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G L 0 S S A R Y

Albite—diabase - Coarse grained rock containing albite and having a

diabasic texture.
Agphibole pgrphxgx - Group name for porphyry dike rocks with pheno-

crysts of hornblende and generally containing
feldspar.

Andesine-diabase - Coarse grained rock containing andesine-oligoclase-

plagioclase with diabasic texture.

Biotite — Mixed-layer biotite.
Brecciated (zone, rock) - It means here a rock with a sheared tex-

tural feature, abundantly veined and with

‘ occasional angular fragments of other rock lg

_ types.

339 - Total iron content calculated from chemical analyses as ferrous
oxide. .

Green matrix - Chlorite rich green colored zone surrounding the dark

’ patches included in the spilite flow.
L933; - This term applies here to the distribution of elements and

mnerals within a limited distance from their original source,

on the order of millimeters.
Hagmgtic or fluid solution - Aqueous fluid rich in volatiles concen-

trated into the last stage of magmatic

’ crystallization and inherent in the
parental magma itself.
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Ion-Etchg - Spilite rocks containing diffuse patches or none.

_P_a_§£h1 - Spilite containing patches, darker in appearance than their

. imediate surroundings, with mineral associations charac-

teristic of the spilite. The shape of the patches may be

irregular, rounded, ellipsoidal, etc. with an average dia-

’ meter of about 2 cm.

Sgilite - Albitized extrusive mafic rock, containing epidote, calcite,

plagioclase, and chlorite. Together with varying amounts‘

of pyroxene and actinolite.
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H ABSTRACT '. T

‘ A continuous section of extrusive and intrusive rocks have been

recovered through a drill core of about 2h30 feet that was taken at

St. John, U. S. Virgin Islands. The present study is confined to the

upper 1180 feet and comprises a cummulative total of 950 feet of al-

bitized mafic extrusive rocks (spilite). This portion of the core

is also intruded by four dikes: two amphibole porphyryes (129-13h

and 732-7&2 feet): an albite-diabase (177-226 feet) and an andesine-

diabase (8h7-1003 feet).
The spilite is a fine—grained rock with pilotaxitic and inter-

sertal textural features. Throughout the flow, the major mineral-

ogical assemblages consist of partly albitized Ca-plagioclase, chlorite,

epidote and quartz. The upper part of this flow shows a concentration

of dark colored and fine-grained patches set in a green, fine-grained,

and abundantly recrystallized matrix. This green matrix is character-

ized by glassy textural features and lower temperature assemblages

(epidote, quartz, chlorite) than the dark patchy material. The patch-

iness decreases with depth and below 650 feet disappears, being re-

placed by a homogeneous, fine-grained spilite. ’Below the non-patchy

spilite, there is a sheared and recrystallized spilitic zone which

contains epidote, quartz, chlorite and breccia fragmnts.

After extrusion of the spilite flows onto the surface, the upper

part of the core solidified faster than the underlying non-patchy zone.

The dark patches represent centers of crystallization which solidified
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before the surrounding green matrix. Once the lava flow solidified,

it was intruded by several dikes and a later faulting gave rise to

the bottom brecciated zone.

Alkali migrations occur throughout the rocks studio. The K20

T content in the upper part of the spilite flow is higher and the

Na2O content lower than the bottom of the flow. Local variations

of alkalis show also that the dark patches are higher in Na20 than

the surrounding green matrices. The alkali migration throughout

the different lithological units of the core could have been caused

by both magmatic and metamorphic processes. During the last stage

of crystallization, hydrothermal solutions might have concentrated

some of the K20 in the green matrix and the Na2O in the adjacent

dark patches. Burial metamorphism also affected the core and caused .

the disappearance of prehnite and pumpellyite with depth.

The parental magma of the spilite is believed to be derived from

the partial melting of amphibolite tapped in the lower Crust or upper

Mantle (extrapolated from experimental data) beneath the Virgin Islands.
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I N T R O D U C T I O N

I Drilling Project

A deep drilling project directed by T. H. Donnelly was under-

taken to penetrate and sample the Water Island Formation which is

the oldest known basement formation in the Eastern Greater Antilles.

Ran Bead, St. John (U. S. Virgin Islands) was chosen as the drilling

site as this promontory represents the lowest stratigraphic level of V

the formation.
The hole (completed February, 196?) penetrated 2345 feet of

spilites and kerotophyres of the Water Island Formation, which is

believed to be Mid-Cretaceous or older. The present study consists

of a petrological and geochemical investigation of the upper half of

the core (1180 feet) which is composed predominantly of spilites with

subordinate minor intrusives of diabasic and amphibole porphyry rocks.

Theories on the Origin of Spilites

Spdlites and associated rocks are very abundant in the lower

stratigraphic levels of the Virgin Islands. The survey of the litera-

ture on spilites shows environments with different associations and .

conditions which gave rise to the rocks called spilite, a name coined

by Brongniart (1827).
Spilites are considered to be fine-grained mafic rocks with albite

as the chief feldspar also with epidote chlorite, and calcite minerals.
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Although most investigators in the field of spilites usually agree

that these rocks are of igneous derivation, there is still contro-

versy regarding the processes by which these rocks acquired their

present appearance. Several theories have been postulated for the

I origin of spilites. Although these theories will be discussed in a

later chapter (Petrogenesis), they may be summarized as follows: 1)

magmatic theory, 2) sea-water assimilation theory, 3) burial meta-

morphic theory.

1). The theory of magmatic origin deals with the production of low

temperature hydrous mineralogy (albite-chlorite-epidote) together

with the redistribution of the principal chemical compounds due to

deuteric alteration occurring simultaneously with consolidation

(Uilshire, 1959; Hentschel, 1961; Vuagnat, 1936; Burriand Niggli,

l9@5). Another aspect of this theory involves autometasomatism (Van

Overreem, l9h8; Amstutz, 195D; Donnelly, 1959, 1960, 19§3; Routhier,

1963)-
2). The sea-water alteration theory postulates the reaction with sea

Enter or wet sediment at the time of extrusion (Park, l9h6; Gjelsvik,

1958; Szadeczky-Kardos, 1958; Rittman, 1958).

3). Recent workers have shown that burial-metamorphism of basic lavas

results in rocks of spilitic mineralogy (Coombs gt; gl;, 1959; Vallance,

1960 in part; Smith, 1968).

Geological Setting

The Island of St. John is part of the U. S. Virgin Islands located



between the Caribbean Sea and the Atlantic Ocean, longitude 6h°hh'

and latitude 18°20‘ North (Fig. 1). No evidence from field studies —

has yet supported the existence ofga sialic layer beneath the Cari-

bbean Island Arc System. Seismic refractions survey (Officer gt; 31;,

1959) and gravity observations (Shurbert and Horzel, 1956; Talwani

g5; 31;, 1959) indicate that the Crust under the Caribbean Sea (Vene-

zuela Basin) is very similar to the Atlantic crust. The Caribbean

area existed during the whole of the Tertiary period more or less with

its pesent outlines (Hess, 1966). Host of the major islands in the

Caribbean, lesser Antilles, Dominican Republic, Virgin Islands and

Puerto Rico, were centers of basic and intermediate (andesite) types

of volcanism (Tcmblin, in press; Bowin, 1966; Donnelly, 1966; Berry-

hill, 1950).
Cleve (1881) studied the geology of the Virgin Islands. However,

the only detailed mapping and petrographic work in the Virgin Islands

was ads by Donnelly (1959, 1962, 1963, 1966). The lithology of St.

John varies from north (Mary Point) to south (Ram Head) in five units.

(1) Dioritic rocks from the Virgin Island batholith contain 65% tona-

lite, 25$ granodiorite, and 10% gabbro (Longshore, 1965). (2) Tuf-

faceous wacke (called the Tutu Formation) with a thickness of 6000

fet. This formation consists of weathered fragments and plagioclase

grains set in a matrix of chloritic material and calcite cement (Don-

uelly, 1966). The Tutu Formation also consists of limestone and some

submarine mudflows. This limestone shows plastic deformation and con-

tains fossilized fauna of the middle Cretaceous period (Donnelly, 1966).
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Figure 1. Caribbean Island Arc System showing the island of

St. John (arrow). The location of the drill core

— on St. John is shown in the upper right inset with

the general geology of the island.

. - Virgin Island Batholith '

Kt - Volcanic wacke (Tutu Formation)
Kob - Thin bedded siliceous limestone (Outer Brass Ls.) I
K1 - Augite andesite volcanic breccia (Lousenhoj Fm.)

H1 - Spilite and Keratophyre flows (Water Island Fm.)
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(3) A thin bedded siliceous limestone, Outer Brass limestone, 200- _
600 feet thick with Globigerina and sponge spicules indicating an
off-shore deposit (Donnelly, 1966). (h) Louisenhoj Formation, (7000

feet thick), which is composed of augite-andesite volcanic breccias

and tuff with minor conglomerates. (5) Spilite and keratophyre flows

with minor radiolarites intruded by dikes, set unconformably below the

Louisenhoj Formation. The spilite-keratophyre association is called

the Water Island Formation and has a total thickness of about 15,000

feet (Donnelly, 1966). Spilite, generally in the form of flows, com-

prise approximately one-fifth of the thickness of the Water Island

Formation. Pillow structure is rare, but was found within a spilite I

flow at Elk Bay and lagoon Point, St. John (Donnelly, 1966). Flow
boudaries are commonly irregular and no chilled margins or baked zones

were observed between each flow. The keratophyres associated with the

spilites comprise about four-fifths of the Water Island Formation. This

type of rock occurs usually as flows, but keratophyre intrusives are

also present. One thick keratophyre flow, on Ram Bead (St. John, near

the core location), shows evidence of vertical differentiation (Donnelly,

1966). However, keratophyres are not studied here since this type of

rock is concentrated in the lower half of the core. Donnelly (1966) in

his study of the geology of the Virgin Island noticed also the appear-

ance of pumpellyite in the Louisenhoj Formation, mostly pyroclastic,

and the Water Island Formation.

The whole sequence, including the spilite flow, in the northern

part of St. John, has undergone some-contact metamorphism in the albite-
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epidotohornfelsfhcies (Longshore, 1965). The commonest mineral- I

ogical association of these spilites is plagioclase (Ano-An12)-
pyroxene (relic)-chlorite-actinolite with minor amounts of biotite,

calcite, quartz, epidote, and magnetite. Veinlets and veins and

amygdules filled with epidote, quartz, chlorite, calcite and pre-

hnite, or a combination of these minerals, were observed (Longshore,

1965). Hetasomatic processes, accompanying the cooling of the

Virgin Island.Batholith, have locally altered the original composi-

tion of the wall rocks surrounding the Virgin Island batholith.

However, most of the chemical exchange was confined within the horn-

blende-hornfels facies, which extended approximately one to one-and-

one-half kilometers from the intrusive contacts (Longshore, 1965).

The batholith was relatively enriched in sodium and depleted in .

potassium, while magnesium and calcium were gained by the wall rocks. '

Donnelly (1966) suggested that the spilite-keratophyre associa-

tion of the Water Island Formation was extruded on a relatively flat

sea bottom. His conclusion of flatness of surface of extrusion was

based on the lack of terrigenous sediment, the paucity of slump struc-

ture in most tuffaceous units and the absence of bedding disturbances

near the top of the Water Island Formation. There are evenly layered

pyroclastic keratophyre beds (Donnelly, 1966).

Present Work

The present study is primarily concerned with spilites,consisting

of relatively low temperature mineral assemblages such as albite (low
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temperature albite in spilite, stable below 7oo°c, Battey, 1956)
. pyroxene (variable temperature range) and chlorite. Hnor intrusive

rocks which also show low temperature associations intruded part of

the core and are also studied. The adjustment of mafic flows to low

temperature conditions and abundant water content my occur, as was

suggested in previous studies, in any of several contrastd environ-

ments, such as late magmatic (Hilshire, 1959), hydrothermal (Burri and

lfiiggli, l9&5; Vuagnat, l9h6; and Amstutz, 1958) and low-grade meta-

morphic (Coombs gt; al;, 1959).
In order to perceive a clearer view on the problem of the origin

of the spilites, it is important to take into consideration all the

advantages that could arise from the study of a continuous and un-

weathered lithological unit of such rocks. The core from the Virgin

Island represents a unique continuous section through the spilite and

associated rocks of this area of the Caribbean Island Are. The impor-

tance of having an uninterrupted assemblage of rocks enables a better

correlation between different zones within a single flaw of spilites.

The general stratigraphic section of the core consists mainly of

several spilite flows and keratophyres (Fig. 2). The first half of

the core shows about 950 feet of spilitic rocks intruded by dikes with

chilled margins. The second half (not included in this study) is also

composed of spilites, but they are inter-layered with keratophyres

(Fig. 2).
The main purpose of the present study of the Virgin Island core

is to attempt to determine if the spilites and associated rocks owe
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Figure 2. General stratigraphy of the entire drill core.

8 - Spilite _

DK - Dike rocks

BS - Brecciated spilite rocks

I — Keratophyre
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some of their present character to magmatic processes and others to

metamorphic processes. Another aim of this study is to try to dis-

tinguish between the different processes such as metamorphism and

autometasomatism which might have masked the original composition of

the rocks from the core. The conclusions reached from this study

primarily apply to the spilites of the Virgin Islands. However, it

is hoped that this work will also help clarify a few points on spilites

in general.

In order to reach the proposed goal, mineralogical and petrolog-

ical investigations were made in the following order:

1. Detailed mineralogical and petrographical studies

were made to recognize the minerals and the tex-

tural variations within the spilite flow and also

among the different rock types encountered in the

core.
2. Chemical analyses of major elements were made to

show any systematic variation with depth and also

between patch and matrix.

Certain assumptions were made before the study of this core began.

These assumptions are as follows:

1. The core is a representative sample of a larger

flow unit extending laterally.

2. Surface study in the area of the drilling site

indicates intensive weathering (Donnelly, per-

sonnal communication).
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As the first 20 feet of the core is weathered, it is assumed to be

similar in mineralogy and chemistry to the rock sequence immediately

below. '

The age of the core was inferred from previous work (Donnelly,

1966) to be lower Cretaceos or older. Near the top of the core

small reddish patches of mcrocrystalline hematite rich aggregates

occur, and these were examined for traces of fossils; however, no

.fossils were found. -

Laboratory Techniques

This work consists exclusively of laboratory investigation, in-

cluding thin section and X-ray diffraction study and chemical studies.

Pyroxene compositional estimates were made also by determining indices

of refraction on crushed samples and 2V measurements according to the

method of H ss (l9h9). On the basis of X-ray data (K‘Fe radiation),

compositiolz of eight pyroxene samples were also estimated by using

Kuno and Hess (1953, 1955) curves between the relative d - spacings

of certain reflections and chemical compositions of the clinopyroxene. I

The composition of chlorite was estimated in twenty-six samples taken

from various depths in the core and using the methods of Schoen (1962)

and Brindley and Gillery (1956) to determine the chemical compositions

of this mineral by structural factor ratios and dool spacings. Deter-

minations of anorthite content in plagioclase were made using a four-

axis universal stage and the curves of Slemmons (1962). However, the

samples were limited to twenty-eight because of the fine-grained texture
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of the rocks and also the contamination of the grains which made an

. accurate determination difficult. The orthoclase content of some

feldspars was determined using the method of Orville (1963) with

KBr03 as an internal standard.

Partial chemical analyses of the rocks were made using the rapid

method of Shapiro and Brannock (1962) modified by Donnelly (1966).

One hundred thirty-three analyses have been made. These analysed

samples are comprised of thirty-six analyses of patches and corres-

pond§"g matrices, sixty-three spilites, three amphibole porphyry dikes,

four albite-diabase dikes, fifteen andesite-diabase dikes, and twelve

brecciated type of rocks. These rocks were analyzed for nine compo-

nents: s1o2, A1203, T102, total iron as Fe0, Hgo, Ca0, Nazo, K20

and Hn0. The Beckman D-U flame photometer was used to determine Ti02, _

total iron as FeO, Si02, and A1203, and the Perkin-Elmer atomic absorb-

tion spectrophotometer, Model 303, was used to determine Mg0, Ca0, Na20,

K20 and Hn0. Rock standards W-l (basalt), G-2 (granite), GSP-l (granod-

iorite), BCR-l (basalt) and AGV-l (andesite), were also prepared in con-

Junction with the samples to determine the weight oxide percent.

The precision achieved from the standard curve deviation was:

8102: .70 percent; A1203; .60 percent; T102: .05 percent; total iron

as FeQ1 .20 percent; MgQ1 .09 percent; CaQ: .15 percent; Na2O: .10

percent; X203 .05 percent; and MnQ: 0.01 percent. Duplicate analyses

of about ten rock samples were made to determne the accuracy

of the method used. The reproducible values of the different _

oxides vary as follows: S102 ranges from 3 2.3 - 1.0 percent; A1203
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from ; 2.6 - 0.6 percent; T102 from 1 1.8 - 0 percent; total iron as

F90 from 3 2.2 - 0 percent; Hg0 from 1 2.‘$ - 0.5 percent: C30 from I
16.8 - 1.3 percent; N320 from 1 2.6 - 0.5 percent; K20 from _+_ 2.6 - 0

percent.
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The different lithologic units encountered in the upper part of

the Virgin Island core contain more or less similar mineral associa-

tions, and they differ only in the distribution of minerals among these

zones. The chief exception is biotite which occurs in minor amounts

in the upper 650 feet and then disappears. The most common minerals

of the core include plagioclase, chlorite, clinopyroxene, calcite, epi-

dote, actinolite and opaque minerals.

