
occur. The tuff consists of vesicular
ash and lapilli that have been altered by
smectites and zeolites, basaltic rock
fragments, and of calcareous shell
debris.
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Interbedded SCORIACEOUS TUFF,
SCORIACEOUS LAPILLI TUFF, CLAYEY
NANNOFOSSIL CHALK, and FORAMINIFER
LIMESTONE. Tuff and lapilli tuff' are
light bluish gray (5B 6/1). Lapilli tuff
graded upward into tuff (88-150 cm), a
Ecuma Ta interval. In the 62-83 cm
interval are two amalgamated normally
graded tuff beds, a Houma Taa sequence.
The uppermost tuff (4-18 cm) is lami-
nated, Scuma Tb or Td (?).

Foraminifer limestone (23-25 cm) is
normally graded and consists of sand-
sized foraminifers.

Clayey nannofossil chalk is olive
gray (5Y 5/2) to light olive gray (5Y
3/2),
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SCORIACEOUS LAPILLI TUFF is light
bluish gray (5B 6/1) and is normally
graded, a Bouma Ta interval. Lapilli
tuff consists entirely of scoriaceous
lapilli that have been altered by pale
green to pale brown smectites, analcime,
authigenic potassium feldspar, and by
calcite.
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SCORIACEOUS LAPILLI TUFF is medium
gray (N5) to dark gray (N3). Lapilli
tuff is poorly sorted, massive, and is
partly fragmented by drilling. Clasts
are in grain support and consist of
altered scoria. Smectites, analcime,
calcite, and potassium feldspar have
altered the glassy lapilli and cemented
the clasts.
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SCORIACEOUS LAPILLI TUFF is medium
bluish gray (5B 5/1) and consists of
light and dark colored angular to
subangular lapilli up to 1.5 cm long.
The lapilli are extremely vesicular and
constitute over 85% of the framework
grains. The tephra has been altered by
smectites, analcime, and calcite. The
core has been fragmented during drilling.
No sedimentary structures are present.

4. ; ;,I 7. ...,".t :..
20



S ITE 467 ROLE CORE 83 sEcT!om CORED TERVAL 775.5- 777.0m

146

J
4
Z
.4

z

1
V

,..
U

Li 0i <5x-4 ,
ce -o -.

0
CZ

4 tAJ

2
i- Z
Z ,
2 `3'

0 CX
La I-
,r, 0

u
0
Z

0 4
z as

:1 t
-1 .-z ''''-mo0

u,

-'
4*2

,,. THoLjC.,c DESCRIPTION

-...
7---,-----

It FL 46783-1

Interbedded NANNCFOSSIL CLAYSTONE
and SCONIACEOUS TUFF. Nannofossil
claystone is olive gray (5Y 3/2) to light
olive gray (5Y 5/2) and contains burrows.

Scoriaceous tuff is medium gray
(W4). Lower tuff (121 -150 cm) contains
laminae of claystone at 144-145 cm and is
normally graded, Bouma Ta interval, from
121-144 cm. The other tuff beds are
faintly laminated, Bouma Tb or Td
interval, (59-68 cm), and burrowed.
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Interbedded NANNOFCSSIL CLAYSTONE,
CLAYEY NANNOFOSSIL CHALK, and SCORIACEOUS
TUFF. Claystone is olive gray (5Y 5/2).
Claystone grades or abruptly changes to
clayey nannofossil chalk that is light
olive gray (5Y 5/2) to yellowish gray (5Y
7/2). Chalk occurs between 70 and 100
cm. Both Claystone and chalk are
intensively burrowed.

Scoriaceous tuff is medium gray (N4)
and consists of well sorted, angular
vitric ash. Ash has been altered by
smectites. Lower tuff is graded and
laminated, a Bouma Tb interval (104-118
cm). The upper tuffs are massive to
laminated, Bouma Tb or Td (21-28 cm).
Claystone and tuff are interlaminated in
the 28-36 cm interval.
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467 ..8.3 3

Interbedded NANNOFOSSIL CLAYSTONE,
CLAYEY NANNOFOSSIL CHALK, and SOORIACEOUS
TUFF. Claystone is olive gray (5Y 3/2)
to light olive gray (5y 5/2) while the
chalk is light olive gray (5Y 5/2) to
yellowish gray (5y 7/2).

