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The primary goal of this study is to access the processes that alter primary melts
after segregation from a mantle source and ultimately form petrologic Layers 2 and 3 of
the Ocean Crust. Mineral, melt inclusion, and whole rock chemical compositions are
utilized to further the understanding of 1) the behavior of trace element partitioning
between high anorthite plagioclase and basalt melt, 2) the nature of the record preserved
by melt inclusions in anorthitic plagioclase in MORB, 3) the variability of melt
compositions generated at slow spreading ridges, and 4) the composition of melt and
crystals present in an axial magma chamber extrapolated from plagioclase-ultraphyric
basalts.
The major and trace element compositions of melt inclusions hosted in high
anorthite feldspar from Gorda Ridge and Southeast Indian Ridge are used to evaluate the
degree to which melt inclusions represent original melts trapped at the time of
crystallization versus melts that have been affected by entrapment processes or modified

by post-entrapment processes. Melt inclusions that are „real‟ melts will display trace
element partitioning relationships with the adjacent mineral host that fit known models.
Melt inclusions that have been modified by inclusion-specific processes, will not conform
to known partitioning models. Using anorthitic plagioclase from pillow basalts dredged
from the Gorda Ridge and the Southeast Indian Ridge, our results indicate that there is no
apparent correlation between the calculated mineral-inclusion partition coefficients and
the size or composition of the melt inclusion. The data is generally consistent with
experimentally determined partition coefficients for high anorthite feldspar. However,
some samples contain trace element patterns that are consistent with some degree of
diffusive re-equilibrium of compatible elements, i.e., Sr, Eu, and Ba. Therefore, although
plagioclase-hosted melt inclusions are broadly representative of the magmas from which
with anorthite phenocrysts formed, these melts do not represent the unmodified array of
primary mantle melts, and are produced by a complex set of processes.
The variability of magmas produced at a slow-spreading plate boundary is
evaluated using mineral analyses, combined with whole rock compositions of gabbroic
and basaltic lithologies and is conducted within a spatial context. Samples are drill cores
halves obtained during IODP Legs 304/5 from Sites 1309, 1310, and 1311 that are
located on Atlantis Massif, at 30°N on the Mid-Atlantic Ridge. Gabbroic samples span
the full range of compositions collected from ocean ridges: primitive troctolites through
evolved leuco- and oxide- gabbros and whole rock Mg #s (molar Mg/Mg+Fe2+) range
from 36 to 89 while basalts span a more limited range (50-67). Gabbroic major and trace
element compositions are consistently modeled as representing nearly-pure crystal
residuum. Trace elements contents of gabbroic clinopyroxenes are generally in

equilibrium with basalt samples, although they span a larger range of equilibrium
concentrations than the very narrow range exhibited by the basalts. These findings
suggest that gabbros are very pure cumulates and that basaltic melt can be efficiently
separated from the residual crystals.
Plagioclase ultra-phyric basalts from Southwest Indian Ridge contain greater than
20% plagioclase phenocrysts. Plagioclase An content is generally higher than (molar
Ca/[Ca+Na+K] ranges from An94 to An84) the calculated equilibrium composition for
respective host melts. Additionally, crystals within a single sample exhibit a variety of
zoning patterns, morphologies, and textures. Crystal size distributions of 3 samples are
linear and suggest that phenocrysts within a single sample grew in a similar thermal
environment. Similar CSD slopes are obtained from each sample indicative of a fairly
continuous thermal environment along ridge axis. We make an argument that the best
fitting model for the petrogenesis of plagioclase ultra-phyric basalts invokes a magma
chamber where convection physically separates low density plagioclase phenocrysts and
gradients in intrinsic variables (temperature, pressure, and composition) produce the suite
of textures and zoning exhibited by individual crystals within a sample. The bimodal
trace element composition of crystals from one sample indicates that melts can exist in
chemical isolation until just prior to eruption.

©Copyright by Allison B. Weinsteiger
July 12, 2010
All Rights Reserved

The Origin of Mid-Ocean Ridge Basalts: Insights from Trace Element Contents in
Anorthite, Anorthite-hosted-melt Inclusions, and Ocean Core Complexes

by
Allison B. Weinsteiger

A DISSERTATION

Submitted to

Oregon State University

in partial fulfillment of
the requirements for the
degree of

Doctor of Philosophy

Presented July 12, 2010
Commencement June 2011

Doctor of Philosophy dissertation of Allison B. Weinsteiger presented on July 12, 2010.

APPROVED

________________________________________________________________________
Co-Major Professor, Representing Geology

________________________________________________________________________
Co-Major Professor, Representing Geology

________________________________________________________________________
Chair of the Department of Geosciences

________________________________________________________________________
Dean of the Graduate School

I understand that my dissertation will become part of the permanent collection of Oregon
State University libraries. My signature below authorizes release of my dissertation to
any reader upon request.

________________________________________________________________________
Allison B. Weinsteiger, Author

ACKNOWLEDGEMENTS

I would like to thank Adam Kent and Roger Nielsen for their guidance and financial
support during my studies and research at Oregon State. I would like to thank Dave
Christie for obtaining an additional research grant, his support on IODP Leg 304 and
during shore-based studies, and for serving on my committee. I would also like to thank
Frank Tepley III and Marty Fisk for serving on my committee and helping to direct my
course of studies. I would like to further acknowledge Frank Tepley III for providing me
the unique opportunity to serve as the electron microprobe technician for 2 years. I
would like to thank Jeremiah Oxford, Robert Lee, Erin Lieuallen, and Mark Ford for
many academic discussions. Lastly, I would like thank my husband Keith Weinsteiger
for standing next to me during this endeavor and my daughter Madeleine Weinsteiger for
always lending a helping hand when I needed it most.

CONTRIBUTION OF AUTHORS
Dr. Adam Kent was involved in the supervision, data interpretation, and writing of all
three manuscripts. Dr. Roger Nielsen and Frank Tepley III provided significant oversight
on the second and third chapters. Dave Christie was instrumental in the selection,
collection, and analysis of samples used in the third chapter. Dr. Adam Kent was
involved in the trace element analysis of samples in all three manuscripts using LA-ICPMS techniques and provided samples for the fourth chapter. Dr. Frank Tepley III assisted
with electron microprobe analysis of samples and Dr. Roger Nielsen assisted with the
technique of melt inclusion rehomogenization using a 1-atmosphere furnace.

TABLE OF CONTENTS
Page
GENERAL INTRODUCTION……………….…………………………………………. 1
THE TRACE ELEMENT DIVERSITY OF ANORTHITIC MORB
PLAGIOCLASE AND THEIR ASSOCIATED MELT INCLUSIONS……………....... 9
Abstract………………………………………………………………....………. 10
Introduction………………………………………………………...…….…..… 11
Known Plagioclase Partition Coefficients……………………………….…….. 15
Sample Description……………………………………………………....…..… 17
Analytical Methods…………………………………………….……………..... 19
Analytical Strategy……………………………………....………….…..
Rehomogenization……………………………………....………….…..
Electron Microprobe……………………………….….……..….……...
Laser Ablation Inductively Coupled Mass Spectrometry
(LA-ICP-MS)……………………………….…………………...……...

19
21
21
24

Results ……………………………………………………….……………….... 28
66GC Host Glass.…………………………………….………………... 28
Plagioclase..………………………………………………………......... 28
Melt Inclusions.……………………………………………………...…. 30
Plagioclase Distribution Coefficients.…….………………………...…. 35
HFSE D‟s (Ti, Zr, Nb) …………………………………..…….. 38
REE D‟s (La, Ce, Pr, Nd, Eu, Gd, Dy, Er, Yb)
and Y………………………………………….………………... 40
LILE D‟s (Sr, Ba, Pb) …………………………………………. 43
Transition Metals, (Mn, Fe, Cr) and Mg……………………….. 45
D‟s Dependence on MI size and Composition………………… 48
Revised Partition Coefficients for High Anorthite
Plagioclase…………………………………………………….. 50
Discussion ……………………………………………………………….....…. 81
Plagioclase Trace Element Compositions……………………………… 51
Implications for MI Formation and Modification
Processes………………….……………………….………...…. 53
Non-Equilibrium Crystallization………………………………………. 54

TABLE OF CONTENTS (Continued)
Page
Trapping Boundary Layers.……………………………..….….. 55
Diffusive Melt Equilibrium.……………………………..……... 56
Post-Entrapment Diffusive Equilibration...………..……..…..... 57
Petrologic Implications of Anorthite and Associated
Melt Inclusions………………………………………………… 59
Conclusion.…………………………………………………………………….. 61
Acknowledgements.………………………………………………………….... 63
References……………………………………………………………………… 64
COMPOSITIONAL VARIABILITY OF AND PETROGENESIS OF
MAGMAS AT AN “AVOLCANIC” SLOW-SPREADING PLATE
BOUNDARY, ATLANTIS MASSIF, MID-ATLANTIC RIDGE, 30°N………….….. 71
Abstract………………………………………………………………………… 72
Introduction…………………………………………………………………….. 72
Geologic Setting and Drilling Results…………………………………………. 75
Atlantis Massif…………………………………………………………. 75
Lithology……………………………………………….…………….... 77
Analytical Methods…………………………………………………………….. 78
Sample Selections………………………………………………….…...
Electron Microprobe..…………………………………………………..
Laser Ablation Inductively Coupled Mass Spectrometry
(LA-ICP-MS)……………………………………………..………...…..
X-Ray Fluorescence.………………………………………………...….
Solution Inductively Coupled Mass Spectrometry……………………..

78
79
82
83
84

Results.……………….………………………………………………………… 84
Whole rock chemistry..…………………………………….…………... 84
Basalts and Diabase……………………………………………. 84
Gabbroic Units…………………………………………………. 90

TABLE OF CONTENTS (Continued)
Page
Mineral Compositions………………………………………………….. 93
Plagioclase……………………………………………………... 93
Pyroxene...……………………………………………………... 93
Discussion……………………………………………………………………… 96
Mantle Source Characteristics…………………………………………. 96
Chemical Relationship Betwenn Basalt, Diabase, and
Gabbric Units…………………………………………………... 98
Magmatic Evolution: Insights from Pyroxene Trace
Elements………………………………………………...…….. 120
Correlative Stratigraphy Between Holes U1309B/D…………………. 128
Correlation of Basalt and Diabase Units..…...……….………. 131
Correlation of Gabbro Units..……...……….……..……….…. 132
Correlation of Olivine Containing Units..……...………….…. 133
Implications for Lithosphere Formation at Slow
-Spreading Ridges..……...…………………………..…….…. 137
Conclusion………………………………………………………….……….... 141
Acknowledgements ………………………………………….………………. 142
References……………………………………………………………………. 143
TEXTURAL AND CHEMICAL INVESTIGATION OF ULTRAPLAGIOCLASE PHYRIC BASALTS (PUBS) FROM THE
SOUTHWEST INDIAN RIDGE, EVIDENCE FOR THE ELUSIVE
MAGMA CHAMBER AT SLOW-SPREADING RIDGES…………….……….…... 152
Abstract.……………………….……………………………………………… 153
Introduction.…………………………………………….…………………….. 153
Background………………………..……………………….…………………. 155
Geologic Setting………………………………………….…………… 155
Current PUB Models………………………………………………….. 156
Methods………..………………………………………………….…………... 159

TABLE OF CONTENTS (Continued)
Page
Crystal Size Distributions…………………………………………….. 160
Electron Microprobe Analysis…….………………………………….. 162
Laser Ablation Inductively Coupled Mass
Spectrometry (LA-ICP-MS)…………………...……………... 164
Results..…………….……………….…………………………………………
Petrography……………………….…………………………………...
Crystal Size Distributions...…………………………………………...
Plagioclase Compositions…………………………………………......
Olivine and Pyroxene Compositions……….……………………........
Host Lavas and Melt Inclusions……………………………………….

165
165
169
171
183
189

Discussion …………………………….……………………………………… 190
Plagioclase Texture and Chemistry…………..……………………….
Occurrence and Crystallization of High An Plagioclase……...………
Crystal Size Distributions……………………………………………..
PUB Petrogenetic Environment……………………………………….

190
193
204
209

Conclusion…………...……………………………………………………….. 216
Acknowledgements.………………………………………….……….………. 217
References……………………………………………………….………….… 218
SUMMARY OF CONCLUSIONS..…………………………….……………………. 231
BIBLIOGRAPHY..…………………………….………………………..……………. 234
APPENDICES.….……………………………….………………………..……….…. 258
Appendix A: Methods…………………………………………………..…….. 258
Melt Inclusion Rehomogenization………………….…………………
Electron Microprobe Analysis………………………………………...
Laser Ablation ICP-MS……………………………………………….
Bulk Hole Calculations for Atlantis Massif…………………..…….…

258
258
259
259

Appendix B: Electron Microprobe Data………….……………………..……. 282
Appendix C: Laser-Ablation ICP-MS Data ……………………...……..……. 361
Appendix D: Calculated Partition Coefficients…......…………..……………. 406

TABLE OF CONTENTS (Continued)
Page
Appendix E: Crystal Transects ………………………………………………. 418
Appendix F: MELTs Calculations ….….…….………………………………. 439

LIST OF FIGURES
Figure

Page

1.

Phase diagram of adiabatic upwelling mantle with an aluminous
lherzolite composition and showing the ocean geotherm and subsolidus reactions………………………………………………………………… 3

2.

Map of divergent plate boundaries (red lines) and convergent plate
boundaries (blue lines)………………………………………………………….. 6

3.

Electron backscatter images and chemical zoning profiles of
selected anorthitic plagioclase crystals A, Gorda Ridge, 66GC.………………... 22

4.

Electron backscatter images and chemical zoning profiles of
selected anorthitic plagioclase crystals A, Gorda Ridge, D9.…….……..…….... 25

5.

MI MgO, TiO2, and MnO contents determined by electron
microprobe and LA-ICP-MS analysis……………………….…….…..…….... 27

6.

Plagioclase trace element concentrations for selected
samples from the Gorda Ridge and the SEIR…………………….…....…….... 31

7.

Laser ablation ICP-MS analysis of glass inclusions
normalized to C1-Chondrite (Sun and McDonough, 1989)
from Gorda Ridge sample D9 (top), Gorda Ridge sample
66GC (middle), SEIR sample D70 (bottom)……………..……………………. 34

8.

Calculated plagioclase/melt inclusion distribution coefficients
for the HFSE compared to experimental data…………………………………. 39

9.

Calculated plagioclase/melt inclusion distribution coefficients
for the REE compared to experimental data………………………...…………. 42

10.

Calculated plagioclase/melt inclusion distribution coefficients
for the LILE compared to experimental data……………………….....….……. 44

11.

Calculated plagioclase/melt inclusion distribution coefficients
for A. Mg and B. Fe compared to experimental data……………….....….……. 47

12.

Plagioclase/inclusion distribution coefficients for Ti and Mg
plotted against inclusion size and concentration…...……………….....….……. 49

13.

Location of samples from Atlantis Massif obtained during IODP
Expeditions 304/5 from sites 1309, 1310, and 1311, located
On the Mid-Atlantic Ridge………………………...……………….....….……. 76

LIST OF FIGURES (Continued)
Figure

Page

14.

IUGS total alkali silica diagram showing basaltic and gabbroic
compositions from Atlantis Massif………………...……………….....….……. 89

15.

Whole rock major and minor element variation diagrams for
basalt and diabase lithologies from Atlantis Massif………………..………….. 91

16.

Trace element contents of diabase, basalt and gabbroic
lithologies from Atlantis Massif……………………………..……..………….. 92

17.

Chondrite normalized (McDonough and Sun, 1995) trace
element compositions of basalts and gabbroic lithologies
from Atlantis Massif………………..……………...……………….....….……. 94

18.

Whole rock major and minor element variation diagrams for
lithologies from Atlantis Massif…………………………………....………….. 95

19.

Modal mineralogy diagram of plagioclase-olivinepyroxene…………...………………..……………...……………….....….……. 97

20.

Gabbroic plagioclase and clinopyroxene compositions
Determined by electron microprobe..……………...……………….....….…... 101

21.

Pyroxene trace element concentrations normalized to C1
Chondrite (McDonoush and Sun, 1995) for (a) basalt, (b)
gabbro, (c) olivine gabbro, and (d) troctolitic gabbro..……………......…..…. 102

22.

Compositional trends of Hole 735B gabbros and SWIR
basalts………………………………………………...……………........….…. 111

23.

Liquid and calculated crystal fractionate compositions
produced by MELTs during instantaneous crystal
fractionation. ………………………………….……….…………….....….…. 108

24.

Liquid compositions produced by MELTs and COMAGMAT
shown with basalt and diabase compositions…………..…………….....….…. 117

25.

Trace element compositions of pyroxenes from basalt and
gabbroic lithologies, (a) Ce/Sm vs. Zr/Ti and (b)
Gd/Yb vs. Ba/Nb……………………………..……….…………..….....….…. 122

LIST OF FIGURES (Continued)
Figure

Page

26.

Calculated melt compositions in equilibrium with pyroxenes
normalized to chondrite (Sun and McDonough, 1995) from
(a) basalt (b) gabbro (c) olivine gabbro and (d) troctolitic
gabbro at Atlantis Massif. ……………..……….……………………....….…. 130

27.

Downhole correlative of lithologic units from Holes U1309B
and D from Atlantis Massif…………..……….………...……………....….…. 123

28.

Downhole variation diagrams from Atlantis Massif of Hole B,
red squares, and Hole D, blue squares.……….………...……………....….…. 136
A) Flat bed scanner image of slabbed pillow basalt from
DR28 for CSD analysis……………………………………..………………… 161

29.

30.

Electron microprobe vs. ICP-MS analysis for
Ti, Mg, and Fe………....……………………………………………………… 166

31.

Electron microprobe BSE images of textures, crystal
morphologies, and zoning in SWIR samples DR1,
DR28, and DR34………………………………….…….………….…………. 168

32.

Results from CSDs……………………………………………………….…… 170

33.

Anorthite contents of plagioclase determined by EMP
analyses and MELTs simulations……………………………….…….……… 175

34.

Photomicrographs of selected plagioclase megacrysts from
samples DR1, and DR28, and BSE image of DR34………………….…..…... 177

35.

Trace element contents of plagioclase determined by LAICP-MS for SWIR DR1, DR28, and DR34 megacrysts and
phenocrysts……………………………………..……………………….……. 173

36.

Anorthitic plagioclase stability field determined by MELTS
for SWIR host lavas and melt inclusion compositions……..………………… 195

37.

Equilibrium melt compositions calculated from LA-ICP-MS
analysis of plagioclase phenocrysts (grey circles) and megacrysts
(black circles) from DR1 (a, b), DR28, (c, d) and DR34 (e, f)………………. 200

38.

Schematic of magma chamber plumbing model
beneath the SWIR…………………………………………………..………... 215

LIST OF TABLES
Table

Page

2-1.

Sample location information and host major element
compositions.………………………………………………………………...... 18

2-2.

Selected plagioclase major and trace element compositions
from the Gorda Ridge and the SEIR…………………………………………... 29

2-3.

Selected glass inclusion major and trace element
compositions.…………………………………………………………………... 32

2-4.

Selected mineral-melt distribution coefficients from
feldspar and melt inclusion pairs……………..………………………………... 36

2-5.

a and b parameters for the expression RT ln(Di) = a XAn + b………………… 52

3-1.

Sample location, lithology, mineral modes, and alteration
description.………………………………………………….…………….….... 80

3-2.

Whole rock compositions of Atlantis Massif lithologies
and for MELTs..…………………………………..……………………….….... 85

3-3.

Average analysis of representative plagioclase crystals from
Atlantis Massif lithologies……………………………………………..….….... 99

3-4.

Average analysis of representative pyroxene crystals from basalt
and gabbroic lithologies…………………..……………………………….….. 103

3-5.

Representative clinopyroxene trace elements determined via
LA-ICP-MS…………...…………………..……………...……………….….. 104

3-6.

Average composition of basalt and gabbro trends at
9 wt% MgO…………………………………………………………………… 109

3-7.

Pyroxene and basalt compositions and calculated
partition coefficients.………………………………………………….……… 127

4-1.

Dredge locations and plagioclase CSD results………….……………………. 157

4-2.

Representative plagioclase compositions determined
by EMP………………………………………………….……………………. 172

4-3.

Representative trace element compositions of plagioclase……….…….……. 181

LIST OF TABLES (Continued)
Table
4-4.

Page
Electron microprobe analyses of representative pyroxene,
olivine, host glass and melt inclusions………………….……………………. 186

LIST OF APPENDIX FIGURES
Table

Page

39.

Average lithology compositions (A) and Bulk Hole
compositions (B) calculated for Hole D, Atlantis Massif…………………….. 262

40.

Transects of plagioclase crystals from the Southwest
Indian Ridge, from rim to core……………………………………………….. 419

41.

Transects of clinopyroxene crystals from the Southwest
Indian Ridge, from rim to core……………………………………………….. 436

LIST OF APPENDIX TABLES
Table

Page

A1.

Rehomogenization conditions for plagioclase hosted melt
inclusions.…………………………………………………………………...... 263

A2

EMP procedure set-up for elements, crystal configuration,
Counting times, backgrounds, and standards for minerals
and glass analyses…………………………………………………………….. 264

A3.

Long term reproducibility of plagioclase, LABR Standard,
USNM 11590, by electron microprobe….………………………..………..…. 267

A4

Long term reproducibility BASL Standard, USNM 113498/1,
VG-A99, by electron microprobe………………………….………….……… 271

A5

Reproducibility and accuracy of BHVO-2G, by LA-ICP-MS
Analyses………………………………………………………….…………… 274

A6

Long term reproducibility of clinopyroxne, KAUG Standard,
USNM #122142, by electron microprobe……………………………………. 275

A7

Laser-ablation ICP-MS analyses of standards………….…………..………… 276

A8

Long term reproducibility of mineral and glass standards
via EMP………………………………………………….…………………… 279

A9

Long term reproducibility of trace element glass standards
BCR-2G and BHVO-2G via LA-ICP-MS……………………….…………… 281

B1

Major and minor element compositions of plagioclase
determined by electron microprobe……………………………………….….. 283

B2

Major element compositions and precise TiO2 contents of
plagioclase determined by electron microprobe…………………..………….. 296

B3

Major element (and S, Cl) composition of melt inclusions
determined by electron microprobe……………………………….………….. 302

B4

Major element compositions of plagioclase determined
by EMP……………………………………………………………………….. 307

B5

Major element compositions of clinopyroxene determined
by EMP……………………………………………………………………….. 318

LIST OF APPENDIX TABLES (Continued)
Table

Page

B6

Major and minor element composition of plagioclase
determined via EMP………………………………………………………….. 328

B7

Major element compositions of olivine and pyroxene
phenocrysts determined via EMP…………………………………………….. 347

B8

Major and minor element compositions of host glass and
MI determined via EMP…………………………………………...………….. 356

C1

Trace element compositions of plagioclase determined
by LA-ICP-MS.…………………………………………………...………….. 362

C2

Trace element compositions of melt inclusions determined
by LA-ICP-MS.…………………………………………………...………….. 382

C3

Trace element compositions of pyroxene determined
by LA-ICP-MS.…………………………………………………...………….. 386

C4

Trace element compositions of SWIR plagioclase determined
by LA-ICP-MS.…………………………………………………...………….. 398

D1

Mineral Melt distribution coefficients calculated from
feldspar and MI pairs calculated from EMP analysis…………....….…….….. 407

D2

Mineral Melt distribution coefficients calculated from
feldspar and MI pairs calculated from EMP analysis and
LA-ICP-MS.……………………………………………………...……….….. 410

D3

Mineral Melt distribution coefficients calculated from
feldspar and MI pairs calculated from LA-ICP-MS.……………...………….. 415

F1

MELTs calculated equilibrium assemblages and compositions………..…….. 440

THE ORIGIN OF MID-OCEAN RIDGE BASALTS: INSIGHTS FROM TRACE
ELEMENT CONTENTS IN ANORTHITE, ANORTHITE-HOSTED-MELT
INCLUSIONS, AND OCEAN CORE COMPLEXES
CHAPTER 1
GENERAL INTRODUCTION

The study of the ocean crust spans several disciples and has been the subject of
many studies for the last six decades. The results of these studies have provided many
details about both the nature of ocean crust which covers ~70% of the Earth‘s surface, as
well as it‘s genesis at ~67,000 km of mid-ocean ridges (Solomon, 1989). The activity
associated with mid-ocean ridges has a profound affect on the planet. Firstly, mid-ocean
ridges release a large amount of heat from the interior of the planet and cause it to cool.
One by product of this event is that they generate ocean crust. Secondly, mid-ocean
ridges affect sea level. At times of high heat output, ridge crests are raised and push sea
water higher onto the continents. The process of hydrothermal circulation in hot crust,
combined with magmatic volatile output, acts to buffer seawater composition as well as
create unique biological life forms.
Prior to ~1950, virtually nothing was known about the petrological or
geochemical characteristics of ocean crust due to the lack of sampling technology. By
the mid 1960‘s scientists recovered basaltic dredge samples from several spreading ridges
(Engel et al., 1965) and attempts to recover drill core samples were begun by the Deep
Sea Drilling Project (DSDP). The results of these studies have provided many details
about both the nature of ocean crust, and in particular, mid-ocean ridges. Mid-ocean
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ridges can be viewed by bathymetrical maps of the ocean floor, where ridges consist of a
broad axial high and central trough that is bisected by many faults and transform faults.
Mid-ocean ridge spreading centers are classified as fast, intermediate, slow, or ultra-slow,
based on their spreading rate. Ridge spreading rate has been shown to affect the
composition, stratigraphy, and structure of the lithosphere (e.g. Purdy and Detrick, 1986;
Fox et al., 1991; Brown and White, 1994; Dick et al., 2006).
Mid-ocean ridges are divergent plate boundaries where adiabatically upwelling
mantle intersects the lherzolite solidus and produces primary melt (Figure 1) (Yoder and
Tilley, 1962; Green and Ringwood, 1967; Green et al., 1979; Jaques and Green, 1980;
Klein and Langmuir, 1987, Langmuir et al., 1992). The composition of these primary
melts (Green et al., 2000) fall within a restricted range of major and trace element
compositions, relative to the magmas produced in other tectonic environments. The
variations in composition that do occur are mainly dependent on both the depth of
melting and percent of melting (melt fraction) (Green and Ringwood, 1967; Green 1969;
Klein and Langmuir, 1987), although small, local variations may be contributed to mantle
heterogeneities (e.g. Cipriani et al., 2004). Regardless of their precise derivation, all
primary melts undergo significant chemical modification during ascent, prior to extrusion
on the seafloor as basalts (MORB). The most dominant process is crystal fraction
(Bender et al., 1978; Walker et al., 1979; Stolper, 1980; Grove and Bryan, 1983),
although other complex processes such as melt-rock reactions (Natland and Dick 1996;
Dick et al., 2002; Godard et al., 2009; Suhr et al., 2008; Lissenberg and Dick, 2008;
Kvassnes and Grove, 2008; Drouin et al., 2009) and the incomplete extraction of evolved
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melts (Godard et al., 2009, Costa et al., 2009, Seyler et al., 2001, 2007) alter the
composition of primary melts and the lithologies in which they intrude. In addition,
variations in compositions can be correlated to melt supply, ridge spreading rate, and the
depth of ridge axis (Klein and Langmuir, 198; Lin and Morgan, 1992; Wang et al., 1996;
Toomey et al., 1998; Carbotte et al., 2004). A high melt supply to a ridge, or ridge
segment, will induce faster spreading and a shallower ridge crest.
Although these basic mechanics of passive mantle upwelling and subsequent
seafloor spreading were established in the ‗60‘s and ‗70‘s, (Cann, 1974; Conference
Participants, 1972; Engel et al., 1965; Engel and Fisher, 1969; Hess, 1962; Whitehead et
al., 1984) many details of the relationship between MORB magmatism and oceanic
lithosphere production remain unclear. For example, little is known about the suite of
primitive, parental melt compositions that exist at a single location prior to modification.
Additionally, these parental melts are suggested to have variable trace element
compositions (e.g. Nielsen et al., 1995; Sours-Page et al., 1999; Kohut and Nielsen, 2004)
or major element compositions that produce high anorthite plagioclase (e.g Hansen and
Gronvold, 2000; Ridley et al. 2006; Hellevang and Pedersen 2008) yet these
compositions remain poorly constrained. Furthermore, the processes that result in the
fractionation of primitive melts to produce gabbroic cumulates while simultaneously
extracting basalt magmas are vague and the scale of their occurrence uncertain.
Therefore, interpreting the geochemical trends in a suite of samples, and variations within
individual crystals in a sample is essential in understanding the processes that produce
both MORBs and the architecture of the ocean lithosphere.
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This thesis is comprised of three closely related projects that were selected in
order to further the understanding of processes that modify primitive basalt compositions
and form the ocean crust. Project 1 investigates trace element variability in high
anorthite plagioclase and their melt inclusions from plagioclase ultra-phyric basalts from
the Gorda Ridge and the Southeast Indian Ridge (Figure 2). This study utilizes known
partitioning laws determined by equilibrium experiments to determine if the variation in
concentrations, evident in melt inclusions, is a record of real melt compositions, or have
been modified by later processes specific to the formation and evolution of the inclusions
themselves. The processes of boundary layer entrapment (Faure and Schiano, 2005;
Baker, 2008), dissolution/precipitation (Michael et al. 2002), diffusive reequilibrium
(Cottrell et al., 2002) could produce either anomalously low (or high) trace element
compositions in inclusions and result in inclusion/host distribution coefficients that do
not conform to known partitioning laws. Project 2 characterizes gabbroic drill core
samples from Atlantis Massif on the Mid-Atlantic Ridge (Figure 2) and compares the
results to the above lying basalt suite. The goals of this study are to (i) determine the
genetic relationships between the diverse gabbroic units sampled in the core and the
basalts units that are both intrusive and extrusive; (ii) compare the compositions of
magmas produced during ‗dominantly intrusive‘ periods of crustal accretion to
compositions produced during ‗dominantly extrusive‘ periods of crustal accretion, and
(iii) evaluate the stratigraphic correlation between the Holes U1309B and D, located less
than 20 m apart, to understand the vertical and lateral scale of individual intrusive events
in this environment.