Mineralogy of the Spilite

Feldspgr. The composition of the albite mineral was determined using

the universal stage and the method of Slemmons (1962). Albite with an

anorthite content varying between Ana and Anll is abundant in many spi-

litic rocks and occurs usually as tiny microlite laths (average .05 mm.

in length), and microphenocrysts (average 0.1 mm. to 0.h mm. in length).

The twinning of some plagioclase, determined by Slemmons (1962) method,

is usually according to the albite-Carlsbad law, and less commonly

Hanebach and Carlsbad (Table 1). No evidence of perthitic texture was

observed. The larger crystals of plagioclase are often clouded by seri-

cite aggregates and may also show sieve structure in the core of the I

‘ mineral or close to their edge. This makes optical determination of the

plagioclase difficult. The outer rim of these coarser crystals of plagio-

clase represents an overgrowth of albite, while the core of the crystals

is sometimes altered into sericite. These plagioclase crystals from the

spilite plot on the Slemmons (1962) curve (Fig. 3).
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Figure 3. Plagioclase determination from the spilite (O)
. end andesine diabase dike (A) plotted on S1emmon's

curve. Thick line represents plutonic rocks; thin line

represents volcanic rocks.
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The relative content of orthoclase in the feldspar was deter-

mined using Orvillgc (1963) X-ray methods. The difference in 29 for

Cufitradiation between (201) peak of KBrO3 used as internal standard

is plotted against the composition in terms of mol percent of Or

(Orville, 1963). Table 2 shows that the content of orthoclase in

the albite of these spilites is nil. Donnelly (1966) studied the

composition of plagioclase in the spilite from the Virgin Islands and

found a similar poverty of orthoclase.

Another type of feldspar less commonly encountered in the spilite

flow consists of clear sodic plagioclase (<=An15). This type of plagio-

clase is determined with the universal stage method using Slemmons

(1962) curve, is colorless, contains few alteration products, and ap-

pears limpid under the polarizing microscope. This clear sodic plagio-

clase is anhedral and assumes various forms such as radiating fibers

‘ with strong undulatory extinction and platy with simple twins. The
characteristic twinning of the feldspar may sometimes be indistinguish-

able, and the mineral looks like quartz; however, the figure of inter-

Aference is biaxial negative. The clear sodic plagioclase crystals are

. usually encountered in vesicles and veinlets (Plate 1, Fig. 1).

Calcic plagioclase was also encountered throughout the spilite

flow. This type of plagioclase occurs as microphenocrysts and micro-

litos associatd usually with albite or partially replaced calcic

plagioclase having albitic rims (Fig. N). No systematic variation of

calcic plagioclase occurs either with depth or between patches and

~ matrices. An estimated calculation indicates that the calcic plagio-
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PLATE l, Figure l - Vesicles filled with a large quartz crystal

(center) and “clear” plagioclase laths lining
the edge in the non-patchy spilite zone (761 V
feet, I Nicol).

PLATE 1, Figure 2 - Pyroxene phenocrysts almost completely altered

into chlorite and actinolite in the non-patchy

spilite zone. The surrounding matrix is fine

grained with microlites of plagioclase, chlorite

and opeques. (673 feet, I Nicol). -

PLATE 1, Figure 3 - Vesicles filled with chlorite and hydrogarnets

(H) in the patchy spilite zone (251 feet). The

groundass shows intersertal texture (H50 Nicol).

PLATE 1, Figure 5 - Very fine grained biotite (B) flakes in chloriteo

filled vesicles in the patchy spilite flow (#73

feet, n5° Nicol).
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Figure D. Features of the plagioclase of the spilite from the core.

1. Albite (Ab.) microlites associated with chlorite
(Ch1.) and magnetite (Ht.) against quartz (Qtz.).

2. Partially altered calcic plagioclase (C.P.) showing

V a narrow rim of albite (Ab.). Phyllosilicate (Ph1.),
probably sericite, has partially altered the core of

the plagioclase.

3. Calcic plagioclase (C.P.) laths showing intersertal
texture. The plagioclase is associated with fine-

grained quartz (Qtz.), magnetite (Mt.), chlorite (Ch1.),

and phyllosilicates (Ph1.).
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class content is usually less than albite. The determination of this

calcic plagioclase was made by using the index of refraction against

quartz.

Clinogygoxene. The clinopyroxene grains occur usually as euhedral to’

subhedral phenocrysts and microphenocrysts and they appear to be

generally more altered towards the bottom of the spilitic flow. The

optical index of refraction and 2V determination cobined with the

X-ray studies of pyroxene indicate the presence of a diopsidic clinc-

pyroxene (Fig. 5). The composition of the clinopyroxene calculated

according to the Hess (l9h9) method is close to Ca5oFe9Mgu1 for the

spilite. The X-ray determination using the relative differences in K

of certain reflections (FeK¢ radiations) d (220) and d (22l)(Kuno and

Hess, 1953) shows a value close to that of the optical methods (Fig. 5,

Tables 2, 3).
The clinopyroxene of the spilitic flow is usually fresh near the

top of the flow and is more altered toward the bottom where relics of

pyroxene, replaced completely by chlorite (560 feet), occur (Plate 1,

Fig. 2). Other less common alteration products of the pyroxene are

calcite, epidote and amphibole. Pyroxene granules occur also in the

groundmass, usually filling interstices between plagioclase laths.

Within the patchy portions of the flow, clinopyroxene decreases usually

towards the green matrix and disappears completely further away from

the dark patches.
Chlorite. Chlorite is an abundant component of the spilite flow and

averages around 22% in these rocks (Table 9). The chlorite occurs in



— 23

Figure 5. Left - Composition of clinopyruxene deduced from.

index of refraction and 2V. '

Right - Composition of clinopyroxene from X-ray

data.

0 Spilite.

x Albiteobiabase dike.

V Andesine-Diabase dike.
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.tiny plates and fibrous aggregates filling irregular cavities, veins

and vesicles. In the spilites, chlorite is commonly arranged radially

between interstices of the plagioclase laths. The most patchy spilites

near the top of the core (above 300 feet)’show a greenish intermediate

zone between the dark patches and the green matrix. This transitional

zone is characterized by having plates of chlorite arranged in a paral-

lel fashion along the patch boundaries. Chlorite also occurs abundantly

. in amygdules and it is often accompanied by calcite and quartz which form

concentric rims around the chlorite.

X-ray methods were usd to determine the chemical composition of

chlorites using structure factor ratios and dool spacings (The structure

factor (F) is related to the intensity of an X-ray peak). The use of

F003/F001 ratios (Schoen, 1962) gives comparable results to a F002/Fool

ratio (Brindley and Gillery, 1956). These ratios give the value of the

'1' variable in the following formula:

(Hg,Al)12_xFex(Si8_yAly) 02o(0H)16

The "y" variable is found by measurement of the dool spacing and using

the equation of Brindley and Gillery (1956).

The structure factor varies when elements of different scattering

factors are substituted into the chlorite structure. Since the atomic

scattering factors of silicon, aluminum and magnesium are about the

same, the structure factors are unaffected by substitution of aluminum

T for silicon in tetrahedral sheets or aluminum for magnesium in the

octahedral sheets. However, the atomic scattering factors for the

iron - magnesium — chromium - titanium group are twice as large as
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Figure 6. Diagramatic representation of chlorite composition (X-ray

A data) from the core. '

(O ) Spilite.
(O) Amphibole porphyry dike.

(X) Albite diabase dike.

(V) Andesine diabase dike.
(O) Brecciated spilite rocks. .
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those for the silicon - magnesium - aluminum group. X-ray intensi-

ties should distinguish the latter group of elements from the former.

The calculated F003/F001 and the calculated F002/Fool ratio are
compared with theoretical values. The value for each ratio was added,

and the average value represents the "x" variable for that particular

chlorite (Table 5). Twenty samples taken at various depths in the

spilite flow were studied by this method. For the application of the

X-ray technique, it was not necessary to separate the chlorite from

the bulk rock. However, a uniform fine fraction was oriented onto a

glass slide for the purpose of enhancing the 001 peaks. The final

ground material was put into a suspension in a 200 ml. graduated

I cylinder and allowed to settle. The fine fraction of the sample was

pipetted from the suspension and transferred onto a preheated (35°C)

glass slide in the oven. The drying time took about 60 minutes. The

slide was then scanned in a diffractometer, the peak areas estimated

and the compositions calculated. The results are listed in Table 5,

and then plotted in Figure 6. Internal quartz was used for 2 9 cor-

rection and estimation of the position (005) peak in the chlorite.

These results, plotted in Figure 6, show that Mg2+ in chlorite is the

same throughout the spilite flow.

The (Si,A1)8 distribution of the chlorite, the "y" variable in

the formula:
(Hg,Al)12_x§Fe,Mn,Gr,Ti)x(Si8_yA1y) O2o(0H)16

was determined by calculation of the dool spacing. The results of the

Brindley and Gillery (1956) equation for chlorite are plotted in Figure 6.
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Figure 7. Ternary plot of chlorite from the Virgin Island Core.

_ (O) Spilite.
(X) Albite diabase dike.

(V) Andesine diabase dike.
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I The number of Aln+ replacing Siu+ in the formula (Si,Al)u indicates

that aluminum values in the chlorite are more or less constant through-

out the core.

Glycolated samples were also studied with the use of an X-ray
diffractometer, but no trace of expanding layers were noticed. The

composition of chlorite, calculated from Schoen (1962), and from N

Brindley and Gillery (1956), was plotted in the iron/iron magnesium - ‘
iron - silicon diagram of Hey (l95h). The type of chlorite of the
spilite flow, according to Hey's classification, is diabantite.

The spilitic chlorite is variable in its optical properties.

Chlorite shows color variations within the spilitic flow. This may be

6 due to an oxidation state of the iron as mentioned also by Donnelly

(1966). However, the composition of chlorite is not uniform through-

out the core and sometimes this composition varies between the dif-

ferent rock types encountered in the core. The composition of chl rite

plotted on a ternary diagram A1203-Mgo-Feo (Fig. 7) indicates simiq

larities between the chlorite of the greenstone (Helson and Van Andel,

1966) dredged from the North Atlantic and the chlorite of the spilite

flow from the core (Fig. 7). Lehmann (1965) studied chlorite minerals

from spilitic igneous rocks and indicated that diabantite is the com-

monest chlorite found.

Amphibole. Amphibole of the spilite flow was recognized by optical and

X-ray methods. No chemical analyses or index of refraction measurements

were attempted because of the small size, and the close association with

chlorite. The name of actinolite given to this amphibole is based upon
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its occurrence,since the optical properties provided in Winchell and
Winchell (1951) and Deer, Howie, and Zussmn (1966) are broad and

overlapping in their variation properties. Amphibole occurs as fi-

brous aggregates and pleochroic in green or yellow (x = pale yellow,

y = greenish yellow, and z = dark green). The cleavage traces are

parallel to the length of the crystal. The elongated sections are

length-slow and the maximum extinction angle 2D\C varies between 12°

and 15° with 2V around 80°. Amphibole occurs mainly as a marginal

alteration product of clinopyroxene. From these optical data it is

probable that the type of amphibole encountered in the spilite flow

is an actinolite.
Calcium Bearing Minerals. Host of the calcium bearing minerals such -

as epidote, calcite, pumpellyite, prehnite, and hydrogarnet occur as

inclusions in vesicles, veins, and veinlets in the groundmass of the

spilite flow and also in the form of irregular patches, which are pro-

bably replacement products of an original plagioclase or pyroxene. How. .

ever, they rarely occur in contact with each other. Usually where cal-

cite occurs as a major replacement product of an original plagioclase

or pyroxene, epidote has disappeared or is rare.

1. Eggpgllyite. Pumpellyite was identifid with the use of a

polarizing microscope. This mineral is characterized by an anomalous

interference color, moderate relief, strong dichroism in blue-green

and it occurs as very fine grained crystals usually associated with

chlorite. Pumpellyite occurs also as isolated anhedral crystals with

relief higher than the chlorite. Fumpellyite is occasionally encountered
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in the spilite flow at depths of about 2oo-3oo and I+oo-5oo feet
(Fig. 8). Pumpellyite has been reported from many parts of the world

in rocks which have undergone low grades of metamorphism, as in the

upper Hater Island Formation of the Virgin Islands (Donnelly, 1966).

2. Prehnite. Prehnite is also an occasional constituent found

in the spilite flow. This mineral occurs usually as small colorless

aggregates that are sheaf-like and commonly associated with pyroxene.

Prehnite shows a moderate relief with moderately strong birefringence

of the upper second order and wavy extinction. This mineral was re-

cognized under the microscope at 173, 232, and 5N2 feet.

3. Hygrogarnet. Hydrogarnet is also an accessory mineral en-

counterd at #06 and n73 feet. Hydrogarnet occurs in small rounded

isotropic crystals with a weak birefringence at their edge due pro-

bably to the presence of water molecules.. The hydrogarnet, usually

associated with chlorite (Plate 1, Fig. 3), was also identified by

standard X-ray diffraction methods. This hydrogarnet is characterized

by d - spacings of 3.0ji (Table 6). Table 6 also shows the X-ray dif-

fraction pattern of hydrogarnet with impurities, chlorite, quartz, al-

bite, and sphene.
Experimental studies on the system Ca0-A1203-Si02-H20 (Roy and

Roy, 1957) shows that with pressure up to h kbs., the maximum stability

temperature of the hydrogarnet phase is around 300-300°C. It is be-

lieved that the occurrence of hydrogarnet in the spilite flow of the

core is due to the alteration of calcium bearing minerals.

flggg. The mica content of the spilite flow decreases with depth. Two
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Figure 8. Diagram showing the variation of minerals and auwgdules

with depth in the spilite and brecciated spilite rocks.

(B) biotite. ‘
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types of Ideas are recognized in these rocks. One is a fine-grained

white mica generally included within feldspar. This "sericite" occurs

as tirw colorless flakes with parallel birefringence of the upper sec-

ond order. This mineral was identified as mscovite 10.3 K by X-ray

diffraction (Table 7) and by microscopic determinations.

The other, less conlnon, type of mica is apparently biotite. It

is pleochroic in green, and the extinction is almost parallel to the

cleavage traces of the mineral. The direction of these cleavage traces

is the slower ray. This mica optically appears to be a green biotite,

occurring as very fineograined short, prismatic to coluznar crystals

with no traces of resorption (or embayment). The biotite (3-5$) of p

the rock is mainly associated with chlorite filling vesicles (Plate 1,

Fig. 16) in the patchy spilite zone near 110, 163, 1617-13136, R73-5132,

and 569-581 feet.
The identification of this mineral was confirmed by I-ray powder

camera techniques. The material analyzed was collected from a thin

section by hand-picking with a needle. The sample was then exposed

for approximately twelve hours in a 9 cm. camera to Cuxlradiation. The

X-ray diffraction of this mica shows a broad 10.53 spacing for (001)

and is reported in Table 8. After heating the sample at 500°C for three

hours, the lines of the X-ray powder photograph sharpened and the d -

spacings decreased to 10.1‘ . This latter experiment my indicate

that the phase diffractive at 103 is a mixed-layer structure (probably

biotite-vermiculite) .
Accessog and Opague Minerals. The other accessory minerals consist
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of sphene, magnetite, hematite, and pyrite. Pine grains and gramfles

of sphene occur in anvgdules and are primarily associated with chlorite

in the spilite flow. In the spilite flow, the amount of sphene in-

creases with the decrease of clinopyroxene. This may indicate that

pyroxene alteration has contributed to the formation of sphene crystals.

Hagnetite, hematite and pyrite are the most coluon opaque minerals en-

countered in the core. Paguetite occurs as smll granules mainly con-

centrated in the groundxnss of the dark patches and also may be found

concentrated around the edge of amygdules in the spilite flow. Hema-

tite seems also to be concentrated in reddish patches in the upper part

of the spilite flow. Hinute crystals of hematite occur also in veins

associated with chlorite and other micro-crystalline aggregates showing

a flow textural feature.

I Hineralog of the Brecciated Spilitic Rocks

Feldsgr. The feldspar (<l5$) of the brecciated zone is an albite and

varies in size from microlitic to occasional phenocrysts (at 1127 feet).

The fine-grained feldspaxs do not usually contain any inclusions, are

anhedral, have undulatory extinction, and show polysynthetic twins.

The phenocrysts are euhedral to subhedral and are enriched with epidote

inclusions.
Chlorite. The chlorite content of this zone varies between 10 and 30

percent (Table 9). Chlorite my occur either as fibrous aggregates

' scattered in the form of irregular patches, or as elongated flakes

surrounding quartz crystals. The composition of this chlorite was
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determined by the X-ray method (Schoen, 1962) and shows the chlorite
to be a diabantite, similar to the composition of the chlorite from

the spilite flow.
Epidote. This mineral averages about 20 percent and occurs as radia-

ting clusters or granular crystals in veins, as irregular patches, or

scattered in the groundmass. Epidote is usually yellowish-green with

an interference color of the upper third order and has a parallel ex-

tinction in elongated sections. The figure of interference is biaxial ‘

negative. T

I 935533. Quartz is a major constituent (about 35$) of the brecciated

zone. It occurs usually as fine-grained aggregates scattered through-

out the groundmass. Rounded crystals of quartz showing sutured boun-

daries with strong undulatory extinction were also commonly seen. The

quartz is colorless and usually does not contain inclusions.

