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Abstract. Phyric basalts recovered from DSDP Legs 45 and 46 
contain abundant plagioclase phenocrysts which occur as either 
discrete single grains (megacrysts) or aggregates (glomerocrysts) 
and which are too abundant and too anorthitic to have crystal- 
lized from a liquid with the observed bulk rock composition. 
Almost all the plagioclase crystals are complexly zoned. In most 
cases two abrupt and relatively large compositional changes asso- 
ciated with continuous internal morphologic boundaries divide 
the plagioclase crystals into three parts: core, mantle and rim. 
The cores exhibit two major types of morphology: tabular, with 
a euhedral to slightly rounded outline; or a skeletal inner core 
wrapped by a slightly rounded homogeneous outer core. The 
mantle region is characterized by a zoning pattern composed 
of one to several spikes/plateaus superimposed on a gently zoned 
base line, with one large plateau always at the outside of the 
mantle, and by, in most cases, a rounded internal morphology. 
The inner rim is typically oscillatory zoned. The width of the 
outer rim can be correlated with the position of the individual 
crystal in the basalt pillow. The presence of a skeletal inner 
core and the concentration of glass inclusions in low-An zones 
in the mantle region suggest that the liquid in which these parts 
of the crystals were growing was undercooled some amount. 
The resorption features at the outer margins of low-An zones 
indicate superheating of the liquid with respect to the crystal. 

It is proposed that the plagioclase cores formed during injec- 
tion of primitive magma into a previously existing magma 
chamber, that the mantle formed during mixing of a partially 
mixed magma and the remaining magma already in the chamber, 
and that the inner rim formed when the mixed magma was 
in a sheeted dike system. The large plateau at the outside of 
the mantle may have formed during the injection of the next 
batch of primitive magma into the main chamber, which may 
trigger an eruption. This model is consistent with fluid dynamic 
calculations and geochemically based magma mixing models, 
and is suggested to be the major mechanism for generating the 
disequilibrium conditions in the magma. 

Introduction 

Extensive study of mid-ocean ridge basalt (MORB) chemistry 
has revealed significant local and regional variations, prompting 
a diversity of models for its mode of formation (e.g., Frey et al. 
1974; Blanchard et al. 1976; Melson et al. 1976; Rhodes et al. 
1976; Bryan and Moore 1977; White and Schilling 1978; Sun 
et al. 1979). It has been demonstrated that the compositional 

variation in MORB suites cannot, in many cases, be interpreted 
in terms of fractional crystallization from a single magma source. 
Models involving mixing of magma in chambers beneath the 
mid-ocean ridges appear to explain many anomalies in MORB 
petrology (Dungan and Rhodes 1978; Rhodes et al. 1979a, b; 
Walker et al. 1979). 

Detailed investigations of ophiolites (e.g., Greenbaum 1972; 
Jackson et al. 1975; Dewey and Kidd 1977; Stern 1979; Smewing 
1979; Pallister and Hopson 1981) lead to models which invoke 
an essentially steady-state magma chamber beneath the ridge, 
with new batches of primitive magma periodically injected into 
the chamber and mixed with the fractionated liquid in it. Normal 
crystal-liquid fractionation then continues until another new 
batch of primitive magma is injected. The geochemical conse- 
quences of this open system fractionation, as predicted by 
O'Hara (1977) and Pankhurst (1977), are in good agreement 
with chemical data from many MORB suites, implying that 
processes involving both fractionation and mixing may be re- 
sponsible for MORB evolution. 

The purpose of this paper is to examine the pre-eruption 
history of phyric basalts recovered from DSDP Legs 45 and 
46 by studying the morphologies and zoning patterns of plagio- 
clase crystals in these basalts. This is possible because plagioclase 
crystals record the physical-chemical history of magma bodies 
in their zoning patterns (e.g., Wiebe 1968; Pringte etal. 1974; 
Maaloe 1976; Uebcl 1978), and because the morphologies of 
plagioclase crystals depend on the cooling history of the melt 
from which they crystallized (Lofgren 1974; Kirkpatrick et al. 
1979). 

Our most important conclusions are that crystallization kinet- 
ics and fluid dynamic behavior are important in controlling pla- 
gioclase crystallization and, therefore, the evolution of the 
magma, and that the zoning patterns and morphologies of the 
plagioclase phenocrysts can be explained by a model involving 
mixing of primitive and evolved magmas in a sub-ridge nlagma 
chamber. 

General Petrography of the Phyrie Basalts 

The phyric basalts from Sites 395 and 396 are characterized 
by the presence of 20-30% plagioclase, olivine, and sometimes 
augitic clinopyroxene (Site 395 only) phenocrysts in a matrix 
of normal basalt mineralogy and texture (Natland 1979; Dungan 
et al. 1979b). Plagioclasc is by far the most abundant. It occurs 
as either discrete single crystals (megacrysts) or in aggregates 
(glomerocrysts). We will use these terms to correspond to the 
terminology of Dungan and Rhodes (1978). These megacrysts 
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Fig. 1A-D. Photomicrographs of the external 
morphology of plagioclase megacrysts and 
glomerocrysts. 
A 396B-17-3,56-60. Plagioclase megacrysts and 
glomerocrysts in a matrix of light brown glass 
and dark brown plagioclase spherulites and 
olivine dendrites. Thin layers of spherulitic 
growth have been developed around the 
plagioclase megacrysts and glomerocrysts. 
Plane polarized light. Scale bar = 1 mm. 
B 395A-16-1,143-147. Plumose spherulites 
growing from a (001) end of a plagioclase 
glomerocryst and some fan spherulites from a 
(001) end of a small plagioclase crystal. Plane 
polarized light. Scale bar=0.5 mm. 
C 396-14-6,20-24. Plagioclase glomerocryst 
showing a curved outline due to resorption. A 
thin zone of post eruption growth, about 19 
microns wide, occurs on the upper part of the 
crystal. Cross polars. Scale bar=0.5 mm. 
D 395-15-5,16-19. Part of a plagioclase 
glomerocryst. The euhedral plagioclase core is 
surrounded by a broad rim with abundant, 
small olivine and clinopyroxene grains included 
in or attached to it. The outer margin of the 
rim has been strongly resorbed. Crossed polars. 
Scale bar = i mm 

and glomerocrysts range in long dimension from about 1 to 
6 mm and are characterized by complex zoning patterns and 
internal morphologies and glass inclusions (many now devitri- 
fied). The glomerocrysts are composed of  plagioclase grains of  
different size, shape, and orientation that are mutually attached 
in complex ways. 

Morphology of Plagioclase Megacrysts and Glomerocrysts 

Two categories of morphological features can be recognized in 
these plagioclase megacrysts and glomerocrysts; external and 
internal. The external morphology refers to the shapes of  the 
outlines of these crystals. In the glassy pillow margins these 
outlines are perfectly preserved with no visible overgrowth 
(Fig. 1A). Further into a pillow, dendrite arms or fan and plu- 
most  spherulites grow from the (001) ends of  the crystals (see 
also Plate 1 in Lofgren 1974), and there is an outer rim usually 
of  the order of 10 microns thick in the [001] direction and thinner 

in the [100] or [010] directions (Fig. 1 B). Even further into the 
pillow the outer rim width increases and the outlines of  the 
crystals become irregular (Fig. 1C). In the pillow centers the 
outline of  these crystals is very irregular (Fig. 1 D), and the width 
of  the outer rim reaches a maximum of about 80 microns. 

The internal morphology of  the crystals is defined by changes 
in plagioclase composition, which cause visible changes in extinc- 
tion angle. There are three kinds of  internal morphologies: (I) 
euhedral, with the compositional zones having crystallographi- 
cally controlled planar boundaries ; (2) skeletal, with the compo- 
sitional zones having an irregular boundary with reentrants; 
and (3) resorbed, with curved boundaries that cross composition- 
al zones. 