Scoriaceous tuffs are medium gray
(N4). The upper and lower tuff beds have
sharp basal contacts and burrowed tops
but are structureless otherwise. Tuff at
25-35 cm has a loaded basal contact,
sparse parallel laminations, and a slight
reverse size grading. Ash in the lower
part of the bed is slightly finer-grained
than at the top of the bed.

The lower tuff bed (81-107 cm)
consists of angular vesicular vitric ash.
The tephra is moderately sorted and has
been altered by smectites.
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SITE 467 MOLE CORE 81 SECT+ON 4 CORED 119 Tr.RVAL 780.0 -785.0
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467-83-4

Interbedded CLAYEY NANNOFOSSIL
CHALK, NANNOFOSSIL CLAYSTONE, and
SCORIACEOUS TUFF. Chalk is light olive
gray (5Y 5/2) to yellowish gray (5Y 7/2).
Claystone is light olive gray (5Y 5/2) to
olive gray (5Y 3/2).

Scoriaceous tuffs are medium gray
(N4). Three normally graded tuff beds
occur at 56 to 58 cm, 60 to 63 cm and at
103 to 113 cm. Tuffs with parallel lamina-
tions occur at 14 cm to 30 cm, 32 cm to 38
cm, and at 65cm to 71 cm.
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SITE 467 HOLE CORE 84 SECT',-.;.H ":04ED INTERVAL 785.0- 786.5m
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467-84-1

Interbedded SCORIACEOUS TUFF and
CLAYEY NANNOFOSSIL CHALK. Scoriaceous
tuffs are medium bluish gray (5B 5/1) and
consist of well sorted, angular vesicular
ash. The ash has been altered and
cemented by green smectite clays and by
analcime. Two amalgamated beds are
present. In the 98 to 120 cm interval
the unit is an amalgamated Bouma Tbaaa
sequence. In the 25 to 73 cm interval is
an amalgamated Bouma Taa sequence.
Scoriaceous tuff and clayey nannofossil
chalk are interlaminated in the 6 to 23
cm interval. ZooDhycus burrows occur
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between 100 and 109 cm.
Nannofossil claystone is olive gray

(5Y 4/2) to light olive gray (5Y 5/2).
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ITE 467 HOLE CORE 85 SECTION I CO9E1 I°0TEPv4t. 794.5- 796.08
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467-85-1

Interbedded NANNOFOSSIL CLAYSTONE
and SCORIACEOTJS TUFF. Claystone is olive
gray (5Y 3/2) to yellowish gray (5Y 7/2),
and is intensively bioturbated.

raSacnor icaocnesoivast

consists altered
emreaddiuvesicularm g Y

(n4), and
glassy coarse ash. Tuff is burrowed.
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SITE 467 HOLE CORE 65 SECT'C'' 2 0157) rNTERVAL 796.0- 737.5m
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Interbedded NANNOFOSSIL CLAYSTONE
and SCORIACEOUS TUFF. Claystone is olive
gray (5Y 3/2) to yellowish gray (5Y 7/2)
and is extensively burrowed. Zoophycos

1

burrows are abundant in the 12 to 59 cm
interval. Scoriaceous tuffs are medium
gray (N4), consist of coarse ash-sized
tephra. Basal contact of upper tuff is
burrowed. Upper and basal contacts of
lower tuff (60-75 cm) are sharp.
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SITE 467 ROLE CORE 85 SECTION 3 :GREG ;N-ERVAL 797.5- 799.0 m
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467-85-3

Interbedded NANNOFOSSIL CLAYSTONE
and SCORIACEOUS LAPILLI TUFF. Claystone
is olive gray (5Y 3/2) to yellowish gray
(5Y 7/2) and is highly bioturbated.
Scoriaceous lapilli tuff is medium gray
(N4) to dark greenish gray (5GY 4/1) to
grayish olive (10YR 4/2). Lapilli tuff
is composed of scoria, non-vesicular lava
fragments, and plagioclase crystals.
Clasts are in framework support and are
cemented by calcite and clays.