Accessory and Ogague Minerals. The accessory and paque minerals com- ‘

prise less than 10 percent of the rocks with the eFception of the veins.

These veins are entirely formed by calcite, quartz, or epidote, or a

combination of these mineral assemblages. Gypsum was also seen in

veins at 1060 feet. Sodic plagioclase, Sphene, Actinolite, and Calcite

constitute the accessory anisotropic minerals an hematite granules,

magnetite and pyrite are among the opaque minerals encountered in the

brecciated zone.

Hneralogy of the Amphibole Porphyry Dikes

Feldspar. The feldspar of the amphibole porphyry dike is an albite
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usually cloudy due to inclusions of sericite and small needles of _

amphiboles. The form varies from platy in the phenocrysts to lath- '-

shapd in the matrix. ,

Amghibole. VThe amphiboles of these rocks occur usually as subhedral

phenocrysts with strong pleochroism towards green. These amphiboles

show a negative interference figure with a 2V varying between 81° and

89°. The extinction angle 2A: in a longitudinal section varies from

15° to 19° and the cleavages in two directions form an angle of about

125°. The main alteration product of the hornblende is calcite and

chlorite which sometimes forms reaction rims around the larger mineral

grains (129 feet).
Chlorite. The chlorite content of the amphibole porphyry rocks aver-

ages about 25$. This chlorite is pleochroic toward green and occurs as

fibrous aggregates associated with the groundmass and also as platy

minerals surrounding or including the amphibole phenocrysts. The com-

position of the chlorite determined by X-ray (Schoen, 1962) is close to

diabantite, which is similar to the chlorite of the spilite flow (Table 5).

Accessogy and Minor Constituents. The minor constituents consist of

T quartz, epidote, calcite, and sericite. The accessory minerals are

clinopyroxene, and magnetite granules.

Hneralogy of the Albite-Diabase Dike

Feldspar. The average feldspar content of the albite-diabase dike is

around 30% (Table 9) with an anorthite content varying between Ann and

Anlo. No orthoclase was detected within the albite lattice. This feld-

spar has an average crystal size of 1 mm. in length, it is commonly



w ‘*5

altered into sericite, and it is usually twinned according to the Albite-

Carlsbad and Manebach twin laws (Table 1).

Clinogzgoxene. The content of clinopyroxene is close to that of feld-

spar (Table 9) in the albite-diabase dike. This pyroxene is colorless

and subhedral with an average diameter of about 0.5 m. The composition

of this pyroxene, calculated according to the Hess (l9fl9) method, is

similar to the clinopyroxene of the spilite (Ca50Fe9Hgu1) which falls

close to the diopside corner of the Diopside-Clinoenstatite-Clinofer-

rosilite-Hedenbergite diagram (Fig. 5).
Chlorite. The chlorite content of the albite-diabase dike is about 20

percent and occurs usually as platy and fibrous aggregates replacing

the pyroxene crystals. Using the methods of Brindley and Gillery (1956)

and Schoen (1962), the composition of chlorite was found to be a dia-

bantite.
Accessory and Minor Constituents. The accessory minerals found in the

albite-diabase rocks consist of yellowish-green epidote, magnetite,

fibrous actinolite and minor amounts of sphene.

The sphene mineral content may be as great as five percent in some

zones. This crystal sometimes shows an acute rhombic cross section

with a characteristic prominent parting. Sphene is euhedral and color-

less and associated with chlorite. s

Mineralogy of the Andesine-Diabase Dike

Feldspgr. With the Universal Stage Method, it was found that the plagia-

clase (about 35%) of the andesine-diabase dike is an oligoclase-andesine
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with an anorthite content varying between An29 and Anuz. The plagio-

clase of this dike has an ayerage size of 1 am in length, ad plots

on the high temperature albite curve of Sleunons (1962) (Fig. 3).
The larger feldspar phenocrysts show replacement products of a more

sodic plagioclase (Ana - Anlo). The andesine-diabase dike contains

less replacing sodic plagioclase than the albite-diabase dike. In-

clusions of small pyroxene granules and chlorite along cleavage planes

is also common. The plagioclase is usually euhedral with respect to

pyroxene. The coarsest plagioclase grains show undulatory extinction,

probably due to the presence of original more calcic plagioclase relics.

The plagioclase of the andesine dike is usually twinned according

to the albite and baveno twinning laws. Hanebach and Carlsbad twin-

ning laws occur only occasionally (Table 1). The main difference be-

tween the twinning of the plagioclase in the different dikes and extru-

sive rocks encountered here is due to the fact that the albite of the

spilite has a simple twin or sometimes none, and the plagioclase of the

dikes has polysynthetic twins.

Clinopxroxegg. The clinopyroxene of the audesine-diabase dike is coarse

grained subhedral to anhedral and ophitically associated with the plagio-

clase. The clinopyroxene averages around 30$ (Table 9) and usually ap-

pears to be colorless, with the exception of its margin which is pinkish

due to the concentration of titanium and iron. The composition of the

clinopyroxene calculated according to the Hess (l9h9) method is close

to Ca36Fe2uMguo (Fig. 5, Table 3). The clinopyroxene of this andesine-

diabase dike is slightly altered into chlorite and amphibole (probably
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actinolite) .
Chlorite. Chlorite is a minor constituent (<:lO$) of the andesine-

diabase dike. Chlorite occurs as pale green fibrous aggregates fil-

ling interstices between plagioclase laths and associated with actino-

lite as alteration products of pyroxene.

The chemical composition of this chlorite was also determined by

using the X-ray method of Brindley and Gillery (1956) and Schoen (1962).

This later technique showed that the chlorite of the andesine-diabase

dike is an aphrosiderite (iron-rich chlorite) (Table 5).
This type of chlorite contains less Mg2+ and more Fe2+ than the

chlorite from the spilite flow (Fig. 6). The amount of Al3+ replacing

Siu+ is similar to that of the spilitic chlorite.

Agphibole. The amphibole occurs only as a minor constituent in the

andesine-diabase dike. This mneral, usually associated with chlorite,

occurs as columnar to fibrous aggregates, with higher relief than chlo-

rite and pleochroic toward green. The elongated sections are length-

slow and the maximm extinction in longitudinal sections varies from

10° to 16°. The optic axis shows a 2V (-) varying between 80° and 95°.

It is inferred that, from the above data, the amphibole encountered in

the andesine-diabase dike is an actinolite. The Universal Stage Method

and a normal polarizing microscope were used to determine the composi-

tion of this amphibole.
Accessory and Opggue Mnerals. These accessory minerals of the andesine-

diabase dike consist of magnetite, epidote, calcite and quartz.
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spilite . V -

General Statement
Spilitic flows from the Water Island Formation (Virgin Islands)

previosly described by Donnelly (1966), show that these flows vary

in thickness from about 5 to 10 feet to several hundred feet. These

spilite flows may assume different forms. They may be massive and

lack columnar Joints and pillow structure. Other flows, located at

Elk Bay in St. John, show true pillow structure (Donnelly, 1966).

Donnelly (1966) found also that most thicker flows exhibit reddish or

yellowish segregates, or patches. The most typical patchy flow con-

sists of hematitic, amygdular patches, several inches in size within

a chloritic, less amgdular matrix (Donnelly, 1966). Patchy structure
is also found in the spilite flow of the core from St. John.

The spilites, which are extrusive and comprise two-thirds of the

portion of the core studied here, are usually fine-grained rocks. The

fine-grained nature of the groundmass and the rare occurence of pheno-

crysts, mostly pyroxene, indicates that the cooling of these rocks

happened relatively quickly. The groundmass consists of microphone-

crysts and microlites which are mostly plagioclase. A dark mesostasis

scattered with iron dust is commonly seen in the groundmass. These

spilites are further divided into two groups according to their appear-

ance. There is a patchy spilite zone comprising the upper half (650

feet) of the flow. This zone contains dark colored patches averaging
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2 cm. in diameter set into a green, chlorite-rich groundmass. This I

patchiness diffuses with depth and finally disappears completely, and

gives rise to the second zone called a non-patch spilite.

Another part of the spilite flow is the brecciated zone, which 4

is also extrusive and is named according to its textural appearances;

these rocks occur at the bottom of the area of the core studied here,

between 1003 and 1180 feet. Obliteration of mdcrolitic texture and

consequent recrystallization gave rise to the formation of the epidote-

chlorite-quartz mineral association which characterises this brecciated

zone.
Patchy Spilite. The upper part of the core (above 650 feet) is formed

with dark gray patches varying in diameter between 0.5 and 6 cm. which

are set into a grayish green matrix. The individual dark patches may

assume dfferent forms, ellipsoidal, spherical, angular and irregular

(Plate h, Fig. 13, lb, I5 and Plate 5, Fig. 16). These dark patches

are always separated from each other and often they show a thin pale

, green rim representing a transitional zone with the grayish green matrix.

Sometimes the green matrix shows light green spots irregularly shaped

and averaging about 3 In. in diameter. The spotty appearance of the

green matrix is usually due to chlorite enrichment. Hegascopically

it seems that the dark patches contain more vesicles than the surround-

ing matrix. However, microscopic analyses showed that no difference

in the amount of vesicles was noticed between the two zones.

These patchy zones pass gradually (below 650 feet) to a massive

non-patchy spilite (Plate 5, Fig. 17, 18). The non-patchy zone is dark



i so

grayish green, fine-grained and sometimes abundantly veined. More

detailed description about this zone will be given later.

Features of other lava flows which should be compared to the

patches of the spilite are pillow structures and agglomerates. How-

ever most pillows, ranging from 10 cm. to 7 m. in diameter, have a

radial jointing and a glassy crust. True pillows are commonly but

not invariably separated partly or wholly from each other by detri-

tal material (MacDonald, 1967). Agglomerates (accumulations of bombs)

are usually found in or near the vent of volcanos. The form assumed

by the bombs is related to the viscosity of the magma and they may be

angular, spherical, fusiform, etc. These agglomerates do not show any

constant pattern of occurrence and they may be tightly molded to each

other. The patches encountered in the spilite flow cannot either be

pllow or agglomerates because no columnar jointing was observed. They

are always separated from each ther by the matrix which does not ap-

pear to be an accumulation bomb: but rather represents a simple erup-

tive event. In addition, these patches show also a certain mineralogical

continuity with their respective green matrices.

' The general textural feature of these spilites is variolitic to

pilotaxitic and has a tendency to be trachytic. Sometimes coarse grained

pyroxene and plagioclase are scattered throughout the rock, but these

grains rarely attain the size of phenocrysts (Plate 2, Fig. 1). There

is a general increase of chlorite, sphene and calcite as we go deeper

in the core and also a gradual decrease in pumpellyite, prehnite, iron

minerals, and pyroxene. The patches decrease in size with depth, and
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their shape appears to be more elongated (at 700 feet) due to the

parallel arrangement of plagioclase laths.

_ Veinlets and veins of calcite, epidote, feldspar, quartz, and

chlorite seem to increase also with depth in the spilite flow when

fluidal textural feature, limited in small diffuse patches, becomes

more prominent than in the upper portion of the core. These veins and

veinlets cross-cut the main pilotaxitic to fluidal texture of the rock

‘ (759 feet). This indicates that the mineral concentration of the veins

occured after consolidation of the groundmass. Vesicularity and ves-

icle size 1n spilites of the core show neither variation with depth or

between dark patches and the green matrix. The percentage of vesicles

varies between 1 and 15 percent, with corresponding size increases from

.05 ml. up to 5.0 mm. in diameter. These vesicles are usually filled

with minerals similar to the veirs and veinlets.

The patchy spilite is found at a depth between 0 and 650 feet, as
mentioned before. This zone consists of three different textural units:

(1) dark patches; (2) transitional zone; and (3) green matrix. The

patches are distinguished from hand specimens by their darker appearance

due to iron bearing minerals which enrich their groundmass.

1. Dark Patches. The dark patches consist of a variolitic to inter-

sertal textural feature. The principal components of the patches are

plagioclase (with an estimated content around h5$), minor amounts of

clinopyroxene (4: 10%), chlorite (4:25%), calcite and occasional epidote

and spbene. Granules of opaque minerals occur throughout the patches

but are generally less than 20%. The dark patches are usually very
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PLATE 2, Figure 5 - A fresh clinopyroxene phenocryst set into a fine

grained groundmass showing intersertal to sub-

trachytic texture in the patchy spilite zone (101

feet). Rounded vesicles filled with chlorite are
also seen (h5° Nicol).

PLATE 2, Figure 6 - Transitional zone with trachytic texture. This

zone is located between the dark patch (DK) and

the green matrix (GM) in the patchy spilite flow
and shows parallel arrangement of plagioclase

mcrolites. Small vesicles filled with chlorite

are also present (503 feet, h5° Nicol).

PLATE 2, Figure 7 - Glassy textural feature in the green matrix of

the patchy spilite zone (3h5 feet). Sharp outlined

edges are crowded with magnetite granules. Chlorite

is the main alteration product of the glass. The

plagioclase lathsare rare and quartz crystal abound

’ (h5° Nicol).

PLATE 2, Figure 8 - Glassy textural feature (dark area) with sharp
edges, in the patchy spilite zone (45h feet).

Chlorite, epidote, and magnetite have replaced the

original glass (H5O Nicol).
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I fine-grained, but occasional microphenocrysts of fresh pyroxene and

altered plagioclase xenocrysts occurred. Relics of pyroxene micro-

phenocrysts also occur and are replaced by calcite-chlorite-sphene-

quartz or epidote-chlorite-quartz assemblages. Sometimes the plagia-

clase shows a sieve texture of chlorite and sericite towards its

border and an overgrowth of a clearer and more sodic plagioclase. The

groundmass which forms the main part of the rock is comprised of a dark g

mesostasis consisting of plagioclase laths, intersertial chlorite, iron

granules, sphene, epidote, occasional granules of pyroxene, and a few

calcite grains.

Rounded vesicles (0.6 mm. in diameter) abound in the dark patches.

These vesicles are either filled with chlorite, quartz, and calcite, or

with chlorite-epidote and chlorite-plagioclase assemblages. Sphene is

frequently associated with the chlorite of these vesicles. Veinlets

and veins are rare or completely absent in the patchy zone.

2. Transitional Zone. This zone is lighter green in the form of a

thin band (average 3 mm. in thickness) surrounding most dark patches.

This represents a transitional zone between the green matrix and the I

dark patches. This zone has a general trachytic texture due to parallel

and sub-parallel arrangements of plagioclase laths (Plate 2, Fig. 6).

The principal mineral components of this transitional zone are abundant

chlorite, epidote granules and tiny plagioclase laths (0.2 m. in length).

Sphene occurs as a minor component. Calcite and quartz were also seen

but not as abundantly as in the green matrix. Vesicles are rare or

completely absent in this transitional zone.
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3. Green Matrix. The green matrix surrounds the dark patches and the

transitional zone. The general textural feature of this zone is pilo-

taxitic with a tendency to be trachytic. The green color of this matrix

_ is due to the abundance of chlorite.

_ The green matrix contains similar mineral associations to the dark
patches and the transitional zone. The plagioclase content is less than

3#$, chlorite averages around 36%, and quartz is higher than 7%. The

content of clinopyroxene in the green matrix is less than 5% and epidote,

sphene, amphibole, and calcite are usually more abundant (18%) than the
dark patches and transitional zone. The plagioclase of the green matrix

is altered often into sericite, and sometimes it shows inclusions of

epidote and, to a lesser extent, chlorite. The size of the plagioclase

crystals of the green matrix have a tendency to be smaller than in the

dark patches. Chlorite occurs in flaky aggregates, sometimes with bent

texture around areas rich in quartz crystals (236 feet). But chlorite

associated with granules of sphene is most comonly seen as filling ir-

regularly shaped vesicles, sometimes elongated or having a glassy, shard-

like structure (3h5, #25, hhé, hjh feet) (Plate 2, Fig. 7, 8). These

vesicles may also be filled with albite twinned feldspar having undu1- _

atory extinction and clouded with very fine semi-opaque anhedral granules

of sphene. These latter vesicles are surrounded by a chlorite rim (h#6

feet). The clinopyroxene occurs usually as altered microphenocrysts.

Chlorite and actinolite needles surround these pyroxene crystals. Pyro-

xene completely replaced by a core of chlorite surrounded by calcite T

(325 feet) and by quartz-chlorite-epidote (582 feet) was also observed.
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Relationship Between Dark Patches, Transitional Zones, and Green Matrices.

A broad textural difference exists, as noticed above, between the dark

patches, transitional zones, and green matrices, varying generally from

interstitial and trachytic to pilotaxitic, respectively. The mineral-

ogical association does not vary between the different zones: however,

. the relative proportion of the components and their distribution does.

The ratio of quartz/feldspar together with a microcrystalline groundmass

of quartz, chlorite, and magnetite increases towards the green matrix.

Calcite crystals increase also outwards from the dark patches. Calcite,

quartz, and epidote veins increase in the same direction. The veins are

usually discontinuous and sometimes have the appearance of elongated non-

oriented patches. Another considerable dfference between this zone and

the dark patches is the relatively high amount of round quartz grains

which occur as the distance from the dark patches increases.

The shape of the vesicles or amgdules varies between the dark

patches and the green matrix. The vesicles of the dark patches are

. usually well rounded and the vesicles of the green matrix are irregularly

shaped, usually with tendencies to be elongated. The transitional zone

contains only occasional vesicles, which are usually rounded.