Thin section observation of these crystals shows that in most 
cases there are two abrupt and relatively large compositional 
changes that coincide with continuous internal morphologic 
boundaries. One of  them is in the central part of  the crystal, 
whereas the other is invariably very close to the margin. These 
two boundaries divide the whole crystal into three parts, which 



Fig. 2A-F. Photomicrographs of the 
internal morphology of plagioclase 
megacrysts and glomerocrysts. All photos 
were taken with crossed polars. Scale bar: 
0.5 mm for (C); 1 mm for others. Lines 
are microprobe traverses. Cross-lines are 
internaI morphological boundaries. 
A 395A-15-5,16-19. A simply zoned 
plagioclase megacryst with a euhedral 
core and an oscillatory zoned rim. Few 
inclusions are scattered in the core. 
B 395A-15-3,I20-126. Part of a simply 
zoned glomerocryst with a homogenous 
core and a partly resorbed core-rim 
boundary. A very few inclusions are 
scattered in the core. (2 395A-61-2,49-53. 
Part of a complexly zoned glomerocryst. 
All the zoning boundaries are enhedral 
and the whole crystal is inclusion-free. 
D 396B-20-1. Resorbed homogenous core 
with skeletal mantle enclosed by 
inclusion-free rim. The inclusions 
concentrated in the mantle are the liquid 
trapped by skeletal arms. E 396B-16-2,42- 
46. A complexly zoned glomerocryst with 
a skeletal core with trapped liquid 
inclusions. The core is enclosed by a 
euhedraI, normal and reverse zoned 
mantle. F 395A-17-1,106-112A. A 
complexly zoned glomerocryst with a core 
consisting of a skeletal inner core and 
resorbed, more anorthitic outer core. The 
core is followed by a mantle that has 
skeletal and rounded morphologies. 
Abundant inclusions are concentrated in 
the narrow, more albitic zone 

will be called, f rom inside out, core, mantle, and  rim. in  a 
few crystals the composi t ional  difference across the core-mantle 
boundary  is not  large. 

There are two types of megacryst and  glomerocryst  cores: 
type 1, those tha t  are only slightly zoned and have a euhedral  
to slightly resorbed outline ; and  type 2, those that  have a skeletal 
or extensively resorbed inner core which is embedded in a compo- 
sitionally homogeneous,  slightly rounded outer  core. 

Crystals with a type 1 core may or may not  have a mant le  
(Fig. 2A, B, and  C, D, respectively). Those wi thout  a mant le  
invariably have a large and tabular  core. Crystals with type 2 
cores always have a well developed mantle. These skeletal cores 
are very similar to those described by Maaloe  (1976) f rom the 
Upper Zone of  the Skaergaard intrusion, Greenland.  

Because of  the complex combinat ions  of euhedral  and  skeletal 
morphologies and  various degrees of resorption,  morphologic  
variat ions in the mant le  of  these crystals are much  more compli- 
cated than  in the cores. For  instance, the mant le  may exhibit 
repeated euhedral  zones (Fig. 2C), skeletal morphology only 

(Fig. 2D), repeated resorpt ion (Fig. 2E), or a combina t ion  of 
skeletal morphology and resorpt ion (Fig. 2F). All these varia- 
tions are associated with composi t ional  changes. The term com- 
plexly zoned plagioclase will be applied to these crystals with 
complex mantles. It appears that  the occurrence of complexly 
zoned plagioclase is one of the outs tanding petrographic features 
of mid-Atlant ic  ridge basalts (e.g., Muir  and Tilley 1964; Blan- 
chard et al. 1976; Bryan and Moore  1977; Shibata et al. 1979; 
Nat land  1979) and  also of some oceanic island basalts (e.g., 
Imsland et al. 1977). 

In summary,  the plagioclase megacrysts and glomerocrysts 
in these rocks can be divided into two categories: simply zoned 
and  complexly zoned. The simply zoned crystals are character-  
ized by the absence of a mant le  and  the presence of a euhedral,  
slightly zoned tabular  core. Complexly zoned plagioclases are 
characterized by a complex mant le  region. Of  these there are 
two sub-types: those with a euhedral  to resorbed, composit ional-  
ly homogeneous  core, and  those with a skeletal or strongly re- 
sorbed inner core enclosed by a ra ther  homogeneous  outer  core. 
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The mantle regions typically show complex internal morphologi- 
cal variations associated with abrupt compositional changes. 

Both major types have an inner rim region around the whole 
crystal with a prominent compositional hiatus across the mantle- 
rim or core-rim boundary. The thickness of the inner rims of 
the Site 395 plagioclase generally is 40-120 microns in [001], 
while those of the Site 396 plagioclase are narrower-about 30-70 
microns. Both types also have a ragged outer rim if they are 
in pillow interiors but not if they are near pillow margins. 

These morphologic variations, together with the fact that 
the composition of the outer rim is the same as that of the 
groundmass plagioclase, indicate that the external morphology 
of these crystals is controlled by the post-eruption cooling rate. 
The internal morphologic and compositional variations are not 
related to position of the crystal in the pillows and, therefore, 
reflect the pre-eruption history of the magma. 

Plagioclase Compositions 

Analytical Methods 

Quantitative analyses from 31 plagioclase megacrysts and glo- 
merocrysts have been obtained by electron microprobe analysis. 
The locations of the profiles were chosen by the following cri- 
teria: (1) they pass along the direction in the crystal in which 
the most complete zoning history in that part of the crystal 
is recorded, (2) they avoid cracks and inclusions so that every 
zone in the profile occurs in the microprobe traverse, and (3) 
they are as parallel as possible to crystallographic axes so that 
intergranular comparisons can be reasonably made. In most 
cases 1 to 4 profiles in each megacryst and 3 to 8 profiles in 
each glomerocryst were run. 

Reconnaissance traverses of selected plagioclase crystals were 
made for Ca using an ARL-EMX electron microprobe with 
a beam current of approximately 0.1 mieroamps and a scan 
speed of 96 microns/minute. The different varieties of zoning 
patterns were recognized from these. Representative profiles of 
each type have been duplicated using a JEOL JXA-50A electron 
probe microanalyzer with a sample current of approximately 
0.035 microamps (about 4,000-7,000 cps for Ca) and a scan 
speed of 20 microns/minute. The excellent reproducibility of 
detailed zoning patterns indicates that a microprobe traverse 
is a reliable means of investigating continuous chemical varia- 
tions along a compositionally heterogeneous profile (Subbarao 
et al. 1972). 

Quantitative analyses were carried out on the ARL-EMX 
electron microprobe using a beam current of approximately 0.08 
microamps for Ca, Si, Na and 0.2 microamps for Fe, A1, Mg, 
an accelerating voltage of 20 kV, and a beam diameter of 1 
micron. The standard used was labradorite from Lake County, 
Oregon (Stewart et al. 1966, Table 1). Drift, background and 
dead time corrections were made using the program PROBE, 
and absorption, fluorescence, backscatter, and stopping power 
corrections with a modified version of ABFAN (Boyd et al. 
1969). Three to 8 point analyses were made along each traverse 
to calibrate the qualitative zoning profiles. The accuracy of the 
calibration is about 1.4% relative at the 95.4% confidence level. 
Representative analyses are presented in Tables 1 and 2. 