6

7
Project 3 investigates the origin of plagioclase ultra-phyric basalts (termed PUBs)from
Southwest Indian Ridge (Figure 2) by combining textural studies, most importantly
crystal size distributions (CSD‘s), with in-situ major and trace element analyses. The
CSD‘s provide information about the thermal history of a sample, including crystal
growth rates, magma mixing events, and magma repose times (Cashman and Marsh,
1988; Marsh, 1998; Marsh, 1988; Higgins, 2000). The goals of this study are to (i)
determine if the high modal abundance of plagioclase originates from crystal
accumulation and/or magma mixing, (ii) calculate equilibrium melt compositions in
equilibrium with high anorthite plagioclase, and (iii) establish the nature of the magma
chamber in which the plagioclase crystallized.
Collectively these studies place new constraints on the variation of melts
produced at depth beneath MOR, the extent to which melt inclusions compositions reflect
magmatic compositions, how and to what degree these melts are modified en route to the
surface, and the nature of some MOR magma chambers. Through these three studies, I
have found that:
1. During periods of tectonic-dominated spreading, slow-spreading ocean
crust is produced by laterally complex, small intrusions that are genetically related
to, but not genetically equivalent to, the basalts erupted during extrusive periods.
2. Melt inclusion trace element variability is reflected by equal to, or
greater than, variability in the host crystal, suggesting that the majority of
variations evident in melt inclusions are not produced by processes specific to the
formation and evolution of the inclusions, although some post-trapping
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diffusional re-equilibration is apparent . Trapped melt inclusion compositions are
more primitive and variable than the host melts.
3. Individual crystals in plagioclase ultra-phyric basalts have experienced
unique conditions during crystallization. CSD‘s for all samples are linear and
produce fairly consistent slope and crystal repose times, between the samples,
suggesting a broadly related and axial-continuous thermal structure beneath the
ridge. PUB‘s can form during plagioclase flotation in a magma chamber where
the percent of melt is greater than the percent of crystals and may, but are not
required to represent the mixing of multiple phyric magmas.
Complete data tables of all analyses conducted during these studies are provided
in the appendices. Additional figures consisting of detailed graphs for these studies are
also provided in the appendices.
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THE TRACE ELEMENT DIVERSITY OF ANORTHITIC MORB PLAGIOCLASE
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ABSTRACT
Plagioclase ultra-phyric basalts from Gorda Ridge and Southeast Indian Ridge are
used to document the compositional relationship between anorthitic feldspars and their
included melts. This study utilizes the spatial relationship between the host and inclusion
to determine the degree to which the melt inclusions represent trapped parental melt
compositions versus liquids that have been modified to various degrees by entrapment
and post-entrapment processes. The primary justification for this approach is that melts
trapped in equilibrium with their adjacent host mineral should exhibit equilibrium
partitioning of trace elements between host and inclusion. Thus measurements of
inclusion and host using spatially resolved analytical techniques can, in combination with
known partitioning relationships, be used to test models for inclusion formation and
evolution.
Rehomogenized melt inclusions and their host phenocryts display a narrow range
of major element compositions, but up to a 5-fold variation in trace elements within
individual crystals. The distribution of trace elements between inclusion and the adjacent
host mineral may be expressed as apparent inclusion/host partition coefficients. For all
elements studied, Ti, Zr, La, Ce, Pr, Nd, Eu, Y, Sr, Ba, Pb, Mn, Fe, and Mg, we
document that apparent partition coefficients are independent of inclusion size and
composition and have values within the range of values determined from experimental
and theoretical studies. These critical observations appear to strongly limit the role of
enriched boundary layers and partial diffusive equilibration during inclusion formation in
producing trace element variations in trapped inclusions.
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The total range of compositions of more compatible trace elements, i.e. Sr and Eu,
is limited. This is consistent with some degree of post-entrapment diffusion, although
this has not proceeded to the point where it has fully equilibrated all inclusions trapped
within individual crystals. Distinct patterns in individual phenocrysts support the view
that each crystal has different history, and each sample contains a complex crystal cargo
of phenocrysts. Based on these results, we believe that the compositions represented in
the inclusions largely represent magmatic compositions, but they are not unmodified.

INTRODUCTION
It is widely accepted that melt inclusions (MIs)are small amounts of magmatic
liquid trapped within crystals at the time of crystallization and their major and trace
element contents can provide important information concerning magma petrogenesis and
mantle source characteristics (e.x. Sobolev et al., 1994; Sinton et al., 1993; Sobolev and
Shimizu, 1992, 1993, 1994; Nielsen et al., 1995; Sours-Page et al., 1999, 2002; Shimizu
et al., 2000; Michael et al., 2000; Font et al., 2007). Melt inclusions are generally more
primitive than many lavas erupted at the surface and may represent liquids which have
experienced lesser degrees of modification processes such as crystal fractionation,
reaction with cumulates, and magma mixing. In basaltic systems, they therefore
represent an opportunity to evaluate melt compositions that are in equilibrium with
primitive, anorthitic plagioclase crystals (Kohut and Nielsen, 2003), which are often in
major and trace element disequilibrium with the matrix lava in which they are erupted.
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Despite the potential utility of melt inclusions, there are also significant questions
pertaining to their ability to trap and preserve unaltered melt compositions. Several
studies have suggested that melt inclusion compositions may be significantly modified by
processes related to entrapment and formation (e.g. Michael et al, 2002; Faure and
Schiano, 2005; Baker 2008) or by irreversible post entrapment processes such as
diffusive re-equilibration (e.g Danyushevsky et al., 2000; Gaetani and Watson, 2000,
2002; Cottrell et al. 2002). Additionally, almost all melt inclusions have experienced
post entrapment crystallization of the host mineral, although this effect alone is generally
correctable (Sobolev, 1996; Nielsen et al., 1998; Kress and Ghiorso, 2004; Kent, 2008).
Melt inclusion compositions altered during entrapment or by subsequent diffusive
equilibration processes are a challenge to quantitatively evaluate because each inclusion
and its host crystal may have experienced a unique degree of a modification. The effects
of these processes are difficult to distinguish from the compositional variations that
reflect original differences between trapped melts. A number of criteria have been
suggested for this purpose and relate to the comparison of inclusion suites to their host
minerals or to the lavas in which they occur (Nielsen et al., 1998; Cottrell et al., 2002;
Kent, 2008). One additional and to date underutilized source of information pertaining to
the relationship between melt inclusions and their host mineral is the use of partitioning
information for minor and trace elements. The premise behind this assessment is that
melt inclusions that represent actual trapped samples of melt will have formed in
equilibrium with their immediately adjacent host mineral. Therefore, unmodified
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inclusions and crystals will have calculated host/MI distribution coefficients (D‘s) that
are consistent with known experimental models.
The partitioning relationship for many elements, between basaltic melt and
plagioclase, are known from theoretical considerations and from high temperature
experiments (Blundy and Wood 1991, 1994; Wood and Blundy, 2003; Aigner-Torres et
al., 2007; Drake and Weill, 1975; Bedard, 2006; McKay et al. 1994; Peters et al. 1995;
Miller et al. 2006; Simon et al. 1994). Thus, the combination of in situ measurements of
inclusion and host mineral compositions, interpreted using trace element partitioning
models, provides a means to test whether inclusions are in equilibrium with their mineral
host.
Variations in trace element abundances within melt inclusions must be matched
by equivalent variations within the host minerals to maintain equilibrium partitioning
relations. Melt inclusions which represent partially equilibrated boundary layers (Kohut
and Nielsen, 2004; Faure and Schiano, 2005; Baker et al., 2008), melts differentiated by
diffusive transport (Michael et al., 2002) or other non-equilibrium compositions, should
not exhibit equilibrium partitioning relationships (e.g. their host/MI D‘s will not match
the appropriate experimental/model comparators). Our goal is to examine a number of
cases where a range of melt inclusion compositions exist within a single crystal and
compare the local host composition to the inclusion and also to the predicted partitioning
behavior. The results will allow us to distinguish between models for diffusive reequilibration, boundary layer entrapment and differentiation by diffusion.
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In this study, we test equilibrium partitioning using melt inclusions hosted within
high anorthite plagioclase (>An86 ) from Gorda Ridge and Southeast Indian Ridge and
examine the trace element diversity and spatial/geochemical relationship between these
crystals and their associated melt inclusions. High anorthite plagioclase occur in a
variety of ocean environments (Bougault and Hekinian, 1974, Fisk, 1984; Natland, 1989;
Allan et al., 1989, Nielsen et al., 1995, Danyushevsky et al., 1997, 2002, 2003; SoursPage et al., 1999; Hansen and Gronvold, 2000; Ridley et al. 2006; Eason and Sinton,
2006; Cordier et al. 2007; Rubin and Sinton, 2007; Costa et al., 2009 and many others),
but no recovered MORB glasses have yet been found that are in equilibrium with
plagioclase compositions > An88 . Anorthitic plagioclase is believed to crystallize from
magma that has a high Al2O3 content, Ca/Na ratio, H 2O content, temperature and at a
lower pressure (Fram and Longhi, 1992; Panjasawatwong et al.1995; Sisson and Grove,
1993; Kohut and Nielsen, 2003; Costa et al., 2009). Anorthitic plagioclase often contains
abundant melt inclusions, which within a single crystal, show large variations in trace
element concentrations including: anomalously low Na and Ti (Natland 1989, Johnson
1995), variable Ti/Zr and La/Sm (Nielsen et al., 1995), variable HFSE (Sours-Page et
al.,1999) and less often, variable Mg and Sr (Costa et al., 2009). These variations have
led to differences of opinion (Nielsen et al., 1995; Cottrell et al., 2002; Michael et al.,
2002; Kohut and Nielsen, 2004) about the ultimate origin of trace element variations in
plagioclase hosted melt inclusions, and what the observed range in composition means in
terms of MORB petrological processes.
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In this paper, we report the results of our analysis of the concentration of trace
elements in plagioclase hosted melt inclusions using Laser Ablation ICP-MS and the
electron microprobe. We interpret these results within the context of the distribution
coefficients available in the literature (Wood and Blundy, 1997; Bindeman et al., 1998;
Blundy et al., 1998; Brugger et al., 2003; Kohut and Nielsen 2003; Aigner-Torres et al.,
2007) and assess various models of melt inclusion formation/equilibration (Cottrell et al.,
2002; Michael et al., 2002; Kohut and Nielsen, 2004; Faure and Sciano, 2005; Baker,
2008). Our results suggest melt inclusions broadly reflect primitive magma compositions
and anorthitic plagioclase rarely trap boundary layers or diffusional transport channels.
However, many crystals likely experienced some degree of compatible element diffusive
re-equilibration and provide a new avenue to constrain the timeframe of mixing/eruptive
processes in ocean crust processes.

KNOWN PLAGIOCLASE PARTITION COEFFICIENTS
Plagioclase and trace element partitioning data existing in the literature can be
found either as phenocrysts/matrix determinations or as experimental studies and
encompasses a wide range of plagioclase and melt compositions, experimental
conditions, and analytical techniques. A full review can be found in Bedard (2006). In
many experimental studies, starting glasses were doped with either or both plagioclase
and trace elements to ensure that plagioclase was the only crystallizing phase on the
liquidus and that the concentration of trace elements were above the analytical detection
limit. The variety of starting components and experimental conditions generate a large
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range of reported plagioclase partition coefficients for individual elements (Bedard,
2006).
Distribution coefficients calculated from doped experiments and
phenocryst/matrix determinations are problematic for a several reasons. Firstly, doped
experiments rely on Henry‘s Law and assume that a trace element‘s partitioning behavior
will remain constant as that trace element‘s concentration increases in the melt. For
plagioclase feldspar in particular, it is believed that ppm-level substitution of many trace
element occurs at site defects. Once the site defects are filled, trace element
incorporation is then structurally controlled and Henry‘s Law is exceeded. This suggests
that partition coefficients calculated from low-level doped experiments conform to
Henry‘s Law and are accurate. The problem with using high-level (>1 wt%) doped
experiments is that for most trace elements in plagioclase, the limit to Henry‘s Law is
unknown and may be inadvertently exceeded. Experiments with wt%-doped trace
elements may produce partition coefficients that are inaccurate at naturally occurring
levels. Secondly, phenocrysts commonly crystallize in a melt with trace element (and
sometimes major element) compositions that are different from that of the matrix melt in
which the phenocrysts are ultimately erupted. This is owed to various petrologic
processes such as crystal fractionation, assimilation, and magma mixing, which can alter
elemental abundances in both the melt and crystal. Thus, phenocryst/matrix
determinations are not a reliable source for partition coefficients.
Recent studies take advantage of improved analytical techniques and
quantitatively derive a range of partitioning values dependent on plagioclase anorthite
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content, temperature, and fO2 (Blundy and Wood 1991; Bindeman et al., 1998; AignerTorres et al., 2007). Using numerical functions that are a best-fit to the data, allow for
the extrapolation of partition coefficients that fall outside of the experimental data set.
For example, these experiments only produced feldspars with An contents between
0.42<An<80. Using a coherent expression of partition coefficient vs. An content,
partition coefficients can be extrapolated to corresponding higher and lower An values by
extending the expression beyond the experimental limits. There are two problems
associated with extrapolating partitioning expressions to high An values. First, there are
no experimental data between An contents of 0.8 and 1.0 to which the expression is
calibrated. Small, within error, changes of the slope in the center of the expression, ~An
0.5, can have a large effect on the projected values for high An (>An0.9). Second,
experiments utilizing pure anorthite (Miller et al., 2006; Peters et al., 1995) suggest that
Henry‘s Law does not hold true for anorthitic feldspar and that melt composition and
structure are major controls on partition coefficients.

SAMPLE DESCRIPTION
Two samples from the Gorda Ridge and 8 samples from the Southeast Indian
Ridge (SEIR) were chosen for this study (Table 2-1), encompassing a range of spreading
rates from intermediate to and slow. Gorda Ridge is slow spreading ridge, with a
variable spreading rate: 55 mm/yr full spreading rate in the north to 23 mm/yr full
spreading rate in the south. It separates the Pacific and Juan de Fuca plates and is
bounded by the Blanco Fracture Zone in the north and the Mendocino Fracture Zone in
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Table 2-1. Sample location information and host major element compositions.
Ridge
Latitude
Longitude
Depth (m)
Sample
wt% oxides
SiO2
TiO2
Al2O3
FeO
MnO
MgO
CaO
Na2O
K2O
P2O5
Cr2O5
S
Cl
Total

Gorda
Gorda
SEIR
SEIR
SEIR
SEIR
SEIR
SEIR
SEIR
42°1'N
42°2'N 41°52'S 42°34'S 45°03'S 48°18'S 48°45'S 48°48'S 50°14'S
127°5'W 127°03'W 88°55'W 90°12'W 95°46'W 104°58'W 105°13'W 108°28'W 113°07'W
2900
3230
2353
2575
3069
3162.5
3630
3392
3614
66GC
D9-1
D69-3
D70
D83-15
D112
D113
D123
D139
50.84
1.55
15.54
9.58
0.22
7.72
10.87
2.22
0.28
0.15
0.09
0.11
0.11
99.87

50.25
1.35
15.70
9.49
0.19
8.32
11.80
2.40
0.09
0.12
0.03

99.71

48.48
0.90
17.54
7.97
0.13
9.84
12.36
2.16
0.05
0.08
0.04
0.10
0.00
99.95

50.39
1.64
14.82
9.95
0.17
7.70
11.56
2.66
0.13
0.16
0.04
0.13
0.01
99.22

50.40
1.16
16.07
7.68
0.16
7.83
11.77
2.86
0.32
0.18
0.05
0.10
0.02
98.46

50.95
1.25
15.53
8.56
0.15
7.99
12.02
2.77
0.14
0.14
0.06
0.11
0.01
99.56

50.87
1.37
15.25
8.86
0.16
7.88
11.78
2.69
0.12
0.13
0.05
0.10
0.01
99.14

50.96
1.56
15.11
9.16
0.13
7.30
11.4
3.13
0.2
0.17
0.04
0.11
0.02
99.19

50.49
1.38
15.3
8.52
0.12
7.81
11.86
2.85
0.14
0.12
0.06
0.00
0.00
98.65

Notes: Gorda Ridge samples 66GC and D9-1 were collected during the U.S. Geologic
Survey cruise KK2-83-NP in 1987 by Davis and Clague, (1987), respectively. South East
Indian Ridge samples were collected by Cochran et al., (1997).
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the south. The Southeast Indian Ridge is an intermediate to fast spreading ridge, ~75
mm/yr full spreading rate, and is intersected by the Amsterdam-St. Paul Hot Spot.
All samples studied are normal mid-ocean ridge basalts (NMORB), with MgO
contents ranging from 7.30 to 9.84 (Table 2-1). SEIR samples are enrichment in
incompatible elements proportional to their vicinity to the Amsterdam-St. Paul hotspot
(Cochran et al., 1997; Douglas-Prebe, 1998). Individual pillows contain glassy rinds and
abundant plagioclase phenocrysts, up to 40% by volume, with less abundant olivine,
while spinel and clinopyroxene are rare. Plagioclase crystals are subhedral to euhedral,
range in size from < 1 mm to 5 mm, and range in An content from 78 to 93 (e.g. Nielsen
et al., 1995). For this study, only plagioclase with >An86 was used. Glassy MI are
common in plagioclase and occur as isolated inclusions or in bands that can contain
hundreds of inclusions. Glass inclusions are spherical to ovoid and range from 2 to 200
m. Many inclusions also contain small, exsolved gas bubbles; in all cases these are less
than 5% of the inclusion volume, except where the inclusion has ruptured (Nielsen et al.,
1998).

ANALYTICAL METHODS
Analytical Strategy
We have followed an analytical strategy that allows us to document the spatial
relationships of host crystals and melt inclusion analyses, which are critical for
interpretations. By doing so, changes in the concentrations of trace elements can be
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viewed in the context of the actual location on the plagioclase crystal and the proximity
to melt inclusion bands.
The electron microprobe (EMP) is first used to collect detailed backscatter
electron (BSE) images of each crystal prior to analyses. These images are used as maps
to provide a visual context for the location of analytical points in plagioclase in reference
to MI bands (Figures 3, 4), as well as host/MI pairs used to calculate D values. The EMP
was used to perform analysis of multiple melt inclusions within single feldspars to
determine which crystals exhibit a significant range of Ti concentrations (>3-fold
variation) between inclusions. Only the crystals and associated melt inclusions fitting
this criterion were selected for further evaluation. Therefore, the selection of individual
plagioclase and their associated inclusions presented in this study are not representative
of the overall crystal population of the sample, but only those showing variable trace
element contents. Breached and compromised melt inclusions were deleted from the
dataset based on the set of chemical and physical criteria outlined in Nielsen et al.,
(1998). For example, inclusions with measured S concentrations less than 400 µg/g were
removed from the dataset, with the assumption that they had undergone degassing during
the re-homogenization process (assumed to be breached and vented).
Inclusions were selected for LA-ICP-MS analyses on the basis of their size (> 30
microns), due to the limitations on spatial resolution of the LA-ICP-MS. LA-ICP-MS
analyses of plagioclase were made directly adjacent to the inclusion, as well as along the
microprobe transect. Great care was taken to analyze the plagioclase as close to EMPanalyzed melt inclusion as possible without hitting other inclusions. Laser spots were
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made directly over EMP points, as the ablated volume is >> the interactive volume of the
EMP.
Rehomogenization
Samples were coarsely crushed and large plagioclase crystals were removed by
hand. In order to remove the effects of post-entrapment crystallization, plagioclase
crystals were re-homogenized in a 1-atm gas-mixing DelTec vertical quench furnace.
Crystals were wrapped in a Pt foil and suspended in air during heating. Crystals were
heated to and held at 1080 C for 15 min. and then heated to and held at the
rehomgenization temperature ~1200°C, for ~20 min (Table A1). Crystals were quenched
by dropping them into water.
Electron Microprobe (EMP)
Major and trace element analyses of plagioclase, melt inclusions, and fresh glass
from the pillow rim of sample 66GC were performed using a CAMECA SX-100 Electron
Microprobe at Oregon State University. Plagioclase analyses used a 30 nA beam current,
with an accelerating voltage 15 keV, and with a 1 µm beam diameter. Glass analyses
used a 30 nA beam current, with an accelerating voltage 15 keV, and with a 5 µm
defocused beam. Sodium and K were counted first to reduce volatile loss during analysis
and their concentrations were calculated using a 0-time intercept method. For both
procedures, major element count times range from 10-60 sec, the trace elements of P, S,
and Cl, were counted for 60 sec, and Ti was counted for 30 sec (Table A2). Standards
used for plagioclase calibration were Labradorite (USNM #115900) Na, Si, Al, and Ca,

22

Figure 3. Electron backscatter images and chemical zoning profiles of selected anorthitic
plagioclase crystals from A, Gorda Ridge, 66GC, crystal 3 and B, Gorda Ridge, 66GC,
crystal 16. Melt inclusions occur as white dots in the gray colored anorthitic plagioclase.
The locations of electron microprobe transects in plagioclase are shown by arrows from
A to A1 and the LA-ICP-MS pits are black circles. The location of melt inclusion bands
are marked by dashed lines on the chemical profiles. Chemical profiles demonstrate an
antithetic relationship between plagioclase An content and MgO and FeO(total) values.
A high-precision TiO2 profile away from a melt inclusion remains constant over 115 m.
1σ error bars are shown for maximum oxide error, while anorthite 1s errors are within
symbol size. Data are found in Appendix B.

23

24
Kakanui augite (USNM #122142) for Mg, BASL (USNM #113498) for Fe and Ti,
Microcline (USNM #143966)for K, Fluoroapatite (USNM #104021) for P and F, CROM
(USNM #117075) for Cr, and pyroxmanganite for Mn. Standards used for glass
calibration include: labradorite for Al and Ca, fluoroapatite for P, chalcopyrite for S,
tugtapite for Cl, microcline for K, pyroxmanganite for Mn, chromite for Cr, BASL for
Fe, Mg, Si, Ti, Fe, pure Zr for Zr, anorthoclase (USNM 133868) for Na, and nickel
silicate for Ni. LABR, a natural plagioclase, was used as a secondary standard for
feldspar analyses and its ±1σ standard deviation for all elements is less than 1.3%
relative, except, for P and Cr, which is 6% and 10% relative, respectively (Table A3).
BASL, a natural glass was used as a secondary standard for glass analyses its ±1σ
standard deviation for all elements is less than 1.7% relative, except P, S, Ni, which are
10% relative (Table A4). Analytical data were filtered using the standard methods for
EMP data: analyses with totals below 99 or greater than 101 wt% were discarded, as were
any feldspar analysis with a stoichiometry differing by more than 1% from a nominal
plagioclase stoichiometry.
Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS)
LA-ICP-MS analyses were performed at Oregon State University using a VG
ExCell Quadrupole ICP-MS and NewWave DUV 193nm ArF Excimer or NewWave 213
Nd-YAG laser ablation systems. Plagioclase and MI analyses used a stationary 80 µm
laser spot with a pulse rate of 4 Hz. Additional analytical details are given in Kent et al.
(2004). Standard Reference Material NIST-612 glass was analyzed multiple times before,
during and after each analytical session to correct for any instrument drift. Standard
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Reference Material BCR-2G glass was the standard used to calibrate analyses of
plagioclase and glass and 43 Ca was used as the internal standard, with CaO contents
measured by electron microprobe used to calculate elemental abundances. Analytical
precision and accuracy was monitored using repeated analyses of BHVO-2G glass (Table
A5), and show good agreement with published values. The ±1σ accuracy for all elements
is less than 5% of the known value, except for Eu, Gd, Dy, Er, Yb, and Pb, for which ±1σ
ranges from 7% to 13% of the known value. The ICP analyses of feldspar are more
susceptible to the inclusion of errant glass data via buried melt inclusions due to the much
larger spot size for laser ICP compared to EMP beam. Glass inclusions in feldspar
analyses can be recognized by changes in count rates of elements (Ti, Fe, Mg) that are
relatively enriched in glass relative to plagioclase. Because below-surface melt
inclusions can not be seen, the individual raw data was screened for these features in
signals during ablation, and if present, the interference was manually removed.
Additionally, plagioclase ICP analyses were filtered based on Mg concentrations to
eliminate accidental inclusion of ―mixed‖ plagioclase+melt analyses in the laser ICP data.
ICP analyses whose Mg concentration exceeded the maximum concentration obtained by
the EMP for that plagioclase were discarded. We also note that comparisons between
LA-ICP-MS and EMP for elements measured by both techniques (Ti, Mn, and Cr) show
no consistent bias in measured concentrations (Figure 5) and exhibit a 1:1 correlation.
Points that are significantly offset from the 1:1 correlation have incorporated unwanted
material in at least one of the analyses compositions and are removed from the data set.

27

28
RESULTS
66GC Host Glass
The major and minor element concentrations of sample 66GC determined by
EMP are reported in Table 2-1. The major element compositions fall within the range of
reported values from the Gorda Ridge (PetDB Dataset, Pet DB-20-Feb.-2009). However,
the Na2O concentration is ~0.5 wt% lower than other reported values for a similar MgO
content. The lower than expected value of NaO 2 is most likely a consequence of Na
volatilization by the EMP.
Plagioclase
Major and trace element compositions of representative plagioclase analyses are
reported in Table 2-2 (See Tables B1, B2, and C1 for full set of analyses). ICP-MS ±1σ
accuracy for individual analytical points is also reported and includes the uncertainty in
the calibration standard. These errors are generally higher for feldspar than glass and can
be contributed to the low concentration of trace elements in feldspar. The plagioclase
compositions are anorthite rich and exhibit a narrow range of major element values, from
An86 Ab13Or1 to An92 Ab8Or0. EMP rim to core transects (Figures 3, 4) of individual
crystals suggest that even the largest crystals, ~3100 m in diameter, contain relatively
homogenous An compositions, varying by <0.03 An mole %. In at least some crystals,
the An content is lower in zones where melt inclusions occur as bands compared to zones
where no melt inclusions are present. In crystals where melt inclusions occur randomly
arranged (not in bands), there is no relationship between the feldspars‘ An content and
the analysis‘ proximity to a melt inclusion. Feldspar minor elements FeO, MgO, and
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TiO2 exhibit a negative correlation with An content. Other than this crystalcompositional control for minor elements, the variation of FeO, MgO, and TiO2 does not
show any relationship to the proximity of a melt inclusion band or to individual
inclusions (Figures 3, 4). Trace element compositions in plagioclase from the Gorda
Ridge and the SEIR have low concentrations, typical for MORB, (Table 2-2) and LREE
elements have higher absolute concentrations relative to the HREE. In all crystals, the
HREE were below the detection limit of the ICP-MS. Despite relative homogenous
major element compositions, the trace elements display considerable variation (Figure 6).
The HFSE and REE within a single crystal may exhibit up to a four-fold variation in
concentration. The trace element variation observed in plagioclase is an order of
magnitude greater than the variation observed in the melt inclusions.
Melt Inclusions
A total of 152 melt inclusions, ranging in size from 10 m to 200 m, were
analyzed by EMP. Of these inclusions, 27 were large enough to obtain LA-ICP-MS
analysis. Representative major and trace element compositions of melt inclusion
analyses are reported in Table 2-3 (See Tables B3 and C2 for full set of analyses). LAICP-MS ±1σ accuracy for individual analytical points is also reported and includes the
uncertainty in the calibration standard. These errors are generally higher for elements
that occur in low concentrations. Melt inclusions from the Gorda Ridge are characterized
by a higher MgO and CaO and lower TiO 2, P2O5, and FeO* concentrations than both
their host glasses and other lavas (Davis and Clague, 1987; Nielsen et al., 1995) dredged
from the same ridge segment. Additionally, the K2O, Na2O, and MnO concentrations of
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melt inclusions (not shown) are lower than those measured in the host and segment lavas.
There is minimal compositional overlap between the most evolved melt inclusion and
most primitive segment lavas and TiO2 vs. P2O 5 concentrations of MI and lavas form a
single trend (not shown). Melt inclusions within a single crystal show only a small
variation in major element chemistry, but values for TiO2 show up to a 4-fold variation in
concentration. The melt inclusions from the SEIR lavas are characterized by much more
diverse compositions. Most melt inclusions are characterized by higher MgO and CaO
and lower TiO2, P2O5, and FeO* than their host lava. However, some inclusions, e.g.
D69 and D139, have a lower MgO and higher Na 2O (not shown) concentrations than
their host lava. Other inclusions (e.g. D70), have major element concentrations that are
near the value of their host lavas.
The normalized trace element concentrations (Sun and McDonough, 1989) of
melt inclusions from the Gorda Ridge display patterns (Figure 7) that are consistent with
typical NMORB compositions and are depleted in LREE (La/Nd < 1). 66GC melt
inclusions have higher absolute concentrations, but display smaller HREE and HFSE
variations, than D9 melt inclusions. D9 melt inclusions have trace element
concentrations lower than the trace element concentrations of the host magma. Melt
inclusions from the SEIR have relatively flat normalized trace element patterns (Sun and
McDonough, 1989) but display two distinct groups of LREE concentrations, one group
with a flat slope and one with a slight positive slope, relative to the HREE.
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Plagioclase Distribution Coefficients
A total of 152 melt inclusion and feldspar pairs were from both ICP-MS and
EMPA were used to calculate minor element distribution partition coefficients (D) for
feldspars with An contents ranging from 0.86 to 0.91. All feldspars and the 27 large melt
inclusions were analyzed by LA-ICP-MS and have corresponding minor and trace
element D values. Selected mineral-melt partition coefficients, calculated from EMP and
ICP-MS analyses of feldspar and melt inclusion pairs, are reported in Table 2-4 (See
Tables D1, D2, and for full set of values). The ±1σ errors for individual D values are
determined by summing the errors from individual feldspar and melt inclusion
measurements in quadrature. For melt inclusion and feldspar trace elements analyzed by
both EMP and ICP-MS, we site which methods were used to calculate D values. For
example, D values calculated by ICP/EMP methods used ICP-MS analytical data for
feldspars and EMP data for the melt inclusions. In general, we use ICP-MS
concentrations for most feldspars and for melt inclusions >40 m in diameter; we use the
EMP compositions for melt inclusions <40 m in diameter. Some of the observed scatter
in D values can be contributed to ICP-MS and/or EMP data that is near the respective
detection limit for minor and trace elements. An additional source of scatter in D values
occurs during the EMP analyses of melt inclusions and is caused by the addition of
feldspar in the EMP beam‘s interactive volume during glass analysis; this generally
occurs for melt inclusions <40 m in diameter.
Also in this section, we compare our calculated D values for anorthitic
plagioclase-melt inclusion pairs with values in the literature to determine if our D‘s
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conform to known partitioning models. Because of the problems associated with
mineral-matrix determinations, we only consider data obtained from experimental studies
with known conditions (i.e. temperature, fO2). As outlined previously, the foremost
problem with this comparison includes the limited availability of experimental data for
feldspars more anorthitic than An83 in ―natural‖ systems. The only published
experimental data are on pure anorthite, in synthetic systems (Miller et al. 2006), lunar
compositions (McKay et al. 1994) and meteorites (Simon et al. 1994; Peters et al. 1995).
The existing set of plagioclase/melt partition coefficients vary by as much as a factor of 5
in the range of An40 to An80 (Bindeman et al 1998; Bindeman and Davis, 2000; Bedard,
2006; Aigner Torres et al, 2007). For the most part, these experiments do not take into
account experimental conditions or intrinsic variables, i.e. melt composition and
structure, which have been shown to have a profound effect on partitioning.
Nevertheless, the relatively narrow range of melt compositions represented in primitive
MORB, and our knowledge of the dependence on phase composition are sufficient for a
first order comparison.
HFSE (Ti, Zr, Nb)
The high field strength elements are highly incompatible in plagioclase and we
were only able to calculate Ds for Ti and Zr (Figure 8). DTi values calculated by ICP/ICP
and ICP/EMP methods for melt inclusions greater than 40 m range from 0.0123 to
0.0398. DTi values calculated by both methods are in good agreement with each other
(total number of values =52) and do not show a dependence on melt inclusion size (for
melt inclusions >40 m) or composition (i.e. TiO2). DTi values calculated by

