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ABSTRACT

Crystallization sequences in all units of both Holes 417D and 418A
follow the order: (spinel), plagioclase ± spinel, plagioclase + olivine ±
spinel, plagioclase + olivine + clinopyroxene, plagioclase + clinopy-
roxene + magnetite, and plagioclase + magnetite + quartz ±
clinopyroxene ± apatite. Spinel is a common groundmass phase in the
least-fractionated unit (418A lithologic Unit 6), but also occurs as
rounded grains in some more-fractionated units. Analyzed olivine com-
positions range from Foes to F079.5, and show a moderate correlation
with the Mg/Fe ratio of the host glass. The presence of clinopyroxene is
largely controlled by the degree of crystallinity of the sample, but is more
abundant as a phenocryst phase in the more fractionated units. Cpx first
appears as homogeneous rounded, and possibly resorbed, grains with
high mg [ = Mg/(Mg + Fe)]. Later development of cpx is as sector-zoned
intergrowths with plagioclase, and still later interstitial grains. There is a
continuous decrease in mg (0.88 to 0.46) and an increase in Ti/Al in cpx
through this crystallization sequence. Glomeroporphyritic clots of cpx ±
plag are cognate and include both early- and middle-stage cpx composi-
tions. Late-stage subcalcic augite (CaO < 14 wt. %) co-exists with
pigeonite (mg = 0.64 to 0.68) in some massive units. Plagioclase pheno-
cryst compositions range from Ami to Ans9 and analyzed groundmass
grains range from Am 6 to Amβ. Initiation of pyroxene crystallization is
marked in feldspar composition by a change from nearly constant Fe
contents to gradually increasing Fe with Ab content. The beginning of
crystallization of Fe-Ti oxides is marked by inflections in the feldspar and
pyroxene compositional trends. Textural evidence supports the conclu-
sion based on plagioclase and clinopyroxene inflections, that magnetite
starts to form only after crystallization has proceeded to where plagio-
clase has the composition An 60 to 65, and the Mg/(Mg + Fe) ratio of
clinopyroxene = 0.72 to 0.75. Local disequilibrium textures and com-
positions may indicate some mixing of magmas, but the pyroxene com-
positions generally indicate crystallization from rising and fractionating
magmas, possibly with increasing silica activities. Late-stage segregation
patches from greater than 95 per cent crystallization contain Na-
plagioclase (Aniβ to Amβ), quartz, oxides, and possibly apatite. These
"trondhjemitic" patches represent the first direct evidence that ocean
floor basaltic liquids may evolve to high Si, high Na/K differentiates.

INTRODUCTION

DSDP Sites 417 and 418 are located in Cretaceous crust
(anomaly M0) in the western Atlantic Ocean near 25°N,
68°W. Abundant relatively fresh basement material was
drilled at Holes 417D and 418A; the average recovery rate
for each hole was 72 per cent. Such high recovery rates,
combined with relatively deep basement penetration (366 m
at 417D, 544 m at 418A) provide a unique opportunity for
detailed studies of oceanic crust.

Fourteen lithologic units were identified in the Hole 417D
basement cores and 16 were identified in the Hole 418A

'HIG Contribution No. 997.

basement cores. Individual lithologic units are defined
partly on structure (i.e., massive, pillowed, or breccia), and
partly on mineralogical constitution (e.g., presence or
absence of pyroxene phenocrysts, or spinel). On the basis of
glass compositions, the recovered samples from both holes
can be assigned to 22 chemical types (Byerly and Sinton,
this volume). These chemical types generally reflect relative
degrees of differentiation from primary liquids.

PETROGRAPHY

Pillow Lavas

Aphyric pillow lavas are notably rare in both Holes 417D
and 418A, although some horizons generally less than 1

1039



J. M. SINTON, G. R. BYERLY

meter in thickness are present locally (e.g., in Sections
417D-43-3, 417D-64-4, and 418A-18-5; and Cores 418A-
25 and 418A-26). These probably represent flow segrega-
tion of phenocrysts from liquids, and not lavas which have
undergone little or no crystallization. Other samples are
dominated by plagioclase phenocrysts up to 1 cm in size,
comprising up to 35 per cent of some samples. Plagioclase
phenocryst morphology varies from nearly anhedral in some
large grains to euhedral microphenocryst laths (Plate x).
Large, relatively unzoned, plagioclase grains locally con-
tain inclusions of Cr-spinel (417D lithologic Sub-unit 1C,
418A lithologic Units 6 and 16). Other plagioclase pheno-
crysts commonly display oscillatory zoning. Euhedral
olivine phenocrysts, up to 1 cm in size, are common in
almost all pillow basalts, but are typically smaller and less
abundant than plagioclase phenocrysts.

Although some clinopyroxene phenocrysts2 can be found
in all lithologic units, they are exceedingly rare in Hole
417D (Sub-unit 1A and Unit 11) and Hole 418A (Units 1, 6,
and 15). Where present in these units, they are rounded and
possibly resorbed (Plate 2). In other units, clinopyroxene
morphology varies from rounded, discrete grains, to sub-
hedral intergrowths with other pyroxene grains or plagio-
clase, or to local, nearly euhedral prismatic grains. Sector
zoning is apparent in some pyroxene phenocrysts. Glass
inclusions are locally preserved in plagioclase, olivine, and
clinopyroxene phenocrysts (see Byerly and Sinton, this vol-
ume).

A variety of rapid cooling or quench textures similar to
those described by Bryan (1972b) and Lofgren (1974)
characterize pillow basalt groundmasses. Spherulitic tex-
tures mark the boundaries between outer glassy selvages
and pillow interiors. Skeletal and other rapid growth mor-
phologies are well developed in groundmass plagioclase,
pyroxene, and magnetite (Plate 1).