Non-patchy Spilite. The non-patchy spilite zone was dstinguished with-

in the spilite flow at about 650-8&7 feet. These rocks are fine-grained,

and the general textural feature is pilotaxitic with tendencies toward

trachytic (Plate 3, Fig. 10). The variolitic texture characteristic of

the patchy zone has disappeared, and the fluidal texture is well dis-

tinguished, with microlites of plagioclase bent around coarse grained
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PLATE 3, Figure 9 - A zone of a dark patch showing rounded vesicles

filled with chlorite and a fine grained matrix

crowded with plagioclase microlites. A micro- A

phenocryst of partially altered pyroxene crystal

is also observed (251 feet, H50 Nicol).

I PLATE 3, Figure 10 - Elongated shaped vesicles filled with "clear"

albite laths and calcite, in the non-patchy

spilite zone (72h feet). The groundmass shows
a pilotaxitic texture (X Nicol).

PLATE 3, Figure 11 - Outline of an original amphibole phenocryst

completely replaced by epidote and chlorite

(1101 feet, u5° Nicol).

PLATE 3, Figule 12 - Flow texture of chlorite flakes, epidote and

magnetite granules bent around coarse grained

epidote minerals. Segregation of individual

minerals of quartz occurs in association with

the chlorite flakes. This type of texture

characterizes the bottom of the brecciated zone

(1131 feet, u5° Nicol).
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pyroxenes or their relics. Sometimes these ghosts of pyroxene are re-

placed by chlorite.
The plagioclase content is similar (35%) and the clinopyroxene

content is lower (5%) than the above patchy spilite flow (Fig. 8).
The chlorite content has slightly increased in the non-patchy zone

(Fig. 8). Quartz, epidote, and amphibole content seem to be very

similar to the patchy zone (Fig. 8). However, pumpellyite and pre- _

hnite are not encountered in this lower spilite flow (non-patchy

spilite).
Veinlets and veins increase also with depth (Plate 5, Fig. 1?).

However, the green matrix of the patchy spilite zone in the upper

part of the core also showed an increase of veins towards the outer

margin of the dark patches. The veinlets and veins are usually ir-

regular and discontinuous and consist of quartz, epidote, calcite,

and chlorite. '
The non-patchy spilite zone also contains amygdules as large as

0.6 mm. in diameter and usually less than 7% in content. These amyg-

dules remain constant in content throughout the non-patchy spilite

. flow with the exception of a zone rich in amygdules (10 - 15%) at

695-710 and 761 feet in the core (Plate 5, Fig. 18). This amygduloidal

zone consists of amygdules (H mm. in diameter) composed mainly of

coarse grained quartz or plagioclase at the center and fine grained

plagioclase laths toward the margin. A few vesicles filled by cal-

cite were also seen within the amygduloidal zone. These amygdules are

set into a fine grained variolitic groundmass of chlorite, plagioclase .
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PLATE 1b, Figure 13, 11!», 15 - Patchy spilite zone at 83, 126 and U73

feet respectively. These zones contain

dark patches with rounded vesicles of V

quartz, chlorite and calcite. A lighter

zone (transitional) surrounds the dark

' patch (Fig. ‘-,3). The dark patches are

set into a recrystallized green matrix.

- Veins of calcite, epidote cut across the

core (Fig. 13).
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PLATE 5, Fignre 16 - Patchy spilite (U92 feet) with dark patches and

their matrices. The green matrix shows lighter

spots rich in chlorite and secondery quartz.

PLATE 5, Figure 17 - Non-patchy spilite (668 feet) vesicles and veins
of plagioclase and calcite.

PLATE 5, Figure 18 - Non-patchy spilite (761 feet amygduloid zone)
containing large vesicles filled with chlorite,

calcite and plagioclase. The veins consist mainly

of calcite. '
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nicrolites, calcite, chlorite, and magnetite (Plate 3, Fig. 10). ‘

This local increase in vesicularity could indicate that the non-

patchy spilite zone (650-8&7 feet) was originally a separate flow _

from the above patchy spilite zone. Volume percent vesicles and the

size of the vesicles in some submarine basalts was shown by Mbore

(1965) to be related to water depth covering the lavas. If the non-

patchy spilitqswere originally similar in composition to the basalt

of Moore (1965), then one might suggest that the non-patchy zone was
extruded at a relatively shallow water depth before the above patchy

spilite zone. However, this later consideration is questionable since

no evidences of discontinuity or sharp contact of two different flows -

were noticed in the spilite. Instead, textural features and minera-

logical associations indicate a certain continuity within one spilite

flow. Hence, it is most likely that the vesicularity increase at

695-710 and 761 feet in the core indicates an original volatile rich

I magma which has concentrated most of its fluid phase within a certain

zone. ‘With the increase of volatiles, more chlorite and calcite veins

or amygdules will occur. This is also what is observed near the

bottom of the spilite flow.

Brecciated Spilitic Rocks

This type of rock occurs between 1003 and 1180 feet in the core

and consists mainly of calcite, chlorite, epidote and quartz. Plagio-

class is much less abundant than in the spilite. The general textural

feature of this zone is sheared; strained and rounded quartz grains
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occur in a recrystallized matrix containing chlorite, quartz, and

occasional albite and sphene.
The pilotaxitic and variolitic texture encountered on the spilite

of the upper part of the core is less distinct due to the obliteration

of texture with the exception of occurrences of spilitic rocks at 1060-

1070 feet and around 1100 feet. These spilites consist of a fine-

grained variolitic texture with zones enriched in epidote.

Pseudomorphs (up to 3 mm. in length) of replaced minerals of

amphibole shape (prismatic) occur at 1096 feet (Plate 3, Fig. 11).

These pseudomorphs (5$) are composed of mainly epidote and minor amounts

of chlorite, and they are set into a fine-grained plagioc1ase-quartz-

' chlorite-epidote assemblage. Phenocrysts (=:30$) of plagioclase parti-

ally replaced by epidote abound throughout this thin section. T '

Veins, 0.5 to 1 cm. thick, of calcite, epidote, and quartz are

scattered towards the bottom of this brecciated rock. It is often

difficult to identify the groundmass of these rocks but sometimes the

clear flow texture of the chlorite flakes accompanied with magnetite

granules and epidote indicates that some type of cataclastic deformation

has occurred (Plate 3, Fig. 12). This later textural feature is empha-

sized mostly towards the bottom of this brecciated zone, in the vi-

cinities of the keratophyre flow, not included in this study, where

angular fragments (: 1 cm. in diameter) of keratophyre breccia occur

at about 1130 feet. Fluidal textural features were also observed

around amygdules of epidote at 1131 feet and at the margin of some

relatively thick calcite veins due to the parallel arrangement of
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plagioclase laths in proximity to the vein. This later occurrence

was observed close to the andesine-diabase dike, at about 1012 feet

in the brecciated zone.

Dike Rocks

Agpgibole Porphygg. These are dike rocks with chilled margins. There

is alteration product,as calcite and epidote replacement increase)

towards the margin with a relative decrease of amphiboles. The general 7

texture is porphyritic characterized by euhedral phenocrysts of feld-

spar set into a dense, fine-grained groundmass. The amphibole contains

inclusions of calcite and chlorite; sometimes the green hornblende shows

a concentric rim of calcite and chlorite at its edge.

The groundmass is xenomorphic and consistsof plagioclase, calcite

chlorite, magnetite and occasional epidote grains. Sericite occurs as

the main alteration product of the feldspar phenocrysts. The tiny

fibers of micas are mostly concentrated at the center of the crystal

and represent the alteration product of a calcic plagioclase.

Albite-Diabase. The upper albite-diabase dike differs from the bottom

andesine-diabase dike mostly by the anorthite content of the plagioclase,

which varies between Ann and Anlo. Also, the chlorite content is

slightly higher and the plagioclase content lower than the bottom,

andesine-diabase dike; other major differences are the presence, in the

upper dike (albite-diabase), of “clear” pyroxene with no pinkish rim,

and an increase in sphene. These rocks are usually holocrystalline

with a subophitic texture and there is a tendency of th plagioclase
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to be porphyritic. The coarser plagioclase laths are strongly serié

tisized, and pyroxene granules and chlorite are included. The plagia-

clase shows-a strong undulatory extinction which is emphasized mostly

in the larger grains.
The clinopyroxene determination by index of refraction and X-ray 7

methods indicates a more calcic member of the augitic family than the

bottom dike. The main alteration product of pyroxene is chlorite.

The low temperature mineral assemblages (epidote, calcite, chlorite,

and also sphene) are generally more abundant in the albite-diabase

dike than the andesine-diabase dike. The distribution of plagioclase

in the albite-diabase dike is usually the same or slightly higher than V

the spilite flow (Fig. 9).

Chlorite composition was determined by X-ray methods (Brindley

and Gillery, 1956; Schoen, 1962 (Table 5). This later result shows

that chlorite in the albite-diabase dike is richer in magnesium and

poorer in iron than the bottom andesine-diabase dike. The composition

of the chlorite follows closely the composition of the pyroxene. The

dike's border zone near the spilite flow is finer grained and shows

an increase in the alteration product of the pyroxene, which is al-

most completely replaced by chlorite. This border zone also shows a

general increase in chlorite, and the plagioclase has lesser undulatory

features, probably because it is secondary. Veins of calcite

are more abundant here, also, it is probable that the quenching

effect due to a rapid cooling of the magma and the availability of

volatiles from the wall rock has concentrated more low temperature
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assemblages at the border zone of the dike and has also concentrated

calcite minerals into late fractures (veins).

Andesine-Diabase. The andesine-diabase rock differs from the upper

albite-diabase rock by the anorthite content of the plagioclase in the

former (An28_b2). The andesine-diabase rocks are holocrystalline T

granular with ophitic to subophitic texture. In places the grain size

increases generally but there is no tendency toward a bimodal size

distribution (porphyritic), since the size of the matrix also increases

proportionally. The plagioclase shows undulatory extinction due to the

presence of secondary albite crystals which have a different orientation.

Occasional sericite flakes occur as inclusions in the plagioclase. The

coarser crystals of plagioclase contain a narrow rim of sericite due to

magmatic alteration during the crystallization of the plagioclase. This

may also indicate that the magma was enriched in volatiles even prior to

the late magmatic crystallization.

The pyroxene is a clinopyroxene of augitic composition. This

mineral occurs usually as rounded grains filling the interstices between

idiomorphic plagioclase laths. The pyroxene has a pinkish rim probably

reflecting the presence of titanium and iron. The main product of pyro-

xene alteration is chlorite and, in places, needles of actinolite sur-

. round the crystal. Some of the coarser pyroxene shows a complete re-

placement by chlorite. Granules of pyroxene were observed to be con-

centrated between cleavage planes of the plagioclase.

chlorite is not abundant in these rocks and usually occurs as in-

terstitial material associated with granules of magnetite between



r ' V 69
plagioclase laths. The interstitial chlorite is probably due to a

later alteration of pyroxene.
I The accessory minerals, which consist of epidote, calcite, and

A quartz in thin veinlets, are concentrated tcurd the border zone of

the dke where the chlorite content also increases. At about 950

feet, in the dike, there is a thin zone composed of contorted veins

of calcite, epidote, and quartz-chlorite-sphene assemblages. The T

quartz shows undulatory extinction and the chlorite crowded with

magnetite surrounds most of the ronded grains of quartz. The coars-

est plagioclase laths contain inclusions of epidote and chlorite.

These rocks have a general brecciated apgzarance due to their semi-

fluidal texture.
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SUHHARY OF THE HINERALOGICAL AND

P E T R 0 L 0 G I C A L I N V E S T I G A T I 0 N S .

' The mineralogical and petrographical study of the core shows

the following main results:

1. Plagioclase (An2-Anll) occurs in the spilite, brecciated

zone, and in the upper albite-diabase dike. Andesine oligoclase

occurs in the lower andesine-diabase dike. The albite of the am-

phibole porphyry has about 5% orthoclase.
2. The clinopyroxene, phenocrysts and microphenocrysts, de-

crease with depth in the spilite flow. Below a certain depth,

approximately 650 feet, the clinopyroxene appears to be more deeply

altered and only relic crystals occur. The composition of the pyro-

xene in the spilite and albite-diabase dike is close to a dio-

psidic augite and becomes titanaugite in the andesine-diabase dike.

3. The chlorite content increases with depth in the spilite flow.

The chlorite is diabantite in the spilite, in the brecciated zone, and

in the albiteediabase dike and aphrosiderite in the andesine-diabase

dike.
#. The minerals pumpellyite and prehnite disappear with depth .

in the spilite flaw. Actinolite occurs throughout the core and hence

cannot be considered a characteristic mineral for distinguishing the

different metamorphic grades in the core.

5. The mica minerals encountered near the top of the spilite

flow (patchy spilite zone) are of two kinds: a) mscovite (sericite)_

A as a product of alteration of plagioclase and b) green biotite, which
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is less_common than the uscovite. This biotite is fine grained, with

prismatic habit, no trace of resorbtion, and it is associated in chlo-

rite - filled vesicles. 7

6. The upper 84? feet of the spilite flow is diyided into a

patchy and non-patchy zone. The patchiness decreases with depth in

the flow.
7. The main difference between the dark patches and their green

matrix consists in their degree of alteration. The dark patches con-

tain more phenocrysts of fresh clinopyroxene and less low-temperature

minerals such as epidote, chlorite, calcite and quartz. On the other

hand, the green matrix is enriched in the latter minerals, and in

addition it contains veins and veinlets of these low temperature as-

semblages. The clinopyroxene of the green matrix shows alteration in-

to chlorite and actinolite.

8. The,texture and mineral distribution of the green matrix, sub-

parallel arrangement of plagioclase laths, chlorite flakes included in

vesicles and the increase of low temperature minerals of the patchy

zone indicate that this green matrix may have been originally glassy.

The dark patches were solidified prior to the matrix. This is emphasized

by the fluidal textural feature of the transitional zone which indic-

ates that interstitial liquid between the two zones of the green mat-

rix and the dark patch occurred after the partial or complete crystal-

lization of the dark patches.

'9. The non-patchy spilite zone (650-847 feet) belongs to the same

flow that originated the above patchy spilite zone. The increase in
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vesicularity in certain areas of the non-patchy spilite zone indicates

an enrichment in volatiles within these zones or a difference in physi-

cal conditions leading to a difference in mode of segregation and, ulti-

mately, escape of the volatiles.
10. From the dark patches towards the green matrix of the rock

the vesicles and amygdules vary in shape but there is no evidence of

their decrease in size or content. The vesicles of the dark patches are

_ well rounded and the vesicles of the green matrices have tendencies to

be elongated or irregular in shape. Evidence has been found that the

vesicles or amygdules are formed during the last stage of magmatic

crystallization. This is well illustrated at 707 feet in the non-patchy

spilite zone where the amygdules show an elongated or ellipsoidal shape

presumably towards the direction of flow. These amygdules consist of

calcite, quartz and feldspar and are set into a groundmass of plagio-

clase laths associated with iron bearing mineral granules and chlorite.

11. The bottom brecciated zone contains relics of textures and

mineralogical assemblages (abundant laths of plagioclase, chlorite,

epidote) very similar to the above spilite flow which may indicate an

extrusive origin for this zone. This brecciated zone shows also a

sheared texture (breccia fragments) and fluidal arrangement of chlorite

flakes concentrated ostly near the bottom of this zone.

12. The contrast in texture between the spilite and the dikes

suggests that these rocks were not solidified in the same way. The

fine grained spilites are extrusive and have crystallized in a shorter

period of time than the dikes. .
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13. The dike rocks consist of amphibole porphyry, albite-diabase,

and andesine-diabase, and show lesser amounts of low temperature as-

semblages such as epidote, chlorite, and calcite than do the spilite and

brecciated zones.
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General Statement

The chemical analyses of the rocks sampled from the Virgin Island

core are listed in Table 10, 11 and 12, and the variation of their
oxides with depth is shown in figure 9. The Si02 shows generally the

lowest values towards the base of the patchy spilite zone (Fig. 9).
The T102 content is less than 0.60 percent in average but it is

slightly higher at the bottom of the spilite flow. The A1203 content

(15.40 average percent) remains essentially constant throughout the

spilite. The total iron as Fe0 and Mn0 follow the same trend as Ti02,

and are higher in the lower part of the spilite flow. The Mg0 content

does not show any noticeable variation with depth in the spilite flow.

The Ca0 content is higher in the bottom brecciated spilite zone than

the above spilite (Fig. 9). The amount of K20 decreases markedly with

depth with extensive scattering of values in the upper part but con- 0

sistently low values below the patchy spilite zone (Fig. 9).Na20 is

quite variable, but it seems to be higher at the base of the spilite

flow (5.0 average percent) and lower in the brecciated spilite zone

(0.? average percent} In general the brecciated rocks are also de-

pleted in S102 and K20, except for certain zones containing relics of '

spilitic rocks (see petrography) comparable to the overlying spilite

flow. The T102 content of the brecciated zone is relatively high

(0.90 average percent). MgO and Fe0 have also increased slightly in

this zone (Table 10 and ll).
The chemical composition of the dike rocks shows different
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Figure 9. Variation diagram of different oxides plotted against

depth in the core. (0) Spilite; (O) Amphibole Por-
phyry Dike; (X) Albite Diabase Dike; (V) Andesine
Diabase Dike; (R) Relic of spilitic rocks and (R|)
Relics of amphibole pseudomorph bearing rocks.
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patterns of variabilities between these rocks. The dike rocks differ

in their chenistry from the spilite and the brecciated rocks encoun-

tered in this section of the core. The amphibole porphyries show

higher SiO2 (55.2 percent in average) than the albite and andesine-

diatnses (159.5 and 116.16 percent average respectively). The T102 of

the axphibole porphyries (0.6) is less than the albite and andesine-

diahases (0.9 and 1.1 percent in average respectively). The I-"e0

follous similar distribution to the T102. Total iron as Fe0 and Ca0

“appear to be high in content within the albite and andesine diabase

dikes (I-‘e0 = 10.2. CaO = 10.6 and Fe0 = 10.1 and Ca0 = 10.6 percent

average respectively). The Mg0 content of the amphibole porphyry is

comparable to the albite and andesine-diabase dikes. The main dif-

ferences between the dike rocks are in their potassium and sodium con-

tent. The K20 content of these dikes decreases from the amphibole

porphgyries to the albite-diabase and the andesine-diabase (2.6, 1.2

and 0.2 percent in average respectively). The Na20 content is higher I

in the amphibole porphyry (5.0 percent in average) than the albite

aui andesine-diabase (3.3 and 15.3 percent in average respectively).