39

40
ICP/EMP and EMP/EMP methods for melt inclusions less than 40 m range from 0.0081
to 0.1674 (number of values =104). D Ti from these inclusions exhibit both higher values
and a larger variability than the DTi calculated from the larger inclusions. Of the 104 D Ti
values from small inclusions, only 34 are actually greater or less than the range of D Ti
values obtained from inclusions >40 m. D Zr, values calculated by ICP/ICP methods
range from 0.0026 to 0.0177 (number of values =12). The large variability of D Zr values
reflects the poor analytical accuracy and precision of Zr at concentrations near or below
the detection limit of the ICP-MS in the feldspar. D Zr values do not show a relationship
with melt inclusion size or composition.
DTi, and D Zr, values for An 88 to An 91 from this study are similar to, but do
diverge from, the values extrapolated from partitioning models. DTi values are generally
lower than the model values (Bindeman et al., 1998; Bedard 2006) and experimentally
derived values (Bindeman and Davis, 2000; Wood and Blundy 1997; Aigner-Torres et
al., 2007). However, our DTi, values are closer to the experimental D‘s from Tepley
(submitted) and those from pure anorthite/lunar determinations (McKay et al., 1994;
Simon et al., 1994; Peters et al., 1995) (Figure 8). Our calculated D Zr values are all
higher than model values (Bindeman et al., 1998). Both calculated D Zr values and the
variability between these values are comparable to experimentally derived values and
their variability (Aigner-Torres et al., 2007; Tepley (submitted); Wood and Blundy
1997), in the literature.
REE D’s (La, Ce, Pr, Nd, Eu, Gd, Dy, Er, Yb) and Y
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In plagioclase, the decrease in REE compatibility with increasing with atomic
number is well established and we are reasonably able to constrain the DY, the D LREE and
some D MREE. Partition coefficients range from 0.0173 to 0.0980 (number of values = 31)
for D La, 0.0223 to 0.0627(number of values = 37) for DCe, 0.0279 to 0.1186 (number of
values = 21) for DPr, 0.0216 to 0.1196 (number of values = 8) for DNd, 0.1180 to 0.3659
(number of values = 37) for D Eu, and 0.0040 to 0.0145 (number of values = 32) for DY,
and were determined by ICP/ICP methods (Figure 9). However, the D HREE and some
DMREE (Gd, Dy, Er, Yb) values can not be calculated as their concentrations in feldspar
were below the detection limit of the ICP-MS. The ranges for the calculated DREE, except
for DNd , are relatively narrow, considering their low concentrations in the feldspar. The
large variability of DNd values reflects Nd concentration in the feldspar that is very close
to the detection limit of the ICP-MS. However, variation between values for a single
element is too great to comment on an overall compatibility trend between the LREEs
and MREEs. The D REE do not show a relationship to melt inclusion size or composition.
DREE and DY values from this study are similar to, but do diverge from, the values
extrapolated from partitioning models. All of our D REE and DY values, except for DEu are
lower than Bindeman et al.‘s., (1998) D‘s, extrapolated to high An values, but are more
similar to the experimentally derived D‘s (Tepley, submitted; Aigner-Torres et al., 2007;
Gaetani, 2004; Simon et al., 1994; Wood and Blundy, 1997). Our DEu (Figure 9) values
fall with in the large range projected by Bindeman et al. (1998). They are also similar to
those from McKay et al (1994), Wood and Blundy (1997) and Aigner-Torres et al (2007).
DEu values within an experiment set can vary by a factor of 10 with variations in fO2. In
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more reducing conditions, Eu2+ predominates over Eu3+, thus decreasing fO2 conditions
cause the Eu2+/ Eu3+ ratio in the melt to increase and consequently the plagDEu as well
(Aigner-Torres et al., 2007). We believe that all of our primitive NMORB samples
formed under similar fO2, near quartz-fayalite-magnetite conditions. A detailed review of
experimental D‘s in the literature reveals two important observations. First, the
experimentally determined DREEs form two trends on an An content vs. D REE diagram.
Experiments conducted at lower temperatures and pressures or with higher SiO 2/MgO
melt composition have higher D‘s at a given An content. Experiments conducted at
higher temperatures or pressures and with lower SiO 2/MgO melt compositions tend to
have lower DREEs for a given An content. Our natural samples and their associated D‘s
are both consistent with the trend derived by higher temperatures and pressures with
lower SiO2/MgO melt contents. Second, DREEs calculated from percent-level doped
experiments are higher than non-doped sample D‘s for a given An content. This
questions the validity of Henry‘s Law in these experiments. DEu values
LILE D’s (Sr, Ba, Pb)
It is well known that in plagioclase, large ion lithophile elements vary in
compatibility, from highly compatible to moderately incompatible, depending on atomic
radius and charge. We obtained D values for Sr, Ba, and Pb from ICP/ICP methods
(Figure 10). DSr ranges from 1.0235 to 1.7434 (number of values = 37). D Ba ranges from
0.0011 to 0.7113 (number of values = 31). DPb ranges from 0.0824 to 0.3779 (number of
values = 13). The large scatter in D Ba reflects the low concentration of Ba in the feldspar
that is very near to, or below the ICP-MS detection limit. The D LILE do not show a
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relationship to melt inclusion size or composition.
DSr, DBa , and DPb values from this study are similar to D values extrapolated from
Bindeman et al.‘s (1998) partitioning models and experimental D‘s. All of our DPb
values fall within the error of the regression equation and are similar to the experimental
values of Tepley (2010) of Aigner-Torres et al. (2007) at QFM conditions. Our DSr
values are generally above the error of the Bindeman et al.‘s (1998) regression equation
and higher than experimental values of An contents between 0.79 and 1.00 (Tepley,
2010; Aigner-Torres et al., 2007; Miller et al., 2006; Simon et al., 1994). Our DBa values
are similar too, but generally higher than Bindeman‘s (1998) regression equation and
experimentally derived D‘s (Tepley 2010; Aigner-Torres et al., 2007; Miller et al., 2006;
Wood and Blundy, 1997).
Transition Metals (Mn, Fe) and Mg
The D values for transition metals are known to be effected by temperature and
oxygen fugacity (Aigner-Torres et al., 2007; Phinney 1992; Wilke and Behrens, 1999)
and DMg has been shown to vary with melt composition and structure, independent of An
content (Miller et al, 2006; Longhi et al., 1976). DFe values calculated by EMP/EMP
methods range from 0.0275 to 0.0610 (number of values = 87) (Figure 11) and show a
strong dependence on An content of the host, even within the narrow range of host crystal
compositions we studied. Although not constrained, we believe the oxidation state of all
of our samples to be near QFM conditions and it has a limited effect on Fe2+ /Fe3+ values
in the melt and our subsequently calculated D‘s. D Mn values range from 0.0065 to 1.0878
(number of values = 47) calculated by EMP/EMP methods, from 0.0242 to 0.0297
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(number of values = 4) calculated by ICP/EMP methods, and from 0.0181 to 0.04961
(number of values = 32) calculated by ICP/ICP method. The large range in DMn values
calculated by EMP/EMP methods is due to the low concentration of Mn in the host
feldspar combined with a detection limit of the EMP. DFe and DMn values do not show a
dependence on melt inclusion size but do show a slight relationship with the MgO
composition melt inclusion. D Mg values (Figure 11) range from 0.0130 to 0.0358
(number of values = 89) calculated by EMP/EMP methods, from 0.0121 to 0.0485
(number of values = 117) calculation by ICP/EMP methods, and from 0.0152 to 0.0574
(number of values = 39) calculated by ICP/ICP methods. The larger variability of DMg
values calculated from ICP-MS derived melt inclusion compositions is due to the lack of
analytical precision for major elements. D Mg values remain nearly constant over a range
of An content and melt inclusion sizes. However, D Mg values display a negative
correlation to the MgO concentration in the melt inclusion and therefore, D Mg values are
more dependent on melt composition than on An content.
DMn, DFe, and D Mg values are similar to experimental D values (Bindeman et al.,
1998; Tepley, 2010; Aigner-Torres et al., 2007; Miller et al., 2006; Simon et al., 1994,
Gaetani, 2004; Kohut and Nielsen, 2003; Wood and Blundy, 1997, Peters et al., 1995,
McKay et al., 1994), at similar experimental conditions. The large variability of D values
exhibited in literature (for example, at An 1.0, Ds range from ~0.02 to ~0.4) is due to
variety of experimental conditions and compositions. Our DFe values exhibit a strong
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relationship with An content, but are significantly lower than Bindeman et al.‘s (1998)
regression equation, consistent with our findings for other 3+ (REE and Y) elements.
Our most important finding for transition metal D‘s is that the partitioning of these
elements is strongly affected by the MgO composition of the melt. This influence holds
true for experimental D‘s at similar experimental conditions as well, although D Mn is not
well constrained over a variety of MgO contents as few values exist in the literature. In
the case of Mg, the D Mg increases by a nearly a factor of 5, from 0.0129 to 0.610, as the
MgO composition of the melt decreases from ~15 wt% to ~3.5 wt% (Figure 12).
However, D Mg increases by only factor of ~2 when viewed against the change in An
content over this MgO range, from 0.91 to 0.40. These results are consistent with the
findings of other workers (Miller et al., 2006; Longhi et al., 1976) who also document the
negative correlation between D Mg and melt MgO contents.
D’s Dependence on MI Size and Composition
One of the most important observations we make is the lack of a systematic
relationship between D values and inclusion size and/or composition (Figure 12). The
evaluation of 14 minor and trace elements reveals that D‘s remain constant over the range
of melt inclusion sizes, ~40 m - 200 m. The majority of melt inclusions between ~10
m - 40 m have associated D values that are similar to those calculated from larger
inclusions. However, a number of these small inclusions have associated D‘s that extend
to higher values. Inspection of the analytical data reveals that for very small inclusions,
the EMP analysis includes feldspar in addition to glass, thus reducing the calculated
minor element compositions in the inclusion. This effect is most pronounced for
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elements with the lowest concentrations in plagioclase. For example, DTi shows a large
variation for inclusions < 40 m, however, the DMg values calculated from the same
inclusions does not show a large variation at small sizes, even down to 8 m. D values
for the HFSE, REE, and LILE do not show a relationship with either melt inclusion MgO
composition or the respective trace element concentration. Trace element D‘s remain
constant over a range, from 7.6 wt % to 13.1 wt%, in MgO content. For the cases of Ti
and Sr, D‘s remain constant from 0.18 to 1.98 wt% TiO 2 and from 40 to 140 ug/g Sr in
the inclusions.
Generally, our D values calculated from high anorthite feldspar and primitive
MORB melt inclusion at QFM conditions conform to known partitioning models. D
values at high An contents are similar to those extrapolated from models calibrated to
labradorite and to experimentally derived values from pure anorthite, lunar compositions,
and meteorites. Additionally, D‘s remain constant over a range of melt inclusions sizes
and compositions. First order observations suggest that melt inclusion compositions will
be able to identify inclusion formation and modification processes.
Revised Partition Coefficients for High Anorthite Plagioclase
As outlined previously, there is a gap in experimental data for feldspars more
anorthitic than An83 in ―natural‖ systems. As a result, partition coefficient regression
equations are not well calibrated to the high anorthite end of the plagioclase composition
spectrum. We include our results with those from previous studies (Bindeman et al.,
1998; Bindeman and Davis, 2000; Aigner-Torres et al., 2007; Kohut and Nielsen, 2003;
Bundy et al., 1998; Wood and Blundy, 1997; Peters et al., 1995; Gaetani, 2004; Miller et
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al., 2006; McKay et al., 1994; Simon et al., 1994; Tepley et al., 2010) and present new
plagioclase partition coefficient regression equations for trace elements (Table 2-5)
following the methods of Bindeman et al. (1998). We characterize the regression
equations using the formula: RT ln(Di) = a XAn + b,
where R is the gas constant, T is temperature, Di is the distribution coefficient for a given
element, a is the slope, XAn is the molar anorthite content, and b is the y-intercept. Table
2-5 presents the a (slope) and b (y-intercept) values along with their associated
uncertainties.

DISCUSSION
Plagioclase Trace Element Compositions
Plagioclase trace element compositions can be modified by the flux of elements
into or out of the crystal from the host melt or melt inclusions. To determine the original
compositional variation represented in plagioclase, we must distinguish the original
composition from that resulting from processes such as diffusive re-equilibration. In this
section, we evaluate the trace element variation in plagioclase using diffusive reequilibration models to determine if the original composition of plagioclase has been
modified.
Diffusive re-equilibration between a crystal and a melt (inclusion and or host
melt) involves a chemical disequilibrium between crystal and melt that results from
changes in the partitioning equilibrium (Cottrell et al., 2002). Elements in the crystal and
melt will redistribute toward an equilibrium state. The re-equilibration of an element is
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Table 2-5. a and b parameters for the expression RT ln(Di) = a XAn + b.
Parameters
Element
a
+/- a
b
+/- b
Ti
-30.5
1.5
-14.8
1
Zr
-25
5.5
-50
3.6
La
-32
2.9
-5
2.3
Ce
-33.6
2.3
-6.8
1.4
Pr
-29
4.1
-8.7
2.7
Nd
-31
3.6
-8.9
2
Eu
-15.8
14
-10
11.3
Y
-65.7
3.7
2.2
1.9
Sr
-25
1.1
25.5
0.7
Ba
-35.1
4.5
10
2.4
Pb
-50
11.8
22.3
7.8
Mn
-32
10
-16
6
Fe
-34
6
-8
4
Mg
-10
3.3
-35
2.1

Notes: Regression equations were calculated using the least squares method were the
more precise method of measurement (i.e. ICP/ICP) were weighted heavier than the
less precise method (i.e. EMP/EMP). No EMP/EMP determinations were used for Ti
parameters. Only EMP/EMP methods were used for the determination of Fe
parameters.
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controlled by that element‘s partition coefficient, diffusion coefficient, and temperature
(Cottrell et al. 2002). In anorthitic plagioclase, elements with higher diffusivities and
partition coefficients (e.x. Mg and Sr) will re-equilibrate the faster than elements with
lower ones (e.x. Ti, Fe). Therefore, re-equilibration will produce crystals that exhibit a
smaller compositional variation in elements with faster diffusivities and partition
coefficients and these crystals will exhibit a larger compositional variation for elements
with lower diffusivities and partition coefficients. On a Sr-Ti variation diagram (Figure
6), plagioclase from the Gorda Ridge and the SEIR exhibit different trends. The
compositions of individual plagioclase from Gorda Ridge, sample 66GC form nearly
vertical trends. Although not shown, this same vertical trend also exists for Mg-Ti
variation diagrams. The observed variation in Ti compositions, coupled with invariable
Sr and Mg contents, suggests that these plagioclase have undergone diffusive reequilibration that resulted in the modification of their original trace element
concentrations. The compositions of individual plagioclase from the SEIR, samples D70
and D123 exhibit positive trends. Although not shown, this same positive trend also
exists for Mg-Ti variation diagrams. The variation in Ti, Sr, and Mg compositions
suggests that these plagioclase have not experienced diffusive re-equilibration and that
their trace element concentrations remain unchanged since their initial period of
crystallization.
Implications for MI Formation and Modification Processes
Identifying the original compositional variation represented in melt inclusions and
their host phenocrysts is clearly of importance in the study of MORB petrogenesis and
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mantle evolution. To do this, we must distinguish original composition from that
resulting from processes such as boundary layer entrapment, disequilibrium
crystallization, diffusional melt re-equilibration, and post-entrapment re-equilibration. In
this section, we use our D values to test the models of inclusion entrapment processes and
to evaluate which, if any modification processes have altered the original composition of
the melt inclusions.
Non-Equilibrium Crystallization
Non-Equilibrium crystallization of plagioclase occurs when rapid crystallization
drives up the concentration of incompatible elements in the crystal (Albarede and
Bottinga, 1972; Dungan and Rhodes, 1978; Singer et al., 1995). Melt inclusions are
believed to form during a period with an increased rate of crystallization (e.g. Kohut and
Nielsen, 2004), suggesting that our host plagioclases may have increased incompatible
and decreased compatible element compositions within melt inclusion bands. As a
consequence, non-equilibrium crystallization will produce partition coefficients that are
higher for within-band melt inclusions, compared to those that occur singly, and not in
bands.
Comparing plagioclase compositions across melt inclusion bands, we do not find
a systematic relationship between the analysis location (i.e. in or out of melt inclusion
bands) and trace element compositions or D‘s. Trace element concentrations remain
constant between measurements made in or out of melt inclusion bands. D values are not
higher for plagioclase/melt inclusion pairs that occur within bands. Therefore, we believe
that these crystals did not experience non-equilibrium crystallization.
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Trapping Boundary Layers
The existence of boundary layers on the crystallizing faces of plagioclase was first
completely described by Lofreg (1974) (See Pearce, 1994 for full summary) and many
authors have studied their incorporation into melt inclusions (Kohut and Nielsen, 2004;
Faure and Schiano, 2005; Baker, 2008). Boundary layers develop when crystal growth
rates exceed the rate at which incompatible components in the melt can diffuse away
from the crystal interface (Lofreg, 1974). The resulting boundary layer melt is enriched
in incompatible elements proportional to their respective diffusion rate, with the slowest
diffusing and most incompatible elements exhibiting the highest enrichment over the far
field composition of the melt (Baker, 2008; Cottrell et al., 2002). The entrapment of a
boundary layer during melt inclusion formation would produce anomalously low
incompatible element compositions compared to those expected for parental melts for
that system (e.g. Milman-Barris et al. 2008). Smaller melt inclusions should trap a higher
percentage of the boundary layer compared to larger inclusions and therefore should
exhibit the most anomalous behavior. Therefore, host/melt distribution coefficients for
incompatible elements would be lower than expected from known experimental values
due to the higher incompatible content of the melt. In addition, boundary layer
entrapment would produce distribution coefficients that display a negative correlation
with inclusion size. Additionally, for elements with similar diffusivities, there would also
be a negative relationship between D and the degree of enrichment in the melt (Cottrell et
al., 2002).
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We consider our results within the framework of the proposed outcomes for the
boundary layer entrapment described above. Specifically, our melt inclusion data for
incompatible elements (e.g. P, Ti, Zr, REE) do not exhibit anomalous behavior, either
with respect to high concentrations, or high distribution coefficients. Trace element D
values do not demonstrate a dependence on inclusion size; D HFSE, D LILE, and DREE remain
constant (Figure 12) over a range of inclusion sizes, from approximately 40 m to 200
m. These results are consistent with melt inclusions having not trapped boundary layer
included in their compositions. Our results also agree with the work of recent authors,
(Kohut and Nielsen, 2004; Kuzmin and Sobelev, 2003; Severs et al., 2009) who do not
find evidence of boundary layer entrapment in MI >20 m. In contrast, the results of
Milman-Barris et al. (2008) documented the entrapment of anomalously high
concentration of P in both the melt inclusions and in the host olivine crystal, producing
inconsistent P distribution coefficients. This suggests that there may be issues with
specific elements (those that diffuse slowly) in some systems. Our results for
incompatible elements with slow diffusivities (i.e. Ti and Zr) do not show an indication
of abnormal behavior between elements. There is no relationship between D‘s and the
degree of enrichment for respective trace elements. A significant proportion of the error
in our D‘s reflects the low concentrations of the elements of interest in the host
plagioclase (Table 2-2). We conclude that our data suggests that these melt inclusions
have not trapped a boundary layer.
Diffusive Melt Equilibration

57
A third process that has been proposed to lead to variable melt inclusion
compositions is described by Michael et al., (2002). In this model, mixing or fluid
fluxing causes plagioclase to rapidly dissolve to form a plagioclase-rich melt in the
interface between the crystal and the surrounding host magma. Differential rates of
diffusion would result in apparent relative depletion in the interface layer for elements
with lower rates of diffusion. Entrapment of that layer would result in melt inclusions
exhibiting relatively low concentrations of slow diffusing components (e.g. HFSE Michael et al., 2002) compared to the host lava suite. Therefore, this process would
produce D HFSE that are anomalously high relative to the D REEs and particularly the
relatively fast diffusing D LILEs. In addition, there would be a negative relationship with
inclusion size, with larger inclusion compositions producing D‘s that approach
experimental values calculated at equilibrium compositions. As noted above, we observe
neither anomalously high partition coefficients for slow diffusing elements nor a
correlation between D‘s and inclusion size. Therefore, we believe that these plagioclase
and their melt inclusions have not been affected by diffusive melt equilibration following
crystal dissolution.
Post entrapment Diffusive Equilibration
The last process that we consider here is post-entrapment diffusive reequilibration. One model for how diffusive re-equilibration may operate (Cottrell et al.,
2002) involves a chemical disequilibrium between the melt inclusion and host crystal that
results from changes in the partitioning equilibrium, i.e., changes in temperature or
pressure caused by magma transport or mixing. Consequently, elements in the melt and
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adjacent feldspar migrate to reach the new equilibrium state. The rate of re-equilibration
of an element is controlled by that element‘s initial degree of disequilibrium, partition
coefficient, diffusion coefficient, inclusion size, and temperature. The effect of diffusive
re-equilibrium on a population of melt inclusions is to cause the variation in the
concentration of elements and the standard deviation of their distribution coefficients to
decrease for compatible and or rapidly diffusing elements (Cottrell et al. 2002).
Additionally, both concentrations and the standard deviation of D values will remain
relatively constant for slower diffusing and incompatible elements. For example, in the
case of feldspars, where Sr, the LREE, and Eu are more compatible than the HREE,
diffusive re-equilibration would result in a population of inclusions with a wide range of
HREE contents and a relatively narrow range of Sr, the LREE, and Eu. Discerning the
effect of post-entrapment diffusive re-equilibration assumes a population of inclusions is
initially characterized by at least a minimum range of diversity for all components prior
to re-equilibration (as one would predict if the original population was produced by
different degrees of partial melting of a single source).
Examining the data with respect to the anticipated results of post-entrapment
diffusion (Cottrell et al., 2002), produces a mixed result. Some crystals (e.g. SEIR D70)
do not display more narrow concentration variations for fast diffusing and compatible
elements (e.g. Sr, Eu, Ba and LREE) than for slow diffusing elements such as Ti and the
other HFSEs (Figure 7). This suggests that some samples may not have experienced
post-entrapment diffusion. However, other individual crystals (e.g. Gorda D9-1) exhibit
a narrow range of concentrations for fast diffusing and compatible elements compared to
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the ranges exhibited for slow diffusing elements such as Ti and the other HFSEs (Figure
7). This suggests that these crystals experienced, to an uncertain extent, some degree of
post-entrapment diffusion. Consider the initial condition (similar to the pattern exhibited
by D70). With time, Sr, which has a much faster rate of diffusion than Ti, will redistribute to the extent that the pattern will become similar to D9-1. This suggests that
each sample and perhaps each crystal, has experienced a different growth and residence
history.
Post-entrapment diffusion between melt inclusions and plagioclase in sample D9
has caused the melt inclusions to exhibit a more narrow range in compatible element
concentrations than in incompatible elements. Here, we use Cottrell et al.‘s (2002) model
to examine the degree post-entrapment diffusion experienced by sample D9, crystal 4 and
7 melt inclusions. We assume the host and melt inclusions were originally in equilibrium
and that at some point in time, a change in conditions causes disequilibrium between host
and inclusion. We use the range in Ti values and assume that they are representative of
variability of the HREE and other incompatible elements are reflective of the original
variability in the population of melts produced by a single process (i.e. % crystal
fractionation). The degree of re-equilibration of Sr, Eu, and Ba in crystals 4 and 7 can be
accomplished in ~25-75 years. This is consistent with plagioclase crystal residence times
(e.g. Costa et al., 2009, Weinsteiger, in preparation) in a MOR magma chamber prior to
eruption.
Petrologic Implications of Anorthite and Associated Melt Inclusions

60
The results from this study have implications for the petrogenesis of high
anorthite plagioclase in the MOR environment. To date, no basalt composition in
equilibrium with high anorthite plagioclase has been found. Experiments have suggested
that the equilibrium melt must contain high Al2O 3, Ca/Na ratio, H 2O contents and
crystallize under higher temperature and lower pressure conditions (Fram and Longhi,
1992; Panjasawatwong et al.1995; Sisson and Grove, 1993; Kohut and Nielsen, 2003;
Costa et al., 2009). The very low concentrations of incompatible trace elements and their
large variations in both host feldspar and melt inclusions suggest that the crystals formed
in a location where very primitive melts, with variable compositions, were present. We
view this setting to be a conduit or chamber near the base of the crust that is affected by
processes that mechanically separate and entrain plagioclase and lesser olivine from the
crystal mush. Here, unmixed melts of variable compositions, representing variable
mantle compositions, the degree of mantle melting, and the percent of crystal
fractionation, segregate from the mantle and percolate upwards. The crystallizing
anorthite feldspars trap melt inclusions from these batches of melt, resulting in the
observed trace element variation in both crystals and melt inclusions. It is interesting to
note that trace element concentrations of melt calculated to be in equilibrium with
plagioclase are even lower than melt inclusion compositions, suggesting that the melts
present beneath the ridge is lower than, and span a large compositional range, than that
sampled by the melt inclusions. A large influx of melt entrains the crystals and moves
them upward in the system where their primitive host magma(s) are mixed with more
evolved ones prior to eruption. The degree of compatible element re-equilibration in D9
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allows us to constrain a time period of 25 to 75 years from the time crystals were
removed from their crystallization environment until the time they were erupted. We do
not observe any post-entrapment re-equilibration in samples 66GC or from the SEIR. At
this point, it is unclear if we simply did not have enough melt inclusions analysis from a
single 66GC crystal to determine the degree re-equilibration. Alternatively, samples
from 66GC and the SEIR could have been erupted in a matter of days after entrainment.

CONCLUSION
Results from this study have allowed us to constrain the range of trace element
compositions found in anorthitic plagioclase and their associated melt inclusions and time
scales of magma processes. Our dataset of spatially related feldspar-inclusion pairs
supports the contention that plagioclase hosted melt inclusions are broadly representative
of the magmas from which anorthitic phenocrysts form. This is based upon:
1) The observation that the host/MI partitioning data are within the predicted partitioning
behavior for high An plagioclase, based on the available experimental data.
2) There is a lack of correlation between the apparent partition coefficients (ratio of the
concentration of an element in the host to that in the inclusion) and inclusion size or
concentration.
3) Partition coefficients and trace element patterns are consistent with compositions that
have not been effected by boundary layer entrapment or diffusional channel transport, but
are consistent with some degree of diffusive re-equilibration of the more
mobile/compatible elements (Sr, Eu).
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The examination of trace element patterns of both melt inclusions and anorthitic
plagioclase demonstrates a number of important characteristics. The concentration of Ti
in the feldspar changes extremely rapidly as one traverses the crystal, mirroring the
variations seen in the melt inclusions. The observed variation in Ti in plagioclase is
correlated with the Ti in the melt inclusions, exhibiting partitioning behavior similar to,
but on the average, below that predicted by partitioning behavior for high An plagioclase
based on available experimental data. This is significantly different than the observed
behavior for P in olivine by Milman-Barris et al. (2008), suggesting potential great
diversity in characteristic behavior between mineral groups.
Each crystal appears to have a distinct history, and each sample contains a
complex crystal cargo of phenocrysts. The influence of one specific process may be seen
when one considers a subset of the data from a single phenocryst, yet the influence of
another process can only be seen when one considers all the data together. Based on
these results, we believe that data from different crystals in a single sample should be
―binned‖ only after consideration of the single crystal patterns. Otherwise, information
stands to be lost with regard to the details of the magmatic processing in the local
environment.
The extent to which the original trace element signature has been preserved
remains an open question for each case, and must be evaluated carefully. Nevertheless,
nothing in our results suggests a post-entrapment process that would increase the level of
trace element diversity of those magmas.
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ABSTRACT
IODP Expeditions 304/5 drilled into Atlantis Massif, MAR 30°N, at several sites
to a total depth of ~1.5 km, recovering a variety of basalt and gabbroic samples. We use
the shallowest series of samples to test current theories of ocean lithosphere formation at
slow-spreading ridges during periods of spreading dominated by volcanism and those
dominated by tectonic extension.

Additionally, we provide a model to explain the

chemical relationship between basalt and gabbroic lithologies. Results from our model
show that major elements of basalts at Atlantis Massif can be modeled as the remaining
liquid after low-pressure (<3 kb) crystal fractionation of a primary melt. In addition,
major elements from gabbroic lithologies appear to reflect near cotectic and eutectic
crystal fractionation, without trapping evolved liquids. We conclude that periods of
spreading dominated by rifting are highly intrusive, and that the composition of these
magmas does not differ from those produced during a ‗normal‘ spreading period.