The lapilli tuff is a composite bed
(amalgamated). The base of the composite
bed is in Section 4 of Core 85 at 5 cm
where the contact with the underlying clay-
stone is loaded. The amalgamated lapilli
tuff bed is a Bouma Taba sequence. The
Bouma Ta interval, 114 cm to 150 cm, is
massive and coarser-grained than the over-
lying indistinctly laminated Bouma Tb
interval, at 93 cm to 114 cm, and the
normally graded 83 cm to 93 cm interval.
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SITE 467 SOLE CORE 85 SEC70/.. 4 CORED NTEQVAL 799.0- 90 0.5 m
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* 1467-85=4

Interbedded NANNOFOSSIL CLAYSTONE,
SCORIACEOUS TUFF, and SCORIACEOUS LAPILLI
TUFF. Claystone is olive gray (5Y 3/2)
and is burrowed. Rind burrow occurs at
95 cm.

Scoriaceous tuff and lapilli tuff in
0 to 30 cm interval is the base of an
amalgamated bed that extends into Section
3 of Core 85. The 3 to 30 cm interval of
tuff and lapilli tuff is a Bouma Tabb
sequence beginning with the loaded basal
contact overlain by 10 cm of massive to
normally graded lapilli tuff (20-30 cm).
The laminated Bouma Tb interval of
lapilli tuff (13-20 cm) is overlain by
cross-laminated tuff (3-13 cm).

The loaded or scoured basal contact
of the overlying amalgamated bed of
lapilli tuff is at 3 cm. Scoriaceous
lapilli tuffs consist of vesicular
scoria, lava fragments, and plagioclase
crystals in a mosaic of calcite cement.
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SITE 487 HOLE CORE S sEcr:ON 5. :)CEO :TERVAL 800.5- 802..0m
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THOL:GIC DESCRIPTION

46745*5

Interbedded NANNOFOSSIL CLAYSTONE
and SCORIACECUS TUFF. Claystone is olive
gray (5Y 3/2), burrowed, and laminated.

Scoriaceous tuff consists of fine
ash-sized tephra. Tuff has a sharp basal
contact and a burrowed upper contact.
Tuff-filled burrows occur in the
underlying claystone at 34 to 35 cm.
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SITE 467 HOLE CO RE 86 SECTION I r..:;RE0 I E 4v4L 804.0- 808.5=
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L. TrIOLOG.0 DESCRIPTION

..:...".....,.,..

.,i. ..4.

467-86-1

Interbeddederbedded NANNOFOSSIL CLAYSTONE,
SCORIACEOUS LAPILLI TUFF, and SCORIACEOUS
TUFF. Claystone is olive gray (5Y 3/2)
to light olive gray (5Y 5/2).

Lapilli tuff and tuff are bluish
gray (5B 5/1). The lapilli tuff consists
of scoria 2 to 4 mm in length that are in
grain support. Lapilli tuff is an
amalgamated bed. Above the sharp basal
contact with the underlying claystone is
a reverse graded interval (6-9 cm) and a
normally graded interval (0-6 cm).

The finer grained scoriaceous tuffs
occur as interbeds within the claystone
(78-81 cm, 82-83 cm, 86-88 cm) and as
tuff-filled burrows in the claystone.
Scattered tuff-filled burrows occur in
the 70 to 76 cm interval and in the 88 to
92 cm interval. Composite tuff-filled
burrow occurs in claystone at 81 to 82
cm.
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SITE 467 HOLE CORE 86 SECTION 2 C0RE7 INTERVAL 805.5-807.0 m
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A 467-462

Interbedded NANNOFOSSIL CLAYSTONE
and SCORIACEOUS TUFF. Claystone is olive
gray (5Y 3/2) to light olive gray (5Y
5/2). Claystone and scoriaceous tuff,
bluish gray (5B 5/1), are intensely
burrowed. Tuff occurs as irregular
cylindrical burrows in the claystone.
There are no continuous beds or laminae
of tuff.
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SITE 467 HOLE CORE 86 SECTION 3 CORE.:: !NT CRVAL 807.0- 808.5m
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46746..3

Interbedded NANNOFOSSIL CLAYSTONE
and SCORIACEOUS TUFF. The claystone is
olive gray (5Y 3/2) to light olive gray

(5Y 5/2). Claystone is interbedded with
the bluish gray (5B 5/1) tuff in the 75
to 100 cm interval. The interbedded tuff
and claystone are burrowed and contorted.