Massive Units

Massive units are locally holocrystalline although up to 5
per cent devitrified glass is common in many samples. Tex-
tures tend toward ophitic or subophitic with minor plagio-
clase, olivine, and/or clinopyroxene phenocrysts. Late-
stage granophyric textures (Plate 3) occur in some of the
thicker massive units.

Crystallization Sequences

Spinel is the liquidus phase in the least-fractionated units,
followed in order by olivine, clinopyroxene, and magnetite.
Although different units show different ranges in the degree
of crystallinity, the order of appearance of the mineral phases
is constant throughout both holes. This order follows the
following sequence: (spinel), plagioclase ± spinel, plagioc-
lase + olivine ± spinel, plagioclase + olivine +
clinopyroxene, plagioclase + clinopyroxene ± olivine,
plagioclase + clinopyroxene + magnetite, and plagioclase
+ magnetite + quartz ± clinopyroxene ± apatite. Pigeonite
is a local late-stage pyroxene in some massive units.

2"Phenocryst" is here used to denote large, conspicuous crystals which
are probably cognate but are not necessarily in equilibrium with the host
glass or groundmass minerals.

Alteration

Although the scope of this paper does not include detailed
alteration studies, certain low-temperature effects limit the
amount of information that is available for interpreting the
igneous petrogenesis of the samples. Basement sections in
both Holes 417D and 418A are for the most part unaltered;
fresh glass has survived throughout much of the sections.
However, olivine is mainly preserved in unaltered glassy
horizons, being replaced by calcite or phyllosilicates +
oxides in pillow interiors and in massive units. Consequent-
ly, the composition of olivine representing advanced stages
of crystallization has not been determined.

MINERAL CHEMISTRY

All mineral analyses reported here were obtained with the
9-channel ARL-SEMQ microprobe at the Smithsonian Insti-
tution National Museum of Natural History in Washington,
D.C. Operating conditions, standards, and data reduction
procedures are given in Sinton, 1979.

Spinel

Bryan (1972a) noted that spinel is absent or rare in abys-
sal plagioclase tholeiites. This conclusion generally holds
for the Hole 417D and 418A samples, although spinel is
present in Hole 417D lithologic Sub-unit 1C and Unit 4, and
is abundant in the least-fractionated units (Hole 418A Units
6 and 16). In Hole 417D samples, spinel mainly occurs as
20 to 100 µm inclusions in large plagioclase phenocrysts,
although a single rounded spinel, 0.6 mm in diameter, is
present in Sample 417D-30-5, 106-110 cm, and a similar
100 µm grain occurs in the groundmass of Sample 417D-
39-4, 75-82 cm. Spinels are especially abundant in Hole
418A lithologic Unit 6 where they occur as inclusions in
plagioclase and as skeletal microphenocrysts, commonly
associated with olivine (Plate 2). Spinel analyses (Table 1)
indicate that the skeletal spinels tend toward lower Mg/(Mg
+ Fe2+) and higher Ti contents than included or rounded
spinels; this probably reflects later stage crystallization of
the skeletal grains.f
Olivine

Analyzed olivine phenocrysts (Table 2) range in composi-
tion from Fθ87.9 to F079.5. CaO contents are remarkably
constant in the range 0.34 ±0.05 wt. per cent, although
some phenocryst rims range up to > 0.40 wt. per cent CaO.
Although there is considerable range of olivine Mg/Fe in
many samples, there is a general correlation of the most
Fe-rich olivine composition in each sample with Mg/(Mg +
Fe2+) of the host glass (Figure 1). For the more mafic
glasses, the observed relationship is consistent with equilib-
rium crystallization (Figure 1). Olivine in the less mafic
glasses is slightly more magnesian than that predicted by the
data of Roedder and Emslie (1970). This discrepancy may
reflect several possible considerations including (1) unrep-
resentative analyses of olivine in the Fe-rich glasses, (2)
possible microprobe analytical bias, (3) compositional ef-
fects in the Hole 417D, 418A glasses which affect equilib-
rium partitioning in a manner not represented by the ex-
perimental runs of Roedder and Emslie (1970), (4) kinetic
effects limiting attainment of equilibrium in the less mafic,
lower temperature crystallizing liquids, and (5) complica-
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TABLE 1

Representative Analyses of Spinel

Hole

Lithologic Unit

Sample
(Interval in cm)

Occurrence

Anal.

SiO2

T i 0 2
C r 2°3
A 12°3
F e 2°3*
FeO*

MnO

MgO

CaO

Total

Si

Ti

Cr

Al

F e 3 +

F e 2 +

Mn

Mg

Ca

Σ R 3 +

Σ R 2 + - 2 • Π

Mg

Mg+Fe2 +

;

417D

1C

(0-5
106-110

I

1

0.12

0.40

37.0

21.8

11.9

12.1

N.A.

15.1

0.20

98.6

R

2

0.10

0.38

38.6

27.3

5.01

13.4

0.18

15.2

0.00

100.2

4

39^,
75-82

I

3

0.09

0.32

27.9

34.9

8.40

8.84

N.A.