INTRODUCTION
Crustal extension at slow-spreading ridges (i.e. < 5.5 cm/yr, full spreading rate),
can be accommodated by either magmatic emplacement or by tectonic rifting and crustal
thinning (Blackman et al., 1998 Cannat et al., 1997). The current hypothesis for
formation of ocean lithosphere in this environment involves episodic magmatic input
alternating with periods dominated by tectonic crustal thinning, producing a
heterogeneous crustal architecture that is highly variable between sampled sites (Thatcher
and Hill, 1995; Lagabrielle and Cannat, 1990; Cannat, 1993, 1996; Lagabrielle et al.,
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1998; Canales et al., 2000; Carlson, 2001; Buck et al., 2005). This is a shift from the
Penrose Ophiolite Model, (Conference Participants, 1972), modeled after fast-spreading
ridges where the top to bottom layered crustal stratigraphy is laterally continuous, to the
―plum pudding‖ model of gabbro intrusive bodies (Cannat, 1996). In the latter, discrete
gabbroic bodies intrude mantle peridotite and are interpreted to be the crystal fractionated
cumulates of the above-lying basalt cap. A large influence on current hypotheses is the
observations from ~1.5 km of gabbros recovered from drilling at IODP Hole 735B on the
Southwest Indian Ridge (Dick et al., 1989). The gabbros from Hole 735B are interpreted
to have formed from several, one hundred to one-thousand meters thick magmatic units
that are composed of olivine-rich lithologies at the base and grade upwards to olivinepoor lithologies at the top, all of which contain pockets of highly evolved, oxide gabbros
(Dick et al., 2000, 2002; Natland and Dick, 2001; Coogan, 2001).
Although recent studies have initiated this paradigm shift, strikingly little is
known about the range in composition of intrusive magmas emplaced within slow
spreading crustal environments, how these relate to overlying mid-ocean ridge basalt
(MORB) extrusives, and the processes that modify the compositions of parental melts. It
is widely accepted that primary melts experience significant chemical changes en route to
the surface. One such process, crystal fractionation, removes eutectic proportions of
olivine, +/-spinel, plagioclase, and clinopyroxene. A second process is complex meltrock interactions that occur as ―basalt-like‖ melts percolate upwards along grain
boundaries (Godard et al., 2009; Suhr et al., 2008; Lissenberg and Dick, 2008; Kvassnes
and Grove, 2008; Drouin et al., 2009). These reactions cause near-primary mantle melts
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to re-equilibrate with mantle compositions at a lower pressure and corrode Mg-rich
minerals in troctolite cumulates and mantle peridotites (e.g. Suhr et al., 2008; Drouin et
al., 2009). A third process that may also obscure the original composition of cumulate
lithologies is the incomplete extraction of evolved, intercumulus melt (Godard et al.,
2009, Costa et al., 2009), that is similar to the observations of Seyler et al. (2001, 2007)
in abyssal peridotites. This process may either form pyroxenite veins, enriched in trace
elements, or cause zoning in host rock mineral compositions. Notably, primitive
pyroxenes with low trace element (particularly the LREE) contents undergo reequilibration to higher trace element concentrations.
Understanding the chemical relationships within an entire MOR petrogenetic
suite, including both cumulate gabbros and extrusive basalts, is necessary to identify and
quantify the processes that modify parental melts beneath ridge axes. It is imperative that
the intrusive and extrusive lithologies studied are genetically related, and not located on
different ridge segments, so as to rule out chemical variations caused from a
heterogeneous mantle source. This paper presents the composition of basalt and gabbroic
units from IODP Hole U1309B and the upper portion of Holes U1309D, U1310A and
U1311B, located on Atlantis Massif, MAR 30°N. We use the terms ‗gabbroic‘ or‘
gabbroic lithologies‘ to include all of the possible gabbro types, for example, gabbro,
oxide gabbro, olivine gabbro, and troctolite. To date, this is the only publication
reporting compositions of gabbroic samples from Hole U1309B. IODP Site 1309 is
located on an oceanic core complex (OCC), or megamullion, interpreted to have formed
during an ―a-magmatic‖ phase of rifting (Blackman et al., 1998 Cannat et al., 1997, and
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many others). Here, detachment faulting has removed most of the above basalt
stratigraphy and exhumed lower crust material to the seafloor. We present in detail the
chemical stratigraphy of Holes U1309B and D based on whole rock and mineral major
and trace element analyses combined with petrographic and textural observations. This
provides a basis to investigate: (i) the genetic relationships among the various units
sampled in the core; (ii) compositional relationships between gabbroic units and
overlying MORB, (iii) the processes by which a suite of parental magmas evolved to
produce the observed basalt and gabbro compositional trends, and (iv) because Holes
U1309B and U1309D are located less than 20 m apart, a portion of this paper is dedicated
to evaluating the stratigraphic correlation between the two holes, in order to better
understand the vertical and lateral scale of individual intrusive events in this
environment.

GEOLOGIC SETTING AND DRILLING RESULTS
Atlantis Massif
Atlantis Massif is an OCC that lies to the west of the rift valley of the MidAtlantic Ridge (MAR) (full spreading rate ~2.5 cm/yr) near 30º N and occupies the
inside-corner high (Figure 13) at the intersection of the median valley of the MAR with
the Atlantis Transform Fault. It is one of several OCC that have been recognized along
the MAR (e.g., Tucholke and Lin, 1994; Tucholke et al., 1998). The massif is 20 km
long, parallel to the rift valley, and 15 km wide, and it is capped by a corrugated surface
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that is interpreted as evidence of a long-lived ( ~2 million year) detachment fault. Prior
to Expeditions 304/5, previous studies recovered predominantly gabbroic rocks and
serpentinized peridotites from the massif‘s surface and southern wall exposure
(Blackman et al., 2004; Schroeder et al., 2001). Geophysical studies indicated velocities
(>8.2 m/sec), and positive gravity anomalies consistent with fresh mantle peridotites
located at shallow depths in the core massif (Blackman et al., 2004, Canales et al., 2004;
Cann et al., 2001; Collins et al., 1998, 2001; Nooner et al., 2003).
Lithology
Site U1309 (Blackman et al., 2006) consists of two holes (Figure 13) and is
located on the central part of the massif where the seafloor is interpreted to be a gently
sloping, corrugated detachment fault surface of the footwall. Hole U1309B (hereon
referred to as Hole B) is located at 30°10.11′N, 42°07.11′W, 1642 mbsl, and was drilled
to a depth of ~102 mbsf. Hole U1309D (hereon referred to as Hole D) is located less
than 20 m from Hole B at 30°10.12′N, 42°07.11′W; 1645 mbsl, and was drilled to ~400
mbsf and then deepened to ~1415 mbsf by Expedition 305. The upper ~21 m of the hole
was not cored, but was cased to provide future reentry.
Holes U1309B and U1309D (detailed results in Blackman et al., 2006) produced
numerous gabbroic lithologies (Figure 13): including gabbro, olivine-bearing gabbro,
olivine gabbro, troctolitic gabbro, troctolite, gabbronorite and oxide gabbro. Most of
these units are inferred to represent small plutons that intruded one another while they
were generally crystalline, as igneous contacts are mostly sharp, as opposed to diffusive.
However, some samples contain inter-crystalline melt impregnation and gradational
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boundaries, up to ~4cm from the contact (Blackman et al., 2006). Grain size is generally
medium to coarse-grained and textures range from intergranular to subophitic to
cumulate. Igneous layering occurs both as changes in phase proportions and as distinct
changes in grain size without an obvious igneous contact. Oxide gabbros cut other
lithologies and range from a few centimeters to several meters thick with diffusive
contacts and are be interpreted as segregation sheets of evolved, intercumulus melt.
Diabase sills cut gabbroic units and have chilled margins that contain up to 2%, large (up
to 1 cm long), euhedral phenocrysts of plagioclase. Basalts dikes are less than 0.5 m
thick and exhibit complex intrusive relationships with each other and gabbroic units.
Basalt dikes are most common in the upper half of both holes, but are sampled to a depth
of 1370 mbsf in Hole D. Ultramafic material occurs as rare, thin intervals of core with
few preserved igneous contacts, and consists of harzburgite, lherzolite, dunite, and
wehrlite.
Expedition 304 also drilled into seafloor basalts interpreted as hanging wall
terrain, recovering glass-bearing pillow basalt fragments from one hole at two sites,
U1310B (30°11.49´N, 42°03.93´W; 2582.8 mbsl) and U1311A (30°10.61´N,
42°04.19´W; 2552 mbsl), (Figure 13) sampling two distinct lava flows. However, it was
not possible to establish a stable hole in the fractured pillow basalts.

ANALYTICAL METHODS
Sample Selections
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Recovered core material was described onboard and the lithologic classification
was determined using modal mineral abundances according to the IUGS Classification
(Streckeisen, 1973, 1976; Le Bas and Streckeisen, 1991). Textures, grain size, and other
characteristics including alteration and structure were also recorded. For a detailed
report, see the visual core description (VCD) in IODP Expeditions 304/5 Proceedings in
Blackman et al. (2006). The least altered samples from each unit in Hole B, the upper
portion of Hole D, and the lower Hole D basalts were chosen for further chemical studies.
From each sample, a thin section was made and used to describe textures, modal
mineralogy, and alteration (Table 3-1) and to compare the core descriptions with ship
board notes. The remaining aliquot was powdered for whole rock analytical methods.
Electron Microprobe
Major element analyses of plagioclase and clinopyroxene were performed using a
CAMECA SX-100 Electron Microprobe at Oregon State University with a 30 nA beam
current, an accelerating voltage of 15 keV, and a 1 µm beam diameter. Na and K were
counted first to reduce volatile loss during analysis and their concentrations were
calculated using a 0-time intercept method. Count times range from 20 – 40 s (Table
A2). Standards used for plagioclase calibration include Labradorite (USNM #115900)
for Na, Si, Al, and Ca, Kakanui augite (USNM #122142) for Mg, BASL (USNM
#113498) for Fe and Ti, Microcline (USNM #143966) for K, Fluoroapatite (USNM
#104021) for P, and for Chromite (USNM #117075) Cr. Standards used for pyroxene
calibration include Kakanui augite for Si, Ca, Fe, Mg, and Ti, Labradorite for Al,
Microcline for K, and Kakanui anorthoclase (USNM #133868) for Na. The precision of
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plagioclase major element data is less than 1.3% relative for all elements, except, for P
and Cr, which is 6% and 10% relative, respectively, based upon multiple analysis of the
Labradorite standard (Table A3). The precision of clinopyroxene major element data is
less than 1.5% relative for all elements based upon multiple analysis of the Kakanui
augite standard (Table A6). Plagioclase and pyroxene grains were imaged using
backscatter electrons (BSE) to reveal subtle composition changes and the location of
points were hand drawn on the BSE image for future spot recognition during laser
ablation analyses.
Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS)
LA-ICP-MS analyses were performed at Oregon State University using a VG
ExCell Quadrupole ICP-MS and NewWave DUV 193nm ArF Excimer or NewWave 213
Nd-YAG laser ablation systems. Mineral analyses used a stationary 80 µm laser spot
with a pulse rate of 4 Hz. Ablation was conducted under a He atmosphere and He was
used to sweep ablated particulate into the ICP-MS at a flow rate of ~0.80 liters/minute.
Standard Reference Material NIST-612 glass was analyzed multiple times before, during
and after each analytical session to monitor instrumental drift. Standard Reference
Material NIST-612 and BCR-2G glass was the standard used to calibrate analyses of
pyroxene and 43Ca was used as the internal standard, with CaO contents measured by
electron microprobe used to calculate elemental abundances. Analytical accuracy was
monitored using analyses of BHVO-2G, BCR-2G, and NIST-612 glasses (Table A7).
The BSE image maps were used to recognize previous EMP analytical points and laser
spots were taken directly over EMP points. Pyroxenes that have experienced moderate
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hydrothermal alteration, based on shipboard examination, were also analyzed to
document the effects of alteration and to assist in recognizing alteration in samples that
did not appear to be altered. One standard deviation uncertainties were calculated using
the uncertainties for individual measurements and the uncertainties calculated from
multiple analyses of standards (Table A7). BCR-2G yields a precision of ~10% relative
for most elements, except for V, Cr, Mn, and Pb which yield ~20% relative. Because
below-surface crystal blemishes or inclusions cannot be seen prior to analysis, the
individual raw data was screened for these signals and if present, the region of data
representing the inclusion was manually removed from the data set. In most cases these
regions could be easily recognized by changes in count rates of elements (i.e. Ca and Mn)
that are relatively enriched in plagioclase or alteration products, relative to pyroxene.
X-Ray Fluorescence
Whole rock compositions were determined by X-Ray Fluorescence at Washington
State University using a ThermoARL Advant'XP sequential X-ray fluorescence
spectrometer. Samples were prepared following conventional methods (e.g. Conrey et
al., 2001) and analyzed using operating conditions described in Johnson et al., (1999).
Concentrations were measured by comparing the X-ray intensity for each element against
the known intensity that element in USGS standards, PCC-1, BCR-1, BIR-1, DNC-1, W2, AGV-1, GSP-1, G-2, and STM -1, using the values recommended by Govindaraju
(1994). BCR-P and GSP-1 were used as internal standards. The intensities for all
elements were corrected automatically for line interference and absorption effects due to
all the other elements using the fundamental parameter method.
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Solution Inductively Coupled Mass Spectrometry
Solution ICP-MS analyses were performed at Washington State University using
a HP 4500+ ICP-MS quadrupole mass spectrometer and a Cetac ASX-510 auto-sampler.
Samples were prepared to the bead state using the same method used for XRF
preparation. The resulting bead was ground, In, Re, and Ru were added for internal
standards, and then diluted for a final volume of 1:240 final dilution. Three in-house
standards include BCR-P, GMP-01, and MON-01 and their values were independently
determined by Bailey and Conrey (WSU, Pullman, WA, by INAA). Unknowns were
reduced using a conventional spreadsheet program and raw intensities were corrected for
oxide interferences (modified from Lichte et. al., 1987) and corrected for drift using the
In, Re, and Ru internal standards (after Doherty, 1989). Concentrations were calculated
from a calibration curve for each element using standard samples plotted against the
corrected intensities.

RESULTS
Whole Rock Chemistry
Basalts and Diabase
The whole rock major and trace element compositions of basalt and diabase
lithologies from Holes U1309B, U1309D, U1310B, and U1311A are presented in Table
3-2. Basalt and diabase exhibit characteristic MORB, low-K tholeiite compositions and
plot within the basalt classification on a total-alkali-silica diagram (Figure 14). The MgO
contents of all samples fall between 4.7 and 10.4 wt%. Samples from the hanging wall
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sites have higher MgO contents, average 9.4 wt%, compared to Hole B, average 7.9 wt%,
and Hole D, average 7.7 wt% (Figure 15). MgO vs. major element bivariant plots form a
single trend that is consistent with MORB variation produced by crystal fractionation of
major phases (Figure 15). There is a decrease in TiO2, FeO, and Na2O and an increase in
Al2 O3 and CaO with an increase in MgO. Basalt and diabase trace elements
compositions (Figure 16) overlap each other and form a single trend consistent with trace
element enrichment produced by crystal fractionation.
Normalized trace element diagrams are shown in Figure 17. Basalt samples are
depleted in the LREE relative to the HREE and are consistent with N-MORB
compositions (Figure 17) (McDonough and Sun, 1995). REE concentrations cover the
range of and extend higher than reported MAR values from 29.933° to 30.167° N
(PetDB, August, 2008), but do not reach to the ultra-depleted sample. [La/Sm]N values
(Figure 16) fall between 0.38 and 0.64, except for one sample, U1309B 1R3, that has a
value of 0.93. U1309B 1R3 does not show LREE depletion and is enriched in
incompatible elements, such as Ba, compared to other basalt and diabase samples.
Europium anomalies (Eu* = Eu N/sqrt(SmN *GdN) are small, average value = 0.934, and
generally negative, however, they range from 0.861 to 1.10. Lead and Rb show strong
depletions, while Sr (Sr* = Sr N/sqrt(NdN *PrN) exhibits a modest negative anomaly,
average value of 0.667. Values of Hf, Ti, Nb, and Y display variable degrees of
fractionation, accompanied by U enrichment. The variation in fluid-mobile trace
elements, i.e. Rb, U, Ba, is likely caused by pervasive, hydrothermal alteration as these
elements are highly mobile in these conditions. Strong Pb depletions may reflect the

89

90
strong Pb depletions of the local peridotites (Godard et al., 2009).
Gabbroic Units
The whole rock major and trace elements concentrations for gabbroic units from
Holes B and D are presented in Table 3-2. The major elements contents of gabbroic
lithologies generally do not overlap with the composition of basalt and diabase (Figure
18). Gabbroic MgO, FeO, Al2O3 , and CaO values are reflective of the modal mineralogy
of olivine, clinopyroxene, and plagioclase (Figures 18 and 19). For example, troctolitic
and olivine gabbro units with the highest modal proportions of olivine have the greatest
FeO concentrations and the lowest values of Na 2O, CaO and Al2O3. Gabbros with the
highest proportion of plagioclase are also high in CaO and Al 2O3 . For compatible
elements, most gabbroic units define trends distinct from the basalt and diabase trend.
However, highly evolved leucocratic and oxide gabbros form distinct trends, but oxide
gabbros generally fall on the basalt and diabase trend. For most incompatible elements,
basalts and gabbroic units form a single trend (Figures 16, 18). The trace element
concentrations of gabbroic samples (Blackman et al., 2006; Godard et al., 2009) are
generally lower than, but do overlap with the trace element contents of basalt and
diabase, (Figure 17), except for evolved leucocratic and oxide gabbros, which contain
higher concentrations than basalt and diabase. Europium and Sr anomalies are generally
positive with average values of 1.5 and 4.8, respectively. Lead and Rb show strong
depletions that are one tenth of those observed in the basalts and diabase, although the
absolute concentrations are approximately the same. Variable degrees of Zr and Ti
fractionation, accompanied by U enrichment are present in many samples. As with the
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basalts, pervasive hydrothermal alteration and sub-axial metamorphism, up to the
greenschist facies in some samples, may have affected the concentration of the more
fluid-mobile elements.
Mineral Compositions
Plagioclase
Plagioclase major element compositions are shown in Table 3-3 (see Table B4 for
full set of analysis). Anorthite content (An content = molar Ca/Ca+Na+K) ranges from
0.85 to 0.57, with a single sample as low as An 0.46. For all samples, orthoclase contents
are nearly 0 (Figure 20). There is a weak positive correlation between plagioclase An
content, pyroxene Mg #, and whole rock Mg# (Figure 20). Analyses within single,
unaltered grains are relatively homogeneous, exhibiting a variation in An content < 0.06.
However, moderately altered samples show scattered results, ranging by An content of up
to 0.20. In two zoned crystals, rim An contents are ~10% lower than in the core.
Pyroxene
Pyroxene major and trace elements compositions for gabbroic units from Holes B
and D are presented in Tables 3-4 and 3-5 (see Tables B5 and C3 for full set of analysis).
The molar Ca, Mg, and Fe compositions of pyroxenes (Figure 20) plot predominantly in
the diopside field and in the augite field on a pyroxene tetrahedron. The pyroxenes from
basalt sample 16R2, 58-61 follow a Fe-Ca exchange tie line, while the variation in
composition from basalt rubble sample 48R1, 9-13 is likely due to variable amounts of
alteration (whole rock alteration is characterized as moderate). Core to rim variations are
< 3 %. Pyroxenes compositions from Atlantis Massif are more restricted than those
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sampled from the Southwest Indian Ridge (Dick et al., 2002; Casey et al., 2007). The
diopside contents from Atlantis Massif overlap only the most primitive pyroxene
compositions both Hole 753B (Dick et al., 2002) and Hole 1105A (Casey et al., 2007).
Compared to samples from Holes 735B and 1105A, Atlantis Massif pyroxenes do not
include a hedenburgite component, nor do they contain equilibrium exsolution of
clinoenstatite.
Pyroxene trace element contents of Atlantis Massif determined by LA-ICP-MS
(Figure 21) are similar to those sampled deeper in the Hole by other workers (Drouin et
al., 2009) All samples show relatively flat mid to HREE patterns with a decreasing slope
for the LREE and incompatible elements (Figure 21). They exhibit strong negative Sr,
Ti, and Zr anomalies, a slight negative Eu anomaly, and a moderate positive Nb anomaly.
The trace element concentrations of pyroxenes from basalt samples are indistinguishable
from those in olivine and troctolitic gabbro (Figure 21). Pyroxenes from gabbros contain
higher concentrations of trace elements compared to pyroxenes from olivine gabbro and
troctolite lithologies, but display the same pattern.

DISCUSSION
Mantle Source Characteristics
Incompatible trace element contents suggest that the basaltic and gabbroic
samples originate from a source, that at least locally, is homogeneous in composition.
Gabbroic and basalt samples from Sites 1309, 1310, and 1311 originate from the melting
of a source with depleted mantle signature, shown by low La/Sm, Y/Zr, and Nb/Zr ratios
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(Figure 16). The minor variations of incompatible element ratios suggest that the mantle
melting column was composed of a uniform composition. Additionally, these ratios are
the same for hanging wall and foot wall samples which suggest that the melts generated
during ―avolcanic‖ periods are the same as those generated during ―volcanic‖ periods. A
single-source for Atlantis Massif is further supported with homogeneous Sr and Nd
isotope compositions (Delacour et al., 2008). Although E-MORB samples have been
recovered just to the north of the study area (Debaille et al., 2004, Asimow et al., 2004;
Dixon et al., 2002), the magmas at Atlantis Massif are not influenced by an enriched
source component.
Chemical Relationships Between Basalt, Diabase, and Gabbroic Units
The major and trace element compositions of basalts dikes and diabase sills are
indistinguishable from one another. Both lithologies form a single trend on elemental
variation diagrams (Figure 15). Most notably, (immobile) incompatible elements, i.e. Ti,
La, and Yb display overlapping compositions. The distinction in the naming scheme
(basalt vs. diabase) is based on the observed texture and grain size of the matrix (vitreous
vs. sub-ophitic) in hand samples and thin sections. This is exemplified by the location of
unit boundaries in the core, i.e. Hole B, 5R1, Hole D, 6R1, and Hole D, 7R1. In these
intrusive sections, basalt is cryptocrystalline near the contact with gabbro and grades into
diabase further down core as the groundmass crystals increase in size and obtain a subophitic texture. We conclude diabase sills and their chilled basalts margins are chemical
equivalents that solidified without further chemical modification by crystal fractionation
and that the groundmass texture is controlled by the cooling rate. Furthermore, basalts
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interpreted as flows (i.e. Hole B, cores 1-3) are not chemically distinct from the intrusive
units.
Our major element data reveal clear differences between gabbroic rocks
(including gabbro, olivine gabbro, and troctolite, etc.), and the overlying basalt and
diabase sequence (Figure 18). Basalt and diabase form a trend, labeled ―Basalt Trend,‖
that is distinct from the gabbroic sample‘s trend, labeled ―Gabbro Trend,‖ on Figure 18.
The two trends differ in the sign, i.e.. positive or negative, and the magnitude of their
slopes, and intersect at ~11 wt% MgO. To further compare and contrast the Gabbro and
Basalt Trends, we use their major and trace element average values at the arbitrary value
of MgO=9.0 wt% and the results are summarized in Table 3-6. For elements that are
compatible during the crystallization of olivine, plagioclase, and lesser amounts of
clinopyroxene (i.e. Ca, and Al), their concentrations are higher in gabbro than basalt. At
9.0wt% MgO, the average gabbro values of CaO and Al 2O3, are 14.4 and 21.0 wt%,
respectively, while the average basalt values are 11.6 and 15.1 wt%, respectively (Figure
15). The opposite is true for incompatible elements, (i.e. Fe, Ti, Na, and trace elements),
which have higher concentrations in basalt compared to gabbro. At 9.0 wt% MgO, the
average gabbro values of FeO, Ti2O, Na2O, are 4.3, 0.26, and 1.5 wt%, respectively, and
the average basalt values are 9.0, 1.65, and 2.3 wt% (Figure 15). These observations are
consistent with the melt composition becoming progressively enriched in incompatible
elements as the plagioclase- and olivine-compatible elements are removed during crystal
fractionation.
It is difficult to determine if separate Gabbro and Basalt Trends delineated by

101

102
major element oxide compositions are a recurrent phenomenon at other places along the
MAR or other active or fossil spreading ridges. Until recently, most deep sea drilling
experiments recovered singly basalt or gabbroic lithologies and not as close to complete
crustal section as recovered from Atlantis Massif (see review by Dick et al., 2006).
Examining whole rock chemical data from Hole 735B diabase, gabbroic lithologies and
calculated primary MORB (Dick et al., 2000), combined with basalts located between the
Marion Fraction Zone and Atlantis Fracture Zone (Dick et al., 2000; Lund et al., 2003;
Font et al., 2007; Weinsteiger et al., in preparation), we found that separate Basalt and
Gabbro Trends are also found at the Southwest Indian Ridge (Figure 22). The trends
revealed by Hole 735B lithologies are more difficult to discern for a number of reasons.
First, the material recovered contains fewer primitive troctolites (Dick et al., 2000;
Coogan et al., 2001), which compose the high-MgO segment of the Gabbro Trend.
Second, Hole 735B recovered larger volumes of evolved oxide gabbro, ferrogabbro and
leucocratic gabbros, interpreted as late-stage melt cumulates (Dick et al., 2000) than did
Hole 1309D. Third, the major elements compositions of some gabbroic lithologies are
believed to reflect trapped, late-stage melt that have reacted with gabbro cumulates,
forming hybrid compositions (Dick et al., 2000). The large volume of evolved and
hybrid samples from Hole 735B skews the low-MgO of the Gabbro Trend and illustrates
overprinting effects created by of a later period of later magmatism (or melt migration)
on a crystal cumulate.
To further investigate the relationship between the basalts and gabbroic units, we
use MELTs (Ghiorso and Sack 1985, 1995; Asimow and Ghiorso 1998) and
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COMAGMAT (Ariskin et al. 1993; Ariskin 1999; Ariskin and Barmina 2004) to evaluate
the effects of temperature and pressure on melt in equilibrium with a depleted mantle
source. These programs allow us to model both the evolution of major element
compositions of a melt and the composition of the residual crystal cumulate during
cooling. A key aim of this modeling is to determine if the major element compositions of
basalt and gabbroic lithologies, represented by the Basalt Trend and Gabbro Trend,
respectively, can be produced by crystal fractionation of a primary melt. We use low
pressure (2.8 kbar) crystal fractionation of a starting primary magma composition (Table
3.2) to produce melt-evolution and fractionated composition paths. We use a primary
magma similar to that described by Kinzler and Grove (1993) that is in equilibrium, MgO
= 15 wt%, with a depleted mantle composition. We chose this composition because it is
similar to the Bulk Hole composition (see Appendix A for description and calculations of
Bulk Hole compositions) calculated at Atlantis Massif. We assume the Bulk Hole
composition is not the same as, but similar to, the primary magma composition based on
the postulation that Atlantis Massif represents nearly a complete section of ocean crust,
formed from a single primary source. Additionally, excess basalt was added to the Bulk
Hole composition to reflect the material removed from the dome during exhumation.
To model the effect of pressure on the equilibrium phase assemblages produced by
MELTs and COMAGMAT, we performed several model runs with each program using
pressure as the only variable. In summary, pressures higher than 3 kbar and lower than
2.5 kbar produce chemical data trends that over- and underestimate major and minor
oxide contents. Therefore, all program model runs used to model crystal fractionation
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were performed all 2.8 kbar.
The MELTs and COMAGMAT programs produce separate melt and crystal
residuum evolution trends (Figures 19, 23, and 24). The results from the two programs
agree well with each other. However, for simplicity we will discussion only the MELTs
results, from hereon. The primary melt composition has no corresponding basalt or
gabbroic composition (Figures 23 and 24) and progressive olivine fractionation drives the
melt composition along to lower MgO, parallel to the Gabbro Trend. At ~11% fractional
crystallization, plagioclase enters the liquidus as a fractioning phase (1256°C) and the
resulting melt composition no longer parallels the Gabbro Trend. After a fractionation of
16.5wt% (cumulative) olivine and plagioclase, clinopyroxene joins the eutectic (1252°C)
as a crystallizing phase. Continued crystal fractionation at the ol-plag-cpx eutectic
produces a melt evolution trend that follows the Basalt Trend.
The MELTs model liquid compositions fit our observed basaltic compositions
reasonably well (Figure 24). It is interesting to note that melts with compositions greater
than ~10.5 wt% MgO are not erupted, as this observation is well documented. The
modeled concentrations of elements with lower bulk distribution coefficients are lower
(Na2O) or higher (FeO* and TiO2) than the actual basaltic compositions. The equilibrium
melt composition is most sensitive to the s of fractionated phases. For TiO 2, the
programs use a lower CPXDTi than our mineral data suggests. Increasing the amount of
Ti fractioning in cpx produces results that better fit the data. Decreasing the starting
composition of TiO2 by ~50% also has the same effect. The equilibrium compositions of
pyroxene calculated by MELTs include less iron than both the composition calculated by
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Table 3-6: Average composition of basalt and gabbro trends at 9 wt% MgO.

