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ABSTRACT

Petrographic observations of dike and pillow chilled margins recovered during DSDP Leg 83 are presented. Chilled
margins of pillows exhibit a maximum of four textural zones. From the margin inward these are (1) glass, (2) glass with
isolated spherulites, (3) coalesced spherulites, and (4) plumose clinopyroxene coalesced with plagioclase in sheaf tex-
tures. Chilled margins of dikes exhibit a maximum of six zones that include from the margin inward (1) glass, (2) a cryp-
tocrystalline texture ranging from equigranular (a) to porphyrotopic (b), (3) open spheruloids to radial-rim spheruloids
in a cryptocrystalline matrix, (4) coalesced radial-rim spheruloids, (5) coalesced spherical to bowtie spherulites, and (6)
plagioclase sheafs with interstitial plumose clinopyroxene. The sequence of zones occurring in a given dike margin is de-
pendent on the nature of the contact with the country rock. Zones 1, 2a, 3, 4, and 5 are observed only in dikes in which
the boundary with the country rock is irregular or convolute; in planar or subplanar dike/host contacts Zones 1, 2a, 3,
4, and 5 are absent and replaced by Zone 2b. Zone 6 occurs in both margin types.

Although both dike and pillow margins demonstrate textures indicative of significant deviations from the equilib-
rium crystallization temperature and a progressive decrease in undercooling away from the margin, pillow margins formed un-
der greater degrees of undercooling with higher cooling rates than dike contacts. In contrast, in dike chilled margins the
undercooling and cooling rate are such that the nucleation density far surpasses that in pillow margins. The resulting

textural features can be used to ascertain the mode of origin in incompletely recovered units.

INTRODUCTION

Current models of the structure of the oceanic crust
are based primarily upon a combination of geophysical
data (Orcutt et al., 1976; Houtz and Ewing, 1976), stud-
ies of ophiolite complexes (Pallister and Hopson, 1981;
Dewey and Kidd, 1977; Cann, 1974; Moores and Vine,
1971), and petrologic studies of samples either cored or
dredged from the ocean crust (Bryan and Moore, 1977).
Verification of the models by means of drilling into the
ocean crust has not been possible because average pene-
tration of basement rock has been less than 600 m. Thus,
only samples of the pillow lavas and flows of Layer 2A
have been recovered in situ. The basement penetration
of 1076 m in Hole 504B during DSDP Leg 83 nearly dou-
bled this average penetration. Study of material from
layers deeper than Layer 2A, specifically, the transition
zone and sheeted dikes of Layers 2B and 2C, is now pos-
sible. This demands an accurate recognition of dikes as
opposed to pillow lavas or flows so that the location or
depth to the transition between subsequent layers can be
assessed.

Horizontal limitations of studying a 6-cm diameter
core and vertical limitations of an average of 20% or
less recovery frequently makes the visualization of three-
dimensional aspects of lithologic units obscure. Petro-
graphically, dike and pillow chilled margins exhibit dis-
tinctly different sequences of textures with distance from
the margin. These characteristics were applied to rapidly
cooled samples from Hole 504B to ascertain whether rocks
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obviously representing some type of chilled margins were
emplaced as dikes or as pillows where actual contacts
were not recovered intact.

The purpose of this paper is twofold: (1) to describe
the petrography of unequivocal pillow and dike chilled
margins to facilitate their recognition in less completely
recovered units and (2) to assess the differences in cool-
ing histories or conditions that are responsible for the dif-
ferences in textures observed between these two modes
of emplacement.

PETROLOGY AND GEOCHEMISTRY OF
LEG 83 BASALTS

Hole 504B is located 201 km south of the Costa Rica
Rift in 5.9 m.y. old crust. The petrology and geochemis-
try of the basalts from Hole 504B have been studied in
detail for the upper 561.5 m of the basement by Autio
and Rhodes (1983) and the remaining 514 m by Kemp-
ton et al. (this volume). The results of these studies indi-
cate that although the lavas are high in MgO, they are
low in incompatible trace elements, REE, and Ti in com-
parison to other mid-ocean ridge basalts (MORB). In
addition, 1-atm. crystallization experiments indicate that
the lavas are nearly saturated with plagioclase, olivine,
and clinopyroxene at low pressures. On the basis of these
data, the lavas have been interpreted as being evolved
compositions, that is, they have suffered significant frac-
tional crystallization, but were derived from a source
previously depleted of much of its incompatible element
content.

Most of the basalts are sparsely porphyritic. Plagio-
clase is the most abundant phenocryst phase (5% or
less). Olivine (now pseudomorphed by smectite and talc)
is the second most abundant phenocryst phase (less than
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1%) with clinopyroxene only occasionally forming crys-
tals of phenocryst proportions. Euhedral Cr-spinels oc-
cur in trace abundances, commonly associated with oli-
vine and plagioclase phenocrysts. Many units, however,
are aphyric. Groundmass textures range from fine grained,
intergranular to coarse subophitic. Typically, the aphyr-
ic units exhibit the best developed subophitic textures.
They are also the coarsest grained samples in the suite.

The basalts have been hydrothermally altered to vary-
ing degrees throughout the hole. As a result, olivine is
completely altered to one or more phyllosilicates in most
units. Plagioclase, although usually unaltered, has been
partially replaced along cracks by laumontite, albite, or
chlorite in some rocks. Augite is generally pristine, but
in zones of intense alteration chlorite or actinolite occur
along grain boundaries.

The pillow and dike margin features that will be de-
scribed in the following sections are based on petrograph-
ic observations of 10 pillow margins and 15 dike margins.
In addition, because many of the fine-grained textures
encountered in these samples could not be resolved pet-
rographically, backscattered electron imaging (BEI) of 1
pillow margin and 2 dike margins was performed. Sam-
ples studied are listed in Table 1.

TECHNIQUES

Microprobe analyses were performed on a JEOL electron micro-
probe at Southern Methodist University using mineral standards at 15 kV
accelerating potential and a 20 nA sample current using 3 wavelength
dispersive spectrometers. Raw data were processed on a PDP 11 to
correct for dead time, background, and absorption, fluorescence, and
atomic number (ZAF) using the alpha correction for oxides procedure
developed by Bence and Albee (1968). Secondary electron imaging
and backscattered electron imaging (BEI) were performed on the same
instrument at low sample currents (2-4 nA) using standard polished
thin sections.

Backscattered electrons are beam electrons that change direction
and escape through the surface of the sample at high angles. The probabil-
ity of this scattering is dependent on the mean atomic number or den-
sity of the sample such that low density phases, which provide a greater
mean free path to the electron beam, produce few backscattered elec-
trons. In a higher density phase, considerable scattering close to the
surface is possible and a large fraction of incoming electrons are back-
scattered producing a brighter image. Backscattered electron images

Table 1. Samples examined, Hole 504B.