Simply Zoned Plagioclase 

The cores of this kind of plagioclase are typically tabular and 
slightly oscillatory zoned in the range 84-88 % An. The amplitude 
of the oscillatory zoning is about 1-4% An. The compositions 

Table 1. Representative electron microprobe analyses of simply zoned 
plagioclases. (Points correlated to Fig. 3) 

395A-15-5,16-19 395A-17-1,106-112B 
(a)* (a) 

1 2 3 1 2 3 4 

SiO 2 45 .53  50 .64  51.10 46.28 45 .35  50.01 50.60 
A1203 34.26 30 .32  30.54 34.35 34.39 31.96 31.20 
MgO 0.31 0.55 0.30 0.36 0.36 0.49 0.45 
FeO 0.33 0.57 0.67 0.36 0.40 0.45 0.45 
CaO 17.66 13.50 13.95 17.37 17.72 15.01 14.78 
Na20 1.54 3.47 3.54 1.36 1.15 2.61 2.86 

Total 99.63 99.05 100.10 100.08 99.37 100.53 100.34 

An 86.5 68.3 68.6 87.6 89.5 76.1 74.0 
Ab 13.5 31.6 31.4 12.4 10.5 23.9 26.0 

Si 2.108 2 .327 2 .328  2.i27 2 .104  2 .270  2.300 
A1 1.869 1.644 1.641 1.860 1.880 1.710 1.671 
Mg 0.021 0 .038 0 .020  0 .025 0 .025 0 .033 0.030 
Fe 0.013 0 .022  0 .025 0 .014  0.015 0 .017 0.017 
Ca 0.876 0 .665 0.681 0 .855 0 .880 0 .730 0.720 
Na 0.138 0 .310 0 .313 0.121 0 .103 0 .229  0.252 

Total 5.025 5.006 5.008 5 .002 5.007 4 .989  4.990 

* Alphabets indicate crystals in the same sample 

are the same as those calculated by Rhodes et al. (1979b) from 
their estimated primitive magma composition. The cores are 
either homogeneous (Fig. 3A) or can be compositionally subdi- 
vided into inner and outer cores. In the latter case the outer 
core has a slightly higher An content than the inner core and 
is very gently normally zoned (Fig. 3 B). 

The rims can be divided into inner and outer rims. The 
inner rims are characterized by several 10-15 micron wide oscilla- 
tory zones superimposed on gentle normal zoning. The composi- 
tion is in the range 65-78% An, depending on the composition 
of the chemical unit the host rock belongs to. The amplitude 
of this oscillatory zoning is no more than 2-5% An. The outer 
rims contain about 5% An less than the inner rims. 

Complexly Zoned Plagioclase 

At least 80% of the plagioclase megacrysts and glomerocrysts 
are complexly zoned. Core compositions of these crystals vary 
from 75 to 88% An and are related to core morphology. High-An 
cores are similar to the cores of the simply zoned plagioclase 
(e.g., Fig. 4D, H). More often, however, the cores of the com- 
plexly zoned plagioclases are skeletal and less anorthitic (e.g., 
Fig. 4A, B, F, G). In a few cases, a strongly resorbed inner 
core (75-82% An) is enclosed in a more anorthitic, slightly oscil- 
latory zoned outer core (Fig. 4E). In these crystals the composi- 
tion of the mantle immediately adjacent to the core is always 
in the range 82-77% An. Consequently, a high-An, tabular core 
is usually surrounded by a compositional hiatus, while a low-An, 
skeletal core is frequently surrounded by a region of reverse 
zoning. 

Details of the zoning patterns in the mantle regions vary 
considerably, but two significant features occur in almost all 
of them: several spikes or plateaus of high An content, and 
a very limited range in composition of the base line on which 
these spikes/plateaus are superimposed. The composition of each 
spike or plateau is 3 ~ %  An higher than that of the segments 
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of  base line next to it. Some sharp and  nar row spikes do not  
appear  on all traverses th rough  a single crystal (e.g., Fig. 4 F  
and  G). Most  plateaus can be correlated from traverse to traverse 
in a given crystal. These are reversely zoned, with a 2 to 6% 
increase in An  from inside to outside. There are 1 to 3 plateaus 
in each complexly zoned plagioclase, with one of them always 
occupying the outermost  par t  of  the mantle. This outer  plateau 
usually has the highest An  content  of  any plateau in the mantle, 
in many cases as high as tha t  of  the euhedral  cores (84-88% 
An). For  zoning profiles with several spikes and  plateaus, the 
composit ional  difference between the spikes/plateaus and  the 
base line decreases outwards,  and  there is no significant inter- 
granular  correlat ion in the posi t ion of  these spikes and  plateaus 
before the last plateau. 

The base line composi t ion in the mant le  is usually in the 
range 74.5-79.5% An. The one exception is a plagioclase in 
sample 395A-16-1,143-147, in which the range is 86 83% An. The 
highest base line An  content  is in the innermost  mantle, with 
the value dropping slowly to a min imum value in the central 
par t  of the mantle. F rom this point  the base line composi t ion 
may be constant ,  may show gentle reverse zoning, or may be 
constant  and  then show reverse zoning. In all cases the reverse 
zone is very narrow. 

The r im of  the complexly zoned plagioclases always sur- 
rounds  the entire crystal, with a decrease of  6 -13% An across 
the mantle-r im boundary.  In general the r im profile is composed 
of a wide plateau (inner rim) followed by a thin  layer with 
steep normal  zoning (outer rim). The inner  rim shows various 

Table 2. Re ~resentative electron microprobe analyses of complexly zoned plagioclases. (Points correlated to Fig. 4) 

395A-30-1,73-78 
(a) 

1 2 3 4 5 6 7 1 2 3 4 5 

SiO2 
AlzO3 
MgO 
FeO 
CaO 
Na20 

48.89 50.10 47.20 49.39 50.54 48.55 51.23 
31.17 30.8l 32.05 32.27 30.78 32.08 30.54 
0.48 0.41 0.35 0.30 0.35 0.28 0.43 
0.51 0.49 0.48 0.50 0.48 0.51 0.50 

15.40 I5.23 16.64 15.60 15.07 16.42 14.30 
2.81 2.81 2.05 2.50 2.87 2.10 3.33 

49.74 49.06 49.88 47.83 48.05 
31.36 31.86 30.82 32.60 32.09 
0.41 0.38 0.36 0.26 0.33 
0.51 0.50 0.51 0.48 0.50 

i6.14 15.94 15.18 16.89 16.41 
2.38 2.23 2.81 1.88 2.24 

Total 99.26 99.85 98.77 100.56 100.09 99.94 100.33 100.54 99.97 99.56 99.94 99.62 

75.1 74.9 81.8 77.4 74.5 81.2 70.4 
24.9 25.1 18.2 22.6 25.5 I8.8 29.6 

2.257 2.294 2.I98 2.248 2.306 2.229 2.328 
1.697 1.662 1.759 1.730 1.655 1.735 1.636 
0.033 0.028 0.024 0.020 0.024 0.019 0.029 
0.020 0.019 0.019 0.019 0.018 0.020 0.019 
0.762 0.747 0.830 0.760 0.737 0.807 0.696 
0.252 0.249 0.185 0.221 0.254 0.187 0.293 

74.9 79.8 74.9 83.1 80.3 
25.1 20.2 25.1 I6.9 19.7 

2.267 2.247 2.291 2.200 2.216 
1.684 1.719 1.668 1.766 1.744 
0.028 0.026 0.025 0.018 0.023 
0.020 0.019 0.020 0.018 0.019 
0.788 0.782 0.747 0.831 0.811 
0.210 0.198 0.250 0.I68 0.200 

An 
Ab 

Si 
AI 
Mg 
Fe 
Ca 
Na 

Total 5.021 4.999 5.015 4.998 4.994 4.997 5.001 4.997 4.991 5.001 5.00I 5.013 

395A-17-1,126-128 396-14-6,20-24 
(a) (b) 

1 2 3 1 2 3 4 1 2 3 4 

SiO2 
A1203 
MgO 
FeO 
CaO 
Na20 

48.33 49.13 46.49 
32.99 32.20 33.03 

0.41 0.41 0.38 
0.48 0.48 0.46 

16.48 16.30 17.93 
2.08 2.02 1.43 

46.67 49.87 48.62 50.91 
33.51 32.04 31.95 31.56 

0.33 0.44 0.44 0.49 
0.39 0.45 0.45 0.59 

17.43 I5.67 15.91 I4.50 
1.42 2.18 2.16 2.79 

47.06 49.06 49.67 50.53 
33.38 32.46 31.08 30.61 

0.16 0.28 0.30 0.38 
0.42 0.44 0.42 0.53 

17.42 15.80 15.24 14.72 
1.49 2.33 2.71 3.06 

Total 100.77 100.54 99.72 99.75 100.65 99.53 100.84 99.93 100.37 99.42 99.83 

87.1 79.9 80.2 74.2 
12.9 20.1 19.8 25.8 

2.153 2.263 2.237 2.300 
1.821 1.713 1.732 1.680 
0.023 0.030 0.030 0.033 
0.015 0.017 0.017 0.022 
0.862 0.761 0.784 0.702 
0.127 0.192 0.193 0.244 