Trend

SiO2

TiO2

Al2 O3

FeO*

CaO

Na2O

Basalt

49

1.65

15.1

9.0

11.6

2.3

Gabbro

51

0.26

21.0

4.3

14.4

1.5

FeO* as total iron.
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COMAGMAT and composition of our sampled pyroxenes at 2.8kbar pressure. Again, a
slight increase in the amount of FeO* (equal to the CPXDFe at P=2.5 kbar) fractioning in
cpx produces results that better fit the data. The observed Na 2O enrichment far exceeds
the model predictions and can not be reconciled, but is not an uncommon observation
produced by MELTs (Roger Nielsen, personal communication).
The compositions of the residuum crystal fractionate from MELTs plot along the
Gabbro Trend (Figures 19, 23 and 24) and are calculated using the fractionated minerals
chemistries and their instantaneous (opposed to cumulative) cotectic or eutectic
proportions, of fractionated masses. The residual mineral compositions (Al 2 O3, FeO, and
CaO vs. MgO) of most gabbroic units fall within 15% of the values predicted by crystal
fractionation (Figure 23). The initial fractionated composition is that of olivine (~Fo 83) ,
as it is the only phase on the liquidus. Cotectic fractionation of plagioclase and olivine
produces a composition that falls within the troctolite field (Figure 19). Gabbroic units
that plot between the composition of olivine and olivine-plagioclase cotectic are not
cotectic compositions and reflect olivine accumulation (Figure 19 and 23). The addition
of pyroxene to the liquidus moves the composition of the crystal residuum to the eutectic,
(Point A on Figure 19) where it remains until olivine is no longer a crystallizing phase.
The residuum composition then shifts to the plagioclase-pyroxene cotectic. The
predicted model values for Na2O are lower and for TiO2 are higher than our observed
values (Figure 23). Increasing the compatibility of Ti in early crystallizing pyroxenes
will decrease the TiO2 concentration later crystallizing pyroxenes and produces a better
fit to both Gabbro and Basalt Trends. Decreasing the starting composition of TiO 2
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to 0.3 wt% reproduces both the Gabbro Trend and Basalt Trend. However, this value is
significantly lower than value predicted by experimental melt equilibrium for depleted
mantle (Kinzler and Grove, 1993). We can not offer an explanation for the discrepancy
between observed and modeled Na 2O concentrations. To produce observed trends, Na
must act much more incompatibly in early forming crystals (mainly plagioclase) than we
model.
There are two important conclusions that arise from modeling melt and mineral
compositions. First, the major element compositions of basalts are consistent with the
crystal fractionation of a depleted mantle derived melt. The most primitive basaltic
compositions (Mg# = 67) and the most evolved compositions (Mg# = 42) reflect 30-40%
and 80-90%, respectively, of fractional crystallization of the primary melt composition,
determined from compatible major elements (i.e. Ca, Al) (Figure 24). Second, the
compositions of gabbroic lithologies cannot be reproduced by a simple model involving
low pressure fractional crystallization of an initial parental melt at low pressure. At 10
wt% MgO, the gabbroic lithologies contain ~6 wt% CaO and ~3wt % Al 2O3 more than,
and ~3wt % FeO and ~0.6 wt% TiO2 less than, the MELTs model liquid composition
predicted by equilibrium calculations (Figure 23). Therefore, gabbroic lithologies are not
simply the intrusive equivalents of the same liquids erupted as basalts or diabase, nor do
they represent the liquid portion of a crystallized magma chamber. The major element
trends of our modeling (Figures 19 and 23) suggest that basaltic and gabbroic lithologies
are complementary, as opposed to direct equivalents. We define ―equivalent‖ as
chemically the same and ―complementary‖ as having been chemically related prior to a
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modification process, which in this case is crystal fractionation. An additional
observation supporting crystal fractionation is that all lithologies demonstrate a positive
correlation between pyroxene Mg# and plagioclase An content (Figure 18) (Blackman et
al., 2006). This relationship further advocates that crystal fractionation is the dominant
process controlling melt composition. Other processes, such as melt-rock reaction, would
not produce a relationship between Mg# and plagioclase An content and the values would
be scattered.
Although most gabbroic units have whole rock compositions and mineral ratios
that are similar to the compositions and ratios of residue minerals, many do not. In
particular, the high MgO portion of the gabbro trend is characterized by ratios of olivine
to plagioclase above the predicted eutectic proportions (Figure 19). These deviations can
be explained by several processes. First, at low pressures, primitive melts are saturated
or near saturation in olivine (Fuji and Kushiro, 1977). The recharge of primitive melt in a
magma chamber will cause continued olivine fractionation without significantly changing
the melt composition. The result is olivine abundances above those determined for
equilibrium conditions. Replenishment of primitive melt has been widely documented in
the MOR environment by chemical zoning in crystals (e.g. Ridley et al., 2006). Second,
crystal fractionation may not be a perfect process. The abundance of olivine in the
system continues to increase if it is not removed from the system as soon as it
crystallizes. If this olivine is fractionated after plagioclase enters the eutectic, then the
resultant crystal residue contains a higher abundance of olivine than predicted.
Additionally, if the system contains a high melt to crystal ratio, plagioclase crystals may
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float to the top of the melt while olivine sinks to the bottom, producing a crystal residue
that is enriched in olivine. A third process is a shift in the eutectic caused by an increase
in pressure (i.e. magma injection into a chamber), Point C in Figure 19, or simply,
gabbroic units high olivine/plagioclase ratios may have crystallized at higher pressures.
However, it is unlikely that this specific process can alone account for most of the high
olivine/plagioclase ratios because the eutectic shift produces a relatively small (~5%)
increase in olivine mode compared to the ~40% increase in olivine mode observed in the
samples. A last process we propose to explain excess olivine is melt-percolation and
reaction through localized channels as described by Kelemen at el., (1995, 1997a). These
processes involve a basalt-like melt percolating through mantle peridotite resulting in the
solution of orthopyroxene and deposition of olivine in the melt channel. The end result is
a whole rock with non-cotectic proportions of minerals. Melt-rock interactions have been
recognized deeper in Hole D, below 300 mbsf, (Suhr et al, 2008; Drouin et al., 2009) but
not in Hole B or the upper portion of D. Some of the high olivine/plagioclase units are
spatially close to peridotite samples (Figure 13) and therefore, may be associated. There
is no evidence that suggests these samples are or once were peridotites (see Drouin et al.,
2009, Suhr et al., 2008, and below for further discussion), but that the melts that produced
high olivine/plagioclase ratios may have re-equilibrated with higher the MgO contents of
the peridotites.
Other gabbroic units that contain compositions that differ from the predicted
cotectic and eutectic olivine-plagioclase +/-clinopyroxene modes have higher Al2O3 and
lower CaO contents for a given MgO value. Every sample that displays higher than
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predicted Al2O3 contents is a layered troctolite or troctolitic gabbro and the addition of
variable amounts of pyroxene to the samples‘ major element concentrations shifts their
compositions to eutectic compositions. A process that may produce layering and modal
variation involves periodic fracturing and melt extraction, with a subsequent release of
pressure (Keleman and Aharonov 1999). The decrease in pressure shifts the olivineplagioclase-clinopyroxene eutectic in favor of plagioclase at the expense of
clinopyroxene (Figure 19; Kelemen and Aharonov, 1999, Figures 8, 9, and 10).
Primitive cumulates and residual mantle that have re-equilibrated with trapped
(basaltic or more evolved) melts (termed olivine-rich troctolites; Blackman et al., 2006))
have been documented at Atlantis Massif and complete assessments of these core
sections and subsequent processes can be found in Drouin et al. (2009) and Suhr et al.
(2008). Here, we discuss in detail the consequences of melt-rock interactions and review
why such reactions have not occurred in our samples. Note that we do not take into
account melt-rock interactions that occurred prior to melt segregation from the mantle
source, termed mantle metasomatism (e.g. Wagner and Grove, 1998). All crystal phases
in our gabbroic samples exhibit intergranular to subophitic textures, consistent with the
solidification and accumulation of crystals from a melt. Olivine-rich troctolites contain
ophitic textures consisting of euhedral olivine with interstitial and oikocrystic pyroxene
and plagioclase. Additionally, backscatter electron images (not shown) of our samples do
not show core-rim chemical zoning, where as the olivine and pyroxene from olivine-rich
troctolites have preserved core that are compositionally distinct from their rims (Drouin
et al., 2009 and Suhr et al., 2008). On an ol-plag-cpx phase diagram, all but one olivine-
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rich troctolite (Figure 19) plot in the ultramafic and plagioclase-bearing ultramafic fields.
As a group, these samples plot farthest from the cotectic and eutectic compositions
compared to other lithologies. Peridotites that react with a basalt-like melt will have their
mode shifted straight towards olivine on an ol-plag-cpx phase diagram (Figure 19).
Where as, peridotites that are infiltrated by a basaltic melt will shift their compositions
straight toward the ol-plag-cpx phase diagram eutectic, Point A, Figure 19. In both of
these situations, the degree of the shift is controlled by the ratio of peridotite to basalt-like
melt, where the more melt present will cause a greater change in modal abundances.
In summary, we suggest a model whereby the whole rock major element
compositions of basalts at Atlantic Massif can be formed by the evolution of a primitive
mantle melt by low pressure crystal fractionation. Compositions of gabbroic units largely
reflect the compositions of the fractionated crystal residue, albeit some contain higher
than predicted modes of either olivine or plagioclase. We also acknowledge that other
processes, i.e. melt-rock interaction, probably also occur at Atlantis Massif (Drouin et al.,
2009, Suhr et al., 2008), but suggest that they occur at a local scale and do not affect
more than a couple percent of the total core.
Magmatic Evolution: Insights from Pyroxene Trace Elements
The normalized trace element concentrations of clinopyroxenes from basalt and
gabbroic lithologies (Figure 21) almost completely overlap those found deeper in the
Hole (Drouin et al., 2009). Trace element compositions of pyroxenes from different
lithologies differ only slightly, although in general, pyroxenes from more primitive
lithologies (troctolite) contain lower concentrations than those from the more evolved
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(gabbro) lithologies (Figure 21). Additionally, incompatible element ratios are relatively
constant and can not be used to distinguish lithologies from one another (Figure 25). For
example, pyroxene Ce/Sm values for all basalts and other gabbroic lithologies average
1.3 ± 0.46 (1 ) and only two altered pyroxenes from 4R2 110-113 reach values above 5.
Interestingly, there is a large variation in HFSE and other highly incompatible element
ratios present within all basalt and gabbroic lithologies, regardless of MgO value. For
example, Zr/Ti ranges from 0.001 to 0.01 and Ba/Nb ranges from nearly 0 to ~50 (Figure
25). The variation of LILE may be due to hydrothermal alteration or metamorphism, as
these elements are typically fluid mobile. The origin of HFSE variation is beyond the
scope of this paper, but may reflect variations in the composition of parental melts that
segregate from a mantle source (e.g. Johnson et al., 1990) or that have reacted to variable
degrees with mantle orthopyroxene (Wagner and Grove, 1998; Keleman, 1990). Samples
4R2 110-113 and 7R1 24-25 contain highly evolved trace element compositions, ~2
orders of magnitude great than the basalts, but demonstrate contrasting patterns. The
pyroxenes from 4R2 contain high values Ce/Sm ratios (up to 7.0) and these values are
consistent with those we obtained from other pyroxenes that contain obvious extensive,
pervasive hydrothermal alteration (Figure 22). 7R1 24-25 pyroxenes contain an average
Ce/Sm value of 1.6 ± 0.28 (1 ), only slightly higher than the average value of 1.2 for all
samples. Combining the observations of enriched pyroxene Ce/Sm values with the low
whole rock MgO value, we infer that the pyroxenes in 7R1 24-25 crystallized from an
evolved melt that resulted from the removal of ~ 90% of the crystals from a starting
primary composition.
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The influences of crystal fractionation and replenishment of primitive melts in a
magmatic system can be examined by combining the compositional trends of whole rock
and mineral data. Progressive crystallization of MORB-like melt removes mafic
minerals, resulting in a decrease in the melt Mg# and therefore, the Mg# of subsequent
crystals, assuming partition coefficients remain constant (e.g. Grove et al., 1992).
Addition of primitive material to an evolving melt can cause the MgO contents of mafic
phases to remain constant, as MgO is compatible in olivine and pyroxene (e.g. Grove et
al., 1992). Since the primitive material is depleted in trace elements, it will have little
effect on the trace element compositions in the crystallizing minerals, assuming partition
coefficients remain constant. Gabbroic lithologies from Atlantis Massif exhibit relatively
invariable pyroxene Mg# and trace element contents while the whole rock Mg#‘s exhibit
a larger range of values. These observations suggest that the magmatic system, in which
the pyroxenes crystallize, receives continuous replenishment of primitive magma during
the crystallization and fractionation of phases. Because pyroxenes crystals within a
sample are chemical homogenous, the flux of primitive melt must be able to both fully
mix with intercumulus melt and equilibrate with the crystallizing phases. There is no
evidence for a past or present large or long-lived magma chamber at Atlantis Massif
(Blackman et al., 2006; Canales et al., 2004; Nooner et al., 2003), therefore, we envision
an open system that allows melts to percolate between crystals (e.g. Coogan et al., 2000,
Kelemen et al., 1997a).
To further understand the genetic relationship between gabbroic lithologies and
spatially related basalt, we invert pyroxene trace element compositions to calculate the
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composition of melt they are in equilibrium with (Figure 26), using a set of internally
consistent partition coefficients (D). We choose this set of D values based on the
observation that the melt compositions calculated from gabbro pyroxenes from other
studies (e.g. Drouin et al., 2009; Kelemen et al., 1997b) show an ~10% enrichment in the
LREE relative to the HREE, compared to the concentrations measured in related basalt.
Additionally, we detect this LREE enrichment in groundmass clinopyroxene in two of
our basalt samples. We interpret these observations to insinuate that LREE partitioning
in pyroxenes crystallizing under our samples‘ conditions are not well constrained (see
discussion in Lee et al., 2007). Therefore, we establish a set of internally consistent
pyroxene/melt apparent partition coefficients using basalt sample 16R2 58-61 whole rock
and matrix pyroxenes (assuming crystal-system equilibrium) trace element compositions
(Table 3-7). We also calculate apparent partition coefficients using the average basalt
composition from Atlantis Massif and sample 16R2 58-61 pyroxene compositions and
note that the results are nearly identical to those calculated with 16R2 58-61 whole rock
compositions (Table 3-7).
Overall, most pyroxenes from gabbroic lithologies are in equilibrium with the
range of sampled basalts (Figure 26). Compositions calculated from gabbro and olivine
gabbro span the full range, and higher, of sampled basalt compositions. Highly evolved
gabbro pyroxenes from samples 7R1 24-25 and 4R2 110-113 are in equilibrium with a
melt that is up to 50 times more enriched than the most evolved sampled basalt.
Excluding these samples, the average gabbro and olivine gabbro pyroxene equilibrium
compositions are alike and their concentrations correspond to the composition of our
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evolved basalt composition. Troctolitic gabbro pyroxenes form two trends, one with
lower HREE concentrations and a positive europium anomaly and the other with higher
HREE concentrations and a negative europium anomaly, although individual analyses
span the full range of observed LREE. Even though a range of compositions are present
in a single sample, they still fall within basaltic equilibrium concentrations.
We interpret our pyroxene equilibrium concentrations to indicate that most
gabbroic pyroxenes crystallized from a melt similar in composition to that of our sampled
basalts, consistent with the findings of authors for slow spreading (e.g Garrido et al.,
2006; Godard et al., 2009) and fossil fast spreading ridges (Pallister and Hopson, 1981;
Kelemen et al., 1997b; Coogan et al., 2002). Additionally, we suggest that melts with a
variety of compositions, both more and less evolved, that do not have volcanic
counterparts, are present beneath the spreading ridge. The presence of unerupted parental
melt compositions has been documented by several authors who contribute their
formation to the crystal fractionation of primitive melt compositions at low pressures
(Johnson et al. 1990; Johnson and Dick 1992; Kelemen et al. 1995b; Dick and Natland
1996; Ross and Elthon, 1996). Additionally, melt inclusion studies (Sobolev and
Shimizu, 1993; Sobolev and Shimizu, 1994; Nielsen et al., 1995; Sobolev, 1996; SoursPage, et al., 1999; Sours-Page et al., 2002) suggest that a number of processes may be
responsible for producing primitive melts with variable compositions. However, the
abundance and role of very evolved melts and their crystalline-gabbroic counterparts, for
example 7R1 24-25 and 4R2 110-113, are poorly constrained (e.g. Garrido et al., 2006;
Dick et al., 2000). In our evolved samples, pyroxene trace elements produce a negative
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Table 3-7: Pyroxene and basalt compositions and calculated partition coefficients.

Pyroxene
Composition1
16R2 58-61

La
Ce
Pr
Nd
Sm
Eu
Gd
Dy
Er
Yb

0.30
1.70
0.41
3.10
1.75
0.67
2.98
4.54
2.93
3.00

Basalt
Composition
16R2 58-612

4.81
15.55
2.83
16.40
6.57
2.41
9.02
11.89
7.06
6.26

Apparent Partition Coefficent
Atlantis
Massif3

3.16
10.43
1.90
11.07
4.40
1.65
6.08
7.94
4.77
4.35

1

Average of 18 analyses.

2

Whole rock composition.

3

Average MORB conmposition at Atlatis Massif.

16R2 58-61

0.06
0.11
0.14
0.19
0.27
0.28
0.33
0.38
0.42
0.48

Atlantis
Massif

0.09
0.16
0.21
0.28
0.40
0.40
0.49
0.57
0.61
0.69

128
partition coefficient and the whole rock Mg#. This suggests crystal fractionation is the
main process that controls the composition of the melt, as elements with low D‘s will
become enriched in the melt with progressive crystal fractionation. Because no basalt
erupted on the Mid Atlantic Ridge has ever been sampled with compositions as highly
evolved as those in equilibrium with 7R1 24-25 pyroxenes (PetDB, 2008), we suggest
that basalts are extracted from the crystal mush prior to the remaining melt evolving to
this degree. Or, these melts may occur in low volumes and their composition is
destroyed during a mixing event with a more voluminous melt. This being said, we are
reminded that the whole rock composition of 7R1 24-25 is that of a cumulate and does
not have a liquid composition, therefore, the melt in equilibrium with 7R1 24-25 crystals
must have been extracted and separated from the crystals, possibly forming the oxide
gabbros.
Correlative Stratigraphy between Holes U1309B/D
In this section, we discuss the correlative stratigraphy between Hole U1309B and
the upper portion of Hole U1309D, using hand sample observations and whole rock and
mineral chemical data. Holes B and D are located less than 20 m apart and both sample a
suite of gabbroic lithologies that form complex relationships with intruded basalt dikes
and diabase sills, along with interjected ultramafic material (Blackman et al., 2006; John
et al., 2006; Godard et al., 2009). Detailed descriptions of individual units can be found
in Blackman et al (2006) and a brief version is summarized here. In all observed igneous
contacts, the more evolved units are intrusive to the more primitive ones and magmatic
contacts are generally sharp, although some are gradational. Contacts are defined by
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either or both changes in the mineralogy mode and grain size and these variations are on
the scale of centimeters to tens of meters. Magmatic fabrics such as the lattice preferred
orientation of crystals (LPO), modal layering, or phenocryst alignment are generally
weak and present in~20% of samples. Crystal-plastic deformation is granulite grade,
occurs in spatially restricted shear zones, is most common near the top of both Holes, and
records both normal and reverse sense of motion. Three fault zones were recognized in
Hole B, at 38, 60, and 80 mbsf, and six in the upper portion of Hole D at 24, 34, 61, 78,
106, and 135 mbsf.
Because Holes B and D are located close to one another multiple workers have
used lithological units (as they are defined by modal contents) to attempt to correlate the
samples between the two. Expedition 304/5 participants (IODP preliminary report,
Figure 3) suggest a weak, large-scale (10‘s of meters) correlation based on the modal
proportion of olivine in samples. Additionally, structural geologists (Blackman et al.,
2006, Figure 212) attempted to correlate units based on magmatic foliations and their
overprinted deformation/alteration, and loosely on modal mineralogy. However, their
rational for correlation also includes a lengthy list of reasons why the pairings are
unsatisfactory. Below, we outline arguments why most units in Hole B do not have a
correlative equivalent in Hole D and discuss why any absolute correlation is not possible.
The nature of intrusive contacts reveals that more evolved lithologies are intrusive
and therefore younger than more primitive lithologies. Removing and separately
comparing evolved units from the stratigraphy (Figure 24) allows the true vertical extent
of the remaining primitive, earlier intrusive lithologies to be determined and be compared
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without being obscured by later, more evolved intrusive units.
Correlation of Basalt and Diabase Units
The upper 35 m of Hole B is composed of basalt and diabase with intercalated
pieces of schist and gabbro (Figure 13). Basalt groundmass is generally fine- to mediumgrained and individual pieces are small and angular, consistent with a moderate degree of
fracturing, but do preserve numerous intrusive contacts. Aphanitic basalts from ~20-30
mbsf contain cataclastic and highly hydrothermally altered clasts. We interpret the
brecciation and alteration to be a product of multiple, small intrusive events into a
solidified gabbro pluton. No aphanitic basalt dike series was recovered in Hole D (Figure
13), although the upper 20 m was cased and no core was obtained. We suggest that the
Hole B basalt series does not have a sampled equivalent in Hole D.
Holes B and D contain three and four, respectively, diabase sills that are aphanitic
to fine grained at their upper and lower margins and fine to medium grained with a well
developed subophitic texture in the center. Units range from 5 to 10 m thick, although
coring was stopped prior to reaching the bottom contact of the Hole B lower diabase.
Many units contain xenoliths of either basalt breccia or gabbroic lithologies in their
chilled margins. It is assumed that the emplacement of diabase is structurally controlled,
taking advantage of weakness created by fault zones, as the surrounding country rock is
brecciated and contains shear fabrics and cataclasites.
All diabase units are very similar in mineralogy and chemical composition to one
another. Their groundmass contains ~50% plagioclase, ~40 % clinopyroxene, 5%
olivine, and ~5% ilmentite and magnetite. Diabase form a single trend on bivariant major
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and trace element diagrams, and individual units span the entire range of compositions.
All sills except for one located in Hole B, 62-68 mbsf, contain compositions that are
more evolved in the margins than in the center. For this reason, we suggest that this unit
does not have an equivalent in Hole D. There are no unique textures or compositions in
the remaining sills that allow us to correlate or differentiate units between Holes B and D.
Correlation of Gabbro Units
In Hole B, medium to coarse grained gabbro is present from ~38-58 mbsf and
contains roughly equal proportions of clinopyroxene and plagioclase, with rare intervals
of olivine. Samples are extensively altered, contain pervasive crystal plastic deformation,
and have been infiltrated by anorthositic melt. Between 47-50 mbsf, grain size exceeds 2
cm, and because no internal contacts were recovered, this section is interpreted to reflect
the interior of the thick unit that cooled more slowly, rather than a separate intrusive unit.
In Hole D, the first recovered gabbro unit is highly altered and < 3 m thick. This unit
forms an irregular contact with below troctolitic gabbro, which extends to ~42 mbsf.
From ~48-60 mbsf, alternating lithologies, each ~ 2 m thick, of gabbro, olivine gabbro,
troctolitic gabbro, and troctolite are present. At 5R1, 48-64 cm and 9 R2, 1-15 cm, a
coarse grained gabbro, similar to the unit sampled in Hole B interval 47-50 mbsf, crosses
the core (contact relationships indeterminable). All units have experienced a moderate
amount of hydrothermal alteration and are punctuated by periodic anorthositic veins.
Cataclastic fabrics are common and reach a maximum in core 8R where several samples
are mylonitic. In both Holes B and D, an interval of modified mantle peridotite was
sampled at ~60 mbsf. The high degree of observed modification by brecciation,
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alteration, and veining, may be related to the detachment fault that unroofed the massif or
to the large interpreted fault zone at ~60 msbf in each Hole. In Hole B, there are no large
gabbro units located below the 60 mbsf fault and interjected mantle material. In Hole D,
a ~8m thick gabbro is present beneath the interpreted fault at 60 mbsf. It is highly altered
and exhibits an intense mylonitic fabric that is interpreted to be part of a fault zone.
Based on modal mineralogy, grain size, and whole rock and pyroxene trace element
contents, we suggest the thick gabbro unit between 38 and 58 mbsf in Hole B may be
related to the gabbro unit 32-38 mbsf in Hole D (Figure 27). Each unit contains the most
evolved gabbroic composition (excluding oxide gabbros) sampled at its respective hole.
We suggest that no other gabbro units are equivalent and no further correlation is
possible.
Correlation of Olivine-Containing Units
In Hole B, from 68-93 mbsf, a large olivine-containing gabbro unit is present. It
consists primarily of troctolitic gabbro at the top and base and mainly olivine gabbro in
the center, from 80-88 mbsf. Weak magmatic layering is present near the base of the
unit. Grain size, average 5 mm, is smaller than the above gabbroic lithologies.
Additionally, there is a marked decrease in the degree of alteration, veining, and
brecciation compared to units above 60 mbsf. In Hole D, from 70- 82 mbsf, a troctolitic
gabbro unit is present and consists of troctolite at the top, coarse grained gabbro with
orthopyroxene in the center, and troctolitic gabbro at the base. No igneous contacts were
sampled, but locally modal variation and layering of olivine-plagioclase-pyroxene was
observed within each lithologic type. Between 95 and 116 mbsf, core recovery consisted
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of only several pieces of highly altered and brecciated olivine gabbro, and is inferred to
represent a large fault zone. Gabbroic lithologies are not sampled again until 128 mbsf,
where a 2.5 m thick troctolitic gabbro is underlain by a cumulative dunite (contact nature
is obscured). The unit is cut by many small gabbro and olivine dikes. This unit resembles
the olivine-rich troctolites described by Drouin et al (2009) where mantle material is
progressively reacted with basalt-like melt. From 138-180 mbsf, samples consist of
coarse grained olivine gabbro. Clinopyroxene modal variations cause local transitions
into troctolitic gabbro and troctolite and orthopyroxene is present in several intervals. In
several intervals, plagioclase and pyroxene is recrystallized to neoblasts, < 0.2 cm in size,
surrounding crystal cores. Like in Hole B, overprinting of alteration and veining is
significantly reduced.
Compared to Hole B, Hole D lithologies are more variable, especially above the
60 mbsf fault, which has no equivalent in Hole B. Based on modal mineralogy, we
interpret the thick olivine-containing gabbro unit between 68 and 93 mbsf in Hole B to
have a slight correlation to the units located between 78 and 130 mbsf in Hole D (Figure
27). Below 130 mbsf in Hole D, units show no resemblance to those sampled in Hole B,
as they contain higher abundances of olivine, orthopyroxene, and exhibit more magmatic
layering. Additionally, the Hole B olivine gabbro and troctolite units from 68-93 mbsf do
not contain any unique textural markers that could relate them to a unit of the same
lithology in Hole D, and visa versa.
Using modal and cryptochemical stratigraphy, it is not possible to correlate units
that are several meters thick between the two holes. There is no obvious repetition of
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lithological units, or unique whole rock and pyroxene trace elements indicating related
units between the two holes. Plagioclase and clinopyroxene major element chemistries
(Figure 28) are relatively homogenous, are overprinted by hydrothermal alteration, and
lack any conclusive correlation between the two holes. Additionally, it appears that even
modally similar units consist of pyroxenes that contain unique trace element
compositions, suggesting a different magmatic evolution history for each unit.
Another possibility for the lack of correlation is that the two holes are structurally
offset by faults (Figure 27). Samples from both Holes have been highly modified by
crystal plastic deformation, where both plagioclase and clinopyroxene show
recrystallization. They also contain cataclastic features such as lithified debris, abundant
fractures, and exhibit pervasive hydrothermal alteration (Blackman et al., 2006).
Gabbros below this depth show deformation to a smaller degree, except for a unit at ~80
mbsf that is highly deformed. Hole D gabbros that are strongly altered and show
cataclastic textures at ~33, 50, 63, 75, 115, 135 mbsf are considered possible fault
locations. These localized areas of a high degree of deformation are consistent with
structural offsets. Additionally, high recovery, 76%, (Blackman et al., 2006) of material
was possible due to the overall low number of fractures, which inhibit core recovery.
Therefore, depths where little to no core was recovered are where speculative zones of
structural weaknesses, i.e. faults, are present in the core.
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Implications for Lithosphere Formation at Slow-Spreading Ridges
This section combines the conclusions from drilling results at Atlantis Massif
with those from whole rock, mineral, and chemical analyses to constrain the processes
that occur at slow-spreading mid-ocean ridges. We use our results to constrain the
processes of melt extraction and compaction/filter pressing, as well as to further define
the nature of axial plumbing system and axial magma chamber. Lastly, we compare our
conclusions to current models of lithosphere formation during avolcanic periods of
lithosphere accretion.
The MELTs model reproduction of both the ―Gabbro Trend‖ and the ―Basalt
Trend‖ (Figures 19, 23 and 24) demonstrates that primitive melts are modified by
progressive crystallization and fractionation phases to produce the various gabbroic
lithologies while the residual melt forms the above basalt cap. A caveat of this model is
that it requires the efficient separation of crystals from melt. The efficient removal of
interstitial melt is additionally supported by whole rock and pyroxene trace element
compositions. The whole rock trace element concentrations of a gabbroic lithology that
has equilibrated with or contains evolved, interstitial melt will have trace element
concentrations that are higher than average MORB compositions. Similarly, pyroxenes
that have partially equilibrated with evolved, interstitial liquids will have higher
incompatible trace elements concentrations in their rims compared to their cores. Most
notably, liquids calculated to be in equilibrium with these pyroxene rims will have LREE
concentrations elevated above MORB concentrations. The trace element contents of
most whole rock analyses from this study are not elevated above MORB concentrations
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and pyroxenes do not contain rim compositions that differ from those found in the core.
Furthermore, calculated melts in equilibrium with these pyroxenes do not contain
elevated LREE concentration (Figure 26). These results suggest that our samples (whole
rock or mineral) have not equilibrated with evolved melts and we conclude that
interstitial melt was efficiently removed from the crystal residuum.
The removal of interstitial melt has been document in other oceanic gabbros and
results from processes such as compaction and filter pressing. Highly effective melt
removal has been proposed as the origin of pure cumulate gabbros in the Oman ophiolite
mantle-transition zone (Benoit et al 1996; Kelemen et al. 1997b; Korenaga and Kelemen
1997). The removal of interstitial liquid has also been documented at the Southwest
Indian Ridge (Dick et al., 2000, 2002), where compaction is responsible for pushing
evolved liquids into segregation sheets. The highly evolved Fe-Ti oxide gabbros sampled
at Atlantis Massif (Blackman et al., 2006) are similar in composition to those from the
SWIR. Additionally, their compositions fall on the ―basalt‖ trend, consistent with melt
compositions (Figures 18 and 23). We interpret the Fe-Ti oxide gabbros to represent
expelled interstitial liquid and are consistent with liquid remaining after >95% crystal
fractionation of a primitive melt.
The compositional and textural variability of lithologies at all scales can be used
to further define the nature size individual magma chambers. Individual intrusive events,
defined by sharp unit contacts (Blackman et al, 2006), most likely have a vertical size
limit of 15 m. The lateral size limit is most likely ~15 – 20 m as well, based on the lack
of substantial correlation between Holes B and D. Additionally, the within unit variation
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in modal mineralogy and igneous textures is large. These changes may result from local
differences in thermal properties affecting in situ crystallization or magma chamber
processes such as crystal settling, convection, and compaction. Tectonic stresses, that are
relatively concentrated over small intervals, produce secondary textures that overprint
igneous ones and add greater variability to the samples. These observations constrain the
dimensions and nature of individual plutons that are emplaced in the crust.
Several accretion models have been proposed to describe the observed lithosphere
architecture, and as a consequence of drilling results, they differ greatly between
locations (Conference Participants, 1972; Dick, 1989; Cannat, 1996; Dick et al., 2003).
The main defining characteristic of each model is the nature and abundance of gabbro.
At Atlantis Massif, the size and structure of gabbroic intrusions appears to be most
similar to the sheeted sill model of Sinton and Detrick (1992) and Kelemen and
Aharonov (1999) that originated as a modified version of the Penrose Model (Dick,
1989). In the sheeted sill model, multiple, vertically limited plutons are emplaced in the
mid to lower crust and form the gabbroic sequence of oceanic layer 3. The crustal
structure at Atlantis Massif differs from the Penrose Model at fast spreading ridges where
a continuous melt supply forms a thick isotropic gabbroic sequence above a layered
gabbroic sequence. In summary, at Atlantis Massif the vertical (and lateral) variation of
gabbroic lithologies indicates a melt emplacement process that reflects an episodic melt
supply that ultimately produces a series of nested sills (e.g. Sinton and Detrick, 1992;
Meyer et al., 1989).

140
The uplift of OCC such as Atlantis Massif and Atlantis Bank (located on the
SWIR) was once believed to occur during ―a-magmatic‖ periods of tectonic extension
(Karson, 1990; Mutter and Karson, 1992; Tucholke and Lin, 1994). It was believed that
the low melt supply during this period did not produce volcanic or intrusive units.
Contrary to this assumption, both domal massifs are composed mainly of gabbroic
lithologies (Blackman et al., 2004; Dick et al., 2000). This suggests that these periods
experience frequent intrusive magmatic events and should more appropriate be termed
―avolcanic.‖ Atlantis Massif and Atlantis Bank are architecturally similar, yet the greater
abundance of evolved lithologies at Atlantis Bank suggests that certain processes related
to the extraction of melt during gabbro crystallization were more efficient at Atlantis
Massif. Combined whole rock composition, mineral chemistry, and the abundance of
evolved lithologies at Atlantis Bank suggests that many units contain highly evolved
melts that were not separated from the crystal residue, or evolved melts were re-intruded
into the accumulating crystal mush (Dick et al., 2000; Natland and Dick, 2002; Coogan et
al., 2001). Bulk hole calculations by Goddard et al (2009) suggest that Atlantis Massif
represents a section of oceanic crust where, although melt is efficiently removed from
crystals, again, this melt is not erupted. This conclusion is reached by comparing the
calculated trace element composition of parental melts to that of the bulk hole, with the
addition of ~5% leucocratic dike. However, we point out that such a scenario is
unrealistic because side-scan tomography of Atlantis Massif (Blackman et al., 2002)
reveals that extrusive basalt once capped the dome and have undergone subsequent
displacement by normal faulting. Restoration of basalt to its former thickness prior to
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faulting constrains the thickness of the extrusive cap on the massif to represent ~10 -15%
of the depth of Hole D. The addition of 10-15% basalt to the bulk hole + leucocratic dike
trace element composition has only a small effect because the concentrations of trace
elements in basalt are similar to the calculated bulk hole composition. We conclude that
at Atlantis Massif, melts with a basaltic composition were generally erupted from the
gabbro residue.