Pillow samples = Phenocryst - Dike samples Phenocryst
(interval in cm) phases (interval in cm) phases
711, 112—lé6a OPC 72-1, 71-75 OPC
72-1, 19-23 OoP 78-2, 32-36% OPC
80-4, 5-72 OPC 81-1, 87-89 oP
81-1, 82-86% OP 92-2, 43-472 OPC
82-2, 72-76% OPC 93-1, 64-682 OPC
82-2, 75-79% . OPC 99-2, 17-212 A
82-3, 3-72 OPC 100-2, 74-770 OPC
84-2, 104-1082 OPC 101-1, 76-79° OPC
86-1, 9-132 OPC 103-1, 9-132 A
90-1, 132-1362 P 107-1, 11-152 A
111-1, 84-86 OPC
116-1, 126-1282 oPC
123-1, 140-143 A
129-3, 30-36 OPC
139-1, 12-15 OPC

Note: O = olivine; P = plagioclase; C = clinopyroxene; A =
aphyric.
2 Samples available for shipboard observation only.
Samples analyzed by SEI and BEI.
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can, therefore, be used as maps of the distribution and morphologies
of phases too small to be resolved optically. However, it must be recog-
nized that mineral phases may have overlapping average atomic weights or
densities and, thus, be indistinguishable or unidentifiable in BEI (Hall
and Lloyd, 1981).

PREVIOUS WORK

The distinctive textural features of pillow margins were
described by Bryan (1972) for samples of lavas from the
Red Sea Rift and the Mid-Atlantic Ridge. Kirkpatrick
(1978) documented similar features for ocean basalts re-
covered during DSDP Leg 46, Hole 396B. He was able
to delineate six zones within a complete pillow margin
that were defined on the basis of the appearance of phases
combined with textural changes across the margin. He
interpreted these changes as an indication of reducing
cooling rate toward the interior of the pillow. Experi-
mental corraboration of the interpreted cooling histories
suggested by these textures has been almost nonexistent
for actual ocean floor compositions (Lofgren and Don-
aldson, 1975). Textural features in Grande Ronde, Co-
lumbia River, pillow basalts have been experimentally
reproduced by Schiffman and Lofgren (1982). In their
experiments, cooling rates of 2400°C/hr were required
to reproduce the vitrophyric rims of the pillows and
10°C/hr to imitate the holocrystalline interiors. In addi-
tion, extensive programmed crystallization studies have
been made on lunar basalts (Lofgren, 1975; Donaldson
et al., 1975; Walker et al., 1976; Dowty et al., 1974). Ap-
plication of these experimental results permits at least
qualitative estimates of cooling rate and histories for
terrestrial rocks of similar compositions. An excellent
review of experiments on crystallization of silicate melts
can be found in Lofgren (1980).

Petrographic descriptions and experimental studies of
dike chilled margins have been largely neglected. Early
attempts to quantify the kinetics of nucleation and growth
based on the numbers of crystals and changes in crystal
size with distance from the margin were made by Lane
(1898) and extended by Gray (1970, 1978). In a more
theoretical approach to the kinetic problem, Kirkpatrick
(1976) employed computer modeling techniques in the
crystallization of a hypothetical 2-m-wide dike. His work
estimates that the first centimeter of the dike crystallizes
within the first few hours after injection. The dike should
completely crystallize within 2 to 3 days. Kirkpatrick’s
model also predicts that both nucleation and growth
rates decrease significantly toward the dike interior. Pet-
rographic descriptions of changes in crystal morphol-
ogies and the implications with respect to undercooling
and cooling rate have not been discussed.

PILLOW TEXTURES IN LEG 83 BASALTS

Chilled margins of pillows recovered in Hole 504B ex-
hibit a maximum of four distinct zones. From the margin
inward these are (1) glass, (2) glass with isolated spheru-
lites, (3) coalesced spherulites, and (4) plumose clinopy-
roxene coalesced with plagioclase in sheaf textures. The
interior boundary of Zone 4 is gradational with the crys-
talline interior as grain size increases and skeletal crystal
morphologies are replaced by faceted crystals. These zones
are illustrated in Figures 1-5 and discussed in the text.



Zone 1

The glassy zone was not recovered in all samples of
pillow margins. Although it is believed to have been
present in all pillows originally, a combination of sec-
ondary alteration and the brittle fracturing as a conse-
quence of drilling probably contributed to its lack of re-
covery. When recovered, the thickness of the zone rang-
es from 1 to 4 mm. The glass is commonly brecciated or
fractured into triangular or polygonal shapes. In pris-
tine samples the glass is black in hand specimen and has
an amber color in thin section, but is dark gray to gray-
ish green in the more altered samples. The subsequent
alteration has a concentric habit that parallels the poly-
gon boundaries.

Euhedral phenocrysts of plagioclase and olivine are
generally present, and occasionally rounded clinopyrox-
ene xenocrysts occur as well. Plagioclase phenocrysts are
2-5 mm in size, and glomerocrystic aggregates are com-
mon. Olivines are generally less than 1 mm in size, but
phenocrysts up to 2 mm occur. Spherulitic or dendritic
overgrowths were not observed.

Zone 2

This zone, present in most recovered pillow margins,
ranges from 2.5 to 5 mm in width. It consists of small,
circular- or oval-shaped, dark brown spherulites 100-
300 pm in size set in a matrix of glass (Fig. 1A). Plagio-
clase microlites 100-200 um in size, as well as the pla-
gioclase phenocrysts, have acicular to dendritic exten-
sions arising from the corners of the laths that are en-
veloped by the same dark brown spherulitic growth.
Backscattered electron imaging (BEI) of the spherulites
indicates that although plagioclase microlites occur in
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the cores, the spherulites are not composed exclusively
of plagioclase (Fig. 1B). Rather, they are intergrowths of
at least three phases arranged as elongate radial fibers
extending outward from the central microlite. Texturally
similar spherulites in pillow lavas from DSDP Leg 46 were
termed plagioclase spherulites by Kirkpatrick (1978).
However, BEI of these spherulites indicates that they are
identical to those from Leg 83 (Figs. 2A, 2B). It cannot
be unequivocally established at the present level of anal-
ysis whether all of the phases of plagioclase, clinopyrox-
ene, olivine, and glass are included in these intergrowths,
but petrographic and BEI observations combined with
broad-beam microprobe analyses indicate that clinopy-
roxene and glass, not plagioclase, constitute the majori-
ty of the encircling spherulites.

Zone 3

Zone 3 is distinguished from Zone 2 on the basis of
two coincident features: (1) a polygonal rather than cir-
cular outline of the spherulites resulting from their coa-
lescence during growth and (2) the appearance of pale
brown (in plane polarized light) spherulites in addition
to the dark brown spherulites (Fig. 3A). The spherulites
in Zone 3 are slightly larger than those in Zone 2, up to
0.55 mm in diameter. BEI indicates that the dark brown
varioles are identical to those in Zone 2, having a radial
arrangement of clinopyroxene + plagioclase, olivine, and
glass surrounding the plagioclase microlite cores (Fig.
3B). The light brown varioles, however, originated as den-
dritic olivine (now altered to phyllosilicates) plus an in-
tergrowth of clinopyroxene and glass (?) in the intersti-
tial areas between the dendritic branches (Fig. 3C). Skel-
etal plagioclase microlites (up to 0.5 mm in length) are
common in the cores of the dark brown spherulites; mi-

Figure 1. Pillow margin Zone 2 in Sample 504B-72-1, 19-21 cm. (A) Isolated dark brown spherulites in a glass matrix. Transmitted light photo-
micrograph. (B) Backscattered electron image (BEI) of dark brown clinopyroxene spherulites demonstrating that the spherulitic overgrowths
are not composed predominantly of plagioclase, but rather clinopyroxene. Note the dendritic breakdown of plagioclase at the crystal cor-
ners. Phases are identified in BEI as follows: clinopyroxene = light gray, glass (?) = medium gray, plagioclase = dark gray, and secondary
phyllosilicates = black. The sequence of numbers printed along the right margin in this photo and in all subsequent BEI photographs corre-
spond to the following information. From bottom to top: accelerating voltage (e.g, 15 kV), magnification (261 = 26 x 10"), photo sequence
number (0025 = 25th photo taken), scale including scale bar and length in microns. Pl = plagioclase, Gl = glass, Sph = polyphase spheru-

litic overgrowth, comprised predominantly of clinopyroxene.
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Figure 2. Pillow margin Zone 3. (A) BEI photo of dark brown clinopyroxene spherulite in Sample 504B-72-1, 19-21 ecm. Crystallization of clino-
pyroxene encompasses the skeletal plagioclase microlite. (B) BEI photo of dark brown clinopyroxene spherulites from Hole 396B, Leg 46.