The other tuff beds are intensively
burrowed and have sharp or gradational
basal contacts.
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S 1TE 467 HOLE CORE 86 SECTION 4 CORED INTERVAL 808.5- 810.0 rn
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467-86-4

Interbedded NANNOFOSSIL CLAYSTONE
and SCORIACEOUS TUFF. The claystone is
olive gray (5Y 3/2) to light olive gray
(5Y 5/2).

Tuff is bluish gray (5B 5/1). Both
claystone and tuff are extensively
burrowed.
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SITE 467 HOLE CORE 86 SECT ,0P4 5:1 CC CORED :NTERVAL 810.0- 313.5m
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1467-86-5&ce

Interbedded NANNOFOSSIL CLAYSTONE
and SCORIACEOUS TUFF. Claystone is olive
gray (5Y 3/2) to light olive gray (5Y
5/1).

Tuff is bluish gray (5B 5/1). Upper
bed of tuff (0-9 cm) consists of coarse
ash-sized clasts and contains burrows.
Tuff in 25 to 35 cm interval is thinly
interlaminated with claystone and
contains burrows. Contacts between tuff
and claystone are sharp. Core catcher
sample consists of claystone, not tuff as
reported in Yeats et al. , (1981).
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SITE 467 NOTE CORE 87 E E C71 t.,1 CORED m TF.RVAL 813.3- 815.0 m
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467.-87-1

Interbedded CLAYEY NANNOFOSSIL
CHALK, SILTY CLAYSTONE, and SCORIACEOUS
TUFF. Clayey nannofossil chalk (0-60 cm)
is olive gray (5Y 3/2) to yellowish gray
(5Y 7/2). Silty claystone is dark olive
brown (5Y 5/6) to olive gray (5Y 3/2).

Scoriaceous tuffs are bluish gray
(5B 5/1) and occur as cylindrical tuff -
filled burrows in silty claystone (100-
106 cm) or as distinct beds. Lower tuff
(110-115 cm) has a burrowed basal
contact. It contains cylindrical and
lenticular sub-horizontal burrows.
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SITE 467 HOLE CORE 88 SEC'!-4 COREO irTERVAL 823.0- 824.5m
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467-88-1-----

Interbedded CALCAREOUS CLAYSTONE and
10

TUFF. Laminated calcareous claystone is
olive gray (5Y 3/2) to light olive gray

--
(5Y 5/2).20

Tuff is light bluish gray (5B 7/1),
finely laminated, and consists of fine
ash-sized vesicular tephra. Clay
minerals have altered the ash.
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5 I T E 468 HOLE 8 CORE 19 SECTION CC CORED NTERVAI 235 .0 - 24 4.5 m
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468B-1469-cc

VOLCANOGENIC BRECCIA consisting of
dark gray (N3) porphyritic DACITE, medium
gray (N4) zeolitic sandstone, and
greenish olive (10Y 4/2) SILTY CLAYSTONE.
Sample recovery was very poor. Core is
broken into fragments less than 5 cm in
length.

NOTE : Dacite lithologic description is
from initial core descriptions by
shipboard scientists of Leg 63 (Yeats et
al., 1981).



S 1TE 468 HOLE 8 CORE 20 SECTION r;C: COPED INTERVAL 244.5- 254.0 m
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I 4688-20-CC

VOLCANCGENIC BRECCIA consisting of
vesicular dark gray (N3) DACITE, light
olive gray (5Y 5/2) to grayish olive (10Y
4/2) CALCAREOUS SILTY CLAYSTONE, and dark
gray (N3) SANDSTONE.

Dacite is sparsely porphyritic.
Phenocrysts of plagioclase are zoned and
rounded. Rounding is caused by
resorbtion of the crystals by the magma
before eruption or extrusion. The
groundmass consists of pale brown to
green glass which contains microlites of
plagioclase.

NOTE : Dacite lithologic description is
from initial core descriptions by
shipboard scientists of Leg 63 (Yeats et
al., 1981).
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CALCAREOUS SILTY CLAYSTONE and
VOLCANOGENIC BRECCIA. Claystone is dark
gray (N3).