Chemistry of the Spilite

The chemical analyses of the spilites from the core are listed

in Table 11 . The average of these analyses is compared to the

averages of spilites which Wells (1923), Sundius (1930) and Donnelly 1

(1966) have analyzed from other locations (Table 10). The spilite of

the core shows lover Ti02 (0.6 percent) and FeO (8.6)but higher Mg0

(7.1%) and Ca0 (8.0) than the average spilites from previous analyses



(Table 10). The S102, Na20 and K20 appear to be similar to the
values previously reported. However, the very low K20 content

(about .05) of the oceanic spilitized basalts (Nelson and Van Andel,

1966 and Cann and Vine, 1967) do contrast markedly with the spilite

of the core (Table 10).
The spilite o the core is subdivided into two types according

to their different textural features (see petrography): The patchy
spilite typical of the upper part of the flow, and the non-patchy

spilite which becomes more abundant with depth. The bulk chemical

analyses of the different zones are listed in Table 11. The slight

I increase of silica is accompanied with an increase of I20 near the .

top of the core (Fig. 9). The high S102 content above about 350 -
feet (Fig. 9 and 10) is related to the increase of dark patches.

A1203 and Ca0 do not vary considerably with depth (Fig. 9). The
' average A1203 content of the above mentioned patchy zone and the non-

patchy zone is l5.h and 15.2 respectively. Other oxides showing minor _

I variation with depth in the spilite flow are T102 and Fe0. The dark

patches have a Ti02 content around 0.5 percent and an Fe0 content

around 10 percent (Fig. 12), which is comparable to the average Ti02

(0.7 percent) and Fe0 (9.0 percent) of the non-patchy spilite. The
Hg0 content of the dark patches and surrounding matrices is higher in

the upper part of the patchy spilite zone than the bottom part of this

zone (Fig. 12).
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Figure 10. K20 and N320 variation diagram of spilite (0) and
brecciated spilite rocks (0 ).



80
' ca

' 0

' 00

. - 0 ' A0 A
. ;  

. O 0
. CD- . 0 o

0 ' .. 0 ° ...
' 0: , .

Q\° O 0.0 O 9 O
06 . . OOJ .

O 2
O . . . .00 0' 0

.',~°q 0 . . . 0 ' 00
«"0 °

\‘‘° '°‘ 0 ° 0T 0 .0
‘ o. 9

Q I
0 1°
. I

. 1 o
' 1

I
0 . ' ° -' _

0 a °o°
_ O

"I 9 ‘Y onN "" -z
‘ 0 x ‘



81 '

Alkali Variation in the Spilite Flow

The differences between the patchy spilite and the non-patchy

spilite zone is emphasized mainly by their respective variation in

alkalis. The patchy spilite is depleted in sodium near the top of the
flow and enriched in potash. The K20 content is lower than 0.60 per-

cent between 200 and 300 feet, and higher than 0.70 percent between

300 and 650 feet (Fig. 9). Below 650 feet, there is another continuous

decrease of K20 down to the bottom of the section studied. Separate

analyses of the patches and their respective matrices of the upper part

of the flow show that the K20 content is concentrated in the green ma-

trices and that the dark patches are generally depleted of this oxide

(Fig. 12)“.
The Na2O content of the spilite flow is quite variable but a gen-

eral trend is one of increasing with depth down to about 850 feet

(Fig. 9, and 10). The K20 content seems to follow an opposite trend to

Nazo. This is illustrated in figure 10. The lower left corner of the

diagram (Fig. 10) shows the field of the bottom brecciated zone of the

core to be depleted in both potassium and sodium.

Figure 11 shows a decrease of K20/K20+Na2O ratio with depth from

the patchy to the non-patchy spilite zone. The atomic percent calcu-

lation of Kxl00/Na+K ratio gave a value of 11.1 and 5.0 in the patchy

and non-patchy zone respectively. The brecciated spilite zone shows a

K20/Na20+K20 ratio higher than the above non-patchy spilite zone and

similar to the patchy spilite (Fig. 11).
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Figure 11. Variation diagram X20/Na20+K20 versus depth in the .

core. (Am.P) Amphibole-porphyry dike, (A1.D) A1b1te-
diabaso dike, (Sp.) Spilite, (An.D) Andesine-diabase
dike, (8.) Brecciated spilite rocks.
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Chemistry of Dark Patches and Green Matrix .

of the Spilite Flow p”

The patches are dark colored zones of various, but generally

rounded, shapes, having diameters as large as 6 cm. and set into a

green colored matrix (see petrography). Thirty-four chemical analyses
of the patchy spilite were made. Each pair of analyses represents a

dark patch and its surrounding green matrix. The boundary between the _

dark patches and green matrix is the transitional light green zone

(see petrography) which divides the two. Chemical analyses are listed

in Table 12 and the variation diagram of the different oxides are plot-

ted against depth in Figure 12. There is not a continuous trend of

variation with depth within each zone, with the exception of MgO and

T102. The total iron (as FeO) does not seem to be included only into

the chlorite or the clinopyroxene phenocrysts but also occurs as mag-

netite granules scattered throughout the groundmass of tfie dark patches.

This also explains the irregular behavior of the iron tr nd between the

dark patches and the green matrix of the spilite flow.

Figure 13 shows a generally negative trend between the K20 (mole-

cular percentages) and Na20 content between the dark patches and their

corresponding green matrix. The zones at 119-163 and 379-596 feet show

a positive trend of K20 and Na2O variation between each pair of samples

with a K20 content usually higher than 1 percent (weight percent).

These latter zones usually contain biotite (see mineralogy). The same
diagram (Fig. 13) shows also a field of a relatively low Na2O content

of the green matrix («:3 percent by weight). This zone of low sodium
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Figure 12. Chemical analyses of the dark patches (9) and {heir

corresponding green matrices (O ) varying with depth

in the upper part of the core.

.9
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Figure 13. K20 - Na20 Molecular Percentage variation diagram

of dark patches (0) and their corresponding green

matrices (0) related with a solid tie-line.
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Figure 11!. T102 - Feo variation diagram for dark patches (0)

and green matrices (0) of the spilite.
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content also occurs at 119-163 feet and it is accompanied by a relative

increase in Ca0 content. 1

The A120 and Ca0 do not show any consistent trends of vari-

abilities with depth or between dark patches and surrounding green

matrices (Fig. 12). The A1203 is lower in the dark patches than in A

the green matrices above 300 feet and below h5O feet. Between 300

and #50 feet the A1203 content is higher in the dark patches than the

green matrices (Fig. 12). The Ca0 variation of the dark patches and
corresponding green matrices is irregular and less consistent than

A1203 (Fig. 12) .
The Mg0 content of the green matrices is generally higher than

the corresponding dark patches, with the exception of sample 134,

(Fig. 12). The magnesium trend for both patches and matrices de-

creases slightly below about 400 feet (Fig. 12). The titanium and

iron follow similar trends: the green matrix tends to be usually

higher in both T102 and Fe0 (Fig. lh). fn summary, the green matrix ’

surrounding the dark patches is enriched in K20, T102, MgO and vari-

able in Fe0; however, Na20 and to a lesser extent S102 are depleted in

the matrix.

Chemistry of Brecciated Spilitic Rocks

The brecciated rocks occur at the bottom of the section studied

here. This zone is limited in its upper part by the andesine-diabase

dike and its lower part is at contact with a keratophyre flow not in-

cluded in this study. Chemical analyses of nine brecciated rocks are

listed in Table II. The brecciated rocks are abundantly veined and
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sheared, sometimes including small fragments of keratophyres (see

_ petrography).
V The chemistry of this brecciated zone indicates an enrichment of

ago, Fe0, and T102 (8.8, 10.8, and 0.90 average percent respectively),
and lower Na20, K20 and S102 (0.7 and 0.1 and U6.5 average percent re-
spectively (Table 10 and Fig. 9). The average A1203 content is around

17.0 percent.

‘ Chemistry of Later Dikes

Three types of dikes, one andesine-diabase dike, one a1bite-dia-

base dike, and two amphibole porphyry dikes, were encountered at 8&7-

1003 feet, 177-266 feet, 129-133 feet and 732 feet respectively.
Chemical analyses of andesine-diabase (15 samples), albite-diabase

(h samples), and amphibole porphyry (3 samples) are listed in Table 13.

All the dikes encountered in the core have a comparable average Mgo con-

tent (5.6, 5.8, and 6.0 percent respectively). ‘However, the average Fe0

content of the albite and andesine-diabase (10.1 and 10.2 percent re-

spectively) is higher than the anmhibole porphyry (7.5 percent). The
type of dikes encountered in the core differs in their alkalis and silica

‘ content. Figure 15 shows the variation diagram of Si02 and total al-

‘ kalis for these dikes. The mjor difference is emphasized by the high-

er alkalis and S102 content of the amphibole porphyry with respect to

the andesine and albite-diabase dkes (Fig. 15). The main differences

between the alkali content of these dikes is the potash variation with

depth, as noticed in the spilite flow. The K20 content of the amphibole
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Figure 15. S102 - (Na20+K2O) weight percent variation diagram
for dike rocks.

0 Amphibole Porphyry

X Albite-fiiabase
V Andesine-Diabase
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porphyry dike at 732 feet depth in the core is lower (0.96) than the
upper axphibole porphyry dike at 129-1316 feet (3.16 average). Similar
variation applies between the bottom (837-1303 feet) andesine-diabase

dike -and the upper (17?-226 feet) albite-diabase dike. Figure 9 shows
a high [20 and a low Na20 content of the upper dike while the reverse
trend is true for the bottom dike.

The distribution of A1203 and Ca0 is less variable between the

andesine and elbite-diabase dike (average 11203 = 13.8%, CaO = 10.6%, _
and A1203 = 115.18%, Ca0 = 10.6% respectively) and the amphibole por-

phyry, which has an average A1203 up to 16.8 percent and Ca0 is lower
(11.8 average percent) with respect to the other dikes. The relative
low A1203 content in the andesine-diabase and albite-diabase with the

relative high Ca0 content indicates that these zones are poor in plagio-

clase or alkalis with respect to the anzphibole porphyry.

The T102 content varies between the dikes: the andesine-diabase

en‘! the albite-diabase have an average of 1.15 and 0.87 percent re-

spectively while the amphibole dikes average around 0.63 percent. 1

Figure 16 shows a. continuous decrease of Feo towards the amphibole
porphyry. The andesine-diabase has the highest ‘H02 and F'e0 and the 1

lowest total alkalis content within the dike rocks.

Summary of the Chemical Investigation

The chemical study of the core shows the following main results:

1. The R3120 content increases with depth in the spilite flow

below about 700 feet (non-patchy spilite zone).
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2. The 120 content decreases sharply below about 700 feet.

This decrease of potassium characterises both the spilite flow and

the later dikes.
3. The brecciated rocks at the bottom of the spilite flow

are enriched in titanium, magnesium and to a lesser extent in iron.

V This brecciated zone is also considerably depleted in sodium and to

a lesser degree in potassium.

A h. The dark patches are enriched in silica and sodium. The

green matrix has more magnesium, titanium and potash than the im-

mediate dark patches.

5. The dike rocks are enriched in T102 with respect to the

spilite flow.
6. The FeOf!g0 ratio of the albite-diabase and the andesine-

diabase are cou;arab1e. The Fe0/Mg0 ratio of the amphibole por-

phyry dikes is sch lower than the albite and andesine-diabase dikes.
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P E T R 0 G E N E S I S

General Statement -

The problem of the origin of spilitic rocks is related to the

genesis of their low temperature mineral assemblages, consisting of

albite, chlorite, epidote, quartz, actinolite, pumpellyite and pre-

hnite. In addition to these minerals, biotite and relics of calcic

plagioclase were encountered in the spilite flow of the core (see

petrography). Although the presence of intersertal and pilotaxitic

texture is typical of many extrusive igneous rocks, the mineralogical

assemblages (prehnite-biotite-pumpellyite) of the spilitic rocks are

not those of normal mafic igneous rocks.

A certain heterogeneity exists within the spilite flow. The con-

centration of dark patches surrounded by the green matrices probably

reflects a mode of su:farine eruption where the patch and matrix mater-

i ial were intimately e pted together. The chemistry of the flow shows

‘ a certain pattern of mobility of the alkalis. This variation is not

uniform throughout the core and the decrease of one oxide does not seem

to necessitate an equivalent increase of another (example, Na2O - K20

variation).
Additional facts which appear to be relevant for the evaluation of

significant processes that could have given rise to the present hetero-

geneous texture and chemistry of the spilite and associated rocks are

listed below and will be discussed later.

1. The potash and sodium relationship with depth in the core.

2. Variation of mafic compounds with depth in the core.
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3. The potash and sodium relationship between dark patches and '
their imediate green matrix.

H. Systematic potassium variation with depth and the significance

of locally high potassium concentration in certain zones of the upper

spilite flow and dike rocks.

5. Distribution and occurrence of biotite within the upper part

of the spilite flow.
The complicated aspect represented by the mineralogical occurrences

and the chemical variations of the different lithologic units of the

core together with the geological setting of the core suggest the con-

sideration of several independent processes (autometasomatism, meta-

morphism). The possibility of the effect of the combined processes and

criteria for their separation will be discussed. Finally the most pro-

bable explanation for the present appearance of the spilite will be con-

sidered and diagnostic criteria evaluated.

Petrogenesis of Spilite

The spilite represents the extrusive phase of a mafic magma which

has undergone some redistribution of the major components. The origin

of the emplacement of the spilite is believed to be related to the ex-

planation of the occurrence of the dark patchy zones and their relation-

ship with the massive non-patchy spilitic rocks.

Origin of Patches. In order to explain the concentration of the different

cations within the patches and their groundmass, two possible explanations

may be given. I
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(1) The green matrices were originally centers of crystalliz-

ation of early formed pyroxene and plagioclase altered by hydrothermal

solutions. The patches formed later from residual fluid trapped between

these crystalline centers of the green matrix. Potash migrated from the

lower part of the spilite flow and was concentrated around the dark

patches.

' (2) The green matrix may represent a chilled margin, probably once

V glassy, and enriched in Kéo and H20 while Si02 and Na20 were less abun-

dant because they were fixed in a feldspar rich zone of the dark patches.

The transitional zone, between the dark patches and the green matrix,

shows a fluidal texture due to alignment of plagioclase laths parallel

to the margin of the dark patches (see petrography). Hence the dark

patches were crystallized shortly before their surrounding green matrix.

Chlorite may be an alteration product from an original glassy groundmass.

The relatively high H20 content of the basic lavas suggests mineral ad-

justments took place in aqueous environments. These could have occurred I

during cooling or after consolidation (Vallance, 1965). Once the bulk

rock was crystallized, the glassy selvedge (green matrix) was transformed

into chlorite while migration of T102 and Mgo from the dark patches was

occurring simultaneously.

The second alternative seems to best explain the concentration of

different cations in the patches and matrices of the spilite. The upper _

part of the core (patchy spilite) solidified faster than the rest of the

flow. This relatively quick chilling contributed to the formation of an

original glassy green matrix.
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‘Relationship between Patchy and Non-Patchy Spilite. Potassium and so-

dium seem to have been the most migratory elements in the core. The

vertical distribution of these elements showed that the dark patches

and the bottom non-patchy zone are interrelated.

Alternative processes are considered to explain the textural

mineralogical and the chemical differences between the upper patchy

and the lower non-patchy zone of the spilite: (1) differentiation by

crystal settling; (2) two different flows which changed composition
during extrusion; (3) a single hoogeneous flow and altered with later

migration of certain ions.