18.8

0.00

99.2

42-3,
17-23

S

4

0.13

0.73

37.6

24.0

7.86

15.6

0.30

13.3

0.16

99.7

Cations on the Basis of 4 Oxygens

0.003

0.009

0.903

0.793

0.277

0.311

-

0.695

0.006

1.973

0.988

0.691

0.003

0.009

0.908

0.957

0.112

0.333

0.005

0.674

0.000

1.977

0.994

0.669

0.003

0.007

0.629

1.172

0.180

0.211

-

0.799

0.000

1.981

0.996

0.791

0.004

0.017

0.911

0.867

0.181

0.400

0.008

0.607

0.005

1.959

0.981

0.603

418A

6B

48-3,
46-49

I

5

0.11

0.39

32.9

32.5

4.41

12.1

0.22

16.3

0.00

98.9

0.003

0.009

0.760

1.119

0.097

0.296

0.005

0.710

0.000

1.976

0.993

0.705

S

6

0.13

0.66

35.8

25.9

8.15

15.4

0.35

13.7

0.16

100.2

0.004

0.015

0.855

0.922

0.185

0.388

0.009

0.617

0.005

1.962

0.984

0.614

Note: *FeO/Fe-θ3 calculated assuming stoichiometric 3 cations per 4 oxygens.
N.A.: Element not analyzed. I: Included in plagioclase phenocryst. R: Round-
ed grain in groundmass. S: Skeletal microphenocrysts (c.f. Plate 1).

tions in partitioning induced by the presence of clinopyrox-
ene as a crystallizing phase in the less mafic glasses.

Plagioclase

Plagioclase phenocryst core compositions range from
AΠΘI to Anβ5 with low K and Fe contents (Table 3, Figure
2). Phenocryst rims range from Anβ4 to Am 9, and analyzed
groundmass grains range from Amβ to Amβ. Plagioclase Fe
contents increase with decreasing An up to about Anβo to
Anβs and then decrease toward more albitic compositions
(Figure 2). The inflection in the Fe versus An distribution
probably marks the stage of crystallization at which Fe-Ti
oxides begin to crystallize, a conclusion supported by pet-
rographic evidence and a similar inflection in Ti distribu-
tions in clinopyroxene. The change from nearly constant Fe
to increasing Fe at Am 5 to Am 5 may mark the beginning of
crystallization of clinopyroxene. This relationship is similar
to that described by Ayuso et al. (1976) in other western
Atlantic basalts.

Late-stage patches in some massive basalts consist of fine
granophyric intergrowths of quartz and sodic plagioclase
(Plate 3). Although individual grains in the intergrowths are
too fine to probe, analyses of the intergrowths themselves
indicate that the feldspar composition in the intergrowths
ranges from Ani6 to Ams (Figure 3).

Clinopyroxene

Clinopyroxene compositions show considerable range in
Mg/(Mg + Fe2+) and in Cr2O3, T1O2, AI2O3, and CaO
contents (Table 4). Phenocrysts have relatively restricted
Mg/Fe ratios, but span a range in Ca/(Mg + Fe2 +), partly
due to compositional sector zoning (Figure 4). Groundmass
grains in basalts and late-stage interstitial grains in dolerites
extend to more iron-rich compositions; subcalcic (CaO

Hole

Lithologic Unit

Sample
(Interval in cm)

Anal.

SiO2

 s

FeO*
MnO

MgO

CaO

Total

Si

Fe

Mn

Mg

Ca

Total

Fo

1C

35-5,
106-110

1

39.7
15.4
0.30

44.1
0.33

99.8

1.001
0.325
0.006
1.657
0.009

2.998

83.6

4

41-7,
76-78

2

39.4
14.2
0.24

44.6
0.35

98.8

0.999
0.301
0.005
1.686
0.010

3.001

84.9

TABLE 2
Representative Analyses of Olivine

417D

62-2,
15-17

3

39.4
18.0
0.27

41.7
0.34

99.7

9D

64-4,
127-128

4

39.9
16.8
0.27

48.2
0.32

100.1

1

15-1,
144-149

5

40.1
14.5
0.24

45.0
0.37

100.2

Cations on the Basis of 4 Oxygens

1.004
0.386
0.006
1.592
0.009

2.997

80.5

1.009
0.355
0.006
1.613
0.009

2.992

82.0

1.003
0.303
0.005
1.677
0.010

2.997

84.7

46-4,
41-53

6

39.8
16.3
0.31

43.7
0 3 1

100.4

i

1.002
0.343
0.007
1.639
0.008

2.998

82.7

418A

6B

48-3,
4649

7

39.8
15.7
0.22

44.2
0.35

100.3

1.000
0.330
0.005
1.655
0.009

3.000

83.4

11F

71-4,
82-88

8

39.5
17.9
N.A.
43.0

0.33

100.7

0.997
0.378

-

1.618
0.009

3.003

81.1

12C

80-1,
6-7

9

40.1
12.3
N.A.
46.8

0.32

99.5

0.999
0.256

-

1.737
0.009

3.001

87.1

Note: * Total Fe as FeO. N.A.: element not analyzed.
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Figure 1. Mol. % Fo in olivine versus atomic Mg/(Mg + Fe) of the host glass for samples
from Holes 417D (solid symbols) and 418A (open symbols). The squares denote
equilibrium olivine compositions and temperatures for six of the Hole 418A glasses
(from the data of Roedder and Emslie, 1970). Dashed line is drawn through these
theoretical equilibrium points.

TABLE 3
Representative Analyses of Plagioclase

Hole

Lithologic Unit

Sample
(Interval in cm)

Morphology

Anal.