Phases present are the same as in Sample 504B-72-1, 19-21 cm.

crophenocrysts occurring either alone or in clusters of
two or three crystals have either the same dark brown fi-
brous overgrowth or form the nucleus of several locally
coalesced olivine dendrite spherulites.

In samples where clinopyroxene is modally abundant,
a third textural type of spherulite appears abruptly at
the interior margin of Zone 3 with Zone 4. The varioles
have elongate or oval shapes and have extinction pat-
terns that are not strictly radial, but rather sweep in
small segments. They are pale brown in plane polarized
light, similar to the olivine dendrite spherulites, but in
crossed polars they exhibit distinctly higher observable
birefringence (Figs. 4A, B). Tabular to skeletal plagio-
clase microlites with acicular extensions elongate paral-
lel to the feldspar (010) crystal face occupy the cores of
the varioles (Fig. 4C). Clinopyroxene, which has nucle-
ated along the length of these microlites, grows as elon-
gate crystals at high angles to the plagioclase surface
(Figs. 4B, C). The remainder of the spherulite is a com-
posite of clinopyroxene and a second phase of lower
average atomic weight, possibly glass. Broad-beam mi-
croprobe analyses indicate that this intergrowth is com-
positionally similar to that composing the dark brown
varioles, but with possibly less glass.

Although each variole type is actually a composite of
several phases, to facilitate further discussion each shall
be referred to on the basis of its predominant phase or
distinguishing feature. Light brown varioles with low bi-
refringence composed of olivine dendrites plus intersti-
tial clinopyroxene and glass will be referred to as olivine
dendrite spherulites. Light brown varioles with moder-
ate birefringence composed predominantly of clinopy-
roxene will be called light brown clinopyroxene spheruli-
tes. Dark brown varioles consisting of an intergrowth of
clinopyroxene, glass + plagioclase, and olivine will be
termed dark brown clinopyroxene spherulites.

Euhedral olivine phenocrysts and microphenocrysts
0.2-2.5 mm in size are present in Zone 3. FeTi-oxides are
generally too small to recognize optically in this zone. BEI
verifies that they occur as small crystals less than 1 um
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in size lining the variole boundaries. If clinopyroxene
spherulites are abundant, oxides greater than 1 pum are
more abundant.

In fresh samples, Zone 3 is dark gray to black in hand
specimen; in altered samples, however, this zone has a
very pale, greenish color.

Zone 4

The transition from Zone 3 to Zone 4 is gradational
in terms of size and abundance of the light brown clino-
pyroxene spherulites, but relatively abrupt with respect
to the disappearance of the olivine dendrite spherulites
and dark brown clinopyroxene spherulites. At the bound-
ary with Zone 4, the relative area occupied by the light
brown clinopyroxene spherulites reaches a maximum;
nearer the interior the clinopyroxene morphology gradu-
ally changes from variolitic to interstitial immature plu-
mose textures (Fig. 5A). Plagioclase abruptly loses the
dark brown fibrous overgrowths and appears as slightly
larger (up to 0.45 mm in length) coarse, axiolitic spher-
ulites (Fig. 5B). These resemble bundles of plagioclase
aciculae elongate parallel to the (010) crystal face. The in-
dividual needles of the spherulites are separated by clino-
pyroxene that has crystallized along the plagioclase laths
and grown perpendicular to its surface (Fig. 5C). Skeletal
or tabular microphenocrysts as well as microlites possess
these acicular extensions. They form the interiors of many
of the light brown clinopyroxene varioles, but also occur
separate from them.

Nearer the pillow interior, plagioclase increases in size
and abundance and the axiolitic spherulites enlarge to
form crystals with sheaf textures up to 0.8 mm in length;
clinopyroxene occurs between the plagioclase sheafs as
plumose crystals. With increasing distance from the mar-
gin, plagioclase sheafs coalesce, and clinopyroxene is re-
stricted to an interstitial occurrence as larger plumose
crystals than before (Figs. 5D, E).

FeTi-oxides occur as equant crystals less than 5 um in
size lining the boundaries of coalesced clinopyroxene
spherulites. Oxides also appear intergrown with the cli-



Figure 3. Pillow margin Zone 3 in Sample 504B-72-1, 19-21 cm. (A)

Coalesced dark brown clinopyroxene spherulites and olivine den-
drite spherulites. Plagioclase microlites are present in the cores of
both spherulite types. Transmitted light. (B) BEI photo of coa-
lesced spherulites. DK = dark brown clinopyroxene spherulites,
OD = olivine dendrite spherulites, Gl = glass, Pl = plagioclase.
(C) Higher magnification of olivine dendrite spherulite. Olivine is
now altered to phyllosilicates and occurs as the dark, cross-hatched
phase marked as Ol on the photo. The remainder of the spherulite
is an intimate intergrowth of clinopyroxene, glass (?) + plagioclase.
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Figure 4. Pillow margin Zone 3 in Sample 504B-72-1, 19-21 cm. (A)

Coalesced light brown clinopyroxene spherulites. Plagioclase oc-
curs as axiolitic spherulites enveloped by clinopyroxene and as more
sheaflike textures when not surrounded by the clinopyroxene spheru-
lites. Transmitted light. LB = light brown clinopyroxene spheruli-
tes, Pl = plagioclase. (B) BEI photo of a light brown clinopyrox-
ene spherulite. Clinopyroxene alone initially nucleated and grew
perpendicular to the plagioclase surface. The surrounding spheru-
litic growth is a composite of clinopyroxene and an additional un-
identified phase, but its mineralogy is more homogeneous than the
dark brown spherulites. Clinopyroxene is light gray, plagioclase is
intermediate gray, alteration is black, FeTi-oxides are white. (C)
BEI photo of coalesced light brown clinopyroxene spherulites. Note
FeTi-oxides lining the boundaries between adjacent spherulites.
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Figure 5. Pillow margin Zone 4 in Sample 504B-72-1, 19-21 cm. (A) Portion of Zone 4 adjacent to Zone 3. Plagioclase textures range from
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axiolitic spherulites to sheaves; clinopyroxene ranges from spherulitic to interstitial plumose textures. Transmitted light. (B) BEI photo of
the same portion of Zone 4 shown in Figure 5A. (C) BEI photo of axiolitic plagioclase. Note the concentration of clinopyroxene and FeTi-
oxides between the plagioclase aciculae surrounded by a clinopyroxene intergrowth spherulite. (D) Plagioclase sheaves plus interstitial plu-
mose clinopyroxene. Transmitted light. (E) BEI photo of a similar portion of Zone 4 shown in Figure 5D. Note the skeletal plagioclase laths
extending into sheaf textures; clinopyroxene occurs as plumose crystals restricted to the interstitial volumes between plagioclase aciculae. (F)
Higher magnification BEI photo of plagioclase sheaf intergrown with clinopyroxene and FeTi-oxides.




nopyroxene that nucleated on the plagioclase aciculae of
the axiolitic spherulites.