T (1) Evidence of a crystal settling process may be given by the

increase in titanium, and a slight decrease in silica with depth. The '

lower part of the spilite flow, the non-patchy zone, is enriched in some

compounds (Na20 = 5.8, T102 = 0.6, and poor in others (SiO2 = h7.3,

K20 5 0.5 average percent; Table 10). The same Table (10) shows a

Na2O = #.0, and Ti02 = 0.6 in average values for the upper patchy spilite

zone. Hence it is likely that a mild differentiation by crystal settling

after the extrusion of the magma played a role in the formation of this

portion of the core. -

(2) If the patchy and non-patchy zone of the spilite flow are con-

sidered to represent separate flows, the two flows were extruded during

a relatively short interval of time since no appreciable trace of sedi-

mentary debris was noticed. The concentration of large vesicles (about

5 mm. in diameter) near the top of the bottom flow (at about 700 feet)

may indicate a shallow depth of extrusion, or some type of isostatic
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movement had decreased the water depth. The increase of Na2O and the

decrease of K20 in the non-patchy zone could be due to the reaction with

sea water. Potassium may have escaped into the sea water with a sub-

sequent introduction of Na20. However, no contact was noticed between

the upper patchy spilite and the lower non-patchy spilite. Both zones

are envisioned as part of a single flow, thus invalidating the second

alternative.
(3) Migration of ions throughout the spilite might have been an

important process for the redistribution of certain major oxides. Silica,

sodium and potash might be most affected by such a process. Since seri-

tization of the plagioclase increases relatively near the top of the flow,

it is likely that the K20 dissolved in the fluid solution had migrated

upward in the core. The schematic diagram of Figure 17 summarizes

the alkalis variation within the spilite flow. The same diagram shows

the non-patchy spilite zone enriched in Na migrating from either the

top or from the bottom of the core. The vertical migration of these

alkalis in the core is also accompanied by a local exchange between

the dark patches and the immediate green matrix (Fig. 17). The in-

crease of veins within the spilite indicates that local redistribution

p of A1203, CaO, Mgo and T102 was more effective near the bottom. The

veins, veinlets, and amygdules of calcite resulted from the decomposi-

tion of calcic plagioclase and Ca-rich clinopyroxene, since the com-

position of the clinopyroxene of the spilite is close to the composi-

tion of a pure diopside (Fig. 5). Wilshire (1959) also noticed the

redistribution of calcium from decomposition of an original clinopyro-
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Figure 1?. Sketch of patchy spilite (left) showing the dark patches
(D.P.) with fresh clinopyroxene and abundant rounded vesi-

cles and the green matrices (G.M.) with calcite, quartz,

epidote and occasional glassy "shard-like" texture of

chlorite. Diagramatic variation (right) of alkalis in

the spilite flow.
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xene in volcanic rocks. The formation of chlorite and calcite is

attributed to the decomposition of an original pyroxene and calcium

rich plagioclase.
Figure (9, 18, 19) shows the respective variation of mafic oxides

with the combination of SiO2 and alkalis. The MgO and Ti02 do not

show an strong pattern of variation with depth. It is unlikely that

magnesium and titanium have migrated as effectively as sodium and

’ potassium with the fluid solution. These mafic compounds were instead

redistributed locally and the depth factor plays no part in their mi-

grations.
,

I In sumary, the mild differentiation effected by crystal settling

together with the later migration of elements seems to be the most

plausible solution for the chemical variation in the spilite flow. The

migration of elements may have been initiated during the last stage of

cooling but it is equally probable that the migration may have arisen

during burial metamorphism.

Petrogenesis of the Brecciated Spilite Rocks

This zone, originally similar to the upper spilite flow, is an ex-

trusive phase of a mafic magma. Veins and veinlets with lesser amounts

of amygdules characterize the bottom part of the core studied here.

Relationship to the Spilites. The sheared texture and the veinations

of these rocks seem to have masked the original fabric of this zone

which makes any correlation with other rock types difficult. Hetero-

geneity in their texture is reflected by the different mineral associ-
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Figure 18. S102 - Mgo variation diagram of spilite (O) and

brecciated spilite rocks (0 ).
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Figure 19. Above. T102 — (N320 + K20) variation diagram for

dike rocks.

Below. T102 - (Na20 + K20) variation diagram for

spilites (I) and brecciated spilite rocks (0).
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ations(see petrography). Large veins and veinlets (1051 feet) of

quartz, epidote, calcite and preserved relics of spilitic rocks (lO66,

1096, and llh5 feet) are the probable cause of dissimilarity in the

chemistry. The decrease of one mineral type is accompanied by an in-

crease of other mineral associations through veins and veinlets. It is

believed that interstitial fluid solutions may have played an important

role. This fluid solution was rich in volatiles and reacted with the

early formed minerals, resulting in total destruction of the original

texture ad mineral association. Consequently, chlorite, secondary

quartz, and epidote would be the new major mneral assemblage distri-

buted throughout this brecciated zone. _

The ratio of FeO/Mgo in the spilite and in the brecciated zone is

comparable (1.1 and 1.07 respectively) and this may represent the orig-

inal ratio in the parental rock. In the ternary diagram (Fig. 20) AFH,

the field of the brecciated rock lies close to the FeO/Mgo join. If

these rocks were formed independently from an originally differentiated

mafic rock, we might expect a lower S102 and a much lower A1203 content

than observed in the brecciated zone. However the A1203 content of

this zone is comparable to the above spilite (l5.b and 17.0 percent

average respectively). Hence some type of differentiation could have

occurred only within an original spilitic type of flow. During crystal

settling pyroxene and lesser amountsof Ca-plagioclase separated. These

minerals were later altered by fluid solution.

The increase in mafics and the relative decrease in felsics may

also indcate an early differentiation process by crystal settling. The
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Figure 20. H30 - F30 - Alkalis variation diagram of spilites (O)

and brecciated spilite rocks (0 ).
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relics of spilitic rocks encountered in the brecciated zone are slightly

richer in total mafic compounds than the above spilite flow. Differenti-

ation is also emphasized by the relative decrease of S102 content of

the brecciated zone with respect to Hg0 as illustrated in Figure 18.

The same diagram shows also a few samples from the brecciated zone

richer in Si02 and falling in the field of the spilite; such samples

were feud to contain quartz veins. Figure 21 shows the increase of

ago and Fe0 from the spilite flow to the brecciated zone. Some of the

brecciated rock samples are richer in Hg0 than others, and have deviated

towards the magnesium rich area of the diagram (Fig. 21). Chlorite

minerals abound in these later rocks. One brecciated rock (10#h feet)

falls also in the field of the spilite. This later is due to an increase

of CaO with a decrease of MgO and FeO content. Figure 22 shows also a

general increase of Ti02 and Fe0 with a slight discontinuous trend be-

tween the spilite, and brecciatd rocks. There is less Ti02 and Fe0 in

the spilite than in the brecciated rock. The increase of T102 in this

brecciated zone may be due to the high concentration of pyroxene which

was consequently altered. The ratio of Fe0/Ti02 for the spilite is about

V 16.0 and for the brecciated zone 12.9 and this may indicate that iron

bearing minerals have or -nued to crystallize in the matrix of the

spilite flow. The increa of mafics in the brecciated zone might have

decreased some of the alkalis content during differentiation.

Discussion on the Present Appearance of the Brecciated Zone. Two alter-

. native processes may be suggested for the occurrence of brecciation in

this portion of the core studied: (1) by hydrothermal fluid solution
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Figure 21. Fe0 - Mgo variation diagram of spilite (O) and

brecciated spilite rocks (0 ).
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Figure 22. T102 — F90 variation diagram of spilite (O) and

bx-ecciated spilite rocks (0).
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inherent in the magma itself and (2) by tectonic fracture of an original

spilitic rock.

1) It was previously mentioned that this brecciated spilite zone is de-

pleted in both Na20 and X20 (0.? and 0.1 average percent respectively)uith

A respect to the above spilite flow. Late fluid solutions carrying felsic

and mafic compounds have been responsible for some type of 'autometa-

somatic differentiation." Fluid solutions enriched in volatiles and

alkalis during magmatic crystallization may have alterd the original

mneralogical assemblages. Figure 19 shows the variation of TiO2

with Na2O + K20 of the spilite and brecciated zone. The trend between

this brecciated zone and the spilite flow is continuous. There is a

strong depletion of alkalis with an increase in titanium. The unusual

decrease of potassium and sodium in the brecciated zone is due to a more

effective migration of these elements (Fig. 1?) than the migration of

other elements. Titanium stays in place or migrates for only a short

distance (on the order of millimeters). During the later alteration

Ti, Fe, and Mg-bearing compounds almost immediately precipitated from

the fluid solution and redistributed as low temperature minerals (Table

9) in this brecciated zone.

Brecciation (sheared texture) increases near the bottom of this

brecciated zone (see petrography). This could imply that some type of

differential movement occurred near the contact with the previous flow A.

(not studid here). It is likely that a combined effect of a relatively

quick chilling near the bottom of the flow and the continued movement of

the magma has contributed to such increase in brecciation with depth.
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2) The textural features reported above may also be attributed to a

late tectonic movement of the area. This tectonic movement could have

been the cause of an intensive fracturing of the spilite flow. Evi-

dence for late postconsolidation movement is given by the occurrence

of sheared textural features and by the presence of intensively altered

coarse grained rocks showing relic outlines of replaced amphibole pheno-

crysts (1060 feet) (see petrography). It is believd that these coarse

grained rocks, containing plagioclase phenocrysts, quartz and ghosts of

amphiboles, represent an original amphibole prophyry dike altered during

faulting.

From the above considerations it seems that the major processes

which caused the present brecciated zone are due to a late tectonic

movement accompanied by faulting. Hydrothermal alterations during mag-

mtic crystallization might have been important, but they were masked byi

postconsolidation processes.

Petrogenesis of the Dikes

The chemical differences between the three types of dikes encountered

in the core are emphasized mostly in the amphibole porphyry dikes, and,

to a lesser extent, between the upper albite-diabase and the lower

andesine-diabase dikes. Silica, aluminum, and total alkalis are higher,

and iron, calcium, and titanium are lower in the amphibole porphyry

than in the albite and andesine-diabase dikes. Hgo is comparable in

all these dikes (6.0, 5.8, and 5.9 percent average respectively). This

indicates some type of differentiation towards iron enrichment for the
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andesine and albite-diabase dikes. This relationship is also illus-

trated on the AF! ternary diagram (Fig. 23).

Chemical differences between the upper albite diabase and the low-

er andesine-diabase are insignificant (Table 13). The average reo/Mgo

ratio is l.8 for both the andesine-diabase and the albite-diabase. The

T102 is slightly less in the upper albite-diabase dke (0.9 percent

average). However, differences in the mineral assemblages exist between

these two dikes (see petrography). Their plagioclase and pyroxene com-

positions are different and the upper dike contains more low temperature

mineral associations such as epidote, chlorite, and sphene. Sphene was

seen occasionally in the bottom andesine dike.

I Relationship of the Spilite with the Later Dikes

» The igneous bodies present in the core show contrasting chemistry

and minralogical similarities, with the exception of the amphibole por-

phyry dike. This is due to the different distribution of the same min-

eral assemblages.

' The difference between the extrusive rocks, spilites, and the dike

rocks, amphibole porphyry, albite-diabase and andesine-diabase, may be

characterized by their content of alkalis. Figure 19 shows a plot of

1102 vesus total alkalis. The TiO2 content of the dike rocks decreases:

sharply with the increase of the total alkalis (Fig. 19). However, the

variation of TiO2 and alkalis is less pronounced in the spilite rocks

(Fig. 19). No clear distinction can be made between the apilites and

I the amphibole porphyry as far as titanium is concerned, since both con-
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Figure 23. Mg0 - FeO - Alkalis variation diagram of dike rocks

0 Amphibole porphyry.
X Albite diabase.
V Andesine diabase. I ,
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tain small amounts of this element (0.59 and 0.63 respectively). The

titanium content of the andesine-diabase is mostly concentrated into

the pyroxene crystals and may be some opaque minerals; sphene occurs, _

but not as much as in the spilite or the upper albite-diabase.

In sumary, the main chemical differences between the intrusive

dikes, the spilite and the brecciated zone, consist in their alkalis,

iron, titanium and calcium content (Table 10). The amphibole porphyry

differs from both spilites and the dikes by its relatively high silica

and potash content (Si02 = 55.18 and K20 = 2.62 percent in average).

The bottom brecciated zone is comparable to the andesine and albite-

diabase dikes as far as T102, and FeO are concerned (Table 10) and dif-

fers by its high Hgo and very low total alkalis content (Table 10).

. The mineralogy of the spilite flow and the dike rocks is comparable.

However, the amphibole porphyry dikes contain hornblende phenocrysts

and the andesine-diabase dike contains more calcic plagioclase than

the rest of the units (see petrography).
The spilite and dike rocks represent probable intrusions of dif-

ferent magmas originated under different conditions. There are two

processes which are interrelated with each other and which could have

caused the present compositional variations between the spilite and the

dike_rocks: the physical condition under which these rocks were orig-

inated, and the late concentration of volatiles which altered different

i minerals and caused either a complete disappearance (brecciated zone)

or the preservation of original textural features (spilite and dike).
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Theories on the Origin of Spilite

Several hypotheses have been offered for the origin of spilites:

alteration of basaltic magma by sea water during extrusion (or by im-

pregnated sediment): during solidification of a melt (autometasomatism):

and by burial metamorphism of mafic rocks.

Hagmgtic Origin. One view for the origin of spilitic rock is the purely

magmatic derivation of these rocks. Such spilites are envisioned as

acquiring their present character because of features inherent in the

magma or special conditions of crystallization. Evidence has been given

to suggest that spilite mineralogy represents adjustments to conditions

of low temperature and abundant water. _The adjustment might conceivably

occur at an early stage while the lava is a liquid mush (Wilshire, 1959

and Hentschel, 1961). The dominant constituents of fluids causing al-

teration are probably H20 and C02. These fluids could carry dissolved

material released by alteration of the original high temperature minerals

(Hilshire, 1959).
Several authors (Brri and Niggli, 1995; Vuagnat. 1996; Amstutz,

1958) postulated that spilites are derived from a basaltic magma rich

in volatiles, mainly water, and these volatiles are retained during

magmatic cooling. ‘The high volatile content was postulated to lower the

temperature of crystallization so that albite and chlorite could crystal-

lize directly from the magma. The pyroxene association with albite and

chlorite in the spilites could be due to the preservation of early formed

pyroxene which remained stable at low temperatures due to a reduction of

fluid solution activity.
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By most definitions, albite is the essential feldspar of spilites.

Dewey and Flett (1911) showed that in their British spilites the al-

bite is filled with chlorite and epidote. These authors (Dewey and Flett,

.1911) suggested that the calcium of the epidote was supplied through

the replacement of a more calcic plagioclase by the present albite host.

I There are, however, examples in which the feldspar are free from inclu-

sions and occur in environments at least locally deficient in calcium

(Vallance, 1960; Smith, 1968). Such albites which are free of inclu-

sions have been interpreted as primary in origin by Van Overreem (1958)

and Amstutz (195h). Battey (1955) found that clear albite intergrows

with fresh pyroxene, and considered the albite as primary. This author

(Battey, 1955) suggested that albite and pyroxene formed an etectic

which shifted towards albite under high water pressure. The low tempera-

ture optics found in albite of spilitic lavas indicate adjustment to

the ordered state. Donnelly (1963) in his study of albite minerals from

the spilite-keratophyre sequence of the Water Island Formation in the

Virgin Islands postulated a primary origin of the albite. Evidence of

this is given by the fact that the quartz-keratophyre and spilites as-

sociation of the Water Island Formation contains bent crystals of low,

intermediate, and high temperature albite with no sign of recrystalli-

zation subsequent to bending. The matrix shows no signs of deformation

and the bending could only have occurred during the final stages of con-

solidation of a viscous magma (Donnelly, 1963).

Sea Water Alteration. Some authors noticed the occurrence of spilites

associated with sedimentary sequences in geosynclinal environments and
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attribute an important role in the formation of spilitic rocks to sea

water or to wet sediments. The study of spilites from the Olympic

Peninsula in Washington brought Park (l9#6) to consider the possibility

of connate water in sediment as a primary source for the alteration of

an original basaltic magma. Gjelsvik (1958) in his study of soda rich

rocks in the Karelian zone of Norway postulated potash and sodium ex-

change between basaltic magma and adjacent wet sedimnt in a geosyn-

clinal environment. The reaction of sea water with molten magma was

also postulated by Rittman (1958) as the main source of sodium for the

spilitic rocks. Most recently, however, many doubt that spilites do in

fact have a high Na content (Amstutz, 1967; Smith, 1968; Vallance, 1960).

Rittman (1958) and Szaseczky-Kardoss (1958) claimed that under high water

pressure in deep sea environments low temperature mineral assemblages,

such as chlorite, albite and epidote, appear instead of augite and cal-

cic feldspar. Rittman's theory involves the formation of pneumatolitic

and hydrothermal solutions due to retention of water and other volcanic

gases (CO2, HCl, H25, H2, etc.) by the lava and gas transfer substances

(FeCl3, MnCl2, Siclu, etc.) which escaped from the roof of the outflowing

lava. However ‘his sea water exchange theory cannot be generally applied

because not all the spilites are formed beneath oceans, and if spilites

were formed by a reaction of basic lava with sea water, it is surpris-

ing that most of the known ocean floor is made up of unaltered basaltic

rocks. V

Oceanic spilitized rocks (albitized basalts) were found in the Mid-

_ Oceanic Ridge in the North Atlantic (Nelson at al., 1968) and in the
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Carlsberg Ridge, Indian Ocean (Cann and Vine, 1967; Hekinian, 1968).

These authors attributed the origin of spilites to the alteration of

basaltic rocks by regional and cataclastic metamorphism due to fault-

ing and uplift of the area. These later conclusions are mainly based

upon the fact that the areas of recovery of these oceanic altered rocks

are connected with fracture zones.

Burial Hetamorphism. Spilites are often associated with tuffs and

grewnnckes(T7rrel1, 1933). Burial metamorphism as the main agent for

the transformation of basic lava into spilitic rocks was demonstrated by

Coodas et al. (1959) in his study of rocks from New Zealand. These sedi-

mentary units show the growth of minerals such as albite, chlorite, epi-

dote, prehnite, pumpellyite and zeolite after deposition. Coombs et al.