SiO2

A12O3

FeO*

MgO

CaO

Na 2O

K 2 0

Total

Si

Al

Fe

Mg
Ca

Na

K

Total

100 An

An+Ab

la

26-2
89-92

Pc

1

46.1

34.7

0.39

0.30

18.2

0.93

0.01

100.6

2.111

1.873

0.015

0.020

0.893

0.083

0.001

4.996

91.4

lb

27-4
131-136

Pc

2

46.2

34.7

0.46

0.24

17.7

1.20

0.01

100.5

2.116

1.874

0.018

0.016

0.869

0.107

0.001

5.001

88.9

Pc

3

48.4

32.6

0.51

0.23

16.3

2.13

0.03

100.2

2.216

1.759

0.020

0.016

0.800

0.189

0.002

5.000

80.7

3

33-5,
19-24

L

4

56.6

26.2

0.79

0.09

9.35

6.08

0.09

99.2

2.568

1.402

0.030

0.006

0.454

0.535

0.005

5.000

45.7

L

5

59.5

25.4

0.68

0.05

7.18

7.30

0.10

100.2

2.653

1.335

0.025

0.003

0.343

0.631

0.006

4.997

35.0

417D

39-1,

Pc

6a

46.1

34.9

0.42

0.21

17.2

1.25

0.02

100.1

2.117

1.889

0.016

0.014

0.846

0.111

0.001

4.994

88.3

4

75-82

Pr

6b

48.9

32.0

0.51

0.32

15.2

2.46

0.02

99.4

Gm

7

49.6

32.3

0.67

0.22

15.4

2.58

0.02

100.8

Cations on the Ba

2.249

1.734

0.020

0.022

0.749

0.219

0.001

4.994

77.3

2.252

1.728

0.025

0.015

0.749

0.227

0.001

4.997

76.7

7

45-2,
37-43

Gl

8

48.8

31.7

0.55

0.22

15.2

2.68

0.01

99.2

9a

524,

Pc

9

48.4

33.0

0.56

0.23

15.7

2.34

0.02

100.3

as of 8 Oxygens

2.252

1.752

0.021

0.015

0.752

0.240

0.001

5.006

75.7

2.211

1.777

0.021

0.016

0.768

0.207

0.001

5.001

78.7

24-27

Pc

10

51.2

30.1

0.68

0.30

13.7

3.53

0.03

99.5

2.344

1.624

0.026

0.020

0.672

0.313

0.002

5.001

68.1

12

67-3,
67-78

Gm

11

50.8

31.0

0.74

0.34

14.2

3.29

0.02

100.4

2.310

1.661

0.028

0.023

0.692

0.290

0.001

5.005

70.4

2d

20-5,
84-88

Pc

12

47.9

33.4

0.42

0.31

16.4

1.93

0.02

100.4

2.188

1.798

0.016

0.021

0.803

0.171

0.001

4.999

82.4

8

58-3,

R

13a

46.4

34.0

0.35

0.27

17.2

1.50

0.05

99.8

2.139

1.848

0.013

0.019

0.850

0.134

0.003

5.006

86.1

418A

b

50-54

Pr

13b

50.8

30.7

0.70

0.35

13.7

3.45

0.03

99.7

2.322

1.654

0.027

0.024

0.671

0.306

0.002

5.005

68.5 a

12c

80-1

Pc

14

47.8

32.9

0.36

0.28

16.6

1.92

0.06

99.9

2.196

1.781

0.014

0.019

0.817

0.171

0.004

5.001

82.4

,6-7

Pc

15

50.1

31.5

0.63

0.29

14.8

2.97

0.02

100.3

2.282

1.691

0.024

0.020

0.722

0.262

0.001

5.004

73.3

13

79-4,
23-24

Pc

16

50.6

31.1

0.65

0.30

14.6

3.14

0.02

100.4

2.302

1.667

0.025

0.020

0.712

0.277

0.001

5.004

71.9

Note: *Total Fe as FeO. Pc: Phenocryst core. Pr: Phenocryst rim. R: Rounded megacryst. Gl: Glomeroporphyritic plagioclase. Gm: Groundmass grains in basalt. L: Late-stage interstitial grains in
dolerites. Anal, a, b : Core and rim of same grain.

< 14 wt. %) grains in some dolerites co-exist with pigeonite
(Plate 3, Figure 4). There is a strong correlation of Ti/Al in
clinopyroxene with decreasing Mg/(Mg + Fe+2) (Figure 5).

Variation of Ti in clinopyroxene with decreasing Mg/(Mg
+ Fe2+) shows an inflection at XMJ = 0.72 to 0.75 (Figure
6). This inflection is probably analogous to that in plagio-
clase (Figure 2), and petrographic examination indicates

that pyroxene with Xλfg = 0.72 to 0.75 co-exists with
plagioclase of Anβo to Anβs. The inflection in Ti versus XMS

probably reflects the consequent decrease in Ti in
clinopyroxene as a result of the beginning of crystallization
of Fe-Ti oxides. In this interpretation Mg/(Mg + Fe2+) of
clinopyroxene represents an index of crystallinity and/or
differentiation of the samples.
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Figure 2. Mol. % An versus Fe cations (on the basis of 8 oxygens per unit formula) in
Hole 417D and 418A plagioclase. Phenocrysts with compositions between An 73 and
Anßfi are intergrown with clinopyroxene fcf. Plate 2).

2.0

Figure 3. Na versus Si cations (on the basis of 8 oxygens)
in granophyric intergrowths. Assuming the intergrowths
are nearly pure plagioclase-quartz mixtures, the composi-
tion of the plagioclase component ranges from An 16 to
An 38.

PHENOCRYST MORPHOLOGY AND
EQUILIBRIUM CONSIDERATIONS

Throughout the basement sections of both holes, there is
ample evidence of pre-emptive crystallization. Rounded,
and possibly resorbed, phenocrysts of clinopyroxene and
plagioclase have compositions indicating crystallization
from liquids less differentiated than the glasses in which
they now occur. Spinel inclusions in plagioclase also proba-
bly crystallized from fairly primitive liquids. Olivine pheno-
crysts, although generally euhedral, extend to highly mag-
nesian compositions, even in samples with relatively frac-
tionated glass compositions (Figure 1).