An 
Ab 

Si 
AI 
Mg 
Fe 
Ca 
Na 

Total 

81.4 81.7 87.4 
18.6 18.3 I2.6 

2.202 2.239 2.152 
1.770 1.728 1.800 
0.028 0.028 0.026 
0.018 0.018 0.018 
0.804 0.295 0.888 
0.183 0.179 0.128 

86.6 79.0 75.8 72.6 
13.4 21.0 24.2 27.4 

2.166 2.237 2.283 2.311 
1.810 1.744 1.683 1.650 
0.0i I 0.019 0.020 0.026 
0.016 0.017 0.016 0.020 
0.859 0.771 0.751 0.722 
0.133 0.206 0.242 0.271 

5.005 4.987 5.012 5.001 4.976 4.993 4.98I 4.995 4.994 4.995 5.000 
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Table 2 (continued) 

SiO2 
A1203 
MgO 
FeO 
CaO 
NazO 

395A-33-2,52-56 
(d) 

1 2 3 4 5 1 2 3 4 5 

48.69 48.65 48.03 48.77 48.05 
31.74 32.90 32.72 31.68 32.70 

0.38 0.38 0.38 0.43 0.43 
0.39 0.35 0.39 0.39 0.39 

16.2I 16.35 16.68 16.00 16.88 
1.92 1.97 1.90 2.36 1.68 

49.91 48.09 47.93 46.91 49.74 
31.11 32.39 33.10 33.19 30.72 
0.46 0.39 0.44 0.43 0.41 
0.41 0.36 0.37 0.37 0.49 

15.08 I6.22 16.41 16.91 14.76 
2.74 2.12 2.02 1.73 2.89 

Total 99.33 i00.60 100.10 99.63 100.13 99.71 99.57 100.27 99.54 99.01 

82.3 82.0 83.0 78.9 84.8 
17.7 18.0 17.0 21.I 15.2 

2.245 2.215 2.203 2.243 2.202 
1.723 1.765 1.767 1.717 1.766 
0.026 0.026 0.026 0.029 0.029 
0.015 0.013 0.015 0.015 0.015 
0.800 0.797 0.819 0.789 0.829 
0.172 0.173 0.169 0.211 0.149 

75.4 81.0 81.8 84.4 73.9 
24.6 19.0 18.2 15.6 26.1 

2.286 2.214 2.192 2.166 2.294 
1.679 1.757 1.784 1.806 1.670 
0.032 0.027 0.030 0.029 0.028 
0.016 0.014 0.014 0.014 0.019 
0.740 0.800 0.804 0.837 0.730 
0.243 0.189 0.179 0.155 0.259 

An 
Ab 

Si 
A1 
Mg 
Fe 
Ca 
Na 

Total 4.981 4.989 4.999 5.004 4.990 4.996 4.991 5.003 5.007 5.000 

396B-22-2,3-6 395A-16-1,143-147 
(c) (a) 

i 2 3 1 2 3 4 5 

SiO2 
A1203 
MgO 
FeO 
CaO 
Na20 

46.82 49.40 47.97 
33.36 32.41 31.65 
0.28 0.35 0.33 
0.39 0.42 0.46 

16.63 15.38 16.67 
1.83 2.51 2.04 

45.97 46.08 46.50 45.85 49.62 
33.98 34.39 33.66 33.84 31.38 
0.44 0.36 0.43 0.34 0.43 
0.33 0.37 0.37 0.33 0.51 

17.24 17.89 16.91 17.65 15.23 
1.51 1.20 1.84 1.37 2.75 

Total 99.31 i00.47 99.12 99.47 100.29 99.71 99.38 99.92 

83.4 77.2 82.0 
16.6 22.8 18.0 

2.166 2.248 2.224 
1.819 1.737 1.728 
0.019 0.023 0.023 
0.015 0.016 0.018 
0.824 0.749 0.828 
0.164 0.222 0.183 

5.007 4.995 5.004 

Nil 
Ab 

Si 
A1 
Mg 
Fe 
Ca 
Na 

Total 

86.2 89.1 83.7 87.7 75.3 
13.8 10.9 16.3 12.3 24.7 

2.127 2.117 2.146 2.126 2.27I 
1.853 1.862 1.831 1.849 1.693 
0.031 0.025 0.029 0.024 0.029 
0.013 0.014 0.014 0.013 0.020 
0.855 0.881 0.836 0.877 0.747 
0.136 0.107 0.164 0.123 0.244 

5.015 5.006 5.020 5.012 5.004 

combinat ions  of normal,  reverse and  constant  composi t ion zon- 
ing patterns and  a range of  composit ions of  78-68% An. The 
inner rim is typically oscillatory zoned. Each oscillation is less 
than 1% An and is too narrow to be resolved by the microprobe.  
The outer  r im composi t ion is less than  about  70% An and 
is identical to the groundmass  plagioclase composi t ion (Dungan  
et al. 1979a, b;  Kirkpatr ick 1979a). 

Iron and Magnesium in Plagioelase 

Figures 5 and 6 show the relationships between the major  ele- 
ment  composit ions of the plagioclases (% An) and Mg/(Mg + Fe) 
values for the core and inner r im of  Site 395 plagioclases. The 
positive correlat ion between M g / ( M g + F e )  and  An  content  in 
bo th  simply and complexly zoned plagioclase cores is identical 

no mat ter  which chemical unit  these crystals come from. The 
same positive correlat ion is shown in the inner r im (Fig. 6), 
but  the M g / ( M g +  Fe) values of plagioclases from chemical units 
P3, P4 and P5 have about  the same range and are higher than  
those from unit  P2. The whole rock M g / ( M g + F e )  ratios show 
the same variat ion among  chemical units (Rhodes et al. 1979a). 
It appears, then, tha t  the core composit ions do not  reflect the 
present composi t ion of the host basalt,  whereas the inner rim 
composi t ion does. 

Glass Inclusions 

Both the olivine and  plagioclase phenocrysts  contain various 
numbers  of glass inclusions. Inclusions in olivine usually number  
1 to 3 per grain, and have spherical or subspherical shapes (Dun- 
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Fig. 3A, B. Zoning pattern in simply zoned plagioclase. A 395A-15-5,16-19. A traverse parallel to [001] showing an essentially homogenous 
core of Ansv. B 395A-17-1,106-112. A traverse parallel to [001]. The core is divided into two parts by a slightly resorbed boundary. The 
vertical bars with a number indicate the position of microprobe analysis used to calibrate the zoning profile. The unnumbered vertical bars 
divide the core (C) and rim (R). Patterned bars indicate the observed internal morphology of the crystal (see the legend at left) 

gan and Rhodes 1978). In plagioclase the number of inclusions 
varies from almost none to hundreds per grain. The glass inclu- 
sions in plagioclase can be divided into two categories based 
on their shape, size, distribution and origin. 

Inclusions of the first type vary in shape from spherical to 
subspherical to subangular and have diameters ranging from 
2 to 40 microns. The inclusion material is glassy in small inclu- 
sions but devitrified to a dark-brown color in large ones 
(Fig. 7A D). Only a few inclusions contain spherical vapor 
bubbles, indicating a very low volatile content in the host magma 
(Delaney et al. 1977; see Watson 1976, for a contrary case). 
This type of inclusion occurs as scattered individuals in the 
large, tabular, slightly zoned crystals (Fig. 7A), in arrays or 
clusters that are concentrated in zones or patches more albitic 
than the surrounding parts of the crystal, or between segments 
of skeletal crystal (Fig. 7B, C), or both (Fig. 7D). Some of these 
inclusions occur along twin planes. In many cases there is a 
thin layer of more albitic plagioclase surrounding the inclusion, 
indicating growth into the inclusion after it formed. 