CONCLUSION
The magmas that produced the basalt, diabase, and gabbroic units at Atlantis
Massif originated from common parents and are consistent with the partial melting of a
single, depleted, upper mantle source. They do not show a chemical relationship to the
E-MORBs sampled just north of the ocean core complex. Basaltic compositions are
consistently modeled as the liquid separated during melt evolution by low pressure
crystal fractionation. Most gabbroic lithologies are consistent with the composition of
cumulative crystals fractionated in eutectic proportions with no liquid equivalent. This
model suggests that liquid is efficiently separated from crystal residue, by processes such
as compaction. Trace element compositions of clinopyroxenes from most gabbroic units
are in equilibrium with a basaltic melt, suggesting that a variety of gabbroic lithologies
can be responsible for erupting melt that comprise basalt dikes and pillows.
Whole rock and mineral compositions, combined with hand sample observations,
support current theories of the sheeted pluton model structure of ocean crust. At slow
spreading ridges, we favor a model of formation that includes spreading periods
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dominated by rifting and OCC formation. Tectonically-dominated periods are far from amagmatic and produce voluminous, highly variable intrusive units. The compositions of
melts produced during intrusive periods are indistinguishable from those produced during
extrusive periods. Lithological mineralogy and chemistry are dominated by large scale
processes such as crystal fractionation that are over printed by later intrusions and
infiltrated by evolved melts. These processes form a chemically and structurally complex
crust that can not be laterally correlated.
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ABSTRACT
Plagioclase ultra-phyric pillow basalts from the Southwest Indian Ridge contain
up to 35% anorthitic plagioclase crystals. Anorthite contents range between An 0.85 and
An 0.94 and are not in equilibrium with the host glass. Crystals display variations in
texture and morphology, including zoning, resorbtion, dissolution, and skeletal growth
features, which are consistent with environmental changes in a convecting magma
chamber. Crystal size distributions show linear population densities, consistent with
steady crystal nucleation and growth over time periods of up to several hundred years.
High anorthite plagioclase are in equilibrium with melt inclusion compositions that are
more primitive than the host glass. Plagioclase size population, textural, and chemical
results are interpreted to mean that plagioclase ultra-phyric basalts form in an opensystem magma chamber environment that is influenced by a variable melt supply rate.

INTRODUCTION
Crystal rich lavas (>20% by volume), referred to as plagioclase ultra-phyric basalt
(PUB) (Cullen et al., 1989), are erupted at a variety of magmatic centers, from divergent
and convergent margins as well as hotspots throughout the world. In the oceanic
environment, they have been recovered from MOR spreading centers including the Mid
Atlantic Ridge and Iceland (Langmuir et al., 1977; Frey et al., 1993, Hansen and
Gronvold, 2000), the South East Indian Ridge (Christie et al., 1995), the Amsterdam/St.
Paul Hot Spot (Douglas, 1998), the East Pacific Rise, (Hekinian and Walker, 1987;
Batiza et al., 1989), the Gorda Ridge (Davis and Clague, 1987), the Juan de Fuca Ridge
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(Karsten et al., 1986), the Arctic Mid-Ocean Ridge (Hellevang and Pedersen 2008),
Blanco Fracture Zone (Allan et al., 1989) and the Galapagos archipelago (Cullen et al.,
1989, Sinton et al., 1993). PUBs contain ratios of feldspar, olivine, and +/clinopyroxene that are not in cotectic proportions (Cullen 1989). Plagioclase crystals
range in size from less than a millimeter to 2 centimeters in length (e.g. Hansen and
Gronvold 2000; Lund et al., 2003; Hellevang and Pedersen, 2008). The plagioclase An
content (molar Ca/Ca+Na+K) varies between crystals from An 0.95 to An 0.60 and
individual crystals are either homogenous or moderately zoned (e.g. Hansen and
Gronvold 2000; Lund et al., 2003; Cordier et al., 2007; Hellevang and Pedersen, 2008).
Crystals from the same sample show strong textural variations ranging from euhedral,
single crystals without inclusions to those that exhibit resorbtion and sieve textures.
Additionally, cumulophyric crystals are common (e.g. Hansen and Gronvold 2000;
Hellevang and Pedersen, 2008).
The large chemical and textural variations of plagioclase within a single sample
and the high modal proportions of plagioclase makes PUB formation a long-standing and
unresolved issue in MORB petrogenesis (Cullen et al, 1989; Sinton et al., 1993; Nielsen
et al., 1995). Multiple models have been invoked to explain the high An content and high
modal plagioclase contents (e.g. Sinton et al., 1993; Sisson and Grove, 1993;
Panjasawatwong et al., 1995 Nielsen et al., 1995; Hansen and Gronvold 2000) by using
melts with high Al2O3 , CaO, or H2O contents. In some studies, the plagioclase
compositions and textures have been attributed to the mixing of multiple populations of
pheno- or xenocrysts (Hansen and Gronvold, 2000; and Hellevang and Pedersen 2008) on
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the basis of crystal size distribution or melt inclusion studies. Due to the high An content
and/or the high volume proportion of the plagioclase, these lavas are believed to represent
disrupted primitive cumulates. However, as of yet, no single model is adequately able to
explain all of the observations.
The purpose of this paper is test the hypothesis that PUBs form by mixing
multiple, plagioclase-rich magmas derived from crystal-rich ―mush‖ zones beneath a
ridge axis and further refine the thermal-chemical conditions that ultimately lead to their
genesis. Major and trace element chemical signatures and mineral zoning studies are
combined with textural results, including crystal size distributions (CSDs), to constrain
the environment in which these crystals form. This work also further constrains the
nature of MOR magma chambers and the structure of their magma plumbing systems.

BACKGROUND
Geologic Setting
The Southwest Indian Ridge, an ultra-slow spreading ridge, full spreading rate ~
14 mm/year, extends for more than 7700 km from the Indian Ocean to the Atlantic
Ocean, and separates the African and Antarctic plates. In the southwest, the SWIR
intersects the Australian-Antarctic Ridge (25°30‘S, 70°00‘E) at the Bouvet Triple
Junction and to the northeast, the Central Indian Ridge at the Rodrigues Triple Junction
(54°50‘S, 00°40‘W). This part of the SWIR is spreading at ~1.5 cm/year (Chu and
Gordon, 1999) as well as propagating eastward toward the Rodrigues Fracture Zone
(Sauter et al., 1997; 2002). The SWIFT (South West Indian French Transect) Cruise was

156
an extension of the EDUL (Echantillonage d‘une Dorsal UltraLente) Cruise in 1997 and
sampled a northeast segment of the SWIR from 32°E at the Marion Fracture Zone to
49°E (Lund et al., 2003). The three samples chosen for this study are DR1, DR28 and
DR34 (Table 4-1) and consist of fresh pillow basalt with a glassy rind. DR1 and DR28
are from segment ends of first order ridge segments, next to the Marion F.Z. and Indomed
F.Z., respectively, while DR34 is from the middle of a segment.
Current PUB Models
Any model for PUB genesis must explain the following key observations: noncotectic phase proportions, bulk lava compositions that do not match any known MORB
liquid compositions, plagioclase that is in disequilibrium with host melt, long term
average thermal conditions where nucleation and crystal growth occur in steady state,
highly variable pressure, temperature, melt composition histories recorded in individual
crystals, and Cl enrichment in some melt inclusions. This section summarizes the
proposed environments for PUB petrogenesis from past studies.
The most striking feature of PUBs is the extreme 30 to 1 ratio of plagioclase to
olivine and is not a cotectic relationship in MORBs (Grove et al., 1992; Longhi, 1987;
O‘Hara, 1968b). This observation is confirmed by characteristically high CaO and Al 2O3
bulk rock compositions of PUBs that are dissimilar to other MORB compositions.
Equivalently high CaO and Al 2O3 melts or melt inclusions have never been sampled
(PETDB, May 8th, 2010) and would require a distinctly different source or melting
regime from typical MORB. A much more simple explanation is that plagioclase is a
cumulate phase and the bulk composition of PUBs does not exist as a liquid at depth (e.g.
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Table 4-1. Dredge locations and plagioclase CSD results.
Dredge Location
Sample
Latitude
Longitude
Depth (mbsf)

DR1
47°08‖ S
32°33‖ E
3850

DR28
38°46‖ S
47°05‖ E
3000

DR34
37°52‖ S
49°17‖ E
2750

CSD Results
Bin Size
1
2
3
4
5
6
7
8
9
10
11
12
13
14
Total
Vol.%
CSD Slope
y-int
x-int
Cl
Residence
Time

Number of Crystals
579
244
77
31
12
8
7

958
32
-0.78
6.87
8.77
1.28

454
370
131
67
37
15
11
4
2
2
1
1
0
1
1096
35
-0.54
6.36
11.70
1.84

13
258
147
64
41
21
10
6
3
2
1
1
1
678
25
-0.51
6.07
11.83
1.95

40.5

58.4

61.8

Samples were dredged during the SWIFT Cruise in 2001(Lund et al., 2003).
Maximum crystal sizes were determined in NIHImage using the long axis of
best fit ellipsoids. Bin size is the upper limit of the long axis of best fit
ellipsoids. Volume % (vol.%) is the total area of crystals per the area crystals
were measured in. CSD slope, y-intercept, and x-intercept were determined
using best fit line including all bin sizes. The crystal residence times were
calculated using maximum crystal sizes and a growth rate of 10^-10 mm/s
(Cashman et al., 1993).
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Kuo and Kirkpatrick 1982; Cullen, 1989; Hansen and Gronvold, 2000; Hellevang and
Pedersen, 2008). Below we discuss the pros and cons of the various plagioclase
accumulation models proposed by the preceding authors.
The first model we examine proposes that plagioclase proportions in excess of
typical MORB result from the assimilation of higher level gabbros (e.g. le Roex et al.,
1996; Hansen and Gronvold, 2000), akin to a crystal mush. The assimilation of
primitive, troctolitic xenoliths has been documented (Ridley et al., 2006) and these type
of xenoliths have been erupted in basalt from a number of spreading centers (le Roex et
al., 1996; Davis and Clague, 1990; Dixon et al., 1986; Gurenko et al., 2006; Hekinian et
al., 1986). Disseminated gabbro xenoliths exhibit specific textures (i.e. anhedral crystals
with resorbed rim, frequent large glomerocrysts that preserve cumulate textures and
resorbtion features, and abundant olivine or pyroxene) related to their formation.
A second proposed method for plagioclase aggregation is accumulation in multilevel magma mush zones and conduits (e.g. Cullen et al., 1989; Nielsen et al., 1995;
Hansen and Gronvold, 2000; Hellevang and Pedersen 2008) comprised of greater than
~75% crystals. In this model, plagioclase nucleates and crystallizes in the crystal mush
zone, and is erupted via entrainment in a large influx of crystal-poor magma. However,
this model assumes a cotectic crystallization of phase but does not present details to the
separation of olivine (+/- pyroxene) from plagioclase.
A third model for producing plagioclase proportions in excess of MORB
equillibria is by diffusion-reaction with gabbros (Lundstrom et al., 2005; Pertermann and
Lundstrom, 2006; Lundstrom and Tepley, 2006). Piston experiments show that a basaltic
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melt can react with gabbro causing the diffusive exchange of elements and produce an
increase in the mode of plagioclase as well as an increase in An content of the existing
plagioclase. The diffusive exchange in plagioclase requires several percent of water in
the melt, or another depolymerizing species (i.e. Cl) to increase the rate of Al/Si
exchange. As with many laboratory experiments, the main downfall in directly
comparing these experimental results with the processes operating under mid ocean
ridges is that the experimental scale is many orders of magnitude smaller than in natural
conditions. Although diffusion-reaction processes may occur locally, it is unclear how
this process might operate in a larger, open system.
The last potential process we examine for the collection of plagioclase is by
density separation during flotation at the top of a magma chamber. This process is well
documented in the magma chambers in arc volcanoes, and to a lesser extent, seamounts
and large basalt provinces, for example, the Giant Plagioclase Basalts of India (Higgins
and Chandrasekharam, 2007). Plagioclase crystals, while considerably less dense than
olivine, are only slightly less dense than most basaltic liquids and their density is
proportional to An content. This suggests that plagioclase may remain suspended in the
melt while olivine settles. However, to date no magma chamber has ever been imaged by
geophysical means at a slow- or ultraslow-spreading center.

METHODS
To ensure that a variety of crystal sizes were analyzed, we divided plagioclase
crystals into four arbitrary size categories based on their length and impose the following
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descriptive crystal terms. Crystals that are less than 100 m in length are termed
microlites, 100-400 m in length are microcrysts, 400-2000 m in length are
phenocrysts, and greater than 2000 m in length are megacrysts.
Crystal Size Distributions
Pillow basalt samples were cut into slabs thicker than the largest phenocryst and
scanned on a high resolution flat bed scanner. The smallest crystal length discernable
from the flat bed scanner image is ~0.1 mm, the minimum size limit of microcrysts
(Figure 29). Mosaic backscatter electron images (BSE) (see Electron Microprobe
Analysis for conditions) were taken of thin sections made from both pillow rims and
pillow cores to aid in the identification of smaller crystals on the flat bed scanner images,
as the minimum size limit detectable by BSE is less than 0.01 mm. All crystals were
digitally traced on the flat bed scanner images (Figure 26) and the outlines of crystals
located less than 10 m apart (lower limit distinguished by program) were separated.
This method retains individual crystal sizes. If multiple crystals are grouped into a single
crystal, the CSD will inaccurately reflect a greater abundance of larger sized crystals at
the expense of smaller crystal sizes. Traced crystal images were transferred into
NIHImage and the minimum and maximum axes of a fitted ellipsoid were determined for
each crystal. Crystals that produced an area less than 0.001 mm2 , calculated by axes‘
dimensions, were considered microlites and eliminated from the CSD compilation. The
premise behind deleting microlites, besides simplifying the CSD measurements, is that
they crystallize after eruption and pillow basalt formation and are not representative of
conditions in the magma chamber. This is confirmed by the presence of microlites only
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in pillow cores and not in the glassy rims. Combining core and rim populations would
produce inaccurate results reflecting two crystal populations that are petrologically
unrelated. Simple crystal size distributions were created using the best fit ellipse long
axis. For comparison, classic crystal size distributions were also created using CSD
Corrections1.3 (Higgins, 2000, 2002). CSD Corrections 1.3 is a program that applies
stereological corrections to the measurements of crystal outlines, converting 2D data to
3D data, based on a set of input parameters. The input parameters we chose, based on
observed plagioclase shape in thin section, include 1:1.5:5 for shape, 0.3 for roundness,
and massive for foliation. To correct for volume, the volume percent of phenocrysts
present was assumed to be the same as the area percent determined in NIHImage (Table
4-1).
Electron Microprobe Analysis
Core to rim transects (or single core and rim points of smaller crystals) of major
and minor element analyses were conducted on at least eight representative plagioclase
crystals from each size category. Isolated and glomerocrystic olivine and clinopyroxene,
as well as matrix glass and glassy melt inclusions were also analyzed.
BSE imaging and crystal and glass analyses were performed using a CAMECA
SX-100 Electron Microprobe at Oregon State University using a 30 nA beam current,
with an accelerating voltage 15 keV. A scanning beam was used for BSE images. A
fixed beam, 1 m size for crystals and 5 m size for glass, was used for spot analyses
(Table A2). Sodium and K were counted first to reduce volatile loss during analysis. The
concentrations of Si, Al, Na, and K were calculated using a 0-time intercept method. For

163
plagioclase, element count times range from 10 – 40 sec. Concentrations were
determined using naturally occurring standards: Kakanui labradorite (USNM #115900)
for Na, Si, Al, and Ca, Kakanui augite (USNM #122142) for Mg, BASL (USNM
#113498) for Fe and Ti, Microcline (USNM #143966) for K, and pyroxmangite for Mn
and standard ZAF corrections were applied. For pyroxene, element count times range
from 20 – 40 sec. Concentrations were determined using naturally occurring standards:
Kakanui augite (USNM #122142) for Si, Mg, Ca, Ti, Fe, Kakanui labradorite (USNM
#115900) for Al, Microcline (USNM #143966) for K, and pyroxmangite for Mn,
Kakanui anorthoclase (USNM # 133868) for Na, Durango apatite (USNM 104021) for P,
Chromite for (USNM # 117075 ) for Cr. Synthetic nickel silicate was used for Ni and
standard ZAF corrections were applied. For olivine, element count times range from 20 –
60 sec. Concentrations were determined using naturally occurring standards: FO83
(USNM # 2566) for Si, Mg, Fe, Kakanui labradorite (USNM #115900) for Al, Ca,
Kakanui anorthoclase (USNM # 133868) for Na, Basalt glass (USNM # 113498/1) for Ti,
Microcline (USNM #143966) for K, and pyroxmangite for Mn, Durango apatite (USNM
# 104021) for P, Chromite for (USNM # 117075) for Cr. Synthetic nickel silicate was
used for Ni and standard ZAF corrections were applied. For glass, element count times
range from 20 – 60 sec. Concentrations were determined using naturally occurring
standards: Basalt glass (USNM # 113498/1) for Si, Mg, Ca, Ti, Kakanui labradorite
(USNM #115900) for Al, FO83 (USNM # 2566) for Fe, Kakanui anorthoclase (USNM #
133868) for Na, Microcline (USNM #143966) for K, and pyroxmangite for Mn, ,
Durango apatite (USNM # 104021) for F, P, Chromite for (USNM # 117075 ) for Cr,
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chalcopyrite for S, and tugtupite for Cl. Synthetic nickel silicate was used for Ni and
standard ZAF corrections were applied. The precision of crystal and glass data (Table
A8) was determined by repeated single spot analysis of the Kakanui labradorite, Kakanui
augite, FO83, and Basaltic glass standards and is less than 1.2% relative for major
elements. Minor element precision ranges from 2% to 200% relative.
Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS)
LA-ICP-MS analyses were performed at Oregon State University using a VG
ExCell Quadrupole ICP-MS and NewWave DUV 193nm ArF Excimer Laser. Analyses
used a stationary 100 µm laser spot and a pulse rate of 8 Hz. Background count rates
were measured for 30 sec, while count rates during ablation were measured for 40 sec.
Ablation was conducted under a He atmosphere and He was used to sweep ablated
particulate into the ICP-MS at a flow rate of ~0.80 liters/minute. Standard Reference
Material BCR-2G glass was used to calibrate analyses of plagioclase and 43 Ca was used
as the internal standard, with CaO contents measured by electron microprobe used to
calculate elemental abundances. Standard Reference Material NIST-612 was analyzed
multiple times before, during and after each analytical session to monitor and correct for
any instrument drift and BHVO-2G was used a secondary standard. Analytical accuracy
(1 ) was determined by repeated analyses of BHVO-2G glass and is 2-6%, relative, for
all elements (Table A9). Because of the possibility of analysis of buried melt inclusions
during LA-ICP-MS analysis, post-processing techniques were used to eliminate data
where the analyzed volume also included glass. In most cases this can be recognized by
changes in count rates of elements (Ti, Fe, and Mg) that are relatively enriched in glass
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relative to plagioclase.
Analytical data were examined for total oxide % and stoichiometry. Any crystal
analysis with a stoichiometry more than 1% different from a nominal crystal
stoichiometry was discarded; in general this occurs when the electron beam hits glass.
Plagioclase ICP analyses were filtered based on Mg and Ti contents, with analyses
exhibiting Mg and Ti contents greater than the maximum content obtained by electron
probe for plagioclase being discarded (Figure 30), as this occurs when the laser hits glass.

RESULTS
Petrography
All samples consist of fresh pillow basalts with a matrix that ranges from
vitrophyric at the pillow rim to microcrystalline in the core. Where present within the
matrix, clinopyroxene and plagioclase occur in roughly equal modal proportions (~50%
each), while olivine and Fe-Ti oxides occur in trace amounts. In DR28, FeS 2 spheres are
found in the groundmass. Vesicles are spherical, generally smaller than 3 mm in
diameter, and comprise less than 2% of the total sample volume. Collectively, crystals of
predominately plagioclase with trace olivine (~30 to 1 ratio) and pyroxene comprise 2040% of the sample, by volume, and occur either as single crystals or as glomerocrysts.
Trace amounts of clinopyroxene occur as microcrysts and phenocrysts, as well as
in the groundmass of all samples, but are most common in DR28, where they are often
found in glomerocrysts with plagioclase and +/- olivine. Pyroxenes microcrysts and
phenocrysts are either sub- to euhedral or are anhedral and are heavily resorbed A few
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pyroxenes are found as inclusions in large plagioclase. Olivine crystals occur as sub- to
euhedral microcrysts and phenocrysts. Some crystals contain dissolution embayments or
very small (~ 10 m) rims that exhibit a skeletal morphology. In all samples, but most
commonly in DR34, some olivine crystals include one or more plagioclase crystals.
Olivine forms glomerocrysts that are composed of 3-7 crystals that range in size from 100
m to 3 mm and are either composed solely of olivine or contain also contain minor
plagioclase and pyroxene. In DR34, olivine is frequently associated with small,
plagioclase laths.
Plagioclase occurs singly or as glomerocrysts, which have the greatest occurrence
in DR1. Relatively few plagioclase grains contain inclusions of other crystals, i.e.,
pyroxene, olivine, and spinel. Most crystals are whole, and fractured crystals are
uncommon. Crystals are generally tabular in shape with axial ratios that range from 1:1
to 1:5. Crystal morphologies show strong variations within a single sample (Figure 31),
varying from anhedral to euhedral and many contain skeletal morphologies or renewed
growth (either massive or skeletal) after resorption (Figure 31). Crystal cores range from
massive, heavily resorbed, or skeletal, containing up to 30% crystallized melt inclusions.
The microcrystalline texture inclusions are composed of plagioclase, pyroxene, and occur
either in bands or as ameboidal shapes uniformly distributed throughout the crystal
(Figure 31). Ameboidal inclusions are observed traversing the host crystal rim to the
groundmass. Most, but not all, crystals larger than 100 m exhibit concentric, core to rim
zoning (Figure 31), or ―patchy‖ zoning. Both normally and reversely zoned phenocrysts
are found in the same sample. Oscillatory zoning is not present in any of the samples,
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consistent with the observations of Hansen and Gronvold (2000), who do not observe
oscillatory zoning in PUBs from Iceland. However, this observation directly contrasts
other PUB and volcanic plagioclase studies (e.g. Hellevang and Pedersen, 2008, Figure
4a; Cordier et al., 2007; Haase et al., 1980) that have documented oscillatory zoning as a
common feature in samples.
Crystal Size Distributions
Crystal size distribution results are presented in Table 4-1 and shown in Figure
32. In each of the three dredges, plagioclase phenocryst sizes plotted against logarithmic
population densities exhibit a single, linear trend (Figure 32). The CSD slopes were
calculated with coarse tail (largest bin size) and smallest bin size removed. The CSD
slopes of DR28 and DR34 are similiar, -0.62 and -0.66, respectively, while the slope of
DR1 is slightly steeper, -0.90. The maximum crystal sizes of DR28 and DR34 are
similar, where those from DR1 are smaller. Although PUBs in general are often
considered remarkable for the abundance of large plagioclase (e.g. Cullen et al., 1989;
Hansen and Gronvold, 2000; and many others) the majority of plagioclase are relatively
small: the measured length of ellipsoid long axis of ninety-five percent of the total
number of crystals are less than 6 mm, 5 mm, and 4mm, in DR34; DR28; DR1,
respectively. The flattening of the CSD trends at larger crystal sizes is the result of errors
associated with the relatively low number of largest crystals. There are only 7 large
crystals, between the 3 samples, that do not lie on the trend line. The large size of these
crystals is most likely the result of previously unrecognized glomerocrysts. The smallest
crystal sizes also produce a greater error, due to the difficulty in both visual recognition

170

171
and areal determinations using the images as described above. That being noted, the
smallest crystal sizes in DR34 have abundances that are significantly lower than expected
and this crystal deficit is not observed in DR1 or DR28. Because the crystal sizes are
above the minimum resolution of 0.1 mm, we believe this is a true reflection of the data not an analytical artifact, possibly indicating decreased nucleation rates or textural
maturation (Higgins, 1998; Higgins and Roberge, 2003), which allowed larger crystal
growth at the expense of smaller crystals.
Plagioclase Compositions
Results from microprobe analyses of representative plagioclase are presented
Table 4-2 and Figure 33 (see Appendix Table B6 for full set of analysis). In all, 39
plagioclase grains from DR1, 49 plagioclase grains from DR28, and 36 plagioclase grains
from DR34 were analyzed by EMP methods. Plagioclase microlites and larger crystal
rims cluster between An 0.73 and An 0.82 in DR1, An 0.70 and An 0.80 in DR28 and An
0.76 and An 0.84 in DR34 (Figure 33). In general, plagioclase microcrysts, phenocrysts,
and megacrysts have high An content (molar Ca/Ca+Na+K). The cores of these crystal
sizes are relatively homogenous (Figure 34), variation in An content < 0.06, and range
between An 0.90 and An 0.95 in DR1, An 0.85 and An 0.90 in DR28, and An 0.80 and
An 0.95 in DR34 (Figures 33 and 34) (See Appendix E, Figure 40,for full set of
transects). However, some microcrysts and phenocrysts plot at lower An contents,
overlapping microlite compositions. The greatest changes in composition occur within
200 m of the rim. In some crystals An changes manifest as a rim-ward decrease in An
content of up 0.12 (Figure 34) followed by a subsequent increase in An content. Other
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crystals contain a 0.05 An content increase followed by thin (less than 20 m) decrease at
the rim. Few crystals exhibit 2 or 3 cycles of decreases and increases.
Plagioclase minor element contents, determined by EMP demonstrate a range of
values. Microlite MgO values generally fall within 0.30 to 0.40 oxide wt%, double the
value of larger crystals. Microcryst MgO values cover the full observed range, 0.15 to
0.30 oxide wt%. Fe2O3 (as total iron), concentrations in DR1 and DR28 increase within 200
m of crystal rims, while Fe2 O3 remains constant from core to rim in crystals from DR34
(Figure 34). MgO and Fe2 O3 values greater than 0.60 oxide wt% and 0.90 oxide wt%,
respectively, most likely reflect the EMP beam interacting with glass, and is not related
anorthite-controlled partitioning.
Detailed microprobe core to rim traverses of plagioclase phenocrysts and
megacrysts were conducted. The results reveal large variations in zoning features from
crystal to crystal within a single sample. Most notably, the relationship between An
contents and MgO, Fe2O3 , and TiO2 contents is variable. Representative transects are
shown in Figure 34 (See Appendix E, Figure 40, for full set of transects). Many crystals
display an antithetic relationship between MgO, Fe2O3 , TiO2 and An content, and are
consistent with equilibrium crystallization. However, in some crystals, trace elements
preserve zoning patterns while An composition remains constant and the magnitude of
this zoning is variable between elements. TiO 2 preserves the most detailed zoning
patterns, followed by Fe2O3 and lastly MgO, which may show little to no variation during
large changes in Fe2O3 and TiO2. For example, DR1 M-3 (not shown) varies from An
0.925 to An 0.935 over a 1600 m transect. The MgO composition ranges from 0.17 to
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0.21 and does not systematically vary by An content. In the same transect, Fe2 O3 ranges
from 0.29 to 0.37 and TiO2 ranges from 0.01 to 0.03 and both preserve intricate
variations. Also within a single crystal, trace element contents may remain constant
during a change in An composition, for example DR28, M-3 (not shown).
In terms of An content, there does not appear to be compositional discrimination
between phenocrysts that are massive and those that contain abundant melt inclusions or
those that occur in clusters. Like crystals that occur singularly, plagioclase in
glomerocrysts also show variable compositions. In a DR34 pyroxene-plagioclase
glomerocryst, the plagioclase crystal includes 3 clinopyroxenes and has a high An
content, 0.89 to 0.90. DR34 also contains several olivine-plagioclase glomerocrysts. A
single DR34 olivine includes a plagioclase that contains a core to rim variation of An
0.81 to 0.79, respectively. A second DR34 olivine completely includes a homogeneous
plagioclase with An 81 and partly includes two plagioclase that show a core to rim
variation of An 0.81 to 0.78, respectively. In DR1, a single olivine contains a
homogeneous plagioclase with An content of 0.78. DR28 contains several glomerocrysts
of pyroxene and plagioclase, plus or minus olivine. Completely included DR28
plagioclase are either homogeneous or exhibit core to rim zoning. Homogeneous,
completely included individual crystals range from An 0.72 to 0.87, and within crystal
variations are less than An 0.02. A zoned included plagioclase ranges from An 0.88 in
the core to An 0.78 in the rim. Some included plagioclase from DR28 also contain melt
inclusions. Large plagioclase, >2000 m, that form glomerocrysts with pyroxene and
other plagioclase exhibit compositional (An zoning from 0.90 to 0.86) and textural
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(abundant melt inclusions) similarities that are the same as contained by other
megacrysts. It is important to note that no high anorthite plagioclase/high forsterite
olivine associations were observed.
The results of plagioclase trace element analyses by LA-ICP-MS are presented in
Table 4-3 (see Appendices Table C4 for full set of analysis). Plagioclase phenocrysts and
megacrysts exhibit low trace element concentrations typical of high An plagioclase in
MORB (e.g. Nielsen et al, 1995). The low concentrations in plagioclase reflect both the
low trace element composition of typical N-MORB (e.g. McDonough and Sun, 1995) and
the low trace element partition coefficients for high anorthitic plagioclase (Simon et al.,
1994, Peters et al, 1995; Bindeman et al; 1998; Miller et al., 2006; Tepley et al, 2010;
Weinsteiger et al., in preparation). Individual plagioclase incompatible trace elements
concentrations within a sample form positive trends on element–element bivariant plots
(Figure 35). Generally, individual crystals plot on distinct, but not overlapping, segments of
the

trend. DR28 plagioclase trace element concentrations are both higher and span a large

range of values than DR1 plagioclase (Figure 35). Remarkably, plagioclase trace
elements concentrations from DR34 form two distinct populations, one with higher Ba
and Sr contents and one with lower Ti and Ce contents, and each of these populations
overlap with one of the two trends defined by DR1 and DR28 (Figure 35). For example,
on a Ti-Ba bivariant plot, DR1 plagioclase form a steep trend defined by a limited range
of Ba contents (1.4 ppm to 2.3 ppm) and highly variable Ti contents (64 ppm to 276
ppm). DR28 plagioclase form a trend characterized by both variable Ba (8.3 ppm to 27.1
ppm) and Ti contents (87 ppm to 324 ppm). DR34 plagioclase have Ba and Ti