These phenomena either represent early crystals formed
in hotter and possibly deeper levels of the magma conduit,
or may reflect mixing of magmas. If the rounded grains do
indeed represent resorbed cognate phenocrysts, then in the
absence of large pressure variations, there must have been
considerable thermal overturn in the chamber(s) prior to
eruption. Alternatively, the rounded grains may have grown
from fairly primitive liquids, and then been mixed with
more evolved liquids, producing resorbed mafic grains in a
relatively fractionated liquid.

Several observations are pertinent to this discussion. The
compositional variation of glasses in each hole does not
indicate simple progressive fractionation, but rather mixing
of more and less fractionated liquids (Byerly and Sinton,

this volume). Roundness of clinopyroxene cannot necessar-
ily be taken as an indicator of resorption or disequilibrium,
however. Later stage pyroxene phenocrysts intergrown with
euhedral plagioclase laths (Plate 2) are also anhedral, and
yet probably represent growth forms from the liquids in
which they occur. This implies that clinopyroxene com-
monly grows round in these samples and that pyroxene
morphology may be a poor criterion for evaluating equilib-
rium.

However, discrete rounded pyroxenes tend to have the
most mafic compositions (Figure 7), and Fe-Mg partitioning
considerations require them to have crystallized from fairly
mafic liquids. The linearity of compositional correlations in
Figures 4 , 5 , and 6 suggests that the range in liquid compo-
sitions from which pyroxene crystallized can probably be
related by fractionation and a common crystallization his-
tory (see below). The glomeroporphyritic masses of
pyroxene ± plagioclase have similar compositional trends
to other pyroxene phenocrysts and probably represent cog-
nate phenocrysts, grown throughout the early crystallization
stages of the rocks, and aggregated in the chambers prior to
eruption.

Despite the conclusion that individual pyroxenes may not
have been in equilibrium with the liquids (glasses) in which
they occur, the compositional trends indicate that they ap-
parently all grew in related or very similar fractionating
liquids. Therefore, the pyroxene compositional trends can
be used as indicators of the progressive evolution of the
Hole 417D, 418A liquids in terms of their crystallization
conditions and histories.

PYROXENE CRYSTALLIZATION SUMMARY

Assuming that Mg/(Mg + Fe) represents an index of
differentiation and/or stage of crystallization, it is evident
that the earliest formed pyroxenes tend to be rounded dis-
crete grains (Figure 7). Later stages of crystallization are
characterized by glomeroporphyritic pyroxenes or inter-
growths with plagioclase. Groundmass pyroxenes and inter-
stitial grains in dolerites mark even later stages in the crys-
tallization evolution of the samples. These textural criteria
enable an evaluation of pyroxene crystallization trends in
terms of the non-quadrilateral components Na, Ti, Cr, A1IV,
and Alvr. The following generalizations are apparent from
Figures 8 and 9.

1) There is an early strong decrease in Cr in clino-
pyroxene, accompanied by nearly constant Ti/AlVI. Ti/AiVI
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TABLE 4
Representative Analyses of Clinopyroxene

Hole

Lithologic Unit

Sample
(Interval in cm)

Morphology

Anal.

S i O 2
A 12°3
TiO 2

FeO*

MnO

MgO

CaO

Na 2O

C r 2 O 3

Total

Si

A1 I V

A1 V I

Ti

Fe

Mn

Mg

Ca

Na

Cr

Total

100 Mg
Mg+Fe

lb

27-4,
131-136

Gl

6

52.2

3.30

0.63

8.84

N.A.

17.1

17.6

0.25

0.25

100.2

1.916

0.084

0.059

0.017

0.271
-

0.935

0.692

0.018

0.007

3.999

77.5

Gm

7

51.1

2.50

0.84

12.2

N.A.

15.8

17.3

0.26

0.15

100.2

1.909

0.091

0.019

0.024

0.381
_

0.880

0.693

0.019

0.004

4.019

69.8

33-5, 19-24

L

8

50.6

1.87

1.01

18.3

N.A.

12.9

15.0

0.23

0.02

99.9

1.935

0.065

0.019

0.029

0.585
_

0.735

0.615

0.017

0.001

4.002

55.7

L

9

49.9

1.76

1.09

21.1

N.A.

9.93

17.1

0.24

0.02

101.1

1.924

0.076

0.004

0.032

0.681
_

0.571

0.707

0.018

0.001

4.013

45.6

3

34-5, 109-114

Gl

10

52.0

3.76

0.44

6.09

N.A.

17.6

18.9

0.25

0.99

100.0

1.899

0.101

0.061

0.012

0.186
_

0.958

0.740

0.018

0.029

4.004

83.7

Pc

l l a

53.4

1.93

0.31

8.21

N.A.

19.0

16.2

0.23

0.31

99.6

1.956

0.044

0.039

0.009

0.251
_

1.037

0.636

0.016

0.009

3.997

80.5

Pc

11b

53.0

3.23

0.63

7.99

N.A.

16.7

18.9

0.27

0.33

100.1

37-2,
38^3

R

12

52.7

2.95

0.32

5.38

0.20

17.4

20.1

0.25

1.05

100.4

R

13

53.8

2.76

0.13

4.46

0.13

18.5

20.4

0.15

0.42

100.8

4

39-4, 75-82

Pc

14a

53.6

1.61

0.32

7.67

0.28

19.4

16.2

0.19

0.39

99.9

Cations on the Basis of 6 Oxygens

1.926

0.074

0.064

0.017

0.243
_

0.904

0.736

0.019

0.009

3.992

78.8

1.920

0.080

0.047

0.009

0.164

0.006

0.945

0.784

0.018

0.030

4.003

85.2

1.938

0.062

0.055

0.004

0.134

0.004

0.993

0.787

0.010

0.012

3.999

88.1

1.958

0.042

0.027

0.009

0.240

0.009

1.056

0.634

0.013

0.011

3.999

81.5

417D

Pc

14b

52.1

3.11

0.56

6.88

0.22

16.9

19.6

0.28

N.A.