Glass inclusions of the second type (Figs. 7E F) have an 
irregular shape and variable size, distribution, and composition 
depending on their mode of formation. Many of these inclusions 
apparently represent cross-sections through short-range tunnel 
systems which have axes roughly coincident with the major crys- 
tallographic axes of the host plagioclase. The longest dimensions 
of these tunnel systems range from about 80 microns to 1.5 mm. 
Despite their irregular shape, these inclusions tend to be elon- 
gated along [001] of the host crystal and are invariably dark 
and glassy. Continued growth of the trapped liquid is common, 
resulting in thin (of the order of microns), more albitic layers 
on the inclusion walls. 

This second type of inclusion occurs in several ways. (1) 
In some skeletal crystals the original crystal grew at the expense 
of liquid trapped between skeleton arms, resulting in zoning 
sub-parallel to the skeletal outline. These inclusions represent 
the remnant liquid trapped between skeletal arms. Therefore, 
their distribution is related to the shape of the skeletal crystal, 
and their pattern generally lacks long distance alignment 
(Figs. 2D, E, and F; 7E). Inclusions associated with skeletal 
growth or resorption may also occur in certain zones in the 
crystal (Fig. 2D; see also Fig. 2F in Rhodes et al. 1979b). (2) 
Some occur in relatively homogeneous plagioclase crystals. In 
this case, the inclusions tend to be bounded by and aligned 
with polysynthetic twins (Fig. 7 F, see also Dungan and Rhodes 
1978). They are usually smaller and more abundant in highly 
twinned plagioclase but are large and blocky in the crystals 
with only a few composition planes. (3) Some occur along the 
boundaries of attached crystals in glomerocrysts. These are typi- 

cally irregular in size and shape and have a scattered distribution 
(Fig. 8). (4) Some are aligned along the faceted boundaries of 
the larger plagioclases in glomerocrysts. These are more or less 
rectangular in shape, and their short ends are bounded by (001) 
faces of smaller plagioclases attached parallel to the large one. 

Mutual Attachment of Plagioclase Grains 

A complicated mode of attachment of individual crystals in glo- 
merocrysts is a significant feature of the plagioclase in these 
basalts. In fact, the number of glomerocrysts is larger than the 
number of single phenocrysts in all the samples examined, indi- 
cating that mutual attachment of plagioclase crystals is a com- 
mon occurrence. 

A typical glomerocryst is illustrated in Fig. 8A. The first 
boundary, labeled 1, clearly formed shortly after the formation 
of the skeletal inner cores. The cores were not euhedral, but 
are still attached to one another along interfaces sub-parallel 
to (010). The second stage of attachment is marked by the attach- 
ment of an anhedral plagioclase with a skeletal core to the left 
side and an elongated plagioclase blade to the right side of 
the central glomerocryst along the boundaries labeled 2. In the 
light of subtle differences in zoning sequence between the upper 
and the left part of the interface, the latter one might have 
initially touched the host crystal diagonally and then rotated 
clockwise towards it. The former one, on the other hand, appar- 
ently stuck into a reentrant and was not able to align itself 
with the host crystal. The growth of the mantle on the right 
side of the crystal is locally disrupted by several plagioclase 
laths along the boundaries labeled 3. The interface, labeled 4, 
between the host and the attached crystals of the last stage 
is typically very close to the mantle-rim boundary. 

Another glomerocryst is shown in Fig. 8 B. This cluster is 
composed of two smaller glomerocrysts combined along the 
boundary labeled 2. The one on the left is composed of several 
slightly oscillatory zoned plagioclase crystals while the one on 
the right is a large, polysynthetically twinned crystal with a 
few smaller crystals around it. The boundaries between the crys- 
tals that formed these two smaller glomerocrysts are labeled 
1, although the two events may not be contemporaneous. Evi- 
dence that 2 is slightly later than 1 is from the zoning sequence 
difference between the two planes in the grain labeled a. The 
third stage is again characterized by many small crystals attached 
parallel to the edges and in reentrants of the host plagioclase. 

There are three possible processes that could cause the wide- 
spread occurrence of glomerocrysts: (1) heterogeneous nuclea- 
tion, (2) accumulation, and (3) synneusis. Heterogeneous nuclea- 
tion can be ruled out because of the variable zoning patterns 
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Fig. 5. Crystal composition versus Mg/(Mg+Fe) ratio for the cores 
of plagioclases from Site 395A phyric basalts. The slope calculated 
using the equations of Longhi (1976) for the temperature dependence 
of the distribution coefficients of Mg and Fe in plagioclase-basalt 
system is also shown. The position of the line is arbitrarily drawn 
to fit the data 

of the individual crystals in a glomerocryst.  Accumula t ion  is 
unlikely because (1) the a t t achment  of plagioclase is episodic 
in nature,  whereas a relatively cont inuous  process of  a t t achment  
is expected during accumulat ion,  (2) if the accumulat ion is due 
to the sinking of  crystals, then the major  accumulated phases 
should be olivine, plagioclase and  pyroxene or plagioclase and  
pyroxene (Irvine 1979). Neither  are c o m m o n  in these rocks, 
(3) if accumulat ion occurred, then a plagioclase on the bo t tom 
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of  a magma body should continue to grow only on the upper  
side of the crystal, and  therefore an asymmetric zoning pat tern  
should be observed. This is inconsistent with our  data. Therefore, 
it is most  likely tha t  synneusis is the major  process by which 
the glomerocrysts formed. 

Vance (1969) has defined synneusis as the process of  drifting- 
together and  mutual  a t tachment  of  crystals suspended in a liquid. 
Plagioclase crystals in a synneusis relat ionship are preferentially 
joined along their broader  (010) faces such that  they appear  
sub-parallel. The external morphologic  irregularities of  the crys- 
tals in a synneusis relationship tend to be eliminated by post- 
synneusis growth. Crystals in a synneusis relat ionship can be 
distinguished from crystals in an  epitaxial relationship because 
synneusis crystals are relatively large when they are initially at- 
tached, as indicated by their well-developed zoning sequences, 
and by the length of their contact,  or their  external crystal form. 
According to these criteria, it appears that  most  plagioclase glo- 
merocrysts in these rocks exhibit a multi-stage synneusis relation- 
ship, In this context, there are several generalizations can be 

Fig. 4A-I. Representative zoning patterns of complexly zoned plagioclases. Unnumbered verticaI bars divide core (C), mantle (Mr) and rim 
(R). See Fig. 3 for patterns indicating internal morphologies. A and B 395A-30-1,73-78,a. A deviates slightly from [001], and B is parallel 
to [I00] in the same crystal as part of a glomerocryst. The crystal has a skeletal inner core about 350 microns wide surrounded by the 
homogeneous outer core. The mantle is well developed at the [001] ends but is shortened and partly absent in the [I00] direction. Note 
the appearance of several spikes and plateaus in the mantle and the gently normal zoned and then reverse zoned base line. The rim is oscillatory 
zoned. C and D 395A-17-1,126-128,a. C is parallel to [100] and D deviates slightly from [100] in the same megacryst. It has a skeletal inner 
core (Anso) enclosed by a homogeneous outer core of Ansv. The mantle is composed of several small spikes superimposed on a slightly 
normal zoned base line and ends with a plateau region. E 396-14-6,20-24,b. A traverse oblique to [001] of a megacryst with a strongly 
resorbed inner core surrounded by a homogenous outer core. The base line in the mantle is in the range An75_77. The small region of 
low An content at 370 to 390 microns is a local patch in the crystal. Again there are several spikes and plateaus, with one of them at 
the outermost part of the mantle. The rim is composed of two reverse zones with a stepwise decrease in An content between them. F 
and G 395A-33-2,52-56,d. Two traverses are parallel to [001] at either end of a crystal as part of a glomerocryst. The features in the core 
and mantle are very similar to those in C and D. The narrow spike at about 300 microns is a local feature. H 396B-22-2,3-6,c. A traverse 
is oblique to [00i] of a crystal as part of a glomerocryst. The base line in the mantle is slightly normal zoned and then reversed zoned. 
Note the gradual decrease in size and composition of the spikes and plateaus in the mantle before the appearance of the last plateau. 
The rim is reverse zoned. I 395A-16-1,143-147,a. A traverse parallel to [001] of a crystal which is part of a glomerocryst. The inner core 
is skeletal and the outer core is homogeneous. The features in the mantle are similar to those in H 
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Fig. 7A-F. Photomicrographs of glass 
inclusions in plagioclase. A, B, F: 
crossed polars. C, D, E: plane light. 
Scale bar = 100 microns. 
A 396B-17-3,56-60. Sub-angular, 
devitrified glass inclusions randomly 
distributed in a homogeneous 
plagioclase host. 
B 395A-17-1,106-112A. Clear glass 
inclusions concentrated in a skeletal 
core more albitic than the surrounding 
mantle. 
C 395A-17-1,106-112A. Periodic, dense 
arrays of spherical inclusions coincident 
with compositional zoning in the host 
megacryst. 
D 395A-16-1,143-147. An array of sub- 
spherical, clear, glass inclusions within 
a zoned plagioclase. Inclusions in the 
core region are randomly distributed. 
E 396B-17-3,56-60. Glass inclusions in a 
skeletal core. 
F 396B-18-1,21-27. Grid-patterned 
inclusions strongly controlled by 
polysynthetic twin lamellae, which 
occur throughout the whole crystal 