The interior boundary of Zone 4 is believed to be gra-
dational with a microlitic interior. This cannot be docu-
mented, however, since a physically continuous sequence
from pillow margin to interior was not recovered during
Leg 83. Therefore, the width of Zone 4 is unknown; it
must be a minimum of 1-2 cm. Based on textural varia-
tions within fragments of the same unit, it is apparent
that toward the interior of the pillow the elongate pla-
gioclase microlites and microphenocrysts become less
sheaflike and gradually increase in size. Clinopyroxene
changes from plumose textures to subophitic or inter-
granular. In the plumose textures subparallel crystals of
clinopyroxene nucleated along the length of the plagio-
clase laths and grew as radiate sprays that have a sweep-
ing extinction pattern along the spray. The entire spray
may be up to 100 um wide and the individual crystals of
the plumes 5-10 um. Intergranular to subophitic tex-
tures in which clinopyroxene possesses a more equant
morphology occur in the pillow interior. Euhedral pseu-
domorphs of olivine phenocrysts occur, but olivine is
neither abundant as a phenocryst phase nor in the
groundmass.

DIKE MARGINS

Structurally and texturally dike and pillow margins
exhibit several characteristics that distinguish them. Dike
margins are intrusive contacts against a host material.
This intrusive margin is generally planar to subplanar,
but may be brecciated or highly contorted (Fig. 6). Mi-
crolites and small phenocrysts are nearly always prefer-
entially aligned parallel to the contact. Disaggregated
polycrystalline fragments of the host wall rock are com-
mon in the dike margins (Fig. 7A). In cases where the
host/dike boundary is sharp or planar, phenocrysts and
groundmass crystals in the wall rock are truncated (Fig.
7B). Furthermore, the sequence of crystal morphologies
and groundmass textures observed from margin to inte-
rior of dikes is markedly different from that documented
for pillow chilled margins.

Six dike-margin zones have been recognized in sam-
ples from Hole 504B. These zones are defined predomi-
nantly based on changes in crystal morphology and dis-
tribution of phases. From the margin inward these zones
include (1) glass, (2) cryptocrystalline texture ranging from
equigranular (a) to porphyrotopic (b), (3) open spheru-
loids to radial-rim spheruloids set in a cryptocrystalline
matrix, (4) coalesced radial-rim spheruloids, (5) coalesced
spherical spherulites to bowtie spherulites, and (6) pla-
gioclase sheaves with interstitial plumose clinopyroxene.

The sequence of textural zones is not always com-
pletely developed in a given dike margin and is related to
the nature of the host/dike contact. Zones 1, 2a, 3, 4,
and 5 are observed only in dikes in which the boundary
with the host is irregular or convolute; in planar or sub-
planar dike/host margins, Zones 1, 2a, 3, 4, and 5 are
absent and replaced by Zone 2b. Zone 6 occurs in both
margin types, succeeding Zone 4 in the irregular mar-
gins and Zone 2b in sharp or planar margins.

PETROGRAPHIC ANALYSIS OF CHILLED MARGINS

In general, the textural sequence observed in both dike
and pillow margins indicates trends of decreasing cool-
ing rate and undercooling from the margin to the interi-
or. In dike margins, however, significantly lower average
values for these parameters are implied by the greater
degree of crystallinity combined with the lesser develop-
ment of spherulitic or dendritic crystal morphologies.
These textural features are illustrated in Figures 8-10 and
discussed in the text.

Zone 1

Zone 1 is rarely developed in dike margins recovered
from Hole 504B. In fact, only one sample, 504B-123-1,
140-143 cm, was recovered in which glass was identified
at an intrusive margin (Fig. 6B). The contact is highly
convoluted and the glass now altered to phyllosilicates.
The zone is variable in width ranging from 1 to 4 mm
along the contact. Polycrystalline fragments plucked from
the wall rock are observed to be in various states of dis-
aggregation throughout the margin. As in the pillow
margins, phenocrysts and microphenocrysts show no evi-
dence of quench crystallization at their rims. The typical
absence of this zone strongly indicates that cooling con-
ditions are seldom appropriate for complete quenching
of magma to 100% glass along these dike margins.

Zone 2

Zone 2 is the zone most commonly adjacent to the
wall rock. Because crystal sizes are too small to be re-
solved petrographically, this zone is referred to as cryp-
tocrystalline (Fig. 8). BEI shows that Zone 2 is com-
posed of an intimate intergrowth of three or four phases
including plagioclase and clinopyroxene + olivine (now
altered to smectite) and FeTi-oxides. In samples having
irregular or convoluted contacts, the cryptocrystalline
border is typically equigranular; all phases are approxi-
mately the same size (2-4 pm), and crystal morpholo-
gies are equant, predominately anhedral (Figs. 9A, B).
Microphenocrysts and phenocrysts are subhedral to euhe-
dral and possess no spherulitic or dendritic overgrowth.

In samples where the boundaries between host and
dike are sharp or planar, a greater range in crystal sizes
and morphologies is observed. The term porphyrotopic
has been adopted to describe this texture. (The term was
originally suggested to describe the fabric of a chemical-
ly precipitated sedimentary rock in which the constitu-
ent crystals were of more than one size and in which
larger crystals were enclosed in a fine-grained matrix;
Friedman, 1965.) Grain sizes in porphyrotopic dike mar-
gins range from less than 1 um to approximately 15 pm.
Aside from the distinctly larger plagioclase micropheno-
crysts, larger grain sizes are not restricted to any one
phase. Although most crystals are anhedral, larger pla-
gioclase crystals are subhedral, having more tabular
shapes. Spherulitic overgrowths are not present.

Equant FeTi-oxides (3-5 um in size) occur commonly
in the groundmass of the cryptocrystalline porphyroto-
pic borders, but were not positively identified in the equi-
granular zones. In samples studied, this zone ranges from
0.5 to 2.5 mm wide.
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Figure 6. (A) Irregular dike margin. Sample 504B-100-2, 74-77 cm. (B) Planar dike margin. Sample 504B-101-1, 76-79 cm. (C) Convoluted dike
margin. Sample 504B-123-1, 140-143 cm. (D) Irregular dike margin. Sample 504B-129-3, 30-36 cm. (E) Two irregular dike margins intruding the
same host. Sample 504B-111-1, 84-86 cm. (F) Pillow margin. Sample 504B-72-1, 19-21 cm.