181

182

183
concentrations that fall on both of the two trends. Although plagioclase trace elements
form trends defined by incompatible element concentrations, there are no clear trends
defined by An content, crystal size, or core-rim location along transect. For example,
concentrations along transect in some crystals are remarkably homogenous, while others
either increase or decrease from core to rim, or exhibit more complex variations with
multiple increases or decreases, independent of An content (Figure 34).
Olivine and Pyroxene Compositions
Olivine major element compositions of representative samples from DR1 and
DR28, and DR34 are presented in Table 4-4 (see Appendices Table B7 for full set of
analysis). DR1 olivine span from Fo 79 to Fo 86, (Fo = molar Mg / (Mg + Fe) *100), but
individual crystals exhibit a narrow compositional range. Rim to core variation is less
than Fo 3. Most (7) of the olivine grains contain a narrow range of Fo, from Fo 84 to Fo
86. Two olivines are Fo 82, and two others are Fo 79 to Fo 80. DR28 olivine
compositions range from Fo 70 to Fo 86 and exhibit core to rim zoning. DR28 olivine
greater than ~300 m in diameter have core compositions ranging from Fo 80 to 86,
however, individual crystals exhibit a relatively limited variation. Between 50 and 100
m from the rim, olivine demonstrate a pronounced rimward decrease in Fo. Rim
compositions range from Fo 72 to Fo 75 and overlap with the compositions of crystals
less than ~300 m in diameter. DR34 olivine compositions can be divided into 2
populations. One population ranges from Fo 83 to Fo 84 and the other from Fo 80 to Fo
81. Rim to core Fo variation is limited; however, all samples display a pronounced
rimward increase in CaO contents. It is important to point out that olivine is found as
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included grains in only 2 plagioclase crystals. The composition of these olivines ranges
from Fo 83 to Fo 84. Their host plagioclase are either homogeneous, An content 0.84, or
normally zone, from An 0.90 to An 0.82. However, the olivine in this anorthitic crystal is
found near the crystal rim, with An content ranging between An 0.84 and 0.82. The
composition of olivine that forms glomerocrysts is indistinguishable from that of crystals
that occur isolated. The composition of plagioclase in these glomerocrysts generally
ranges from An 0.76 to An 84, although the core of some crystals are as high as An 0.87.
Pyroxene major elements compositions from DR1 and DR28 are presented in
Table 4-4 (see Appendices Table B7 for full set of analysis). The molar Ca, Mg, and Fe
compositions of pyroxenes plot predominantly in the augite field on a pyroxene
tetrahedron and no enstatite compositions or exsolution lamellae were found. Core to rim
variations are generally less than 3%, except for a single crystal where the variation is
15%. Crystal transects are found in Appendix E, Figure 41. Based on occurrence, crystal
morphology, and composition, pyroxenes can be divided into two populations.
―Primitive‖ pyroxenes contain a high Mg #, ranging from Mg# 81 to 86, although some
crystals contain a thin rim, <50 m in width, that is ~Mg# 73. Primitive pyroxenes are
found as inclusions in anorthitic plagioclase, as plagioclase-pyroxene- +/- olivine
glomerocrysts, and as isolated crystals. In all occurrences, primitive pyroxenes exhibit a
rounded, anhedral morphology and many are embayed. These textures suggest that
pyroxenes have experienced disequilibrium conditions, causing them to dissolve.
―Evolved‖ pyroxenes contain lower Mg#‘s than primitive pyroxenes, ranging between
Mg# 68 to 78, and some crystals exhibit a thin rim that is either normally or reversely
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zoned. Evolved pyroxenes are found either as isolated crystals or in glomerocrysts with
low anorthite plagioclase (<An 0.80). Evolved pyroxenes exhibit a sub- to euhedral
crystal morphology and do not exhibit resoption textures. This suggests that evolved
pyroxenes are in near equilibrium with the host melt.
Host Lavas and Melt Inclusions
Host glass and melt inclusion major and minor element compositions show
considerable scatter and are reported in Table 4-4 (see Appendices Table B8 for full set
of analysis). All glasses have characteristic MORB low-K tholeiite compositions and
plot within the basalt classification on a total-alkali-silica diagram. The average Mg#‘s
(molar Mg / (Mg + Fe) *100) of glass from DR1, DR28, and DR34, are 45, 50, and 55,
respectively. Most analyses fall on a plagioclase-glass or pyroxene-glass mixing line,
suggesting that although care was taken to avoid microlites, the interaction volume of the
EMP beam included crystal volumes in the analysis. Melt inclusions are similar to, but
slightly more primitive than their respective host lavas, containing higher MgO and lower
TiO2. However, most inclusion compositions cannot be linked low pressure, crystal
fractionation. This suggests that inclusions have been affected by post-entrapment
modification processes such as post-entrapment crystallization of one or more phases and
possibly also diffusive re-equilibration. Following Nielsen et al. (1995) melt inclusion
major element compositions can be corrected for post-entrapment crystallization by the
addition of 5-15% of the host plagioclase, +/- ~5% olivine to the melt inclusion.
Additionally, some inclusion compositions can be explained by the subtraction of 5 -10%
plagioclase to composition, suggesting the host crystal either has experienced melting
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during disequilibrium conditions or the EMP beam hit some plagioclase during analysis.
The most interesting feature of some inclusions is the high and variable contents of Na2O,
P2O5, K2O, and Cl. For example, Cl contents of three inclusions (from DR1 phenocrysts
104 and 105) range from ~700 to ~1800 ppm, while the average host lava Cl content is
~350 ppm. The S content of these melt inclusions range between ~800-1100, consistent
with host glass values and S saturation at the appropriate Fe content.

DISCUSSION
Plagioclase Texture and Chemistry
DR1, DR28 and DR34 plagioclase crystals exhibit diverse compositional zoning
and morphologies, such as resorption textures and hopper growth features that are
controlled by the degree of undercooling, temperature, pressure, melt composition, and
melt volatile content of the system (Lofgren, 1974; Housh and Luhr, 1991; Rutherford
and Devine, 1988; Nelsen and Montana, 1992; Panjasawatwong et al., 1995).
Additionally, magma chamber convection, crystal fractionation, magma degassing,
assimilation of wall rock, and magma accent (Sparks et al., 1984; Marsh, 1988; and many
others) can affect and modify the primary textures of plagioclase. The observed diversity
within a suite of crystals from a single sample suggests that individual crystals have
experienced different histories and may result from a variety of processes. Plagioclase
compositional zoning (normal and reversed) can result from sudden changes in
temperature, pressure, or melt composition (Longhi et al., 1993; Panjasawatwong et al.,
1995; Lofgren, 1974; Nelsen and Montana, 1992). An increase in ambient temperature or
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a decrease in pressure can cause plagioclase resorption (Nelsen and Montana, 1992, and
references within), while a decrease in system temperature (large degree of undercooling)
can cause plagioclase hopper growth (Lofgren, 1974). The lack of oscillatory zoned
crystals, which form in a steady-state system dominated by a low degree of undercooling
and subsequently diffusion-controlled growth (Bottinga et al., 1966; Haase et al., 1980;
Singer et al., 1995), further supports that the crystallization environment was not
stagnant.
Plagioclase-hosted melt inclusions exhibit two types of morphologies that can be
explained by multiple changes in crystallization conditions. Circular melt inclusions
most commonly occur in bands that parallel faces, indicating that they were most likely
trapped during a period of rapid crystal growth (Kohut and Nielsen, 2004). Elongate,
ameboidal melt inclusions intersect crystal growth faces and the rim of the crystal
signifying that these inclusions formed by dissolution of the plagioclase, initially along
cleavage planes (Nakamura and Shimakita 1998). Multiple melt inclusions from two
plagioclase crystals are enriched in Cl relative to the host melt. The enrichment of Cl in
lavas and melt inclusions has been contributed to the assimilation of seawater (or
seawater-derived elements) (e.g. Kent et al., 1999) because the concentration of Cl in is
greater in seawater-derived fluids than in magmatic fluids. However, it is unclear if the
Cl enrichment is real, or reflects errors in the analytical method, such as an inadequately
cleaned slide prior to EMP analysis.
The most prominent chemical finding in our plagioclase is the variable anorthite
content between crystal cores compared to microlites and crystal rims (Figures 33and
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34). Microcrysts through megacrysts sizes show a continuous range in composition from
An 95 cores to An 82 rims, largely independent of crystal size and texture. This
compositional variation is consistent with the evolution from a primitive melt to a more
evolved melt during crystal fractionation (Bowen, 1915) of mafic minerals (i.e. olivine,
pyroxene, and calcic plagioclase) from the melt. Another interpretation is that the
variation in An content is controlled by amount of H 2O dissolved in the melt and
plagioclase An contents reflect localized environmental conditions (Panjasawatwong et
al., 1995; Housh and Luhr, 1991). The reverse zoning of most plagioclase in DR34 (and
some in DR28) suggests an increased thermal input or a replenishment event of more
primitive magma, or by an increase in P H2O , following some period of crystal
fractionation. Reversely zoned plagioclase compositions are common in arc rocks and
are inferred to result from magma chamber recharge events (e.g. Tepley et al., 1999) but
are less often described in MORBs (e.g. Hellevang and Pedersen, 2008). However,
primitive melts should also crystallize forsteritic olivine, which is not observed in our
samples.
Microlites only occur only in the interior of the pillow lavas and therefore record
the final plagioclase equilibrium compositions with their respective host melts. An
interesting observation in our samples is that microlite compositions are more albitic and
do not overlap with crystal rim (or core) compositions, except in sample DR34, where
microlites generally have higher An contents than those from other samples. This
observation suggests that microlites and crystal rims grew from different melt
compositions or in different temperature and/or pressure conditions. If microlite and
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crystal rims grew from the same melt compositions during a decrease in pressure caused
by eruption and extrusion on the seafloor, they should contain the same composition.
Additionally, if pressure decreased, in isothermal conditions, then both microlites and
crystal rims would crystallize higher An contents (Nelsen and Montana, 1992). Neither
of these two predictions are observed in our samples. We postulate that microlite
compositions reflect a lower temperature equilibria than the rims of larger crystals and
that rims on larger crystals grew as a result of a shift in crystal-chemical phase equilibria
prior to eruption and microlite crystallization.
Occurrence and Crystallization of High An Plagioclase
High anorthite plagioclase has a widespread occurrence at MOR spreading
centers, ocean island, and in arc rocks (Bougault and Hekinian, 1974, Fisk, 1993;
Natland, 1989; Allan et al., 1989, Sinton et al., 1993; Kimata et al., 1995; Nielsen et al.,
1995, Danyushevsky et al., 1997, 2002, 2003; Danyushevsky et al., 1997; Sours-Page et
al., 1999; Bindeman and Bailey, 1999; Hansen and Gronvold, 2000; Ridley et al. 2006;
Eason and Sinton, 2006; Cordier et al. 2007; Rubin and Sinton, 2007; Costa et al., 2009;
and many others). Although anorthitic plagioclase has been sampled from nearly every
spreading ridge world-wide, no natural MORB lava composition has ever been found to
be in equilibrium with these primitive crystals (An >88) at midcrustal temperatures and
pressures (PetDB, May 1st, 2010) . It has been proposed that high anorthite plagioclase in
MORBs crystallize from melts with high CaO (>14 wt% CaO), CaO/Na2O (>12
CaO/Na2O) and Al2O3 contents (>18wt% Al2O3) (Ridley et al., 2006; Bedard et al., 2006;
Sinton et al., 1993; Fisk, 1993; Panjasawatwong et al., 1995; Nielsen et al., 1995) or
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melts that contain >2 wt% H2O (Panjasawatwong et al., 1995; Lange et al., 2009). In this
study, MORB host glasses contain average CaO, Ca/Na2O, and Al2O3 contents, ranging
from 9 – 13 wt%, 4 – 7, and 14 – 15 wt%, respectively. It is also very unlikely that the
parental partial melts of the respective systems contained more than 0.5 wt% of H2O,
although we have not measured H 2O concentrations in these samples, as studies have
shown that melts separating from the mantle are relatively dry (e.g. Michael and Chase,
1987; Sobolev and Chaussidon, 1996; Danyushevsky et al., 2000, Kovalenko et al., 2000;
Saal et al., 2004). Additionally, EMP analyses of host glasses have totals that range from
97 to 100%, suggesting that the volatile content of most glasses is relatively low. It is
reasonable to conclude that these host melts are not in equilibrium with, nor could have
crystallized, anorthitic plagioclase.
Anorthitic plagioclase from this study crystallized from melts chemically distinct
from the host lava. Spherical plagioclase- and pyroxene-hosted melt inclusions,
corrected for post-entrapment crystallization, are more primitive than host rocks with
higher average MgO, ~8.5 wt%, and lower TiO 2, ~1.2 wt%, contents (Lund et al., 2003,
and this study). Additionally, melt inclusions contain higher average CaO/Na 2O ratios,
ranging from 8 to 14, and higher Al2O3 contents, ~16 wt% (Lund et al., 2003, and this
study). The H2O contents of melt inclusions were not measured. However, evidence
from slightly low totals obtained during EMP analysis and some points with Cl contents 3
times higher than the host lava, suggests that some water (~0.5 – 2.5 wt%) may have
been present during anorthite crystallization and inclusion formation.
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We delineated the stability field of anorthitic plagioclase using MELTs (Ghiorso
and Sack 1995; Asimow and Ghiorso 1998) using host magma and melt inclusion
compositions at 2 kbar pressure and under variable hydrous conditions (Figure 36, Table
F1). We started crystallization simulations using variable CaO, Na 2O, and Al2 O3
contents (using measured melt inclusion compositions) and an H 2O content of 0.1 wt% to
represent a ―dry‖ melt. We also performed crystallization simulations at 0.25, 0.5, 0.75,
1, 1.5, 2, 2.3, 2.5, and 3 wt% H 2O for the same major element compositions to determine
the effect of water on the anorthite content of crystallizing plagioclase. Additionally, we
performed crystallization simulations for the host melts <10 atm pressure to determine
the equilibrium plagioclase composition at time of eruption and microlite formation. The
MELTs program simulated the appearance of anorthitic plagioclase (>An 0.86) on the
liquidus for melts that were both primitive (high CaO, Al 2O3, and CaO/Na2O) and ―wet‖
(>0.5 wt% H2 O) (Figure 33). However, the evolved melt compositions of the host lavas
and some melt inclusions never produced anorthitic plagioclase, regardless of the amount
of water added to the system. The temperature of anorthitic plagioclase crystallization
ranged from ~1220°C for dry melts down to 975°C for melts with the highest H 2O
contents. Because primitive melt compositions contain both high CaO and Al 2 O3
contents (>10 wt% and >15 wt%, respectively), the Na 2O contents of the melt produced
the largest effect on plagioclase composition. Inclusion compositions with 1.0 wt% or
less Na2O produced the highest anorthite content. However, it is unknown if the low
Na2O contents observed in many inclusions are ―real‖ or result from either post
entrapment crystallization of plagioclase higher than that which was corrected for or from
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Na vaporization via the EMP beam during analysis. Significantly, in nearly all
simulations under hydrous conditions, anorthitic plagioclase was not the first phase on
the liquidus and was preceded by ~ 5 – 15% crystallization of either or both
orthopyroxene or clinopyroxene.
Comparison of MELTs results to the observed plagioclase compositions and
textures suggests that a single major element composition and water content can not
produce all of the chemical and textural observations. MELTs results suggest that low
CaO/Na2O ratios found in the host lavas, typical of MORB, can produce the observed
microlite compositions for dry conditions for DR1 and DR28, and for wet conditions in
DR34. Dry host lavas compositions do not produce anorthitic compositions that are
consistent with observed plagioclase cores. Wet host melts, with addition of up to 3 wt%
H2O, produce equilibrium plagioclase compositions that overlap the compositions of the
crystal rims. However, no amount of water added to host melts produced the >0.90 An
compositions observed crystal cores. The compositions of dry, primitive melt inclusions
produced An contents in plagioclase that overlap the observed compositions of crystal
rims. However, dry primitive inclusions did not produce the most anorthitic plagioclase
composition of crystal cores. The addition of water contents greater than 0.5 wt% and
less than 2.5 wt% to primitive inclusion compositions are required to generate An
contents consistent with those observed in the plagioclase cores. MELTs results also
suggest that the addition of water to MORB compositions will change the cotectic and
eutectic crystallization sequence from the typically observed olivine → plagioclase →
clinopyroxene (Yoder and Tilley 1962) to pyroxene (orthopyroxene +/- minor
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clinopyroxene) +/- olivine → plagioclase. The crystallization of pyroxene prior to
plagioclase is observed in all three samples by the presence of clinopyroxene inclusions
in anorthitic plagioclase. Other workers (e.g. Cordier et al., 2007; Bindeman et al.,
1999), have observed pyroxene inclusions in anorthitic plagioclase and have attributed
this phenomenon to the existence of hydrated melts. The most anorthitic crystal cores
were either produced by a melt that contained up to 2.5 wt% H2O or was more primitive
(higher CaO/Na2O) than the compositions recorded by many melt inclusions.
Furthermore, this chemically distinct melt composition must be obliterated by, or
otherwise not sampled by, the compositions that occur in larger volume proportions, as
they are not apparent in the array of erupted SWIR lavas. In conclusion, MELTs
indicates that the two most favorable conditions for producing anorthitic plagioclase is
from melts with a low Na (~1 wt%) and/or high H 2O (between 0.5 and 3 wt%) contents.
Furthermore, MELTs models imply that anorthitic plagioclase are not in equilibrium with
the host lava under various wet or dry conditions.
The production of primary MORB melts that contain either low Na contents or
high H2O content from a homogenous, upper mantle source is a debatable subject.
Kinzler and Grove (1992) determined that upwelling mantle at MORs produces melt with
Na2O contents of ~2 wt% and a low H2O content, and that the relatively small variations
in values are dependent on source composition, percentage of melt, and melt fraction
(specifically, the mechanism of melt extraction –batch vs. fractional melting) separated
from source. Their primary melts contain Na contents too high and H 2O contents too low
to precipitate anorthitic plagioclase. Ridley et al. (2006) reconcile the discrepancy
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between observed and experimental plagioclase An contents by suggesting that the
melting of refractory mantle is required to produce plagioclase with An contents >0.86.
They calculated that the most favorable way to produce an aggregated primary melt with
a low Na content is by polybaric melting involving melt fractions of ~2% increments of a
depleted mantle column. Volatile rich phases can be assimilated into MORB melts from
either seawater-derived hydrothermal circulation or magmatic water expelled from
adjacent lithologies (e.g. Michael and Schilling1989; Nielsen et al., 2000; Michael and
Cornell, 1989; le Roux et al., 2006). The crystal fractionation of anhydrous phases
produces a melt that becomes progressively enriched in volatiles over time. The periodic
expulsion of melt and associated brine from a crystallizing magma chamber allows fluids
to be incorporated in to the surrounding rocks or melts. Observations from IODP Hole
U1309D (Blackman et al., 2006) of in situ samples suggest the continual percolation of
evolved melt and volatile rich phases. Cordier et al. (2007) and le Roux et al. (2006)
attributed high H2O contents to the reaction between MORB parental melts and locally
hydrated areas in a composite magma reservoir and do not invoke a heterogeneous
mantle. Contrary to this closed-system model, Nielsen et al. (2000) proposed on open
system model where MORB melts with high volatile content resulted from a
heterogeneous mantle that had experienced contamination from deep-seated
hydrothermal fluid circulation. They suggested that this phenomenon produced
harzburgite with locally hydrated regions that affected the major and trace element
contents of phases (and melts) during partial melting. Another possible way for MORBs
to obtain anomalous volatile-rich compositions is by the reaction of melt with crustal
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lithologies such as gabbros or peridotite (Ridley et al., 2006; Lundstrom et al., 2005;
Pertermann and Lundstrom, 2006; Lundstrom and Tepley, 2006). The reaction between
MORB with melts solid crust has been documented by many workers (e.g. Suhr et al,
2008; Drouin et al., 2009), but the extent to which this process occurs and effects the
composition of MORB remains unconstrained.
To reveal further insights on melt compositions that crystallize anorthitic
plagioclase (Figure 37), we calculate melt compositions in equilibrium with our anorthitic
plagioclase, using available partition coefficients, from the literature (Bindeman et al.,
1999; Weinsteiger et al. (in preparation)). Because plagioclase trace element partitioning
is strongly dependent on the anorthite content (Blundy and Wood, 1991, 1994; Bindeman
et al; 1998; Bedard, 2006), we calculate partition coefficients at 1225°C using Bindeman
et al.‘s (1999) regression equations calibrated to high An plagioclase from Weinsteiger et
al. (in preparation). In assessing equilibrium compositions, it is important to note that
plagioclase times scales of equilibration for the fastest diffusing elements (e.g. Mg, Sr)
(e.g. Costa et al., 2003; Cottrell et al., 2002; Costa et al., 2009) is short, matter of 10‘s of
years. Plagioclase equilibration results from diffusion between the crystal and either or
both the host melt and melt inclusions. In our samples, the lack of an antithetic
relationship between trace element composition and An content, demonstrated by crystal
transects and chemical equilibrium calculations (transects not shown) suggest that most
plagioclase contain MgO and Sr concentrations have completely equilibrated with the
host melt and do not yield an accurate parental magma composition. The chemical
affects of equilibration in plagioclase is greatest for crystals that contain abundant glassy
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dissolution channels and ―patchy‖ zoning of An contents. Most likely, these samples
have undergone significant elemental diffusion with host magma.
Equilibrium melt trace element compositions calculated from plagioclase
compositions are shown in Figure 37. In all samples, the melt compositions calculated to
be in equilibrium with microcrysts, phenocrysts, and megacrysts completely overlap each
other and there is no apparent dependence on crystal size. We do not consider microlite
compositions as their very high trace element concentrations are interpreted to be
susceptible to the effects of disequilibrium crystallization or from the incorporation of
melt into the analytical volume. The equilibrium melt compositions suggests that
anorthitic plagioclase crystallized from melts that span a range of compositions (Figure
37), but are generally similar to host lava and melt inclusions (Lund et al., 2003). DR1
and DR28 Ba, Ce, Y, and Eu calculated melt compositions are in equilibrium with melts
that are as primitive as melt inclusion compositions (low trace element concentrations)
and extend to compositions that are more evolved than the host melt (Lund et al., 2003).
DR34 plagioclase are in equilibrium with trace element compositions that form two
distinct trends, defined by high and low Ba concentrations. The trend defined by low Ba
exhibits Ba, Y, Ce, and Eu concentrations that completely overlap those of the host lava
and melt inclusions (Lund et al., 2003). However, there are no lava or melt inclusions
compositions that lie on the high-Ba equilibrium trend. Values were obtained from
locations in both in crystal cores and rims, and thus can not be attributed to kinetic or
boundary layer growth affects. Interestingly, DR28 plagioclase contain trace element
compositions that are 1 order of magnitude greater than those in DR1 plagioclase, except
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for Sr and Eu, which are relatively equivalent. Because Eu and Sr are more compatible
than other trace elements in anorthic plagioclase, this observation suggests their
equilibrium melt previously reacted with plagioclase to maintain a buffered composition
or that crystals have equilibrated diffusively. It is noteworthy that the Sr compositions of
DR1, DR28, and DR34 plagioclase are in equilibrium with melts ~85 ppm higher than
those measured in the host lava and melt inclusions (Lund et al., 2003). A compilation of
glass Sr values ( PETDB, May 8 th, 2010) from the SWIR lavas located between 30° E
and 50° E reveal Sr concentrations range from 60 ppm to 350 ppm. This observation
suggests that melts with very different compositions are present along this segment of the
SWIR and the equilibrium melt Sr concentrations calculated from our anorthitic
plagioclase are not anomalous.
Given the large number of variables that affect melt composition and phase
equilibria, our conclusions on the crystallization of anorthitic plagioclase are relatively
qualitative. Overall, anorthitic plagioclase can crystallize from melts containing low Na
(high CaO/Na2O) and/or from melts with more water than is generally present in MORB
magma. These results are consistent with the conclusions of other workers who have
suggested the SWIR is underlain by heterogeneous mantle that contains an enriched
component and experiences a low percent of melting, similar to Kane Fracture Zone area
of the MAR (Seyler et al., 2001; Font et al., 2007; Clog et al., 2009; Donnelly et al.,
2004), and possibly even multi-stage melting (secondary melting of refractory ―marble
cake‖ source) (Dantas et al., 2007; Le Roex et al, 1989; Le Roex et al, 1992; Salters and
Dick, 2002; Dick et al., 2003; Meyzen et al., 2003). Both heterogeneous mantle and low
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degrees of partial melting are conducive to generating melts with variable compositions
that are more likely to be preserved as un-mixed MORB components up to shallow
crustal levels. Other authors (Ridley et al., 2006) have also inferred a distinct high
CaO/Na2O source under the EPR as a source for high anorthite plagioclase.
Alternatively, the highly variable lithospheric architecture at slow-spreading ridges (e.g.
Schwartz et al., 2005) may introduce water into a magmatic system when melts are
emplaced into hydrothermally altered crust. The result is the formation of locally
hydrated regions from the interaction of either seawater or expelled magmatic water with
fully or partially crystallized material. This situation stabilizes anorthic plagioclase that
retains trace element compositions that are in equilibrium with the host melt.
Furthermore, gradients in H2O can cause by observed textural features and An zoning in
phenocrysts and has been identified as potential source for anorthitic plagioclase
formation by other workers (Cordier et al., 2007).
Crystal Size Distributions
Crystal size distributions are a useful method to quantitatively address textural
observations in a crystallized system because they potentially record information about
the nucleation, growth rate, and residence time of phases (Marsh, 1988; Cashman and
Marsh, 1988, Marsh, 1998). Additionally, they also preserve information about crystal
accumulation, fractionation, and texture maturation [Oswald Ripening (Voorhees, 1992)]
(Marsh, 1988; Cashman and Marsh, 1988, Higgins and Roberge, 2003). However,
determining how the textural and CSD characteristics formed, involves relating these
features to processes occurring in the magma chamber environment and often requires the
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use of addition system information, such as mineral chemistry (e.g. Amma-Miyasaka et
al., 2002; Salisbury et al., 2008). In the following section, we discuss the CSD
characteristics of our samples and compare them to known magmatic processes as well as
mineral chemistry in order to further constrain the thermal conditions in the magmatic
system recorded by PUBs.
DR1, DR28, and DR34 plagioclase crystal size distributions (Table 4-1, Figure
32) exhibit simple linear trends. The single, linear trend of each CSD indicates that
crystals within each sample shared a broadly related thermal history in terms of the
conditions of crystal nucleation and average growth rates (Marsh, 1988). The CSDs lack
the characteristic features that are commonly associated with certain magmatic processes,
such as: mixing of multiple populations (kinked slope), crystal fractionation (convex
upwards), crystal accumulation, (concave upwards), and cyclic resorbtion (concave
upwards) (Marsh, 1988; Cashman and Marsh, 1988; Higgins, 1998; Higgins and
Roberge, 2003; Pupier et al., 2008). The CSDs from DR28 and DR34 samples show a
kink in the slope at the smallest bin size, reflecting a distinct deficient in the number of
the smallest crystal sizes, and suggests a decrease in nucleation rate. This feature can
also be attributed textural maturation and crystal coarsening and is commonly found in
anorthitic plutonic xenoliths (Amma-Miyasaka et al., 2002). The coarsening is caused by
a decrease in plagioclase stability due to either an increase in temperature, pressure, or
H2O content of the melt (i.e. magma mixing, recharge, convective overturn, or latent heat
of crystallization). These conditions increase the surface energy of a crystal, which is
greatest for the smallest crystal sizes. This can lead to retarded nucleation rates or even
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plagioclase solution of small crystals while growth continues in the larger crystals
(Higgins, 1998; Higgins and Roberge, 2003; Pupier et al., 2008). Chemical transects of
DR34 plagioclase show that many crystals are reversely zoned, lending further support
for a change in environmental conditions. The steeper slope in DR1 suggests that the
nucleation rate of plagioclase in DR1 was higher than those from DR28 and DR34 and
therefore experienced a higher degree of undercooling (Marsh, 1988). Conversely,
following Higgins and Roberge (2003), the shape of the DR1 CSD may also be explained
by the sample having experienced a lesser degree of textural coarsening than DR28 and
DR34.
Mean residence times of crystals in a steady-state system can be estimated from
their CSD where: residence time = -1 / CSD slope / crystal growth rate (Marsh, 1988).
Crystal growth rates represent the largest source of uncertainty in this equation. Studies
(Cashman, 1993; Hammer, 2008, and many others) suggest that for basaltic systems, the
crystal growth rate for small intrusions or flows, e.g. Makaopuhi Lava Lake (Cashman
and Marsh, 1988), is 10 -9 mm/sec and is slower for larger intrusions, 10 -10 mm/sec, such
as demonstrated by the Palisades Sill and Deccan Traps (Cashman, 1993; Higgins and
Chandrasekaharam, 2007). We select crystal growth rates of 10 -10 mm/sec to 10-11
mm/sec to review our plagioclase residence times because we expect the cooling rate
within the magma chamber beneath an active spreading center at several kilometers
depth, to be at least as slow as that of a thick surface flow. The CSD‘s from DR1, DR28,
and DR34, yield residence times (Table 4-1) of 41, 58, and 62 years (±4 years),
respectively, using a growth rate of 10 -10 mm/sec, and increase by a factor of 10, using a
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growth rate of 10-11 mm/sec. Residence times are recalculated using a growth rate of 1010

mm/sec, with the smallest bin size removed to account for the effects of the kinked