made about the synneusis relationship in these glomerocrysts: 
(1) the synneusis appears to have occurred episodically, shortly 
after the core formation, with the growth of the outermost part 
of the mantle, and during the early stage of rim development, 
(2) the mutual attachment of two kinds of cores, as described 
above, in the first episode of synneusis is very rare, (3) the 
last stage of synneusis is characterized by the attachment of 
numerous small plagioclases onto a big glomerocryst. 

Discussion 

Physical-chemical factors pertaining to the magma chamber 
which may govern the variations in plagioclase composition and 
morphology include temperature, pressure, undercooling, super- 
heating, magma mixing, and convection. These are evaluated 
in this section. 

Temperature and Pressure Effects 

Variation in equilibrium plagioclase composition as a function 
of temperature and pressure has been discussed for the system 

albite-anorthite by Lindsley (1966) and Yoder (1969). The equi- 
librium plagioclase becomes more albitic with decreasing temper- 
ature isobarically but with increasing pressure isothermally. For 
instance, at a pressure of 1 atm, the plagioclase in equilibrium 
with a liquid composition of 65% An is about 90% An at 
1,485 ~ C. At 10 kb pressure (dry) and 1,485 ~ C, the liquid of 
65% An is supercooled by about 70~ and the equilibrium 
plagioclase is 80% An and the equilibrium liquid is 46% An. 

For basaltic compositions the effect of pressure on the equi- 
librium plagioclase composition is the same as for the system 
albite-anorthite (Green 1967). Variation of the plagioclase com- 
position with water pressure is not important because of the 
very low water content (less than 0.01% wt. water) in the MORB 
(Delaney et al. 1977). 

Smith (1975) has suggested that the Fe and Mg contents 
of plagioclase depend largely on the temperatur e of crystalliza- 
tion and composition of the host magma. Longhi (1976) studied 
the distribution coefficients of Mg and Fe in the natural plagio- 
clase-basalt systems and concluded that Mg in plagioclase in- 
creases slightly with decreasing temperature. He also inferred 
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Fig. 8A, B. Sketches of plagioclase glomerocrysts showing complex mode of attachment among single grains. A A glomerocrysts from 395A-17- 
1,106-112A. Skeletal plagioclase grains attached together along boundaries labeled 1 during early stage of crystallization. The boundaries 
labeled 2 and 2' represent the second stage of attachment (2' was a little later than 2). The third stage of attachment along the boundaries 
labeled 3 occurred during the development of the high-An zone in the outer part of the mantle. An olivine, a clinopyroxene, and several 
plagioclase grains attached to the inner rim of the host glomerocryst during the last stage of attachment. Inclusions such as I developed 
from the skeletal growth of the core, whereas those like I' are melt enclosed during attachment. B A glomerocryst from 395A-23-I,98-I03 
that is composed of plagioclase grains joined along boundary 1 (left and lower part) and a large, polysynthetically twinned plagioclase with 
a skeletal core (right part). These two parts attached along boundaries 2 and enclosed one olivine, two spinel, and several plagioclase grains 
with basaltic liquid. The last stage attachment is marked by 3. See text for discussion 

that Fe content in plagioclase shows a similar but stronger trend. 
It follows that the Mg/ (Mg+Fe)  ratio in plagioclase should 
decrease slightly with decreasing temperature. Combination of 
the equations for the temperature dependence of the distribution 
coefficients for Mg and Fe in plagioclase-basalt system (Longhi 
1976) and the equilibrium temperature-composition relationship 
in the system albite-anorthite yields a straight line with the slope 
of 0.0042 for the relationship between bulk composition and 
Mg/(Mg+Fe)  value in plagioclase at equilibrium (Fig. 5, solid 
line). 

Kinetic Effects 

Under equilibrium conditions a silicate melt crystallizes when 
it reaches its liquidus temperature. In natural systems, however, 
magma cools at a finite rate and to get a finite rate of crystalliza- 
tion the liquid must be supercooled a finite amount.  The relation- 
ships between the degree of supercooling, composition, growth 
rate, and crystal morphology have been studied for phases occur- 
ing in basalts by several investigators including Lofgren (1972, 
1974), Donaldson (1976), Coish and Taylor (1979), Kirkpatrick 
(1979b), and Kirkpatrick et al. (1979). Lofgren (1972) showed 
that the composition of the ptagioclase growing from a super- 
cooled liquid at about 6 kb water pressure is significantly more 
albitic and the liquid significantly more anorthitic than at equilib- 
rium. For experiments in which the sample is rapidly cooled 
to some undercooling and then held at a constant temperature 
the experimental charge approaches equilibrium and the crystals 
are reversely zoned (Smith and Lofgren 1979). 

Under isothermal conditions, the initial deviation from the 
equilibrium crystal composition increases with increasing super- 
cooling and can be determined from the compositional difference 
between the core and its surrounding, reverse zoned rim. There- 
fore, it is possible to calculate the kinetic effect on the Mg 
and Fe contents in the skeletal ptagioclase cores (e.g., Fig. 4A, 
B, G) by using a crystal composition of 78% An instead of 
75% An. The slope of the Mg/(Mg+Fe)  ratio versus % An 
plot is 0.0042, which is the same as for the equilibrium condition. 
This is due to the very gentle curvature of the solidus in this 
composition range. 

The variation of crystal morphology with supercooling in 
the anorthite-albite system at the water pressure of about 6 kb 
was examined by Lofgren (1974). Plagioclase crystallizes with 
a tabular morphology at low undercoolings. The same morpho- 
logic variation with supercooling has been observed by Kirkpa- 
trick et al. (1979) for dry 1 atm experiments with synthetic albite- 
anorthite compositions. In these experiments plagioclase mor- 
phology varies from euhedral to skeletal/dendritic to spherulitic 
within a supercooling range of 75 ~ C. It seems likely, then, that 
skeletal zones in the Legs 45 and 46 plagioclase phenocrysts 
crystallized at larger undercoolings than zones with euhedral 
morphologies. 

Kirkpatrick et al. (1979) investigated the growth rate of pla- 
gioclase from synthetic plagioctase liquids as a function of super- 
cooling and composition. They found that the growth rate in- 
creases with increasing anorthite content and that the supercool- 
ings with the maximum growth rates are about 150 ~ C. Except 
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for very albitic plagioclase, the growth rates increase rapidly 
to the maximum and then gently decrease with increasing super- 
cooling. For a bulk composition of An75Ab25 the growth rate 
increases about 100 times for a change in supercooling from 
20 to 70 ~ C. 