99.7

1.918

0.082

0.053

0.016

0.212

0.007

0.927

0.773

0.020

-

4.008

81.5

41-7,
76-78

Gl

15

51.3

3.77

0.77

7.77

0.24

16.1

18.6

0.26

0.63

99.4

1.899

0.101

0.064

0.021

0.241

0.008

0.888

0.738

0.019

0.018

3.997

78.7

5

42-5, 115-120

R

16

52.2

3.49

0.35

5.44

N.A.

17.8

19.3

0.25

0.88

99.7

1.908

0.092

0.058

0.010

0.166

-

0.970

0.756

0.018

0.025

4.003

85.4

Pc

17

51.8

3.89

0.67

6.49

N.A.

16.7

19.9

0.26

0.81

100.5

1.891

0.109

0.058

0.018

0.198

-

0.909

0.779

0.018

0.023

4.003

82.1

Note: T o t a l Fe as FeO. N.A.: Element not analyzed. Anal. a,b: opposing sectors in sector zoned phenocrysts. R: Rounded crystal in glass. Gl: Grain in glom-
eroporphyritic mass. Pc: Phenocryst, commonly intergrown with plagioclase; locally sector zone. Gm: Groundmass grains in basalts. O: Large grains in ophi-
tic intergrowths with plagioclase in dolerites. L: Late-stage interstitial grains in massive units. **: Subcalcic clinopyroxene coexisting with pigeonite.
Pg: Pigeonite.

shows a strong increase in the later stages of crystallization.
2) Ti/Altot increases throughout the crystallization his-

tory.
3) Ti content increases up to an inflection point at

Mg/(Mg + Fe) = 0.72 to 0.75.
4) Na/Ti progressively decreases with crystallization;

there is an excess of Na in early pyroxenes and an excess of
Ti in later stages.

To interpret these trends, it is convenient to consider the
elements Al, Cr, and Na, as well as Ca, Fe, and Mg in terms
of the pyroxene components (Kushiro, 1962): Di (diopside
— CaMgSi2Oe), Hd (hedenbergite — CaFeSi2θβ), En (en-
statite — Mg2Si2θe), Fs (ferrosilite — Fe2Si2θθ), CaTs
(Ca-Tschermak's component — CaAlIVAlvlSiOe), CrCaTs
(Cr-CaTs — CaCrAFSiOe), Jd (jadeite — NaAlVISi206),
and Ac (acmite — NaFe3+Si2θβ). Ti in clinopyroxene is
generally considered to occur as CaTiAl2IVOβ (Kushiro,
1962; Nakamura and Coombs, 1973).

Early Stages of Pyroxene Crystallization

The initial increase in Ti in pyroxene with decreasing
Mg/(Mg + Fe) probably reflects a general increase in the Ti
content of the liquid with differentiation. This typically
tholeiitic feature (e.g., Miyashiro, 1974) results from early
differentiation being mainly controlled by the Ti-free min-

erals olivine and plagioclase. Increasing Ti with nearly con-
stant Ti/AlVI and increasing Ti/Altotal means there must be an
early decrease in A1IV and a concomitant increase in A1VV
A1IV. In low-Ti pyroxenes such as these, Ahv can be consid-
ered to be mainly present as CaTs and CrCaTs (Nakamura
and Coombs, 1973). Decreasing Ts component in
clinopyroxene co-existing with plagioclase either reflects
increasing activity of silica in the host magma (Kushiro,
1960; LeBas, 1962) or decreasing pressure (Kushiro, 1965),
or both. Similarly, the excess Na in early-stage pyroxenes
probably reflects the presence of significant Jd component,
which is also favored at high pressures.

Post-Inflection Crystallization

After Ti-magnetite starts to crystallize, Ti contents (Ca-
TiAhOβ) remain nearly constant. Increasing Ti/AlVI and
Ti/APotal with constant Ti, means that both Alvi and total Al
are decreasing, which probably reflects decreased sol-
ubilities of CaTs and/or Jd components with crystallization.
Since Na contents are approximately constant throughout
the crystallization sequence, decreased solubility of Jd
component is apparently balanced by substitutions of Fe3 +

for Al (i.e., increasing acmite at the expense of jadeite).
Subcalcic augites co-existing with pigeonite probably repre-
sent metastable rapid growth phenomena since there is no
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TABLE 4 - Continued

6

43-3,
81-87

L

18

7

45-2,
37-43

Pc

19

9a

52-4,
20-23

Pc

20

12

67-3,
76-78

Gm

21

0

22

0

23

L

24

13

69-1, 18-24

**

25

**

26

418A

27

Pg

28

7

55-5,
110-113

Pc

1

8b

58-3,
50-54

Pc

2

R

3

l l f

71-4,
82-88

Pc

4

12c
80-1,
6-7

R

5

50.8
3.52
1.08

10.6
N.A.

14.9
18.0
0.28
0.17

99.4

1.902
0.098
0.057
0.030
0.332

0.831
0.722
0.020
0.005
3.998

71.5

52.5
3.23
0.55
7.04
0.27

17.5
18.4
0.25
N.A.

99.7

1.924
0.076
0.064
0.015
0.216
0.008
0.956
0.723
0.018

4.000

81.6

52.6
3.24
0.44
6.23
N.A.

18.4
18.0

0.23
0.71

99.9

1.918
0.082
0.057
0.012
0.190

1.000
0.703
0.016
0.020
3.999

84.0

51.2
3.76
0.87
8.59
N.A.