Zone 3

Zone 3 is defined by the appearance of spheruloid
clusters 50-100 um in size set in a cryptocrystalline ma-
trix (Fig. 9C). This zone has only been observed adja-
cent to the cryptocrystalline equigranular Zone 2a. Pet-
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rographically, the speruloids are observable as diffuse,
light-colored spheres surrounded by a darker matrix
(Fig. 8). Grain sizes are too small to determine the bire-
fringence or extinction patterns. Although these clus-
ters have a spherical to subspherical shape, they are re-
ferred to as spheruloids because they do not possess the
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Figure 7. (A) Disaggregated wall rock fragments in irregular dike margin. Sample 504B-116-1, 126-128 cm. Transmitted light. (B) Truncated
plagioclase phenocrysts in wall rock adjacent to planar dike margin. Sample 504B-101-1, 76-79 cm. Crossed polars.

radial orientations of elongate crystals implicit in the
definition of spherulite. BEI inspection of these clusters
shows that they are polyphase aggregates of equigranu-
lar crystals, the individual crystals of which are less than
3 pm in size (Figs. 9C, D). Plagioclase and clinopyrox-
ene are the major constituent phases although plagio-
clase predominates. In common with the spherical spheru-
lites observed in pillow margins, one or more plagioclase
crystals frequently occupy the cores of these spheru-
loids. These crystallites are commonly too small to be dis-
tinguished petrographically (less than 40 um). They are
more elongate and develop acicular extentions as the in-
terior boundary of this zone is approached. Clinopyrox-
ene frequently occurs in greater abundance adjacent to
the plagioclase cores than elsewhere in the spheruloid.
Outward from this core, the two major phases, plagio-
clase and clinopyroxene, are intimately intergrown in
nearly constant modal proportions. Although the ma-
trix in which the spheruloids occur is comprised of the
same mineral phases, an increase in modal clinopyrox-
ene serves to define the boundaries of the clusters (Fig.
9D). This average crystal size changes only slightly from
Zone 2 to Zone 3, coarsening toward the interior of the
dike, and the spheruloids adjacent to Zone 2 do not
change appreciably in crystal size from core to rim. How-
ever, adjacent to Zone 4 the spheruloids take on a subtle
radiate appearance in which larger, more elongate crys-
tals extend outward from the homogeneously distrib-
uted, equant crystals of the spheruloid center (Fig. 9E).
This is manifested petrographically as lighter colored,
more birefringent spheruloids. These radial-rim spheru-
loids have more distinct boundaries and exhibit an imper-
fect radial extinction pattern in thin section.

Zone 4

Zone 4 is distinguished from Zone 3 by the coales-
cence of the spheruloid clusters. However, unlike the po-
lygonal shapes that result from the coalesced spherical
spherulites in pillow margins, the boundaries of the spher-
uloid clusters become diffuse. The gradational character

of this transition frequently makes the boundary be-
tween Zones 3 and 4 difficult to recognize by normal pet-
rographic techniques (Fig. 8). The spheruloids are some-
what larger than in Zone 3, ranging from 100 to 150
um. Spheruloids increase in size across the zone toward
the interior margin. Plagioclase crystals in the cores of
these spheruloids are larger than in Zone 3 (30-60 pm);
they occur as tabular microlites with acicular extensions
elongate parallel to the (010) crystal face (Fig. 9F). Cli-
nopyroxene nucleation appears to have been initially
concentrated around these plagioclase microlite cores.
Clinopyroxene forms elongate crystals perpendicular to
the surface of the feldspar and encompasses most of the
surface area of the microlites. As in Zone 3, equant, ho-
mogeneously distributed crystals of plagioclase and clino-
pyroxene surround the core microlites; the rims, how-
ever, consist of an intergrowth of elongate clinopyroxene
and plagioclase + olivine aciculae arranged in a radial
fashion about the homogeneous center (Fig. 9F). Near
the boundary with Zone 5 the relative abundance of ol-
ivine increases in the rim portion of the spheruloids.
The spheruloids exhibit a concentrically zoned appear-
ance consisting of light-colored cores and darker rims
(Fig. 8), due to the typical alteration of olivine to phyl-
losilicates. As in Zone 3, clinopyroxene is concentrated
in the interstitial volumes between adjacent spheruloids.
In thin section these appear as irregularly shaped, yel-
low-brown patches with moderate birefringence. FeTi-
oxides are small, equant crystals randomly distributed
throughout. The width of this zone ranges from 0.5 to
2.5 mm for the samples studied.

Zone 5

Zone 5 is distinguished from the coalesced radial-rim
spheruloids of Zone 4 by the development of a more
complete radial arrangement of the constituent crystals
such that they can justifiably be termed spherulites,
(Figs. 9G, H). The first spherulitic bodies to develop are
intergrowths of plagioclase, clinopyroxene, and olivine
(now altered to clays). These spherulites are the largest
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Figure 8. Composite low magnification photomicrograph of irregular and planar dike margins. Approximate location
of corresponding BEI photo is indicated by figure number. Transmitted light. (A) Zones 2a, 3, 4, and 5 in irregular
dike margin. Sample 504B-100-2, 74-77 cm. (B) Zone 6 in irregular dike margin. Sample 504B-100-2, 74-77 cm. ©
Zone 2b in planar dike margin. Sample 504B-101-1, 76~79 cm. (D) Zone 6 in planar dike margin. Sample 504B-101-1,
77-79 cm.



observed in the entire margin (up to 250 um) and have
spherical to subspherical shapes. The plagioclase micro-
lites that occupy the centers of these spherulites range
from 30 to 80 um in size and are essentially identical in
appearance to the microlites occurring within the radial-
rim spheruloids. Clinopyroxene appears to have nucle-
ated initially on the surface of the plagioclase. It subse-
quently grew perpendicular to the plagioclase surface as
elongate crystals intergrown with plagioclase, olivine,
and FeTi-oxides. The size of the crystals increases out-
ward from the central plagioclase microlite as does the
relative proportion of olivine (Fig. 9H). This textural ar-
rangement produces concentrically zoned clusters. Co-
existing with the spherical spherulites are coarse bowtie
spherulites 100-200 ym in size. They are composed pre-
dominately of plagioclase and clinopyroxene (Figs. 91,
J). In transmitted light they are light brown. The bound-
aries between adjacent spherulites appear diffuse as in
the coalesced spheruloids of Zone 4. Near the interior
margin of this zone the boundaries of the bowtie spheru-
lites are defined by relatively coarse-grained intergrowths
of clinopyroxene, plagioclase, FeTi-oxides + olivine.
Grain sizes on the order of tens of microns are in
marked contrast to the less than 1-um-wide needles
comprising the spherulites (Fig. 9K). Extinction is im-
perfectly radial and sweeps outward along the spheru-
lites into the coarse-grained areas suggesting that they
are crystallographically contiguous. FeTi-oxides are dis-
tributed randomly throughout the spherulites, but are
increasingly concentrated along the spherulite bounda-
ries associated with the coarse-grained crystals with dis-
tance from the margin. This zone is 1-2 mm wide.

Zone 6

This zone occurs in dike margins with either irregular
or planar host/dike margin, Figures 9L, M, and 10C. The
textural changes result from continued coarsening of
grain size similar to that observed in the coarse-grained
areas between adjacent bowtie spherulites in Zone 5. Fig-
ures 9L, M demonstrate the way in which the spherulitic
texture is gradually dominated by areas of coarse grain
size. Although clinopyroxene continues to form irregu-
larly shaped interstitial crystals, plagioclase tends to be-
come increasingly more tabular. Eventually the texture
consists of tabular plagioclase microlites with interstitial
plumose clinopyroxene. The plagioclase microlite laths
may be as much as 600 um long in porphyrotopic sam-
ples; they generally occur as mats of small microlites
less than 50 um long in the equigranular margins. Oli-
vine occurs as small euhedral crystals in the groundmass
and as phenocrysts. FeTi-oxides are present as equant
crystals less than 10 um in size that line the boundaries
between adjacent plumose clinopyroxenes.