Volcanogenic breccia consists of
vesicular pyroxene andesite, and
sandstone. Andesite clasts are up to 5
cm in length. Sandstone is fine-grained
and quartzose. Sandstone occurs at
contact of breccia and claystone.
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4688-23-CC

VOLCANOGENIC BRECCIA consisting of
medium gray (N5) DACITE, medium gray (N4)
zeolitic TUFFACEOUS SANDSTONE, and medium
to dark gray (N5 to N3) CALCAREOUS SILTY
CLAYSTONE.

Tuffaceous sandstone consists of
pumice and glass shards (45%);
plagioclase, quartz, and glauconite
(43%), and foraminifer tests (12%). This
frame work is cemented by clinoptilolite.
Clinoptilolite has replaced the carbonate
in many of the foraminifer tests.

Core recovery in the 9.5 m interval
was very poor. Breccia is in fragments
less than 8 cm long.

NOTE : Dacite lithologic description is
from initial core descriptions by
shipboard scientists of Leg 63 (Yeats et
al., 1981).
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VOLCANOGENIC BRECCIA and CALCAREOUS
SILTY CLAYSTONE. Volcanogenic breccia
contains clasts of medium gray (N5)

liNiiF:n: 1::EtosedmiirpiL2iite.
Calcareous silty claystone is medium

gray (N3). It is bioturbated and has
faint lenticular bedding.

Very poor core recovery over the 9.5
m cored interval. Breccia is in
fragments less than 5 cm in length.

NOTE : Dacite lithologic description is
from initial core descriptions by
shipboard scientists of Leg 63 (Yeats et
al., 1981).
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468B-25-1
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CALCAREOUS SILTY CLAYSTONE and
'.
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VOLCANOGENIC BRECCIA. Claystone is ducky
brown (5YR 2/3), and contains faint

20 e burrows and lenticular bedding.
Volcanogenic breccia contains °lasts

of vesicular andesite 2 cm to 5 cm in
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length, and coarsegrained sandstone.30
The sandstone occurs in the 0 cm to 7
cm interval of the core.
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4682-25-CC

CALCAREOUS SILTY CLAYSTONE and
SANDSTONE. Claystone is dusky brown (5YR
2/3), and contains indistinct lenticular
bedding and bioturbation.

Sandstone is medium dark gray (N4),
and coarse-grained.
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468B-26-1 & CC

ARKOSIC ARENITE and PUMICEOUS
SANDSTONE. Arenite and sandstone range
from medium gray (N4) to medium dark gray

(N5).
These sandstones consist primarily

of plagioclase with only minor amounts of
quartz, potassium feldspar, and
glauconite. Pumice lapilli are abundant
in the 5 cm to 50 cm interval. Cements
in the sandstones range from
clinoptilolite and analcime, 25-30 cm,
clinoptilolite, 43-44 cm and 110-114 cm,
to dolomite, 52-56 cm.

The arenite in the 0 cm to 5 cm
interval is fine-grained. The arenite in
the 50 cm to 133 cm interval is medium-
grained. The lower arenite is normally
graded with parallel laminations in the
50 cm to 60 cm interval. This is a Bouma
Tab sequence.

The pumiceous sandstone is massive.
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468B-27-1

CALCAREOUS SILTY CLAYSTONE and
VOLCANOGENIC BRECCIA. Calcareous silty
claystone is dusky yellow brown (10YR
2/2).

Volcanogenic breccia is medium gray
(N5). Clasts of vesicular andesite,
basalt, and pumice occur in a matrix of
medium-grained volcaniclastic
sandstone. Breccia is poorly sorted.
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SITE 468 HOLE 8 CORE 31 SECT. ON 1 COREO NTERvAL 349.0- 350.5m
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468B-31_1

CALCAREOUS SILTY CLAYSTONE and
VOLCANOGENIC BRECCIA. Claystone is olive
gray (5Y 3/2), indistinctly burrowed, and
has faint lenticular bedding.