16.7
17.6
0.23
0.27

99.2

1.898
0.102
0.062
0.024

0.923

53.2 52.1
1.51 2.64
0.37 0.68
9.62 8.73
N.A. N.A.

51.0
1.82
0.85

15.6
N.A.

52.3
1.42
0.62

16.2
N.A.

51.2
1.09
0.62

16.6
N.A.

53.9 53.3
0.61 0.72
0.24 0.29

18.4 20.5
N.A. N.A.

18.8
16.3
0.22
0.11

100.1

1.952
0.048
0.017
0.010

16.2
19.3
0.29
0.15

100.1

13.4 16.5
16.5 13.0
0.28 0.24
0.04 0.00

99.5 100.3

14.3
13.5
0.22
0.05

99.6

Cations on the Basis of 6 Oxygens

1.924 1.943 1.957 1.958
0.076 0.057 0.043 0.041
0.041 0.025 0.020 0.008
0.019 0.024 0.017 0.018

23.1
3.75
0.04
0.04

100.1

1.982
0.018
0.008
0.007

21.5
3.84
0.07
0.03

100.3

1.978
0.022
0.009
0.008

51.8
4.08
0.59
6.19
N.A.

17.4
18.8
0.24
0.84

99.9

1.893
0.107
0.069
0.016

51.8
3.37
0.61
8.48
N.A.

17.5
17.7
0.25
0.45

100.2

1.902
0.098
0.048
0.017

53.4
2.95
0.33
6.22
N.A.

18.3
18.9
0.22
0.54

100.9

1.929
0.071
0.055
0.009

52.2
3.65
0.40
6.31
N.A.

17.9
18.5
0.24
0.53

99.7

1.909
0.091
0.066
0.011

1.028 0.892 0.761 0.920 0.815 1.266 1.189
0.699 0.641 0.764 0.673 0.521 0.553 0.148 0.153
0.017 0.016

0.008 0.003

3.999 4.010

77.6 77.7

0.021

0.004

4.009

76.8

0.021

0.001

4.002

60.5

0.017

0.000

4.002

64.5

0.016

0.002

4.006

57.8

0.003

0.001

3.999

69.1

0.005

0.001

4.001

65.2

0.017

0.024

3.999

83.4

0.018
0.13

4.010

78.6

0.015

0.015

3.999

84.0

52.9
3.02
0.32
5.01
N.A.

16.9
20.0

0.25
0.90

99.3

1.938
0.062
0.068
0.009

0.266 0.295 0.270 0.497 0.507 0.595 0.566 0.636 0.189 0.260 0.188 0.193 0.154

0.948 0.958 0.985 0.975 0.923
0.736 0.696 0.732 0.725 0.785

0.017 0.018

0.015 0.026

4.003 3.983

83.5 85.7

Figure 4. Hole 417D and 418A clinopyroxene compositions plotted in terms of atomic
Ca-Fe-Mg for phenocryst (solid symbols) and groundmass (open symbols) grains. Solid
tie lines connect opposing sectors in sector zoned grains. Dashed lines connect co-
existing subcalcic augite and pigeonite.

known equilibrium miscibility in this compositional region
at magmatic temperatures (e.g., Brown, 1957; Atkins,
1969; Nakamura and Coombs, 1973).

In summary, the pyroxene compositional trends indicate
crystallization from progressively rising and fractionating

magma batches. Silica activity may have been progressively
increasing during crystallization. Although it is not possible
to quantify the range of pressure over which the pyroxenes
crystallized, the entire range must be at pressures less than
that in which pyroxene replaces olivine on the liquidus
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Figure 5. Atomic ratio 100 Ti/Al versus Xpfö* f= Mg/fMg
+Fe)CpX] in Hole 417D and 418A clinopyroxene pheno-
crysts (solid circles), groundmass grains (open circles),
subcalcic augites (triangles), and pigeonite (P).

(about 7kbar, Kushiro, 1973), since pyroxene apparently
started to crystallize after olivine and plagioclase in all sam-
ples.

LATE-STAGE CRYSTALLIZATION

In some massive units, isolated patches contain Fe-Ti
oxides and fine intergrowths of quartz, Na-plagioclase, and
tiny needles of apatite (?). Associated pyroxenes tend to
higher Fe and lower Ca contents than the ophitic pyroxenes
that make up the rest of the rock. Pigeonite occurs as rare
intergrowths with subcalcic pyroxene or as cores to some
grains (Plate 3). The patches account for about 5 per cent of
some samples and probably represent highly differentiated

liquids from at least 95 per cent crystallization. They are
therefore indicative of the late products of fractionation of
the Hole 417D, 418 magmas.

The assemblage quartz-oligoclase-pyroxene-oxide ± apa-
tite is representative of relatively high Siθ2 compositions,
yet potassium contents are still very low. These composi-
tions are analogous to trondhjemitic rocks of ophiolite com-
plexes (e.g., Coleman and Peterman, 1975) and are similar
to the rhyodacites recovered from the Galapagos spreading
center (Byerly et al., 1976; Byerly, in prep.). The presence
of such patches provides the first direct evidence that ocean
floor basaltic liquids may evolve to high silica, high Na/K
differentiates.

CRYSTALLIZATION HISTORY AND SUMMARY

The earliest stage of crystallization for which evidence is
retained in the rocks involves spinel, plagioclase, and
olivine. Spinel inclusions in plagioclase indicate that the
oxide may have been the first phase to form in these liquids.
Plagioclase and olivine occur together only in the magne-
sian upper units (1 to 6) of 418A where it appears that
plagioclase was the earlier phase. Large plagioclase grains
up to An9i represent the most primitive feldspars in these
rocks.