THEORY

The theories of nucleation and growth of crystals are
reasonably complex and beyond the scope of this paper.
However, the petrographic features observed in dike and
pillow margins are attributable to differences in the nu-
cleation and growth rates for the conditions each experi-
enced. For this reason, a brief summary is warranted;
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the purpose is not a rigorous discourse of nucleation or
growth theory, but rather to provide a frame of refer-
ence for the discussion to follow. More in-depth review
of the processes, kinetics, and mathematical expressions
of nucleation and growth are available in Kirkpatrick
(1981, 1983), Dowty (1980), and Jackson (1977).

Nucleation is the process by which one phase forms
initially in another. If this process takes place spontane-
ously, it is called homogeneous nucleation; if the nucle-
ation is due to particulate or foreign matter within the
parent material acting as.a substrate for nucleation, the
process occurs heterogeneously. Classical theories of nu-
cleation have focused on homogeneous nucleation be-
cause several simplifying assumptions can be made that
facilitate the mathematics. This theory will be summa-
rized here.

Conceptually homogeneous nucleation occurs when
small spontaneous variations in the character of the ini-
tial phase (in this case a melt) takes place such that at-
oms cluster together in the character of a new phase.
However, a free-energy barrier exists to the formation of
the new phase because the free energy of the small clus-
ter of atoms is greater than the free energy of the same
atoms in the melt; it is not until a critical size, r*, of the
cluster is reached that the free energy begins to decrease.
The steady-state concentration of critical nuclei present
can then be considered in terms of the probability that
small clusters of atoms produced during random fluctu-
ations in conditions within the melt will be stable and
survive. The mathematical expression for this probabil-
ity is a Boltzman distribution (Kirkpatrick, 1981):

N* = Nexp(— AG*,,,/RT)

where N, is the number of atoms per volume in the re-
acting phase, R is the gas constant, T is absolute tem-
perature, and AG* the total or critical free energy of the
critical cluster. The nucleation rate is a function of this
equilibrium concentration of critical nuclei and the num-
ber of atoms in the reactant adjacent to the cluster sur-
face, the probability that the atom has sufficient energy
to overcome the energy barrier for attachment and the
frequency of attempts of the individual atoms to over-
come the energy barrier for attachment. An expression
for this rate has the form (Kirkpatrick, 1981)

I = n*»N, exp(— AG,/RT)exp(— AG*/RT)

where n* is the number of atoms in the reactant phase
next to the critical nucleus, » is the frequency with
which an atom tries to overcome the free energy barrier,
AG, is the activation energy. I has the units of nuclei/
cm?3 of reactant phase/s.

However, this expression is derived for the steady-state
nucleation rate. Some assumptions in its derivation are
that the nucleation occurs randomly throughout the pro-
cess, that there is no volume change upon crystalliza-
tion, and that the crystals do not move (Kirkpatrick,
1976). For the natural system under consideration some
of these assumptions are invalid. For example, magma
is obviously not immobile during the entire nucleation
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and 6 in irregular dike margin. Sample 504B-100-2, 74-76 cm. (A) Zone 2a, cryptocrystalline

equigranular texture. Contact with the host wall rock occurs in the upper left. Phases are identified in BEI as follows: secondary altera-

tion/phyllosilicates

light gray,

ture
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Figure 9. BEI photos of Zones 2a,

dark gray clinopyroxene

cryptocrystalline equigranular Zone 2a. (B) Zone 2a showing equigranular tex-

Note lack of dendritic or spherulitic growth. (C) Zone 3 open spheruloids. Spheruloid boundaries are diffuse, outlined by patches

of clinopyroxene (light gray). (D) Zone 3 spheruloid showing the lack of spherulitic or dendritic growth in these spherical clusters. Cli-

medium gray, alteration of Ca-plagioclase (laumontite?)

black, Ca-plagioclase =

secondary sulfide = white, H

= host, CE =

nopyroxene is concentrated adjacent to plagioclase crystallites and along spheruloid boundaries. (E) Zone 3 radial-rim spheruloid
showing the elongate radial arrangement of clinopyroxene and plagioclase at the spheruloid rim. (F) Zone 4 coalesced radial-rim

spheruloids. Note the diffuse boundaries of the spheruloids. Plagioclase crystals have acicular extensions from the corners of the laths

plagioclase (dark gray), clinopyroxene (light gray), and FeTi-oxides (white). Bowtie

and are enveloped by crystallization of clinopyroxene. (G) Zone 5 spherical spherulites surrounded by bowtie spherulites. The spherical

spherulites are composed of altered olivine (black),
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Figure 9. (Continued).

spherulites are composed predominantly of plagioclase and clinopyroxene. (H) Zone 5 interior of Figure 9G. Note the increasing devel-
opment of bowtie spherulites. Plagioclase occurs as elongate acicular crystals enveloped by clinopyroxene. (I) Higher magnification
BEI photo of spherical spherulite. Clinopyroxene crystallization predominates adjacent to the skeletal plagioclase microlite core and is
intergrown with olivine and plagioclase in a radial orientation away from the plagioclase surface. Note the increasing size of crystals
and increasing concentration of olivine (now altered to phyllosilicates, black in BEI) outward from the center of the spherulite. (J)
Zone 5 coalesced bowtie spherulites. (K) Zone 5 bowtie spherulites interior of Figure 9J. Borders of spherulites are recrystallized. Note
tendency for FeTi-oxides to concentrate in the zones of coarse-grained crystals at spherulite boundaries. (L) Transition from Zone 5 to
Zone 6. Coarse-grained areas are more extensive. Plagioclase is more tabular and clinopyroxene occurs as more equant crystals than in
previous zones. (M) Zone 6 consisting of plagioclase is more tabular and clinopyroxene occurs as more equant crystals than in previous
zones. Zone 6 consisting of plagioclase laths with interstitial plumose clinopyroxene and remnants of bowtie spherulites.
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Figure 10. BEI photos of Zones 2b and 6 in planar dike margin. Sample 504B-101-1, 76-79 cm. (A) Zone 2b, cryptocrystalline prophyrotopic.
FeTi-oxides = white, clinopyroxene = light gray, Ca-plagioclase = intermediate gray, alteration of plagioclase/laumontite? = dark gray, al-
teration of olivine/phyllosilicates = black. (B) Higher magnification BEI photo of cryptocrystalline porphyrotopic Zone 2b demonstrating the
spectrum of grain sizes and crystal morphologies. Note absence of dendritic or spherulitic growth. (C) Zone 2b adjacent to Zone 6. (D) Zone 6
consisting of coarse-grained tabular plagioclase and equant clinopyroxene with interstitial plumose to bowtie-spherulitic intergrowths of pla-

gioclase and clinopyroxene.

process within conduit systems. Secondly, this deriva-
tion does not account for nucleation on a preexisting
substrate, the process most likely for natural systems
(Jackson, 1977; Kirkpatrick, 1974, 1976). The forma-
tion of nuclei on preexisting solid phases can greatly re-
duce the surface energy associated with the nucleus (Dow-
ty, 1980; Lofgren, 1982). At present the mechanism of
heterogeneous nucleation cannot be adequately repre-
sented theoretically since the difference of surface en-
ergy is dependent on the physical state as well as the
structural complexity of the substrate.