(1959) shows a systematic change in mineralogy with depth. Recently,

Smith (1968) in his study of geanticlinal marine sequences of Ordovician

basic volcanics showed that the chemical and mineralogical rearrangement

within basic lavas post-dated their solidification and resulted in a

‘ spilitic mneralogy. A similar rearrangement of chemistry and mineral-

ogy is developed with the associated sedimentary and pyroclastic rocks.

Consequently, the spilitization in this case must be due to burial meta-

morphism.

Hagmatic Origin of the Spilite from the

Virgin Island Core

Discussion of the Hagmatic Origin. The probabilities of a crystalliza-

tion from a hydrated parental magma with retention of volatiles, and of
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a burial metamorphism of basic rocks seem to be the most compatible

with our present observations. There can be little question that the

spilite once represented an original magmatic eruption. (1) The tex-

tural relations are similar to those from extrusive mafic rocks: (2)

subtrachytic texture of the plagioclase laths indicate crystallization

from a liquid; (3) the bulk chemistry of spilitic rocks does not differ

greatly fro the average extrusive mafic rock composition with the ex-

ception of alkalis relations in spilites. However it is the low tem-

perature, hydrous mineralogy (albite-chlorite-epidote etc.) that requires

explanation.
Observations by Donnelly (1966) led to a proposal of autometa-

somatic origin of the spilites from the Virgin Island. These observa-

tions are the following: (1) the occurrence of the spilite-keratophyre

suite as thck and monotonous flows with little brecciation and little

development pyroclastic facies. (2) the occurrence of abundant bent

spilitic alblie laths and phenocrysts in an undeformed matrix shows that

the albite was bent prior to the cessation of flow. (3) the texture of

intersertal chlorite is not that of low grade metamorphic rocks. (H)

deformed calcite aggregates occur in amygdules but the surrounding rock

shows no sign of deformation. The variability of mineral content from

amygdules to amgdule and the deformation of many amgdules suggest that

they might have been semi-solid bodies before the rock itself was com-

. pletely solid.

The spdlites from the core show heterogeneous textural features.

The occurrence of dark patches and green matrices is a primary (igneous)
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feature. While some arguments favor the strict magmatic origin for

some of the features, such as flow texture around amygdules and the

presence of patchiness, other features undercut this theory. These

other structures are mainly the thickness of the flow which could have

helped to retain both heat and volatiles. It was shown that the dia-

appearance of certain minerals with depth is due to burial metamorphism.

Burial metamorphism is indicated by the presence of pumpellyite also

reported in the overlying Louisenhoj Formation by Donnelly (1966).

Still other textural features that are also found in the core, such

as curved phenocrysts and microlites of albite, have been proposd as A

indicative of preconsolidational albitization (Donnelly, 1966). How-

ever, Smith (1967) found similar features in spilitic basalt from the

lowbgrade metamorphosed sequence of Australia, and concluded that, while

the curving of microlites is a feature of lava consolidation, albitiza-

tion was due to burial metamorphism. Hence, the significance of curved

albite crystals in the genesis of spilites is inconclusive. The calcite

crystals, encountered in the vesicles, are usually coarse grained. The

presence of deformed calcite in amygdules could also be attributed to

postconsolidation processes and the preferential deformation of certain

mnerals rather than the bulk rock may be due to differences in grain

sizes. It is possible that finer grained minerals could adjust much

easier to the new equilibrium exercised by postconsolidation processes

I than the coarser grains of calcite.

These later considerations do not disprove the theory of auto-

metasomatism but they do show that burial metamorphism may account for
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the observed mineral and chemical features encountered in spilitic rocks.

The only mineral which may prove the exception to the above explanations

of origin is the biotite in the upper part of the spilite flow.

Autometasomatism. Evidence for autometasomatism in the spilite flow of

the core has been discussed above. The main general features that are

encountered in the spilite, and which indicate an autometasomatic pro-

cess are: (1) the textural and mineralogical heterogeneity existing -

between the dark patches an the green matrices of the spilite, and (2)

the difference in alkalis between most dark patches and the green matrices.

This process of autometasomatism is directly related to the crystalli-

zation of the magma, and the agent of autometasomatism is a fluid solu-

tion of the last aqueous residues of the magma. This fluid solution was

probably enriched in B20, C02, Na2O, K20 and lesser amounts of S102.

The presence of H20 and C02 is inferred from the content of hydrated

silicates and calcite. These alkalis and silica are the most mobile 0

components; the migration of these compounds was facilitated by the

occurrence of veinlets and veins which are up to 5-10 cm. thick in

places (1050 feet) and the green matrix may also be acting as a compara-

tively permeable channel. The heavy compounds, Hg0, Fe0 and T102 are

also mobile, but to a lesser extent.

The plot (Fig. 20) of K x 100/Na + K average ratio versus the

Fe0/Foo + Mgo ratio for the patchy zone (dark patches and green matrix),

the non-patchy zone and the brecciated zone, shows a lack of relation-

ship of these ratios with depth. It is probably that the K x 100/

Na + K ratio fixation is not due to a simple process of magmatic dif-



' 131

Figure 21». K + 100/Na + K vs. Fe0/Mg0 + FeO variation diagram of
spi_1ite.
G.M. - Green matrix.
D.P. - Dark patch.
B. - Brecciated spilite rocks.

N.P. - Non-patchy spilite.
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ferentiation. This diagram shows also that the brecciated rock with ‘ I

I x 100/Na + K = 10.3 had a fluid solution enriched in sodium, silica

and lesser amounts of potash with respect to the above non-patchy zone

(I x 100/Na + K = 5.0). The fluid solution in the region of the non-
patchy zone was probably enriched in potash which had migrated upward.

Finally the patchy zone (dark patches I x 100/ha + K = l#.8 and green
matrix K x 100/Na + x = 2u.o), above 650 feet, was the site of potash
enrichment migrated from the non-patchy zone. With the increase of

potash, the sodium content of the patchy zone migratd towards the dark

patches or downward into the spilite flow.

In summary it is believed that a process of autometasomatic dif-

ferentiation has facilitated the concentration of some mafic components

close to their source in the brecciated zone and concentrated some of

the alkalis plus some silica further away, possibly at a higher level

in the core. However, autometasomatism does not fully explain the pre-

sence of certain minerals and the discontinuous chemical variation of

potash in the upper part of the core.

Role of Hetamorphism (Burial Hetamorphism)

The rock types encountered in the core from the Virgin Island have

undergone some type of metamorphism. These changes were produced pri-

marily by temperature variations and burial metamorphism. Previous

studies in the Virgin Island (St. John) show a progressive decrease in

contact metamorphism from the North to the South (Fig. 1). This de-

crease in metamorphism goes from Hornblende-Hornfels Facies to Albite-
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Epidote-Hornfels Facies (Longshore, 1965). The Hornblende-Hornfels

Facies is well defined but the Albite-Epidote-Hornfels Facies may

merge into burial metamorphism. The Virgin Island core studied here

was drilled within a visual radius of about 7 km. from the intrusive

batholith of the Virgin Island. The lack of foliation and the pre-

served original textures in most of the rocks brought Longshore (1965)

to conclude that dynamic processes played a minor role in the meta-

morphism of the Virgin Island rocks.

Sxstematic Chemical Variation. To explain the systematic chemcal dis-

tribution, an ACF plot was prepared to show first the bulk rock analyses

(Fig. 25), and second the patch-matrix pairs joined by tie-lines (Fig.

26). These diagrams are used to show chemical variation in terms of

the minerals stable under the temperature-pressure-fluid conditions at

the time of formation of these "alteration minerals“. The diagram is

equally useful for showing trends regardless of whether the alteration

took place during the late stage of lava cooling or during burial meta-

morphism. It is of further use as other workers on spilitic rocks have

used similar plots (Vallance, 1967); (Smith, 1968).

To calculate the percentages of the components and plot them in

the ACF diagram, the following rules were observed (Turner and Verhoogen,

1960, p. #10). The percentages of the various components were calcula-

ted as molecular percentages, A1203, Nazo, K20, CaO, total iron as Feo,

and Ti02. TiO2 was added to the mafic components because of the pre-

eence of sphene in the spilite and in the brecciated rocks.

The ACF diagram (Fig. 25) used also by Vallance (1967) to con-
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Figure 25. Plot of molecular proportions A1203 - (N320 + K20):
Ca0:Pe0 + Pgo + T102 in altered mafic rocks (spilite
aid brecciated rocks). Small size circles (0 )
represent spilite above 703 feet. Medium size circles

(0) represent non-patchy spilite below 700 feet.

Larger circles (0) represent brecciated rock samples.
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trast mafic altered lavas from North South Wales (Australia), gives .

some idea about the "intensity of alteration” among altered rocks.

« Such intensity of alteration could be proportional to the amount of

spreading that an average composition of the parental rock of the

spilite would have endured during alteration. The chemical analyses

of some of the altered rocks, patchy spilite, non-patchy spilite and

the ACF diagram (Fig. 25) show at least three hypothetical broad pat-
tern of variability spreading from the chlorite to the Ca0 (calcite)

corner (Fig. 25). These patterns of variability are: (1) a field con-
taining moderate amounts of Ca0 and Fe0. This field shows the occur-

rence of microphenocyst of calcic plagioclase and common epidote. The

brecciated rocks falling in this same field contain veins and vesicles T

of calcite and epidote. (2) a field enriched in Ca0 (>>8%) and Fe0.
In addition the rocks falling into this field contain calcic pyro-

I xene, lesser amount of epidote and abundant plagioclase microlites.

(3) a field depleted in CaO (( 6-7%) and enriched in Mgo with vesicles,

veins and groundmass rich in chlorite and quartz. The samples of patchy

spilites and brecciated rocks of this latter field show extensive de-

velopment of chlorite. The calcium lost from these rocks is accumu-

latd in veins and amgdules a few feet away or closer.

Figure (26) shows the ACF diagram of the patchy spilite. The dark

patches and their surrouding green matrices are related together with

a tie-line. This also shows three hypothetical broad patterns of vari-

_ ability: (1) a field of predominantly plagioclase-epidote; (2) a field

of epidote-actinolite and lesser amount of plagioclase mcrolites; (3)
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Figure 26. Plot of molecular proportion A1203-(N320 4» K20):
Ca0: FeO + 1430 + Ti02 in the altered petclw spilite.

The dark patches (0 ) are related with their respec-

tive green matrix (0) with tie-lines.
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a field enriched in Hg0 and in chlorite. These last two fields en-

close rocks containing quartz and plagioclase filling vesicles, veins,

and veinlets. The tie lines relating each dark patch with its matrix

may cross the different fields. This might be due to local loss of

various elementsfiduring alteration. In the field of epidote actino-

lite and chlorite three different mineral associations may be recog-

nized according to their relative abundance. Samples analysed and fal-

ling closer to the F (mafic) corner (Fig. 26) are richer in sphene and

chlorite, probably after alteration of pyroxene or original glass.

Rock samples falling near the actinolite corner contain fair amounts

of this mineral, which often surround a pyroxene henocryst (560 feet).

These rocks are usually characterized by depletion in potash (431%) but

are relatively enriched in calcium with respect to the samples falling

close to the chlorite corner (Fig. 26). When increasing the calcium

content the variation trend will either shift towards the epidote com-

position or fall close to the calcite field (CaO). Some of the dark

patches plot nearer to the Ca-poor field (chlorite corner) than their

respective green matrix (Fig. 26). The Ca- lost from these dark patches

may have accumulatd in the green matrix as calcite filling vesicles

and veins. In ths particular case the redistribution process of cal-

cium occurred locally within a close distance (order of millimeter).

The variability of CaO distribution between the dark patches and the

matrices could be due to the fact that calcium migrated more slowly than

the alkalis. Some of the green matrices falling close to the chlorite

corner (Fig. 26) are enriched in veins and amgdules. Unlike the pre-
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viously mentioned dark patches of the same field, these green matrices

contain more recrystallized minerals, quartz, plagioclase and chlorite.

The wide spread of these analysed samples, patchy spilite, non-

patchy spilite and brecciated rocks, reflects their mineralogical and

chemical composition. This compositional variation, existing in a

single flow and even in a single restricted zone (patch-matrix), sug-

gests an intense process of alteration.

Burial Hetamorphism. A process which is believed to have influenced

the original rock is burial metamorphism. The presence of pumpellyite

and prehnite noticed above the first 700 feet of the core indicates

that some alteration due to load pressure has been effective. Coombs

et al. (1959) suggest a zone of transition between the zeolite and

greenschist facies called the prehnite-pumpellyite facies. The pmp-

ellyite and prehnite minerals are interpreted in the ‘Alpine facies”

of New Zealand as having been derived mainly from the breakdown of de-

trital calciferous plagioclase (Coombs et al., 1959). The relationship

of alteration to depth is one of decreasing hydration with depth causing

the release of silica. Epidote may be produced by dehydration of pm-

pellyite and prehnite (Coombs et al., 1959). However, this latter pro-

cess probably had a minor effect in the core since prehnite and pum-

pellyite are apparent only in traces or as accessory components. Epi-

dote occurs everywhere in the core and its concentration cannot be re-

lated to depth.
The occurrence of epidote, chlorite, prehnite, and pumpellyite may

be due to the overlapping of two processes such as load pressure and
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autometasomatism related uniquely to a temerature gradient. The pro-

duction of albitized plagioclase could very well be due to a late deu-

teric and hydrothermal alteration. Host of the sericite replacing

some calcic cores of plagioclase could also be the product of late

A magmatic reactions. . ‘

The prehniteopumpellyite facies transitional between the zeolite

and greenschist facies occurs at less than 300°C and at about 3300

bars of water pressure (Coombs, 1960). Low temperature of this order,

therefore, excludes the possibility that the pyroxene grains are meta-

morphic. The clinopyroxene is generally fresh, being metastable, and

was no doubt an early product of magmatic crystallization.

I-Distribution and the Occurrence of Biotite

Evidence of postconsolidation potash introduction is suggested

by the decrease in potash content in dike rocks with depth, especially

of the amphibole porphyry dikes (129-134 and 732 feet; K20 = 3.h5 and

X20 = 0.96 percent respectively). Also, the sharp increase ct potash_

(up to about 2 percent) in certain zones of the spilite flow (110, 163-

23#, H17-#46, 503-5&2, 573-590 and 632 feet) may indicate an overlapping

process of alteration which might have followed the late ungatic altera-

tion.
The distribution of K20 is illustrated in Figure 27 showing

the average alkalis dstribution of the upper part of the core. This

diagram shows also two arbitrary fields of potash distribution: one

is the field with a K20 content less than 1 percent and decreasing

constantly with depth below about 650 feet. This more or less



' 1u3

Figure 27. Alkali variation at the upper part of the spilite

flow. Shaded area represents zones of potash en’.

richment. (8) Zones with biotite.



FEET K21) % 1”‘
O I 2-

. W '”‘ ""."-’*"'—"‘|""—""""""' ‘

. 1/ x 

200 3/X _ .

. xL

. . ' X

400 //"0 B Xfl /w /
I J B E

600 ,_._:2/x=o8::
W‘ - ' /§BX\

. X\
. x\

. J . x"/
._.___ _._.____.. ._1___ _,., .___,..,...__.._...L.....__.....__....__.....L_.—--»-

2 No 0 4 62



V 125

uniform decrease in potashfimay be due to autometasomatism. The second

half of the diagram (Fig. 27) is characterised by a sharp K20 increase

in potash usually higher than 1 percent occurring only above 650 feet.

It is believed that this irregular increase in potash of the upper

part of the core is due primarily to postconsolidation of potash dis-

tribution. This distribution of potash was not necessarily accomanied

by a decrease of soda content in the bulk rock (Fig. 2?), probably be-

cause the redistribution of soda occurred locally in adjacent vesicles

and veins. The high potassic zone (7'l percent) contains sericite.
The process of seritization involved the displacement of soda else-

where and the appearance of clear albite in vesicles. The petro-

graphy shows also that the order of change in the above zones has been

first towards soda enrichment and then towards the enrichment of potash.

In addition to sericite, biotite also occurs in the above restricted

zones of potash enrichment (110, 163-23h, bl?-h#6, 503-542, 573-590

and 632 feet). The kind of process that increased the potash content

of the restricted zone in the upper spilite flow is not well known.

However some speculation on the occurrence of biotite and its disappearance

with depth may be made. The presence of biotite could be attributed to

two different processes: 1) autometasomatism (primary biotite), or 2)

burial metamorphism.

1) The primary origin of biotite could be explained by a process

of differential cooling between the top and the bottom of the spilite

flow. The relatively rapid cooling of the upper part of the flow

(patchy spilite) did not allow all the biotite to alter into chlorite.
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It is true, as shown before (see petrography), that the top part

of the spilite cooled more rapidly than the rest of the flow. This

biotite (primary) could have been hydrated during magmatic crystal-

lization and altered into chlorite. However, if this was the situa-

tion causing primary biotite, we would expect the presence of re-

sorbed crystals of biotite. This latter expectation was not observed

and hence it is unlikely that the biotite found in the upper part of

the core is primary. I

2) Another alternative for the occurrence of biotite in the

upper part of the core could be due to a postconsolidation process.