The first formed pyroxenes are discrete rounded grains
with Mg/(Mg + Fe2+) up to values of 0.88. Initiation of
pyroxene crystallization is marked in feldspar compositions
by a change from nearly constant Fe contents, to gradually
increasing Fe. This effect was also noted in plagioclase in
Leg 11 basalts (Ayuso et al., 1976). Although spinel appar-
ently continued to form in the groundmasses of the least-
fractionated units (e.g., Hole 418A lithologic Unit 6), there
is no evidence that spinel and pyroxene ever co-precipi-
tated, possibly controlled by a peritectic reaction relation-
ship (Irvine, 1967), which is indicative of low to moderate
crystallization pressures (somewhere less than 10 kbar, Os-
born and Arculus, 1975).

The beginning of crystallization of Fe-Ti oxides is
marked by inflections in the feldspar and pyroxene composi-
tional trends (Figure 10). Textural evidence supports the

0.04 • phenocryst

O groundmass grain

Δ subcalcic
/

/

i-0.02

p pigeonite /

/

V //

O#O| /

• ^ •/

0.9 0.8 0.7 0.6 0.5
CPX

Mg

Figure 6. X^* versus Ti cations (per 6 oxygens) in Hole 417D and 418A clinopyroxenes.
Symbols as in Figure 5. Compositions between X^g = 0. 72 and 0. 75 co-exist with
plagioclase of composition An^g.^^ and mark the inflection point in the pyroxene
data.
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20

10

•r

0.9 0.8

• • 417D

ΔDO 418A

0.9 0.8
CP×
Mg

0.9 0.8 0.7

Figure 7. Atomic ratio 100 Ti/Al versus Xjß* in clinopyroxene phenocrysts from Hole
417D (solid symbols) and 418A (open symbols) by morphology: (A) discrete rounded
clinopyroxene grains, commonly occurring in glass, (B) pyroxenes in glomeropor-
phyritic aggregates with other pyroxenes and plagioclase, (C) pyroxenes intergrown
with plagioclase. Tie lines connect opposing sectors of sector zoned grains.

Figure 8. Hole 418D and 418A pyroxene compositions plotted in terms of the Ml com-
ponents Ar\ Ti, and Cr. (A) By morphology, solid symbols as in Figure 7, open
symbols as in Figure 5. (B) Trend lines for individual samples. There is no apparent
relationship between position on this diagram and chemical type ofByerly and Sinton
(this volume).

conclusion based on plagioclase and clinopyroxene inflec-
tions that magnetite starts to form only after crystallization
has proceeded to where plagioclase has the composition
Anβo to Anβö and Mg/(Mg + Fe2+) of clinopyroxene = 0.72

to 0.75. Subcalcic augite and pigeonite form rare late-stage
grains in some ophitic dolerites. Quartz and possibly apatite
are the last phases to form; they occur with oligoclase in
very late stage segregation patches in some massive units.
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Figure 9. Summary of Hole 41 ID and 418A clinopyroxene
crystallization trends. See text for discussion.

Plagioclase

Cr-spinel —

60
An

Olivine
85 80

Fo

Cpx

Magnetite

Quartz

Figure 10. Crystallization summary of Hole 417D and
418A samples. The beginning of crystallization of mag-
netite is aligned with the inflections in the plagioclase
and clinopyroxene trends.
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PLATE 1
Plagioclase Morphologies and Quench Textures

Figure 1 Rounded plagioclase core (An 86) with rapidly crys-
tallized overgrowth (An 68.5), Sample 418A-58-3,
50-54 cm. X-polars.

Figure 2 Sector zoned plagioclase phenocryst, Sample 417D-
66-4, 74-76 cm. X-polars.

Figure 3 Rapidly crystallized texture with skeletal plagioclase,
Sample 417D-62-1, 94-96 cm. Plain light.

Figure 4 Rapidly crystallized clinopyroxene and plagioclase,
Sample 417D-67-3, 76-78 cm. Plain light.

Figure 5 Skeletal plagioclase, Sample 417D-31-2, 127-130
cm. Plain light.

Figure 6 Skeletal spinels in Sample 418A-48-3, 46-47 cm. In-
cluded material in spinels is devitrifled glass. Bright
patches in spinels are sulfides. The large grain is
nearly completely altered olivine. Reflected light.
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PLATE 2
Clinopyroxene Morphologies

Figure 1 Rounded clinopyroxene, Sample 417D-22-7, 28-32
cm. Plain light.

Figure 2 Irregular glomeroporphyritic clinopyroxene patch in
glass, Sample 417D-62-2, 15-17 cm. X-polars.

Figure 3 Rounded clinopyroxene phenocrysts, partially enclos-
ing euhedral plagioclase laths, Sample 417D-42-5,
115-120 cm. Plain light. Note spherulitic texture in
upper right.

Figure 4 Anhedral clinopyroxene phenocryst with euhedral
plagioclase inclusion. Matrix is devitrified glass.
Sample 417D-44-4, 50-57 cm. Plain light.

Figure 5 Anhedral clinopyroxene with irregular outline, par-
tially enclosing euhedral plagioclase, Sample 418A-
79-4, 23-24 cm. X-polars.
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PLATE 3

0.5 mm
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Textures in Massive Dolerite Sample 417D-69-1, 18-24 cm.

Figure 1 Late-stage granophyric patch, X-polars. Enclosed
area outlines the field of Figure 2.

Figure 2 Enlarged view of late-stage patch with granophyric
intergrowths of quartz and Na-plagioclase, X-polars.

Figure 3 Ophitic texture with coarse clinopyroxene enclosing
plagioclase, X-polars.

Figure 4 Subcalcic augite (A) rim on pigeonite (P), X-polars.
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