Lofgren (1980) has stated from experimental observa-
tions that the nucleation behavior including any or all
of the incubation time, rate, density, or distribution ap-
pears to be the most important variable in determining
the growth kinetics and rock textures. He has shown
that olivine and oxides nucleate most easily, followed by
clinopyroxene and plagioclase presumably because of the
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increasingly polymerized structures represented in this
sequence. In addition, for heterogeneous nucleation, the
more polymerized the structure of the nucleating phase,
the more polymerized the structure of the substrate must
be. Thus, plagioclase appears to nucleate only on itself,
although clinopyoxene or olivine may nucleate on pla-
gioclase.

Moreover, a time lag exists between the inception of
nucleation and the point at which the steady-state rate is
achieved. This could become extremely important at rapid
cooling rates. Kaschiev (1969) derived an expression for
this time lag, 7, and found that it is directly proportional
to temperature, but inversely proportional to the surface
area, the exponential of the activation energy and the
free energy versus cluster size function. Kirkpatrick (1983)
observed that the most important parameters affecting
the time constant are the activation energy and the
shape of the free energy versus cluster radius curve near



the critical values. Kaschiev (1969) determined that t must
equal 57 before the steady-state rate is achieved.

The process of crystal growth under various condi-
tions is better understood because its effects can be ob-
served microscopically. The theoretical derivations for
growth rate are similar to those for nucleation rate. Both
are functions of the deviation from the equilibrium or
liquidus temperature, T, (which is called the undercool-
ing, AT), and the cooling rate, dT/dt. Qualitatively,
these two parameters dictate that the rates of nucleation
are zero at the liquidus (AT = 0) because the driving
force, AG, is small. As AT increases, AG and both nu-
cleation and growth rates increase to a maximum. Be-
yond these maxima the rates decrease due to the coun-
tering effects of drastically reduced diffusion rates. The
steady-state maximum in nucleation rate is generally at
a larger undercooling than that of growth rate (Kirkpat-
rick, 1976). However, for natural systems the difference
may not be as great due to nucleation on foreign sub-
strates, that is, heterogeneous nucleation. Moreover, if
the cooling rate is large, the conditions will be too tran-
sient for the predicted nucleation and growth rates to be
achieved.

DISCUSSION

The cooling histories indicated by the crystal mor-
phologies in pillow margins have been discussed in depth
by Kirkpatrick (1978). In his model, the textural se-
quence observed is the product of an intimate interplay
of cooling rate and the degree of undercooling such that
at any one position in the pillow the absolute undercool-
ing changes as cooling proceeds. The rate at which this
takes place varies from pillow to pillow, but, in general,
both undercooling and cooling rate are large. Walker et
al. (1976) recorded the temperature of appearance of the
crystalline phases in lunar picritic basalt 12002 as a func-
tion of cooling rate and found that increasing cooling
rate can progressively reduce the temperature of appear-
ance of a phase and eventually suppresses its appearance
completely. Such is the case in Zone 1 of both dike and
pillow margins. In this zone glass forms because the
temperature drops so rapidly through the nucleation and
growth curves that few crystals nucleate or grow. Simi-
larly, in Zone 2 of pillow margins isolated spherulites set
in a matrix of glass suggest that only minimal amounts
of growth and nucleation are possible. Moreover, de-
tailed examination of the spherulites indicates that nu-
cleation is only accelerated by means of heterogeneous
nucleation. Although the spherulites have plagioclase mi-
crolites in the centers, the major portion of the spheru-
litic overgrowth is clinopyroxene that initially nucleated
on the plagioclase. The experimental work of Walker et
al. (1976) suggested that the degree of suppression is
least for the liquidus phase and greatest for the lowest
temperature phase. Yet in Leg 83 basalts, clinopyroxene
crystallizes well below the equilibrium liquidus tempera-
ture after plagioclase and olivine have begun to crystal-
lize (Autio and Rhodes, 1983). This reversal is in all
probability due to the fact that the degree of suppres-
sion is also a function of the incubation time for nuclea-
tion and in turn a function of the crystal structure com-
plexity; highly polymerized minerals like feldspar require
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more time for nucleation than olivine or clinopyroxene.
Thus, homogeneous nucleation of the crystallizing phas-
es is apparently insignificant in this zone; the lower en-
ergy barrier to nucleation on a preexisting substrate fa-
vors those phases that can nucleate by this mechanism.
In addition, the growth is not an equilibrium process
leading to formation of rational crystal faces. Rather,
growth occurs by the repeated breakdown of the crystal
interface into dendrites or spherulites whose fibers or
needles grow rapidly outward to overcome the effects of
slow diffusion rates at low temperatures. Thus, crystals
with simpler structures grow preferentially over more
complex ones regardless of the equilibrium crystalliza-
tion sequence under these rapid cooling conditions.

Decreased undercoolings and lower dT/dt are indi-
cated in Zone 3 by the diminishing abundance of glass,
the concurrent increase in size of the clinopyroxene domi-
nated spherulites, and the appearance of olivine den-
drites. The olivine dendrites represent the first phase to
nucleate homogeneously under the rapidly changing con-
ditions prevailing in the pillow margins. Plagioclase also
forms more dendritic crystals as well, but its growth is
inhibited by the encompassing spherulites. In Zone 4,
progressively smaller values of AT and dT/dt result in
conditions conducive for plagioclase growth; clinopy-
roxene dominance in the crystallization is reduced and
extensive plagioclase bowtie spherulites or sheaf textures
are produced. Within the pillow interior progressively
lower values provide a closer approach to equilibrium
conditions, and clinopyroxene is restricted to crystalliza-
tion between skeletal to tabular plagioclase laths. The
change in olivine morphology with changing undercool-
ing and cooling rate is difficult to assess for these sam-
ples due to its complete alteration to smectite, chlorite,
or talc.

The textures observed in pillow margins from Hole
504B indicate that they formed by a combination of large
undercooling and rapid cooling rate such that nuclea-
tion and growth are completely suppressed in the outer-
most portions of the rim. Nucleation is largely restricted
to a heterogeneous mechanism, and appearance of phases
is a function of the type of substrate available as well as
the variation in temperature conditions. The high cool-
ing rate in pillows precludes achievement of the maximum
steady-state nucleation rate in any of the outer zones.

In common with pillow margins, dike margins dem-
onstrate textures indicative of significant deviations from
the equilibrium temperature and a progressive decrease
in undercooling and cooling rate away from the margin.
In contrast to pillow margins, the average values for
these parameters are much smaller. In addition, the in-
terplay between cooling rate and undercooling is such
that nucleation more closely approaches the maximum
steady-state rate. Thus, nucleation density far surpasses
that in pillow margins. Ultimately, this nucleation histo-
ry has a profound effect on the textures produced dur-
ing subsequent cooling.