Therefore, crystals suspended in a suddenly supercooled melt 
will grow more rapidly and with the new crystal being more 
albitic. The new crystal is also likely to contain abundant glass 
inclusions due to the much faster growth and high supersatura- 
tion (Tiller 1977). This feature was observed by Watson (1976) 
in plagioclase crystals from a tholeiitic basalt dredged near Bou- 
vet Island in which glass inclusions are concentrated in several 
bands with more albitic composition than the surrounding mate- 
rial. 

Magma Mixing 

Mixing of the chemically distinctive magmas is a widespread 
petrological process and has been applied frequently to interpret 
the origin of many acidic and intermediate volcanic rocks (see 
Anderson 1976, for a review). Recent investigations of MORBs 
have shown that magma mixing probably plays a significant 
role in their formation also (e.g., Dungan and Rhodes 1978, 
1980; Rhodes et al. 1979a, b; Walker et al. 1979). In particular, 
Walker et al. (1979), by plotting analyses of about 2,000 MORBs 
onto a plagioclase saturated diopside-olivine-silica phase dia- 
gram, demonstrated that MORB compositions cluster along the 
ol-plag-high Ca cpx cotectic. They attribute the extreme scarcity 
of low-Ca cpx saturated MORB, which should be a common 
composition if differentiation were a dominant process, to the 
repeated mixing of primitive and more evolved magmas such 
that the hybrid rarely reaches low-Ca cpx saturation. 

The variation of plagioclase compositions and morphologies 
due to the mixing of two chemically distinctive magmas can 
be illustrated by a simplified model in the albite-anorthite system 
(Fig. 9). Suppose that liquids L1 at T1 and L2 at T2 are mixed 
in the proportions to give a hybrid liquid, L3. L3 will be at 
T3 provided that the enthalpy of mixing is small and the heat 
capacities of the liquids are identical. Crystals in equilibrium 
with L2 would be superheated to X2' and therefore be resorbed 
or even completely dissolved; whereas crystals in equilibrium 
with L1 would be supercooled to XI'. Crystals of composition 
X3 start to grow from L3, and continued growth produces re- 
verse zoned crystals until a new equilibrium is reached, as repre- 
sented by L4-X4 pair. This process will result in two kinds 
of zoning patterns : a euhedrat or slightly resorbed core of higher 
An content surrounded by a skeletal, more albitic, reversed zone ; 
and a resorbed core of lower An content followed by a more 
anorthitic, reversed zone. The actual zoning and morphologic 
variations across the boundary depend on the relative amount 
of the magmas actually mixed, their compositions, and the ther- 
mal condition in the magma chamber. For instance, if the hybrid 
continues to cool and differentiate immediately after mixing, 
the temperature at which X3 begins to crystallize will be lower 
than T3 and the reverse zoning X 3 X 4  might shrink or disappear 
and be replaced by normal zoning. If the temperatures and com- 
positions of the mixed liquids are so close that the supercooling 
of X1 is not large, then XI '  would be surrounded by a non- 
skeletal zone of growth. The compositional differences between 
XT-X3 and XI IX3  decrease with a decreasing difference be- 
tween the magma compositions. Because of the very gentle curva- 
ture of the liquidus surface the supercooling of the liquid during 
mixing would appear to be small, therefore L3 cannot be far 
from equilibrium and the zone X3-X4 must be narrow. 

i J L 1  

mixing l i  
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Fig. 9. Part of the system albite-anorthite showing the equilibrium 
relationships between crystal and liquid during mixing under isother- 
mal condition. See text for discussion 

The major effects of this kind of binary magma mixing are 
superheating with respect to the low-An plagioclases and super- 
cooling with respect to the high-An plagioclases and, in both 
cases, an abrupt change of composition of the plagioclase crystal- 
lizing. In addition, mixing of two liquids, in this case L1 and 
L2, will limit the resulting plagioclase composition roughly be- 
tween their equilibrium compositions, X1 and X2. It follows 
that repeated, binary mixing with a limited composition range 
leads to the alternating high-An and low-An zones, but no 'lad- 
der' shaped zoning patterns can be produced. 

During mixing the addition of plagioclase crystals, in this 
case more anorthitic glomerocrysts and megacrysts, to the more 
evolved liquid will reduce the extent of differentiated liquid and 
therefore minimize the range of An content of cotectic plagio- 
clase (McBirney 1979). This is manifested by our observation 
that the composition range of the base lines in the mantle is 
smaller than that between ol-plag cosaturation and ol-plag-cpx 
cosaturation (Dungan et al. 1979b). 

Dynamic Effects 

Magma stored in a chamber of finite size tends to convect in 
response to the temperature difference between upper and lower 
boundaries of the chamber. As described by Maaloe (1976), 
convection of magma in the chamber starts with many small, 
local turbulent currents and ends up with most of the magma 
body involved in large scale flow. The properties of the large 
scale flow regime are controlled by the Rayleigh number, R, 
which is given by 

R = ~ A Td3g/vtc, 

where c~ is the thermal expansion coefficient, d the thickness 
of the fluid layer, A T the temperature difference between the 
top and bottom of the layer, g the acceleration due to gravity, 
v the kinematic viscosity (v=q/p, where t/ is the shear viscosity 
and p is the density), and ~c the thermal diffusivity. For a layer 
of fluid held between two plates at constant temperature convec- 
tion will occur if R is greater than about 1,700, and the convec- 
tion will be turbulent if R is greater than about 5 x l0 s (Landau 
and Lifshitz 1959). For typical MORB compositions 
~=6.9x 10 50 C-1, p=2.7 gmcm 3 (Bottinga and Weill 1970; 
Nelson and Carmichael 1979), t /=4x  102 gmcm lsec 1 (Bot- 
tinga and Weill 1972), and ~c=l• 2cm2sec 1 Thus for a 
10~ temperature difference between the top and bottom of 
the chamber, the convection will be turbulent for a chamber 
larger than 15 m thick. For a 1 km thick body the convection 
will be turbulent if AT is greater than about 4x 10 -5~ C. It 
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appears, therefore, that free convection in sub-ridge magma 
chambers should be turbulent. In addition, since the heat loss 
through the upper wall, assuming the temperature in the country 
rock increases with increasing depth, is always greater than 
through the floor, a temperature gradient in the chamber exists 
even if convection occurs. Therefore, turbulent convection in 
the chamber is maintained once it starts. The rate of material 
transfer is enhanced by this turbulent convection and efficient 
mixing is likely to occur. 

Convection in a chamber, however, can be interrupted when 
a pulse of hotter magma is injected into it. During a transient 
period, the new, hotter magma may be less dense than the magma 
already in the chamber and will tend to rise to the top (Sparks 
et al. 1980). The temperature gradient in the chamber is then 
eliminated, and turbulent convection ceases. Moreover, partial 
mixing of the new magma and the differentiating magma already 
in the chamber is likely to occur during the upward movement 
of the hotter magma (Sparks and Sigurdsson 1977). Small scale 
convection in the chamber will start again when this newly mixed 
magma cools sufficiently, and the partially mixed magma and 
the remaining old, more evolved magma will begin to mix. It 
is during this turbulent convection stage that synneusis is likely 
to occur (Vance 1969). After this, large scale turbulent flow 
will be reestablished and the magma will be gradually fully 
mixed. 

Petrologic Processes Under the Mid-Atlantic Ridge 

Based on the models of a sub-ridge steady-state magma chamber 
developed by, for example, Bryan and Moore (1977), O'Hara 
(1977), Dungan and Rhodes (1978), and on its dynamic behavior 
discussed above, it is possible to postulate the following cycle 
of events in a magma chamber beneath the mid-Atlantic ridge : 
(1) injection of primitive magma from the mantle into a homoge- 
neous, relatively fractionated, turbulently convecting magma 
chamber below the ridge, (2) rise of this hotter, less dense, primi- 
tive magma through the chamber to its top, partial mixing of 
this magma with some of the evolved magma, and suppression 
of convection in the chamber by the hotter magma on the top, 
(3) intrusion of part of this partially mixed magma into the 
sheeted dike system, (4) cessation of intrusion and cooling of 
the remaining partially mixed magma, (5) establishment of small 
scale turbulent convection which begins to mix the partially 
mixed and the evolved magmas, and (6) gradual development 
of large scale turbulent convection which homogenizes these 
two magmas and returns the magma to approximately its state 
before stage (1). 