It is likely that burial metamorphism might have been the cause of

some potash mgration near the top of the spilite flow. This K in-

crease enhanced the formation of biotite in certain zoneof the core

(Fig. 27). Turner (1968, p. ll8) in his survey of experimental data

on the stability field of pure biotite concludes that the first devel-

opment of this mineral, under water pressure of a few kilobars, occurs

at temperatures between 300 and 400°C. However mixed-layer biotite

might be stable at temperaturs lower than 300%. This latter tempera-
ture range is compatible with the stability of other mineral associa-

tion(prehnite-pumpellyite)observed in the upper part of the spilite

flow.

Inferrd Origin of the Parental Magma of the Spilite

‘ Hbst authors consider spilites as derivative of basaltic lavas,

and some textural features seem to substantiate this theory of basaltic



lb?

origin. However the chemistry of the spilites may also indicate
an origin from amphibolite. These two possibilities will be dis-
cussed.

The AFH diagram (Fig. 28) shows the analyses of the spilites
plotted together with the brecciated rocks. The fact that the bulk
analyses of the spilitic rocks do not fall on a continuous liquid

line trend of descent is worth consideration. The scattering (Fig.

28) of these analyses is probably due to a heterogeneous distribu-

tion of the alkalis in the spilite flow of the core.
Wager and Deer (1939) and later Wager (1960) in their study

of the Skaergaard intrusion of eastern Greenland and subsequently

Walker and Poldervaart (l9h9) and Tilley (1950) demonstrated that

basaltic magma under volcanic or plutonic conditions produces a

more effective crystallization in the femic than in the felsic

mineral group of Bowen's reaction series. As a result the residual

liquids become progressively enriched in iron while enrichment of

alkalis is less pronounced. The variation of the Skaergaard liquid

line trend of descent may be due to the composition of the initial

magma type (Wager, 1960).
Figure 28 shows the AFM diagram for the Skaergaard intrusive

magma trend (1), the spilite and associated rock of the Caribbean
Island Arc (2 and 3), and the trend of some of the quartz, and horn-

blende-andesine porphyry rocks from St. John (h). It is known that

many mafic trends start off in the direction of the basaltic trend

and then switch their direction. The usual broadening of the spi-

litic and associated rocks of the Caribbean Islands Arc samples
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Figure 28. AFH diagram of various rock types. I

Skeargaard liquid trend (Wager, 1960).

B Average of U1 basalts from the Md-Atlantic Ridge '
(Muir and Tilley, 196 ). -

G One gabbro from the Indian Ocean (Hekinian, in

press).
P One pyroxenite from the Indian Ocean (Hekinian,

' in press).
Sp Average of two serpentinites from the Puerto Rico

1 Trench (Hess, 196%).

H Average of U greenstones from the Mid-Atlantic Ridge

(Nelson and VanAnde1, 1966). I

‘ One metamorphosed basalt from the Carlsberg Ridge,

Indian Ocean (Cann and Vine, 196?).
V Average of 92 spilites from various localities

Vallance, 1960).
‘H Average spilites of Wells, (1923).
8 Average spilites of Sundius, (1930).
R Average metamorphosed basalts from Australia (Smith,

1968).
D Average of 25 Andesites from the Virgin Island

(Donne11y, 1966).

D1 Average of 4 Hornblende-Andesine-Porphyry dike from

St. Thomas, Virgin Island (Donnelly, 1966).
D2 Average of 2 Hornblende-Andesine Porphyry dike from I A
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St. Thomas, Virgin Island (Donnelly, 1966).

D3 Average of 1&3 spilites from the Virgin Island

(bonnelly, 1966).
I Average 1&6 analyses of the Diorite-Tonalite _

Batholith from the Virgin Island (Longshore, 1965).

9 Average of 20 spilites from the Virgin Island,

(Longshore, 1965).
’ Average of 19 Hornblende-Andesine dike rocks from

the Virgin Island (Longshore, 1965).

' Average of 18 Quartz - Andesine dike rocks from the

Virgin Island (Longshore, 1965).

L Average of 5 spilites from Puerto Rico (Lidiak,

‘ 1963).
0 Average of 63 spilites from the core (St. John)

(Present work).
X Average of 1; a1bite-diabase dike rocks from the core

(present work). . » A

0 Average of 3 amphibole-porphyry dike rocks from the

core (present work). .

V Average of andesine-diabase dike rocks from the core

(present work).
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may be attributed to the original fractional crystallization of a

mafic hydrated parental magma. g

A hypothetical model for the origin of hydrated magma fram

the Virgin Island was suggested by Donnelly (1966) and Longsbzre
(1965). These authors suggested that 1) gradual partial melting

T of a hydrous mafic material with the lowest melting fraction 2:-

truded as sialic rocks, and 2) temperature increases, produced the

basic rocks. This later assumption was based upon the fact that

the Fe0/HgO ratio in the melt is controlled by the same ratio as

in the parental material, and that the high value of magnesizn in

the spilites must be explaind by the subtraction of sialic material

which left the unmelted material enriched in magnesiu. Fran this «

later consideration it is likely that the spilite and the felsic

associated material (diorite-tonalite batholith, spilite, hors-

‘ '. b1ende—andesite porphyry) will fall on a same hypothetical differ-

entiated liquid trend (2) (Fig. 28). The iron enrichment of this _ \

latter type of rock assemblages (2) indicatd that they were derived

from the melting of a more differentiated nafic magma than the spilite

and amphibole porphyry rocks (3) (Fig. 28). It is possible that the

spilites and their various rock type associations are derived from

the melting of mafic rocks at different depths in the crust or in

the upper mantle. However, this cannot be always accepted asd there

are the following facts against such rocks being related genetically:

(1) Vthere is a time and location difference between members of the

trends; (2) other spilitic rocks do not fall on either trend of I
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the intermediate type of rocks (Fig. 28).
Ioder and Tilley (1962, p. #63) showed in their water pressure-

temperature diagram that a variety of basalts, olivine tholeiite,

high alumina basalt, and the alkali basalt, melt between 870°C and

115000 at 2000 bars water pressure. From the same curve (Yoder

and Tilley, 1962) it is also shown that these basalts melt between

650°C and 105000 at 10,000 bars water pressure. Donnelly (1966)
advanced the possibility that the mafic igneous rocks encountered

in the Virgin Islands have an over-all similarity with the high-

alumina basalts from the other regions of the world, and that these

rocks might have a common origin. Donnelly (1966) has presented I

evidence suggesting that the extrusive rocks of the Virgin Islands

were derived from an hydrated portion of the sub-crust or the upper

mantle.
The chemistry and the fabric of the spilitic rocks from the

core are comparable to basaltic rocks. Some average analyses of

oceanic basalts dredged from the Mid—Atlantic Ridge of the Atlantic

and Indian Oceans are shown in Table 14. This Table (lh) shows

that the soda content of the average analyses of the upper spilite

flow plus the bottom brecciated rocks are close to the soda con-

tent of the average oceanic basalt. The average soda content of the

upper spilite flow (patchy and non-patchy spilite, Table 10) is

5.0 percent which is much higher than the average soda content in

the basaltic rocks (Table lb). However the control of alkalis in

the brecciated part of the core is ambiguous since later tectonic
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movement might have affected the distribution of K and Na of this

zone. Hbst fresh basalts have a total water content of less than 2

percnt: however the spilitic zones of the core have a much higher

water content 0: 5 percent calculated water). Some of the hypo.

thesis advanced for the occurrence of water in spilites favor the

retention of volatiles, chiefly water, from a basaltic magma during

the cooling period (Burri and Niggli, l9h5; Vuagnat, l9h6; Van Over-

eem, 19#8; Amstutz, l95h, 1958). Nevertheless, this author does not

believe it is a necessary condition for the basaltic rocks to have

retained their volatiles during magmatic solidification. This idea

will be developed in the forthcoming discussion.

Previous authors have considered the possibilities of basaltic ‘

rocks being metamorphosed to the amphibolite facies. Evans and

Leake (1960) in their study of amphibolites from Connemara, Ireland,

showed that these rocks have an Na20 content of up to h percent and

a water content of about 2-5 percent, and that prior to metamorphism

these amphibolites were of basaltic composition (Evans and Leake,

1960). These authors have based their conclusions upon the fact that

the major compounds (Si¢2, A1203, Mgo, Cao) and the minor compounds

a (T102, Na20, K20, MnO, P203) of these amphibolites together with

their variation trends in the AFM diagram (Evans and Leake, 1960,

p. 353) are comparable to tholeiitic and alkali basaltic rocks.

Amphibolite was also reported associated with spilites in A
Puerto Rico (Tobish, 1968). Among the different interpretations

for the origin of these amphibolites the one on regional metamorphism
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of an original mafic rock or older mafic rocks regionally metamor-

phosed seems to be favored by the author (Tobish, 1968). The mafic
origin for these amphibolites was tentatively based on the lower I

strontium content of the amphibolite (para-amphibolite) compared

to other amphibolites (ortho-amphibolite). The average chemical

analyses (Tobish, 1968, p. 568) seems also to be similar to the

average normal basalts. These amphibolites from Puerto Rico may

represent part of a lower layer of oceanic crust brought to the

surface as tectonic inclusions with other mafic rocks (Tobish, 1968).

Thus another possible alternative for the origin of the spi-

lite from the Virgin Island core could be the melting of an amphi-

bole bearing rock beneath the Virgin Island. The type of magma

generatd from these rocks with the proper amount of alkalis close

to the observed alkalis content in the spilite may switch the nor- '

mal liquid differentiation trend (1) of the AFH diagram (Fig. 2U)

toward the Na2O + K20 corner.

The above two hypotheses, origin from partial melting of

basaltic rocks and the origin from partial melting of amphibolites

are complementary to each other since they both involve derivation

of this spilite suite from a mafic parental magma. The basaltic lava,

during their accumulation in the Island Arc regions, may have been

metamorphosed to the amphibolite type of rocks. The water was pro-

bably retained by the parental rock during metamorphism. After

metamorphism a high temperature gradient is needed in the amphi-

bolite to allow partial melting. Tectonic movements with thicken-
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ing of the crust under the Island Arc and subsequent lowering of the

crust-Mantle boundary may account for the partial melting of these I

nafic rocks. This recycling process involving the change of basalt

to amphibolite and finally, after an appropriate readjustment to a

new equilibrium environment, gives rise to a spilitic type of rock. ,

However, this later theory is weakened because: (1) no amphibo-

lites have been found associated with spilites in the area of sampl-

ing and (2) there is a lack of knowledge about the composition of

the crust or the upper mantle beneath the Virgin Islands.

Possible Depth of Origin of the Spilite Parental Magma

It is assumed that the most important component of the volatile

part of the parental magma of the spilite is water. The presence of

water in the parental magma could be proved by the crystallization

of chlorite as a late deuteric mineral. Since no analyses for B20

were made during this study, an estimate of this water may be extra-

polated from the chlorite content of the spilite. This estimate was

made by calculating the molecular weight percent of chlorite. This

method shows that the chlorite of the spilite from the core contains

about 11 weight percent of H20 which corresponds to about 5 weight

percent of H20 in the bulk rock. The role of the volatile com-

ponents, especially water, in the crystallization of the magma con-

sists in the lowering of the melting point.

Burnham and Jahns (1962) studied the albite glass in the

Harding pegmatite (New Mexico). This study determined the solubility

of water in silicate melts by the excess-water method as a function
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of pressure up to 10,000 bars and at temperatures of the H20 satu-

rated liquids for each melt. Burnham and Jahns curves (1962) en-

abled an extrapolation of the solubility value for the albite melt

at temperatures of 900°C and pressure of around 2000 bars to be 5

weight percent of water.
On the basis of present data the melting of the parental magma

for these spilites could not have taken place at a pressure much

lower than 2000 bars and not higher than 10,000 bars. However, this

lower limit of pressure is purely speculative since such value was

based upon the present content (5 percent) of water in the spilite.

The initial water content in the magma is not known and much of this

water could have been lost during the ascent of this magma.

Experimental data on the system Mg0-S102-T102 (MacGregor, 1965)

indicates that the minimum melting composition changes with pressure.

This ternary diagram for a model peridotite composition shows that

. with increasing pressure, the T102 content increases and the Mg0/

I Si02 ratio decreases from 1 atm to 10,000 bars (Macfiregor, 1965).‘

Since the titanium in the spilite and the brecciated zone did not

migrate more than relatively small distances (millimeters), it is

safe to conclude that the amount of Ti02 in these rocks is original.

The Hg0/S102 ratio of the spilite, the upper albite-diabase and the
andesine-diabase dikes is 0.16, 0.11, and 0.12 respectively. This

ratio (Mg0/S102) decrease is followed by a T102 increase (0.60, 0.90

and l.lh, see Table 10). It has been suggested (Chayes, 1963) that

the T102 content of basalts is related to the depth from which these
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rocks have been tapped. The average T102 and Mgo/S102 ratio is com-

pared to the average (T102 = 1.28 and MgO/S102 = 0.17) of 37 oceanic

basalts from the Mid-Atlantic Ridge (Engel and Engel, 196k; Muir and

Tilley, 1965, 1966; Nicholls et a1., 1964).

Extrapolating from the above experimental data, and assuming an .

original composition close to a basaltic melt, we may conclude that

the different types of rocks encountered in the core were tapped at

different levels in the Earth with a lower limit of #0 km. (10 kbs), .

.(extrapolated from the curve of Yoder and Tilley, 1962, p. #98).
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C 0 N C L U S I 0 N S _

The complexity of the mineralogical assemblages, the vari-

ability of their chemistry and the general geological setting of the

area suggest that the spilite and the associated dikes encountered

in the Virgin Island core have undergone several processes of both

magmatic and postconsolidation in origin. In order to retrace

these different processes, various criteria dealing with composi-

tion, texture and comparison with similar typmsof rocks from other

localities are considered.
Generally the magmatic origin of the spilite is recognized by

their preserved texture similar to normal extrusive mafic rocks.

Other facts validating the magmatic origin of the spilite were ob-

served during this study and will be recalled. For this purpose the

' spilite flow is separated into three zones as follows:

1. The patchy spilite zone consists of dark colored patches

i (about 2 cm. in diameter) set into a green matrix. From petrological

T investigations it was noticed that the green matrix contains outlines

of glassy textural features replaced by chlorite. This green matrix

was probably solidified directly from the magma after the crystalli-

zation of the dark patches.

2. The non-patchy spilite, below 650 feet, is part of the same
flow forming the above patchy spilite. This is well illustrated by

I the textural features,by mineralogical similarities, and by the lack

of a contact zone between the patchy and the non-patchy spilite. The

disappearance of patchiness with depth in the core is probably due
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to a differential cooling effect between the patchy and the non-

patchy spilite. The non-patchy zone has solidified relatively

slower than the above patchy zone. The remnants of glassy tax. V

ture are less conspicuous in this non-patchy zone and the pheno-

crysts of the clinopyroxene are partially or completely replaced.

3. The bottom brecciated zone is part of the above spilite

flow. This brecciated zone is enriched in chlorite, epidote and

quartz with respect to the above spilite flow but relic microlitic

textures are largely oblitered. This zone also contains some re-

lic fragments of spilite rocks and a considerable amount of vein-

ing. The general texture of these rocks has a tendency to show

minerals and rock fragments (keratophyre breccia) strained and

fractured. Phenocrysts of pseudomorphed amphibole indicate the

occurrence of a dike rock which has been recrystallized completely.

From the above facts it is believed that a tectonic movement of

faulting affected this part of the spilite flow.

Previous theories on the origin of spilites from the Virgin

Island have mentioned that autometasomatism was the main process

contributing to the formation of these rocks. However, the author

recognizes that autometasomatism might have been only a partial

possibility in the explanation for the present occurrence of the '

spilite rocks of the core. During the crystallization of the pa-

rental magma late hydrothermal solutions played a certain role in

the process of altering the parental magma of the spilite. The _

redistribution of some of the main cations, such a sodium, potas-
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sium and silicon was facilitated by the passage of late magmatic

fluid enriched in volatiles at the close of crystallization. A few

lines of evidence suggest that this later type of autometasomatism

is due to migration of fluid solutions: 1) there is a certain hetero-

geneity between the dark patches and their respective green matrices,

in that the former is usually higher in potassium and the latter is

higher in sodium; 2) low temperature mineral assemblages are more

abundant in the green matrices than their corresponding dark patches.

Postconsolidation process of burial metamorphism could explain

the occurrences of features which might seem inexplicable if only

autometasomatism were considered. Burial metamorphism of the preh-

nite-pumpellyite facies and of the lower greenschist facies isi

characterized by the disappearance of prehnite and pumpellyite an}

the appearance of actinolite (Coombs, 1960, and Smith, 1969, in press).

In the drill core prehnite and pumpellyite have disappeared below

about 650 feet with a concomitant increase in actinolite. This

9 change is in agreement with observed increases in burial metamorphic

grade from other areas (Coombs, 1960; Otalora, l96h; and Smith, 1969).

The parental magma giving rise to the spilite and the dikes fro

the Virgin Island core is most likely the result of the melting of

mafic rocks. Extrapolating from previous experimental works it was

found that the spilite's parental magma originated close to or within

the lower Crust beneath the Virgin Islands, at depths of about #0 km.

The parental magma of these spilites could have had either the com-

position of a basalt or the composition of an amphibolite. Rocks of
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intermediate composition such as spilites, amphibole porphyries,

albite-diabase and andesine—diabase do not fall on the same liquid

line of descent of progressive magmatic crystallization. This dis-

crepancy has to be solved in terms of different parental composi-

tions. The increase of total iron and titanium content in the

albite and andesine-diabase rocks of the core indicates that they

are derived from a more differentiatd original magma than the

spilite flow.
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