Aside from the exceptional glass of Zone 1, Zone 2
represents the greatest undercooling and fastest cooling
rate in the dike margin. In pillow margins, glass and
dendritic or spherulitic crystal morphologies were pro-
duced in the zones with the largest undercooling and

179



P. D. KEMPTON

cooling rates. Yet the textures in Zone 2 of the dike mar-
gins are fine grained and cryptocrystalline ranging from
equigranular to porphyrotopic. There is no suggestion
of heterogeneous nucleation as in the pillow margins,
nor is there development of skeletal or dendritic crystal
morphologies, although these appear toward the interi-
or of the dikes. This seemingly paradoxical result is a
function of the much smaller undercooling and cooling
rates in the dikes as compared to pillow margins. Be-
cause these conditions permit a closer approach to the
maximum steady-state nucleation rate, the nucleation den-
sity is higher. As a result, little diffusion is necessary for
a given element to reach a suitable substrate. Growth
rate is slowed as grain boundaries of adjacent crystals
rapidly impinge upon each other.

Furthermore, unlike pillow margins where plagioclase
nucleation and crystallization are suppressed for several
millimeters away from the rim, plagioclase nucleation in
dike margins is abundant and its growth is initially unin-
hibited by heterogeneous nucleation of clinopyroxene.
Apparently sufficient incubation time is available under
these cooling conditions for nucleation of this highly poly-
merized phase.

Similarly for Zone 3, although the spheruloids present
are reminiscent of the textural sequence observed in pil-
lows, these features reflect markedly different condi-
tions from the pillow margins. The spheruloids do not
possess a radial arrangement of crystals; rather, they are
spherical clusters of crystals not unlike the cryptocry-
stalline matrix in which they are set. Clinopyroxene com-
monly occurs in enhanced concentrations at the spheru-
loid boundaries. This suggests that local chemical varia-
tions initiated by the growth of the plagioclase crystal-
lite resulted in more intense nucleation of clinopyroxene
in the diffusion boundary layer adjacent to the plagio-
clase. Analogous to Zone 2, the high nucleation rate ne-
gates the necessity for crystallization of radiating or
branching crystals.

In Zone 4, the spheruloids take on a subtle radiate
habit, and the average crystal size of individual crystals
in the spheruloids is slightly larger. The continuation of
this trend in Zone S leads to the formation of true spheru-
lites. Thus, although both cooling rate and undercooling
are less than in the previous zones, so also is the nuclea-
tion rate. With fewer nuclei present, the material reject-
ed during growth of the crystallizing phases builds up at
the crystal/melt interface faster than it can diffuse away
or attach to a suitable substrate, and elongate crystals
morphologies result.

Zone 6 is characterized by the initiation of crystalli-
zation of crystals that are larger, more equant, and/or
faceted. It is interesting that this occurs initially at the
margins of the multiphase spherulites or plumose growth
in both planar and irregular margins. The apparent op-
tical continuity from plumose or spherulitic growth to
coarse-grained margins implies that the larger crystals
formed subsequently to the spherulitic or plumose tex-
tures. However, this is contrary to the sequence expected
from crystallization of melt with increasing undercool-
ing. This phenomenon is attributed to recrystallization.
Theories modeling the mechanism of crystal growth (Jack-
son, 1958) and subsequent experimental work (Nabelek
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et al., 1978; Jackson et al., 1967) have shown that spher-
ulitic or dendritic crystal morphologies with their higher
surface area and subsequently higher surface free energy
are not the thermodynamically preferred morphologies.
Thus, in a dike where magma at or near the liquidus
temperature may occupy the center of the conduit long
after crystallization of the margins has occurred, ele-
vated temperatures could be maintained long enough for
these metastable morphologies to be at least partially re-
placed by more thermodynamically stable (lower surface
free energy) forms. Within the dike interior where the
smallest undercoolings and cooling rates occur, textural
relations indicate that plagioclase crystallized first as skel-
etal microlites and clinopyroxene nucleated subsequent-
ly in the interstitial volumes among the plagioclase crys-
tals.

Petrographic analysis of pillow and dike margins from
Hole 504B indicates that these dike and pillow chilled
margins have undergone markedly different nucleation
and growth histories. One of the most obvious products
of this difference is the greater nucleation density in
dikes as opposed to pillow chilled margins. However, if
the chilled intrusive margins recovered are truly the
feeder system of the overlying pillow units, this requires
that the magma extruded as pillow lavas did not experi-
ence the same extensive nucleation event. Alternatively,
the recovered chilled margins are not the feeders for the
pillows.

Evidence that the margins recovered are not the feed-
ers for the pillows is principally derived from Sample
504B-129-3, 30-36 cm, in which both margins of an
8-mm-wide dikelet were recovered (Fig. 6D). The sequence
of textures observed in this sample is similar to that de-
scribed for irregular dike margins. This suggests that
chilled margins of this type are small intrusive features,
probably projections from larger dikes. The difference
in textures observed for irregular and planar margins are
thus most likely a matter of scale, the planar margins be-
ing produced by larger dikes. These larger dikes cannot
be ruled out as potential feeders for the pillows.

It is proposed that the lavas rise to the surface with-
out the nucleation event exhibited in the dike margins.
Computer modeling of the crystallization of a hypothet-
ical 2-m-wide dike by Kirkpatrick (1976) yielded the result
that the first 1-2 cm of the dike would crystallize within
a few hours after injection. Since the width of the chilled
margins recovered in drill core is also on the order of
1-2 cm wide, it is likely that the textures observed are
those produced during the first few hours, while the in-
terior of the conduit continues to flow to the surface
with few or no nuclei formed.

SYNTHESIS

The distinctive petrographic features of dike and pil-
low margins have been outlined for samples recovered
during DSDP Leg 83. These textural characteristics were
applied to rapidly cooled samples recovered from Hole
504B to ascertain whether rocks obviously representing
some type of chilled margin were emplaced as dikes or
as pillows where actual contacts were not recovered in-
tact. The first dike in Hole 504B was encountered dur-
ing Leg 70 at a depth of 712 m (below seafloor), and



dikes were encountered with increasing frequency dur-
ing Leg 83 below 837 m; the last pillow was recovered at
1047 m. These observations combined with geophysical
data determined for Hole 504B (hole summary chapter,
this volume) enabled division of the encountered units
into three zones. The upper zone, Layer 2A, consists of
573 m of intercalated pillow lavas with hyaloclastites,
minor flows, and localized flow breccias. The middle or
transition zone, Layer 2B, contains approximately 210 m
of pillows, minor flows, and dikes while the lowermost
zone, Layer 2C, recovered in excess of 300 m of massive
units and dikes.

The distinctive textural features of dike and pillow
chilled margins have also been qualitatively interpreted
in terms of their nucleation and growth histories as a func-
tion of undercooling and cooling rate. The textures ob-
served in pillow margins studied indicate that they formed
by a combination of large undercooling and rapid cool-
ing rate such that nucleation and growth are completely
suppressed in the outermost portions of the rim. Nucle-
ation is largely restricted to a heterogeneous mecha-
nism, and appearance of phases is a function of the type
of substrate available as well as the variation in tempera-
ture conditions. The high cooling rate in pillows pre-
cludes achievement of the maximum steady-state nucle-
ation rate in any of the outer zones. On the other hand,
the smaller undercooling and cooling rates appropriate
to dike chilled margins result in a nucleation rate that
more closely approaches the maximum steady state. Al-
though growth rate is theoretically predicted to be faster
under analogous conditions, the higher nucleation den-
sity in effect suppresses the growth rate as the crowded
crystallite grain boundaries rapidly impinge. The slow
cooling rates produced in dikes result in elevated tem-
peratures sustained for significant lengths of time. This
permits at least partial recrystallization of the metasta-
ble crystal morphologies that are initially produced dur-
ing crystallization.
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