Stages 1 and 2: Core-Forming Stages 

We suggest that the cores of the plagioclase phenocrysts formed 
during stages 1 and 2. The compositions of the cores are too 
anorthitic to have crystallized from an evolved melt (Rhodes 
etal.  1979b), so they could not have formed during any of 
the later stages. It is also unlikely that they crystallized from 
a primitive magma at high pressures in the upper mantle prior 
to injection into the magma chamber, because they would be 
more albitic, and the pressure decrease during injection would 
cause dissolution. It is possible, however, that the rare resorbed 
aIbitic inner cores that are not skeletal could have crystallized 
at high pressures. 

Assuming that most of the cores formed during stages 1 
and 2, the morphological and compositional variations can be 
interpreted in the following way. During injection and mixing 

the primitive magma was undercooled in two ways by cooling 
in contact with the evolved magma and by mixing with it. Thus, 
during stages 1 and 2 there were volumes of primitive and par- 
tially mixed magma at a variety of undercoolings. The euhedral, 
tabular, high-An cores grew at relatively small undercoolings 
in melt composed of mostly primitive magma. The skeletal, low- 
An cores grew at larger undercoolings from melt containing 
a larger percentage of evolved magmas and then continued to 
grow at reduced undercooling as the partial mixing became more 
thorough. The consistent correlation between Mg/(Mg+ Fe) and 
An content in the cores (Fig. 5) indicates that all the cores formed 
from similar primitive magma regardless of the subsequent histo- 
ry of magma evolution which produced the distinctive composi- 
tions of the individual chemical units. 

Stages 5 and 6. Mantle-Forming Stages 

Because of their complex patterns of compositional zoning and 
inclusion entrapment, the mantles of the complexly zoned plagio- 
clase must have developed during a period of changing melt 
composition and undercooling. It seems most likely that this 
happened during the reestablishment of convection in the 
chamber (stages 5 and 6 of the cycle). During the incipient 
stage of convection where small scale turbulent flow was domi- 
nant (stage 5), the chemical differences between the partially 
mixed and the evolved magmas were large enough that local 
mixing of the two magmas or transfer of crystals from one 
magma to another gave rise to the spikes/plateaus. In the regions 
where mixing was occurring, plagioclases with relatively albitic 
compositions at their rims which were suddenly exposed to the 
partially mixed, less evolved magma were resorbed and then 
overgrown by a more anorthitic layer. Relatively anorthitic pla- 
gioclases rapidly exposed to the more evolved magma might 
have been slightly resorbed at first but were then rapidly over- 
grown by a more albitic layer, with or without formation of 
inclusions. The crystals with a skeletal morphology in the mantle 
very close to the core-mantle boundary grew in regions of large 
undercooling in the chamber during reestablishment of convec- 
tion. 

After the local mixing was completed, crystals started to 
grow in the locally mixed magma to form the segments of the 
base line in the zoning profile. Progressive homogenization of 
the magma due to repeated mixing resulted in alternating spikes/ 
plateaus and base line in the mantle region and a decrease in 
the compositional difference between magmas so that the spikes 
and plateaus became fewer and smaller. After turbulent convec- 
tion became operative over the entire chamber (stage 6), the 
mixed magma reached uniform composition and continued to 
differentiate, resulting in growth of plagioclase with a more al- 
bitic composition but without any spikes or plateaus. 

Stages 1 and 2 of the Next Cycle. 
Outermost Mantle-Forming Stages 

The ubiquitous high-An plateau at the outside of the mantle 
is most likely due to the incorporation of the plagioclases grow- 
ing during stage 6 into the next pulse of injected primitive magma 
at stage 1 of the cycle. Again there was partial mixing between 
this new pulse of magma and the evolved one. At this time 
a part of the albitic mantle of the plagioclases was resorbed 
and the remaining crystal overgrown by a plateau of uniform, 
more anorthitic composition. The time span between mixing 
of magmas and intrusion of this hybrid might be so small that 
only some plagioclase crystals have a growth from the hybrid, 
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as indicated by the less anorthitic outer part of the plateau 
(Fig. 4A-C). 

The abrupt temperature increase in the chamber due to the 
injection of hot, primitive magma again disrupted the turbulent 
convection within the chamber, allowing plagioclase crystals to 
float to the top of the chamber and causing extensive synneusis. 
The infrequent occurrence of simply zoned plagioclases in these 
basalts is, perhaps, due to their higher density, which prevents 
them from floating to the top and being incorporated in the 
magma intruded into the sheeted dikes (Campbell et al. 1978). 

Because of the cyclic nature of the processes, both cores 
and the outermost mantles were crystallizing during stages 1 
and 2. The comparable compositions in the high-An cores and 
outermost mantles probably indicate chemical similarity among 
each pulse of primitive magma injected. 

Stage 3: Inner Rim-Forming Stage 

The drastic decrease in An content along with the occur~rence 
of oscillatory zoning in the inner rim requires efficient heat 
loss from the host magma (Pringle et al. 1974). The most reason- 
able interpretation for this is that the inner rim formed during 
the intrusion of part of the partially mixed, plagioclase-bearing 
magma into the sheeted dike system between the chamber and 
the ocean floor. It can also be inferred from the mostly euhedral 
mantle-rim boundaries that the inner rim crystallized under dis- 
equilibrium conditions due to the rapid removal of heat from 
the magma (see Vance 1965, p. 646). The different zoning se- 
quences in the inner rims from grain to grain probably reflect 
differing local thermal conditions in the sheeted dike system. 

The consistent correlation between Mg/(Mg+Fe) values in 
plagioclase and in host rock from distinct chemical units (Fig. 6) 
suggests that the chemical characteristics of each batch of mixed 
magma were established at or before growth of the inner rim 
and intrusion into the sheeted dike system. We propose that 
magmatic differentiation is the major process operating at this 
time. If this is the case, and we assume that the composition 
of the mixed magma at both sites is very close, as indicated 
by the melt inclusion data (Dungan and Rhodes 1978), then 
the width of inner rim should correlate with the time span the 
magma remained in the sheeted dikes and therefore to the 
amount of differentiation taking place in this time interval. This 
agrees with the relatively thicker inner rims of the generally 
more evolved Site 395 basalts and the relatively thinner inner 
rims in the generally less evolved Site 396 basalts (Dungan and 
Rhodes 1978). 

During this stage, the large plagioclase crystals tend to rotate 
to the middle of these conduits (Bhattacharji and Smith 1964) 
so that synneusis between large crystals along their broader sur- 
faces is less likely than that between large and smaller crystals. 
The residence time of the magma in the sheeted dikes must 
be relatively short because the inner rim is narrow. It is suggested 
then that the injection of primitive magma along with magma 
mixing is the major mechanism for triggering the eruption of 
the phyric basalts (see also Sparks and Sigurdsson 1977; Sparks 
et al. 1980). 

Conclusions 

The complex zoning patterns of plagioclase phenocrysts in mid- 
Atlantic ridge basalts can be explained by a model involving 
mixing of evolved and primitive magma in a sub-ridge magma 
chamber. 

There are two important implications in the present model. 
(1) Kinetic effects play a vital part in controlling the course 
of magmatic evolution, during both mixing and crystallization, 
as reflected by the disequilibrium textures (Dungan et al. 1979a) 
and complex chemical/morphological variations in plagioclase 
crystals in these phyric basalts. (2) The fluid dynamic calculations 
indicate that the processes suggested could occur even in magma 
chambers which are too small (e.g., 1~  km high) to be detected 
by seismic refraction methods. Therefore the discrepancy be- 
tween petrologic and seismic modelling of mid-Atlantic ridge 
at the FAMOUS area proposed by Bryan and Moore (1977) 
and Fowler (1978) can be reconciled, and it appears that it 
is unnecessary to assume a large magma chamber to account 
for the origin of these basalts. 
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