Volcanogenic breccia consists of two
clasts of vesicular pyroxene andesite.
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SITE 468 HOLE a CORE 33 SECT10h CORE° INTERVAL 368.0-369.5m
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CALCAREOUS SILTY CLAYSTONE and)0

VOLCANOGENIC BRECCIA. Claystone is olive
gray (5Y 3/2) to olive black (5Y 4/1).
Claystone is bioturbated.20

Volcanogenic breccia consists of
°lasts of vesicular andesite. Zeolites,
possibly phillipsite, occur in the
vesicles.
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468B-34-1

VOLCANOGENIC BRECCIA, PUMICEOUS
(ARKOSIC) ARENITE, and CALCAREOUS SILTY
CLAYSTONE.

Volcanogenic breccia is dark gray
(N3) to light brownish black (5YR 3/1).
Breccia in the 0 cm to 32 cm interval
consists of angular Blasts of vesicular
basalt, and to tube pumice lapilli.
The matrix is sandstone and claystone.
Pumice lapilli are abundant at the base
of the breccia, at 30 cm to 32 cm.
Breccia at 71 cm to 115 cm is similar to
upper unit in core, but has no interval
especially rich in pumice.

Pumiceous arkosic arenite is medium
bluish gray (5B 5/1). Pumice, vitric
ash, and volcanic rock fragments
constitute 37% of the framework.
Plagioclase, quartz, potassium feldspar,
and glauconite constitute the remaining
framework grains. Clinoptilolite, and
calcite cement the sandstone.

Calcareous silty claystone is olive
black (5Y 2/1) and is bioturbated.
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SITE 468 HOLE 8 CORE 37 SECTION I CORED INTERVAL 406.0- 407.5m
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468B-37-1

LAPILLI TUFF, VOLCANIC WACKE,
VOLCANOGENIC BRECCIA, CALCAREOUS SILTY
CLAYSTONE, andCHERT.

Lapilli tuff is light olive brown
(5Y 3/1) and contains an abundance of
pumice lapilli. Other constituents
include glass shards, perlitic glass,
volcanic rock fragments, plagioclase, and
quartz. Lithic grains form 71% of the
framework. Trace amounts of potassium
feldspar, hornblende, and muscovite also
occur. Lapilli tuff is cemented by
clinoptilolite, clays, and dolomite.
Volcanic wacke is light olive brown (5Y
2/1). It contains two Bouma Tab
sequences; normally graded and parallel
laminated intervals. Wacke consists of
plagioclase, quartz, and potassium
feldspar grains, 56% of the framework.
Pumice, glass shards, and volcanic rock
fragments form 44% of the framework.
Clinoptilolite, clays, and dolomite
cement the wacke.

Volcanogenic breccia is light
brownish black (5YR 3/1). It consists of
pebble-sized vesicular andesite blasts in
a matrix of pumiceous lapilli tuff.

Calcareous silty clays tone has
lenticular bedding and contains burrows.
It si olive gray (5Y 3/2).

Chert, at 21 cm to 23 cm, has a
sharp basal contact with the lapilli
tuff. The chert may be a silicified
tuff.
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SITE 468 HOLE 13 CORE 37 SECTION 2 CORED INTERVAL 407.5 415.5m
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468B-37-2

PUMICEOUS LAPILLI TUFF. Lapilli
tuff is light olive brown (5Y 2/1).
Lapilli tuff in the 0 cm to 50 cm
interval is without sedimentary
structures and is broken into small
fragments probably caused by the drilling
process.

Three density graded sequences occur
in the 50 cm to 110 cm interval and form
an amalgamated bed. In each sequence
larger more vesicular pumice are concen-
Crated at the top.

The lapilli tuff is cemented by
clinoptilolite and consists of pumice,
plagioclase, quartz, and glauconite.
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469 -8 -541CC

Intermixed VITRIC ASH and
NANNOFOSSIL OOZE. Vitric ash is medium
gray (N4). Nannofossil ooze is light
greenish gray (5GY 2/1). Sediments are
deformed by drilling. Color change
between ash and ooze is sharp.
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SITE 469 HOLE CORE 16 SECTION CC CORES) INTERVAL 140.5-150.0
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: 469-16-CC

CLAYEY NANNOFOSSIL OOZE, greenish
gray (5G 6/1) to dark greenish gray (5G
4/1), and VITRIC ASH, olive black (5Y
2/1). Ash is medium-grained. Basal
contact of ash with ooze is sharp.