slope and with the two largest crystal sizes removed to account for remove the tailing
effect. Recalculated residence times for DR1, DR28, and DR34 (Table 4-1) are 35, 51,
and 48 years, respectively, and increase by a factor of 10, using a growth rate of 10 -11
mm/sec. The residence times for crystals in this system are similar to those found at
other MOR locations (Meyer and Shibata, 1990; Pan and Batiza 2002; Costa et al., 2009;
Hellevang and Pedersen, 2008), where residence times in MOR magma chambers are
calculated to be on the order of 10‘s to 100‘s of years. These crystal ages are also similar
to timescales determined from 210 Pb deficits and from Ra-Pb fractionation in basalts (Saal
and Van Orman, 2004; Rubin, 2005; Van Orman and Saal; 2006). In other words,
crystals are not 1000‘s of years old and the maximum crystal ages constrain the timescale
of magma accent and differentiation beneath spreading ridges to hundreds of years.
In the following section we compare the linear nature of the simple CSDs
obtained for DR1, DR28, and DR34 to our whole rock and trace element data. We then
compare our conclusions to the results determined from other MOR and volcanic arc
systems. The linear slope of the CSD‘s produced for DR1, DR28, and DR34 suggest that
plagioclase were formed from a single magmatic batch that experienced continual
plagioclase nucleation and growth. However, evidence from whole rock and mineral data
lend evidence for the mixing of at least two magmas. First, the observation that the host
lava compositions are not in equilibrium with anorthitic plagioclase suggests the
complete mixing of two magmas. To satisfy the requirement of a linear CSD, we
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envision one magma to be characterized by a primitive or ―wet‖ composition, which
bears a high volume of anorthite plagioclase and the other magma to be composed an
evolved composition that contains relatively few plagioclase crystals. The product of
mixing these two melts is the sampled hybrid lava with a melt composition most like the
evolved, a-phyric magma that contains phenocrysts crystallized from the primitive or
―wet‖ melt. Second, in the case of DR34, we suggest that mixing of three magmas based
on bimodal plagioclase trace element concentrations that are not in equilibrium with the
host melt. One possible scenario that results in this outcome is the mixing of two phyric
magmas following by the mixing of a third, aphyric magma. To preserve the linear CSD,
the two phyric melts must share a similar thermal history as well as crystal nucleation and
growth rates. And, as like with the case for DR1 and DR28 the evolved mixing
constituent must be relatively aphyric. Interestingly, the lack of trace elements zoning on
crystal rims suggest that eruption occurred very soon after mixing. The similarity in the
characteristic between the different samples suggests that magmatic conditions that
control nucleation and growth rates are most likely constrained by ambient crustal
conditions.
The anorthitic plagioclase CSDs most closely resemble the CSDs other workers
have obtained for pluton rocks because most lavas exhibit kinked or concave slopes.
PUBS retrieved form the Iceland Rift (Hansen and Gronvold, 2000; Hellevang and
Pedersen, 2008), produce kinked CSDs and a bimodal size population. The kinks are
attributed to the mixing of two phyric melts, where the largest crystals originated as part
of the crush mush zone beneath the ridge axis. CSDs conducted on gabbroic plagioclase
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from the Oman ophiolite Garrido et al., 2001; Coogan et al., 2002) produce single, linear
trends with slopes that are similar to those we obtained from our samples. Additionally,
the CSDs from Oman also exhibit a depletion of crystals in the smallest bin sizes and are
contributed to either a decrease in nucleation rate or to plagioclase solution (Garrido et
al., 2001). A majority of existing CSD data comes from continental plutons, lava flows,
or arc volcanoes. Seamounts and arc lavas often exhibit kinked CSD slopes (Vinet and
Higgins, 2010; Salisbury et al., 2008; Darr 2006; Morgan et al., 2007; Kinman and Neal,
2005; Higgins, 1996; Marsh, 1988; Cashman and Marsh, 1988; Higgins, 1998). The kink
in CSD slope has been attributed to the mixing of two phyric magmas or to two different
cooling regimes, with the largest crystal sizes producing the least steep slope, of their
respective sample. The larger crystals are interpreted to be the oldest and have
experienced the slowest growth rates (lowest degrees of undercooling) in their respective
system, having formed deep in the system from primitive melts. The textural features
and CSD characteristics of plagioclase from our samples are similar to the largest crystals
described in the literature. By analog, we propose that PUB plagioclase from the SWIR
crystallizes in a plutonic environment. This environment experiences long term (100s of
years) stability, punctuated by periodic fluctuations. The long term stability imposes a
thermal history with a constant, low degree of undercooling. The short term fluctuations
produce variations in pressure, temperature, and melt compositions, which may exhibit
local gradients. These fluctuations overprint the long term stability features and produce
the variable textures in plagioclase that preserve detailed histories for individual crystals.
PUB Petrogenetic Environment
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The variable and complex textures and zoning exhibited by PUBs suggests a
complicated crystal growth history where crystals experienced gradients in number of
conditions (i.e. temperature, pressure, and fO2) and multiply events of magma mixing.
where composition also subject to magma mixing and chemical diffusion, are
responsible for their formation. In this section, we test the previously proposed models of
PUB petrogenesis, described above, and propose a model that best explains the above
observed features in our samples.
The first model we assess is the hypothesis that PUBs form from the assimilation
of higher level gabbros or a crystal mush (e.g. le Roex et al., 1996; Hansen and Gronvold,
2000). Disseminated gabbros or mush zones exhibit textures related to the breaking
apart, solution, and dispersal of crystals, including, anhedral, resorbed crystals.
Additionally, samples often include glomerocrysts that preserve initial cumulate textures
and near cotectic phase proportions that includes forsteritic olivine. We rule-out
disseminated gabbro xenoliths and crystal mush zone as origins for the plagioclase in our
samples for two reasons. First, they lack the distinctive textures described above and
instead include additional features (i.e. melt inclusion bands, complex An zoning) that are
not commonly associated with gabbroic plagioclase (e.g. Natland and Dick, 2002; Sato,
2004, Blackman et al., 2006; Costa et al., 2009). Secondly, plagioclase crystals in
gabbroic cumulates are generally similar in size, producing a shallow-sloping CSD,
because they crystal in an environment that favors crystal growth opposed to nucleation
(similar to Oswald ripening). The quantity of small-sized crystals from our samples
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produces CSDs with a steeper slope and suggests that crystals have experienced a small
degree of textural maturation (Marsh, 1988).
The second model we evaluate is accumulation of plagioclase in multi-level
magma mush zones and conduits (e.g. Cullen et al., 1989; Nielsen et al., 1995; Hansen
and Gronvold, 2000; Hellevang and Pedersen 2008), where the volume of melt > volume
of crystals. This model accounts for the homogenous plagioclase major element
composition coupled with trace element and textural variability. However, it does not
provide evidence for a mechanism to separate olivine and pyroxene from plagioclase
(assuming eu- or cotectic crystallization). It would stand to reason that if an influx of
magma with enough energy (thermal and kinetic) to melt grain boundaries, dispersing
crystals, and to entrain plagioclase crystals, would also entrain the mafic phases as well.
We therefore discard this model in the formation of these PUBs.
The third model we examine involves the diffusion-reaction between gabbro
(Lundstrom et al., 2005; Pertermann and Lundstrom, 2006; Lundstrom and Tepley, 2006)
and a basalt-like melt. The diffusive exchange in Ca, Na, Al, and Si in plagioclase
requires several percent of H2O or Cl in the melt. However, no lavas erupted from the
SWIR (PETDB, May 8th, 2010) contain volatiles at the wt% level. Nonetheless, volatilerich magmas may have existed, but have experienced exsolution and degassing prior to
extrusion on the seafloor. In the above section, we suggested the interaction of melt with
a seawater-derived fluid based solely on elevated Cl contents found in several inclusions.
However, we believe this is too little evidence to substantiate or refute diffusive-reaction
as a means for producing excess plagioclase in PUBs.
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The last potential process we examine for the collection of plagioclase is by
density separation during flotation at the top of a magma chamber. This process is well
documented in arc volcanic centers and to a lesser extent, seamounts and large basalt
provinces, for example, the Giant Plagioclase Basalts of India (Higgins and
Chandrasekharam, 2007). We review the MELTs‘ calculated plagioclase, host melt, and
melt inclusions densities for the variable water conditions to determine the buoyancy of
plagioclase crystals under the conditions their respective systems. As expected, we find
that the density of plagioclase varies by An content, from 2.66 g/mm3 at An 0.70 to 2.71
g/mm3 at An 0.94. We find that the density of the host melts and melt inclusions
increases relative the degree of evolved character of the melt. In other words, evolved
melts, defined by higher FeO and lower MgO contents, are denser than primitive melt.
On the other hand, the density of the host melts and melt inclusions decreases
proportionately to the increase of H 2O composition of the melt. The densities of host
melts and melt inclusions with ≤ 0.5 wt % H 2O ranges from 2.69 to 2.73, and 2.69 to
2.72, respectively. These derivations suggest anorthitic plagioclase will remain neutrally
buoyant in an evolved, dry magma chamber. In others words, plagioclase is expected to
remain suspended and not settle. Therefore, we envision a stratified magma chamber
environment with local gradients in H2O that crystallizes PUB plagioclase. A magma
chamber environment can also produce the features observed in our CSD‘s. A single
batch of cooling magma maintains relatively constant nucleation and growth rates,
producing a linear CSD with a moderate slope and consistent with our findings. A
magma chamber environment can also produce the variable textures found in our
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samples. The long-term, stable cooling produces generally solid, euhedral crystals with
homogenous compositions. Movement of crystals within the chamber through
temperature, pressure, and fH2O gradients can overprint the original textures and produce
the observed, variable textures and zoning.
To further test the behavior of plagioclase in a magmatic environment, we employ
Stoke‘s Law to constrain plagioclase movement in a convecting magma chamber (e.g.
Martin and Nokes, 1989, Koyaguchi et al., 1993). Stoke‘s Law calculations suggest that
a convecting magma chamber will become stratified, resulting in plagioclase floating at
the top of the magma chamber. It is important to note that these calculations are
relatively accurate for melts containing less than ~25% crystals and the error of
uncertainty increase dramatically above this crystallinity. The timescales of plagioclase
differentiation from a melt (i.e. flotation to chamber roof) range from 10s of days to a
couple of 100 of years, dependent on crystal size, crystal, An content, melt viscosity, all
other variables remaining constant, assuming a distance of less than 150 m from their
point of origin to the chamber roof. These timescales are reasonable, compared to the
residence time calculated from CSDs, to develop crystal segregation in the mid ocean
ridge environment, as long as the system remains melt dominated (<25% crystals). This
requires also that subcrustal magma reservoirs are present at slow spreading MOR for
hundreds of years. Although magma chambers have not been geophysically imaged at
slow spreading centers, this does not necessarily preclude their transient existence. At
slow spreading ridges, in particular, magmatic events are episodic and rifting is often
accommodated by tectonic spreading. Therefore, it is believed that the existence of melt
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beneath the ridge is rare and periodic (Thatcher and Hill, 1995; Lagabrielle and Cannat,
1990; Cannat, 1993, 1996; Lagabrielle et al., 1998; Canales et al., 2000; Carlson, 2001;
Buck et al., 2005). As a consequence, the probability of imaging an active magma
chamber is small. We conclude that the favored method for plaglioclase accumulation
under the SWIR is by mechanical separation via flotation in a magma chamber.
Whole rock and crystal textures of our samples are consistent with crystallization
in an open and dynamic system where significant temperature, pressure, and
compositional gradients are present. A magma chamber inherently involves processes
such as convection and magma mixing, and can be expected to produce a system where
crystals move about and acquire chemical zoning and textural features that reflect the
dynamic environment (Figure 38) (i.e. Ruprecht et al., 2008, and references within). We
again make the point that a crystal mush zone with continuously percolating melts is
inconsistent with CSD results because the melt experiences low degrees of undercooling
and crystal growth is favored over nucleation. The linear nature of CSDs suggests that
the average plagioclase nucleation rate and growth rate of crystals was relatively constant
for all crystal size populations. This result is consistent with an environment such as a
magma chamber that experiences a moderate degree of undercooling as to promote
nucleation as well as crystal growth. The textures of plagioclase, fully described above,
can be summarized as highly variable from crystal to crystal, where individual crystals
appear to have experienced a unique history and we correlate plagioclase textures to the
variable environmental conditions encountered during movement within a magma
chamber. These observations are consistent with those of Couch et al, (2001) who utilize
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convection and self-mixing as a means for producing plagioclase with their own specific
histories.

CONCLUSION
PUBs from the SWIR contain abundant, up to 35% by volume, plagioclase
crystals whose population densities form linear trends on classic crystal size distribution
diagrams. Plagioclase occurs in non-cotectic modal proportions and all crystals, except
for microlites, have compositions that are too primitive, >An 0.86, to be in equilibrium
with the host glass. Plagioclase morphologies are generally sub- to euhedral, lacking
resorbtion textures on the rim, and many contain dissolution features in the core, as
evident by abundant ameboidal melt inclusions. The An content of crystals cores is
relatively homogenous with variation limited to ~An 0.06 and zoning is either concentric
or patchy. Crystal rims within a sample show a greater variation in An content and while
some crystals do not contain rims, others demonstrate up to 3 normal and reversely zoned
sectors. The large variation in crystal textures in a single sample suggests that individual
crystals experienced unique thermal and compositional conditions in the crystallization
environment. A chamber consisting of a high ratio of primitive melt to crystals maintains
plagioclase buoyancy, permits crystal flotation and segregation, and enhances plagioclase
textural variability. Linear CSDs suggest crystal residence times are on the order of 10‘s
to 100‘s of years and thermal conditions are similar along ridge axis. Complete mixing
of an volumetrically high, evolved magma with a melt containing anorthitic plagioclase
effectively obliterates the composition of the melt in equilibrium with anorthitic
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plagioclase. Eruption soon after mixing produces the hybrid rock type termed ―PUBs‖
that is characterized by abundant, highly anorthitic plagioclase in evolved host lava.
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CHAPTER 5
SUMMARY OF CONCLUSIONS
The main objective of this dissertation is to examine the processes that occur
beneath mid-ocean ridges and affect lithosphere accretion, using textural, microanalytical, and experimental techniques. Chapter 2 is dedicated to evaluating the
processes that affect, and to what extent, the compositions of crystal inclusions after
entrapment. Chapter 3 evaluates the degree of crystal fractionation that occurs from the
time a primary melt segregates from a mantle source to the time it is erupted on the ridge
crest as well track the composition of the residuum phases. Chapter 4evalutes the
petrogenesis of plagioclase ultraphyric basalt by applying the partition coefficient
calculated in Chapter 2 and the effects of crystal fractionation described in Chapter 3.
In Chapter 2 of this dissertation, heating experiments on high anorthite
plagioclase- hosted melt inclusions combined with in situ electron microprobe and laserablation ICP-MS analysis produced a set of mineral-melt distribution coefficients for a
number of high field strength elements, rare earth elements, large ion lithophile elements,
and transition metals, including Ti, Zr, Nb, La, Ce, Pr, Nd, Eu, Y, Sr, Ba, Pb, Mn, Fe, Cr,
and Mg. Previously, for plagioclase with compositions of anorthite contents greater than
An 0.86, a set of internally consistent distribution coefficients determined from basaltic
samples did not exist. These distribution coefficients are broadly consistent with values
and known partitioning behavior observed in less anorthitic plagioclase. The trace
element compositions of some samples suggest that they have been affected by
modification processes. Based on this result, we conclude that all samples must pass a

232
set of criteria before their compositions are considered when determining petrogenetic
origins.
Chapter 3 of this dissertation uses drill core samples from a tectonically emplaced
sliver of lower oceanic crust and spatially related basalt to test current models of basalt
petrogenesis. The main objectives of this chapter are to quantify the suite of primary, or
parental, melts produced by the mantle and to identify and quantify the main processes by
which these melts are modified to simultaneously produce intrusive gabbroic lithologies
and extrusive mid-ocean ridge basalts. Several conclusions from whole rock and mineral
trace element analysis are outlined below.
Magmas generated at Atlantis Massif originate from the partial melting of a
depleted, common parent.
The magmas generated during a period of tectonically-dominated plate rifting are
indistinguishable to those produced during volcanically-dominated accretion.
Basalt compositions are consistent with the modeled composition of liquid
expelled during crystal fractionation of a primary melt.
Gabbroic lithology compositions are consistent with modeled compositions of the
resulting residuum during low pressure crystal fractionation. Importantly, most
gabbroic lithologies are represent eutectic proportions of fractionated phases and
do not have an equivalent liquid composition.
These results strongly suggest that under mid-ocean ridges, liquid is efficiently
separated from crystal residue.
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Chapter 4 of this dissertation evaluates the origin of highly anorthitic, plagioclase
ultra-phyric basalts. The formation of this class of basalt has a long standing history of
being problematic and was previously unresolved. This investigation combines textural
and micro-analytical analyses with the experimentally determined distribution
coefficients in Chapter 2 and modeled processes in Chapter 3 to resolve the petrogenesis
of plagioclase ultraphyric basalts. Additionally, using the guidelines outlined in Chapter
2, the compositions of plagioclase can be evaluated to determine the extent to which they
have re-equilibrated. The results from this study demonstrate that highly anorthitic
plagioclase is in equilibrium with primitive melts containing a high CaO/Na2O ratio or
melts that have assimilated a hydrous phase. The distinctive, non-modal proportions of
plagioclase arise during flotation to the roof of a convecting magma chamber.
Additionally, migration within the magma chamber produces the high variability of
observed crystal textures.
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APPENDIX A
METHODS

Melt Inclusion Rehomogenization
Plagioclase grains with partially crystalline melt inclusions were rehomogenized
in a 1-atm Deltec vertical quench furnace. One to 6 grains were wrapped in Pt foil and
suspended from Pt wire in the hottest part of the furnace. Plagioclase grains were held at
1100°C for ~5 min and then at the designated run temperature for ~15 min. Grains were
quenched by dropping them into water. Quench time for all runs in less than 1 sec,
except for run 3, were the quench time is ~4 sec. Sample rehomogenization times are
temperatures are summarized in Table A1.

Electron Microprobe Analysis
Minerals
The major and minor element concentrations of mineral phases, including
plagioclase, pyroxene, and olivine, were measured on a Cameca SX100 electron
microprobe at Oregon State University. The beam size used for each phase was 1 m.
Mineral procedure details, including elements analyzed, crystal configuration, counting
times, backgrounds, and standards are summarized in Table A2.
Glass
The major and minor element concentrations of host glasses and melt inclusions
were measured on a Cameca SX100 electron microprobe at Oregon State University.
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The beam size used for glass analysis was 5 m. The beam size used for each phase was
1 m. Sodium and K were counted first to reduce volatile loss during analysis and their
concentrations were calculated using a 0-time intercept method. Mineral procedure
details, including elements analyzed, crystal configuration, counting times, backgrounds,
and standards are summarized in Table A2. Analytical accuracy was determined by
repeated analysis of mineral and glass standards (Tables A3, A4, A6, and A8).
Laser-Ablation ICP-MS
The minor and trace element concentrations of plagioclase, pyroxene, and glassy
melt inclusions were measured using a using a VG ExCell Quadrupole ICP-MS and
NewWave DUV 193nm ArF Excimer or NewWave 213 Nd-YAG laser ablation systems.
Analyses of pyroxenes from the Mid-Atlantic Ridge, and plagioclase and melt inclusions
from the Gorda Ridge and the SEIR utilized a stationary 80 µm laser spot with a pulse
rate of 4 Hz. Analyses of plagioclase from the SWIR utilized a stationary 1000 µm laser
spot with a pulse rate of 8 Hz. For all mineral and glass analyses, the background count
rates were measured for 30 sec, while count rates during ablation were measured for 40
sec. Ablation was conducted under a He atmosphere and He was used to sweep ablated
particulate into the ICP-MS at a flow rate of ~0.80 liters/minute. Standard Reference
Material NIST-612 and BCR-2G glass was the standard used to calibrate analyses and
43

Ca was used as the internal standard, with CaO contents measured by electron

microprobe used to calculate elemental abundances. Analytical accuracy was monitored
using analyses of BHVO-2G, BCR-2G, and NIST-612 glasses (Tables A5, A7, and A9).
Bulk Hole Calculations for Atlantis Massif
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The Bulk Hole composition of Hole U1309D (Hole D) was calculated on basis of
the average composition (and density) of different gabbroic and basalts/diabase
lithologies and their volume fraction occurrence in Hole D. The densities for individual
lithologies and volumetric occurrences were determined during Shipboard Analyses
(Blackman et al. 2006). The average lithology composition and estimates of Bulk Hole
compositions are reported in Table A10. The composition of olivine-rich troctolites and
ultramafic lithologies are not included in composition averages. Bulk Hole (BH) values
are the sum of average lithology composition multiplied by their respective mass fraction;
where the mass fraction equals density multiplied by recovery proportion. All cumulate
(AC) and all extracted melt (AM) compositions are calculated by normalizing the sum of
the mass fractions to 100. AC lithologies include gabbro, olivine gabbro, and troctolite.
AM lithologies include basalt, oxide gabbro, and leucogabbro. Bulk Whole trace element
compositions normalized to primitive mantle (McDonough and Sun, 1995) are shown in
Figure 39. The normalized Bulk Hole trace element concentrations are lower than those
calculated for primary N-MORB (Kindler and Grove 1993; Workman and Hart, 2005).
Primary melt trace element compositions were calculated following Workman and Hart
(2005) using aggregated melt after 5-10% fractional melting of a depleted mantle source.
The lower than expected trace element contents at Atlantis Massif may be, at least in part,
related to the removal of 1 to1.5 km of basalt and diabase during the exhumation of the
massif. To take into account this possibility we add an additional 10% to the diabase
recovery proportion, 3% leucogabbro to the recovery proportion, and 2% to the oxide
gabbro recovery proportion (Labeled BH+10D+3L+2O in Table A10 and Figure 39).
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The additional lithology recovery proportions produces trace element contents close to
the calculated primary melt compositions. However, BH+10D+3L+2O LILE
compositions are still lower than the calculated primary melt compositions. To rectify
the low LILE contents, to the Bulk Hole composition we add an additional 3% to the
diabase recovery proportion, 10% leucogabbro to the recovery proportion, and 2% to the
oxide gabbro recovery proportion, named BH+3D+10L+2O. However, the composition
BH+3D+10L+2O is not similar to the composition of calculated primary melt.
BH+3D+10L+2O LILE compositions are still lower than those of the calculated primary
melt, while the MREE and HREE concentrations are higher than the calculated primary
melt. Therefore, we conclude that the Bulk Hole plus additional basalt, oxide gabbro,
and leucogabbro are the closest match to calculated primary magmas at Atlantis Massif.
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Table A1. Rehomogenization conditions for plagioclase hosted melt inclusions.
Gorda Ridge
Run Dredge

1
2
3
4
5
6
7
8
9
10
11
12

66GC
66GC
66GC
66GC
66GC
D9
D9
D9
D9
D9
D9
D9

Plug

Crystal
Number

06-009
06-009
06-009
06-009
06-010
06-010
06-010
06-010
06-010
06-010
06-011
06-011

1-3
4-9
10 - 12
13 - 17
1-6
1-3
4 - 10
11 - 20
21 - 36
37 - 40
7 - 11
12 - 13

South East Indian Ridge1
Dredge
Plug

Crystal
Number

Ramp
Temperature
°C
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100

Ramp
Time
min.
6
7
7
6
6
5
5
5
5
5
5
6

Designated
Temperature
°C
1182
1183
1189
1197
1204
1183
1194
1198
1204
1207
1212
1215

Time at Designated
Temperature
min.
14
15
15
15
14.5
14
14
14
14.5
14.5
14
14

Ramp
Ramp
Designated
Time at Designated
Temperature
Time
Temperature
Temperature
°C
min.
°C
min.
D83-15
96-1
A-J
NR
NR
1230
120
D112
99-90
A-C
NR
NR
1200
20
D112
99-99
A-B
NR
NR
1210
20
D113
99-90
A-C
NR
NR
1220
20
D113
99-99
A-B
NR
NR
1230
20
D123
99-90
A-C
NR
NR
1260
20
D123
99-99
A-D
NR
NR
1230
20
D139
99-90
A-B
NR
NR
1180
20
D139
99-99
A
NR
NR
1180
20
D145
99-90
A-C
NR
NR
1180
20
Notes: 1South East Indian Ridge samples were prepared by and rehomgenized by Roger Nielsen (personal
communication). NR is value not reported.
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270
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Table A5. Reproducibility and accuracy of BHVO-2G, by LA-ICP-MS analyses.
No.

1

2

3

4

5

6

7

8

9

10

Mg
Si

45062
241636

44025
233646

45301
250287

45647
254724

43526
241010

43642
242338

43693
246545

44043
215737

44450
242422

45053
243028

Ca
Ti

81475
17178

81475
16985

81475
17270

81475
17511

81475
16973

81475
17184

81475
17193

81475
16600

81475
17030

81475
17241

Mn

1378

1338

1421

1394

1346

1356

1374

1268

1358

1393

Sr
Sr
Y

401
397
23

406
400
24

398
407
23

394
407
22

407
399
25

400
395
25

397
393
24

403
391
24

398
398
24

407
408
25

Zr
Nb
Ba

158
18.3
134

160
18.3
136

154
18.5
138

149
18.5
139

164
18.2
130

160
18.3
130

159
18.5
131

161
17.5
130

158
18.6
133

162
18.6
136

La
Ce

14.1
38.5

14.9
38.3

14.7
39.4

14.7
38.6

14.8
38.2

14.3
38.3

14.5
38.2

14.8
37.7

14.9
37.8

15.5
38.5

Pr

5.39

5.39

5.56

5.43

5.05

5.27

5.05

5.20

5.43

5.30

Nd
Eu
Gd

23.9
1.87
5.59

24.1
2.19
6.68

23.9
2.06
5.32

23.2
1.95
5.61

23.7
2.11
6.40

24.3
1.86
7.03

23.3
2.15
7.42

25.4
2.10
6.32

25.2
1.85
6.16

25.0
1.88
5.53

Dy
Er
Yb

4.96
2.48
1.68

5.42
2.59
1.86

5.03
2.24
2.07

4.49
2.22
1.63

5.03
2.54
1.96

5.48
2.27
1.95

4.98
2.45
1.71

4.90
2.43
1.91

5.10
2.54
1.76

4.99
2.63
2.28

Pb

1.9

2.0

1.9

2.5

2.0

2.2

2.0

1.7

2.1

2.0

No.

11

12

13

14

15

16

17

Mean

1σ

Published

1

Mg

46055

45072

43179

45457

44966

44670

45521

44668

850

42998

Si

246100

241334

235049

237097

232932

228506

232131

239089

9085

230460

Ca
Ti

81475
17472

81475
16667

81475
16559

81475
17082

81475
16711

81475
16445

81475
16591

81475
16982

0
330

81475
16300

Mn
Sr
Sr

1418
400
409

NA
406
398

NA
404
401

NA
413
408

NA
406
395

NA
406
406

NA
412
423

1368
404
402

43
5
8

1317
396
396

Y
Zr
Nb

25
169
18.9

25
167
18.0

25
168
18.3

26
170
18.6

25
165
17.0

26
173
17.7

28
174
17.8

25
163
18.2

1
7
0.5

26
170
18.3

Ba

134

131

131

131

131

128

131

132.5

3.0

131

La
Ce

15.3
39.0

15.4
38.9

15.2
38.7

16.5
38.9

15.1
38.3

15.2
37.9

15.8
38.1

15.0
38.4

0.6
0.5

15.2
37.6

Pr
Nd

5.34
24.5

5.30
25.3

5.69
25.7

5.47
27.0

5.13
27.1

5.34
25.2

5.93
25.6

5.37
24.8

0.22
1.1

5.35
24.5

Eu

1.97

2.02

2.38

2.54

2.31

2.50

2.18

2.11

0.22

2.07

Gd
Dy

5.75
5.12

6.27
5.32

6.45
5.06

6.65
4.98

6.88
5.21

6.48
6.21

7.04
5.49

6.33
5.16

0.60
0.36

6.16
5.28

Er

2.66

2.52

2.31

2.66

2.77

2.72

2.76

2.52

0.18

2.56

Yb

1.93

1.88

2.12

2.15

2.72

2.00

1.86

1.97

0.26

2.01

Pb

2.0

1.8

1.6

1.9

1.6

1.6

1.8

1.9

0.2

1.7

No. is the analysis point number.
± 1σ standard deviation (SD) of the mean and known value for each element.
NA is not available; elements were not analyzed.
Published1 values from USGS.
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APPENDIX B
ELECTRON MICROPROBE DATA
Plagioclase, olivine, pyroxene and glass major and minor element contensts were
were measured on a Cameca SX100 electron microprobe at Oregon State University.
The beam size used for minerals was 1 m and 5 m for glass. Procedure setups,
counting times, and standards in presented in Table A1. Plagioclase and melt inclusion
data from the Gorda and Southeast Indian Ridges are presented in Tables B1, B2, and B3.
Plagioclase and clinopyroxene data from the Mid-Atlantic Ridge is presented in Tables
B4 and B5. Plagioclase, olivine, pyroxene, and glass data from the Southwest Indian
Ridge is presented in Tables B6, B7, and B8. Electron backscatter images are available
for most analyses locations. All tables are available electronically.
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APPENDIX C
LASER ABLATION ICP-MS DATA
Laser ablation ICP-MS analysis for plagioclase, pyroxene, and were performed at
Oregon State University using a VG ExCell Quadrupole ICP-MS and NewWave DUV
193nm ArF Excimer or NewWave 213 Nd-YAG laser ablation systems. Conditions,
pulse rate, and beam sizes are provided within the individual chapters. Trace element
compositions of plagioclase from the Gorda Ridge and Southeast Indian Ridge are
provided in Table C1. Trace element compositions of melt inclusion from the Gorda
Ridge and Southeast Indian Ridge are provided in Table C2. Trace element compositions
of pyroxene from the Mid-Atlantic Ridge are provided in Table C3. Trace element
compositions of plagioclase from the Southwest Indian Ridge are provided in Table C4.
All tables are available in electronic form.
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APPENDIX D
CALCULATED PARTITION COEFFICIENTS
Plagioclase/melt inlusion distribution coeeficients were calculated and are
provided in Tables D1, D2, and D3. Melt inclusion and feldspar pairs from both EMP
analysis are presented in Table D1. Melt inclusion and feldspar pairs from EMP and LAICP-MS analysis, respectively, are presented in Table D2. Melt inclusion and feldspar
pairs from LA-ICP-MS are presented in Table D3. The analysis used to calculate
distribution coefficient values can be found in Tables B1, B2, B3, C1, and C2. All tables
are available in electronic form.
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APPENDIX E
PLAGIOCLASE AND PYROXENE TRANSECTS
SWIR plagioclase and pyroxene compositions were determined via EMP and LAICP-MS methods and the full set of analysis are presented in Table B6 and B7.
Plagioclase transects of crystal compositions, from rim to core, are shown in Figure 40.
Pyroxene transects of crystal compositions, from rim to core, are shown in Figure 41.
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APPENDIX F
MODELED ANORTHITE STABILITY BY THE MELTS PROGRAM
The MELTS program was utilized to calculate the equilibrium plagioclase
composition, temperature, and phase relations from both anyhrous and hydrous host lava
compositions. See Chapter 4 for full set of conditions. The results the MELTs
simulations are presented in Table F1.
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