Tubular burrow 3 mm in diameter,
pyritized, in the 4 to 10 cm interval.
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SITE 469 HOLE CORE 17 SECTION 16CC CORED INTERVAL 150.0 159.5m
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469-17-1 & CC

NANNOFOSSIL OOZE, light greenish
white (5G 9/1) to light greenish gray (5G
8/1), darker at top of Section 1, and
intermixed FORAMINIFER-NANNOFOSSIL OOZE
and VITRIC ASH, dark gray (N3). Contacts
between nannofossil ooze and mixed ooze-

20

ash are sharp. Ash is fine-grained and
homogeneous.
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SITE 469 ROLE CORE 24 SECTION 2 CORED ',4TERVAL 218.0- 219.3m
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469-24-2
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DIATOM-NANNOFOSSIL CHALK and VITRIC-
ASH. Diatom-nannofossil chalk is light
gray (N8), becoming dark greenish gray

20Z. (5Y 4/1) in the 100 cm to 150 cm
interval. Darker color is due to more

.
diatomaceous sediment in the chalk.

30 - Vitric ash at 50 cm to 52 cm is
greenish gray (5P 6/2). Contacts with
the chalk are sharp. About 5% of the ash

L

II

is biotite and hornblende crystals.40
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SITE 469 NOLE CORE 33 SECTION CORED INTERNAL 302.0- 303.3m
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VOLCANOGENIC BRECCIA, PUMICEOUS
LAPILLI TUFF, NANNOFOSSIL CLAYSTONE, and
PORCELLANITE.

Volcanogenic breccia is dark
greenish gray (5GY 5/1). It contains
angular clasts of vesicular and
porphyritic andesite and basalt, bluish
gray (5B 5/1) pumice, light gray (N8) and
black perlitic glass, hyaloclastic
basaltic glass, and plagioclase grains.
The clasts are up to 3 cm in length.
Matrix in the breccia is clayey and
contains opal-CT (Grechin et al.,1981a)
and poorly preserved siliceous microfos-
sils. Crude normal grading of the brec-
cia. The clasts in the 80 cm to 133 cm
interval are coarser-grained than in the
43 cm to 80 cm interval.

Pumiceous lapilli tuff is normally
graded with parallel laminations at 25 cm
to 27 cm. Lapilli tuff contains pumice,
perlitic glass, volcanic rock fragments,
plagioclase, and fossils. Fragments of
pelecypods, bryozoans, echinoderm spines,
foraminifer tests, and sponge spicules
are common. Diatom frustules,
radiolarians, silicoflagellates, and
nannofossils occur in the matrix.

Nannofossil claystone is dark
greenish gray (5GY 4/1) and burrowed.

Porcellanite has a conchoidal
fracture.

Core is broken into drilling
biscuits, most less than 5 cm long, and
none over 8 cm in length.
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l THOLOGIC DESCRIPTION

46935..1 & CC

SILTY CLAYSTONE, VITRIC TUFF, and
PUMICEOUS LAPILLI TUFF. Silty claystcne
is greenish gray (5G 4/1) and burrowed
(20-32 cm).

Vitric tuff (32-34 cm), greenish
black (5G 2/1), consists of coarse ash-
sized tephra. Basal contact is sharp.
Upper contact is gradational.

Pumiceous lapilli tuff grades upward
into vitric tuff (40-49 cm). Pumice is
long tube variety and is altered to green
celadonite (?). Interval has sharp basal
contact and gradational upper contact.

Drilling has broken and fragmented
the core.
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SITE 469 HOLE CORE 36 SECTION I CORED NTERvAL 330.5-332.0m
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469..36-1

SILTY CLAYSTONE and VITRIC TUFF.
Claystone is olive gray (5Y 4/1) to
greenish gray (5G 4/1). It is laminated
and bioturbated in the 0 cm to 68 cm
interval.

Vitric tuffs are medium bluish gray
(5Y 4/1). Contacts between the tuff and
claystone are sharp. Tuff in the 72 cm
to 94 cm interval is laminated in part,
but not graded. Tuff consists entirely
of long-tube pumice. Lapilli of pumice
occur in the 72 cm to 75 cm interval.

Drilling has fragmented the core.
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SITE 469 HOLE CORE 36 SECT i0m 2 MCC CORED INTERVAL 332.0 340.0m
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469 ....6 -2 & CC

Interbedded VITRIC TUFF and SILTY
CLAYSTONE. Vitric tuff is medium bluish
gray (5B 5/1). Loading and soft sediment
deformation of fine-grained to coarse-
grained tuff occurs in 20-34 cm interval.
Laminations of tuff in silty claystone
present at 34-40 cm. Basal contact of
tuff' is loaded (40 cm) and upper contact
is gradational (34 cm) .

Vitric tuffs at 44-57 cm and at 60-
68 cm are burrowed and homogeneous.

Vitric tuff in core catcher (0-20
cm) is also homogeneous and consists of
altered bubble wall shards.

Silty claystone is olive gray (5Y
4/1) to dark greenish gray (5G 4.1).
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SITE 469 HOLE CORE 37 SECTION I CORED INTERVAL 340.5-342.0m
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1169-37-1

VITRIC TUFF AND CALCAREOUS SILTY
CLAYSTONE. Vitric tuffs are medium dark
gray (N4) to medium bluish bray (5G 14/1).
The tuffs contain a mixture of bubble-
wall shards, long-tube pumice, and short-
tube pumice. Clays, zeolites, and
calcite occur in the tuffs and are
diagenetic.

Vitric tuff in the 10 to 85 cm
interval is a normally-graded, partly
laminated, amalgamated bed. The tuff
grades upward from a coarse ash to a fine
ash at the top of the bed. The contact
at the base of the graded interval is
loaded. Laminations in the 27 to 35 cm
tittanertvhael

laminations
ainndtmhoere61ditsoti6n5cctm

interval.
Vitric tuffs at 0-10 cm, and at 85-

96 cm consist of fine-ash-sized tephra.
Both tuffs are burrowed. Convex-up or
deformed (?) laminations occur in tuff at
89 to 91 cm.

Calcareous silty claystone is olive
gray (5Y 3.2) to dark greenish gray (5Y
II/1).
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S 1TE 469 MOLE CORE 37 SECTION 2 CORED NTERVAL 341 . 5 - 349. 2m
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469-37-2

Interbedded CALCAREOUS SILTY
CLAYSTONE and VITRIC TUFF. Claystone is
olive gray (5G 3/2) to dark greenish gray
(5G 4/1) laminated, and moderately to
intensively bioturbated.

The upper 20 cm of interbedded tuff
and claystone is laminated, as are lower
parts of the core.
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SITE 469 HOLE CORE 37 SECTION CC CORED INTERVAL 349.2-349.5m
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LI THOLOG.0 DESCRIPTION

" * 469..37..CC

VITRIC TUFF and CALCAREOUS SILTY
CLAYSTONE. Vitric tuff is medium dark
gray (N4) to medium bluish gray (5B 5/1).
Base of tuff is loaded into underlying
claystone. Tuff is normally graded.
Basal part (5-8 cm) is massive, Bouma Ta
interval. Upper part (0-5 cm) is the
laminated, moderately sorted Tb interval.
Upper part also contains many
foraminifers. Tuff is composed of fine
ash-sized tephra.

Calcareous silty claystone is olive
gray (5Y 3/2) to dark greenish gray (5G
4/1).
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SITE 469 HOLE CORE 38 SECTION 1 CORED INTERVAL 349.5-351.0m
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469.-38*1

Interbedded medium bluish gray (5B
5/1) VITRIC TUFF, dark greenish gray (5Y
4/1) CLAYSTONE and ZEOLITIC CLAYSTONE.
Vitric tuff in 8 cm to 64 cm interval has
a sharp and loaded basal contact with
claystone and a burrowed upper part (8 to
17 cm). Large claystone-filled burrows
occur in the 13 cm to 17 cm interval. At

37 cm to 38 cm is a claystone filled
Zoophycos burrow. Tuff varies in grain
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size alternating from fine ash-sized to
coarse ash-sized. Fine grained tephra at
17-25 cm, 33-38 cm, and 55-64 cm. Coarse
grained tephra at 8-17 cm, 25-33 cm, 38-
55 cm intervals.

Flame structures occur at 17 cm.
Contorted laminations in the 27-33 cm
interval.

Vitric tuff at 90-91 cm is structure-
less.

Zeolites noted by Yeats et al., (1981)
in the claystone at 102 cm.
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