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In an attempt to understand the phase equilibria and petrogenesis of MORB
anorthitic plagioclase, Cr-spinel commonly hosted within anorthitic plagioclase has been
investigated petrographically and compositionally. Based on spinel-anorthite
relationships from three samples of plagioclase ultra-phyric basalt (PUB; Southeast
Indian Ridge, Axial Seamount and West Valley Segment, Juan de Fuca Ridge) our work
finds that Cr-spinel hosted within anorthitic megacrysts consistently exhibit rounded,
partially dissolved morphologies. In addition, spinel included in anorthitic plagioclase are
often accompanied by melt in a composite 2 phase inclusion. Cr-spinel compositionally
exhibits collinear negative correlations in Mg# (Mg/Mg+Fe; 0.6-0.73) and Cr# (Cr/Cr+Al;
0.2-0.6), and positive correlations of Cr# and Fe3+# (Fe3+/ Fe3++Cr+Al; <0.1) with TiO2
wt% (0.3-0.8). Additionally, all spinel appear to exhibit mantle affinity (Fe3+#<0.1;
Barnes and Roedder, 2001). Based on historical interpretations of Cr-spinel (Dick and
Bullen, 1984), we conclude that Cr-spinel hosted within MORB anorthitic plagioclase
preserve melt-mantle reaction signatures. Such reactions, potentially forming dunite,
result when ascending low-asilica primitive melts interact and consume upper mantle
silicates (i.e. clinopyroxene), and include Cr,Al-rich spinel. Thus, both Al and Ca are
released into the derivative melt stabilizing anorthitic plagioclase. Given that olivine has
never been found in contact with plagioclase >An86, we propose that anorthitic
plagioclase precipitates from the derivative liquid prior to olivine.

Recently, studies have used the trace element signatures of MORB anorthitic
plagioclase as probes of early differentiation processes beneath MOR (Adams et al.,
2011; Weinsteiger et al., in review). However, these studies have outlined the need to
decipher the geochemical signals of individual anorthitic plagioclase so that population
trends may be interpreted. In response, this thesis also reports detailed trace element
profiles of individual anorthitic plagioclase crystals and population trends from two
samples of PUB (Southeast Indian Ridge [SEIR] sample, Axial Seamount sample). Profiles
can be categorized as dominantly stochastic since correlations between trace elements
and trace and major elements are largely not found; potentially precluding a role for
diffusive re-equilibration. We propose that trace element heterogeneities found within
individual crystals reflect the degree of trace element variability present within upper
mantle and lower crust conduits. However, by observing population data specific
processes may be seen. Similarities in Axial Seamount plagioclase trace elements
suggest a relatively uniform source that was evolving largely as a result of plagioclase
only fractionation. In contrast, the array of trace element concentrations of SEIR
plagioclase positively correlates with major element variations. This suggests a complex
process of melt aggregation of increasing percent melts concurrently with anorthitic
plagioclase precipitation. Further process related signatures can be derived by viewing
plots combining trace and major elements from both samples. In this format, each
samples data suggest that similar large scale processes occur in conduits within the
upper mantle where these anorthite populations’ form. !lthough plagioclase only
fractionation appears to frame the trend, the correlation is diffuse and potentially
reflects additional magmatic processes (i.e. AFC, % melt, and melt aggregation).
Calculated equilibrium liquids based on Axial Seamount and SEIR plagioclase are
considerably depleted relative to their host glass and natural glasses documented to
occur near the sampled site. The differentiation processes linking these melt
compositions is currently unknown.
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The Provenance and Trace Element Signatures of MORB Anorthitic Plagioclase
Chapter 1
General Introduction
Investigators first began to identify the composition of the oceanic crust in the
1930’s (Wiseman, 1937; Engel et al., 1965). Islands such as St. Paul and New
Amsterdam in the Southeastern Indian Ocean were initially hypothesized to represent
the bulk composition of the oceanic crust (Engel et al., 1965). However, dredging of
“complex ridge like features” in the ocean revealed the compositional difference
between the alkali basalts found on the islands and the tholeiitic basalts from the ocean
floor (Engel et al., 1965). Following further development of plate tectonic theory (Hess,
1962) oceanic basalts were identified as being formed at mid-ocean ridges (MOR).
Additionally, the primitive and relatively homogeneous composition of mid ocean ridge
basalt (MORB) suggested that they were a valid proxy for investigating upper mantle
melting processes leading to the formation of ocean crust (Bougault and Hekinian, 1974;
Stolper and Walker, 1980; Bender et al., 1983; Klein and Langmuir, 1987; Batiza and Niu,
1992; Sinton and Detrick, 1992; Nielsen et al., 1995; Cousens, 1996; Dick and Natland,
2009; many others). However, it has become clear that a “ridge filter” homogenizes the
majority of MORB geochemistry, erasing much of the representative mantle signatures
(Rubin and Sinton, 2009).
Developing models of upper mantle melting processes necessitates that we first
define the relationships between , melting of the mantle, MOR magmatism and the
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processes active within the oceanic crust. This requires that we understand how melts
evolve and distribute heat and mass during ascent. Currently, little is known about the
suite of primary melts produced as a result of adiabatic upwelling of the mantle. Their
evolution has long been thought to be dominated by crystal fractionation (Bender et al.,
1978; Walker et al., 1979; Stolper, 1980; Grove and Bryan, 1983); although complex
processes such as melt-rock reactions (Sinton et al., 1993; Natland and Dick 1996;
Coogan et al., 2000a; Dick et al., 2002; Kohut and Nielsen, 2003; Lissenberg and Dick,
2008; Chalot-Prat et al., 2010) and melt aggregation (Walker et al., 1979; Coogan et al.
2000b) have been shown to have the potential to significantly influence their
geochemical trajectory. A portion of that evolution which is poorly understood is the
formation of MORB anorthitic plagioclase. Consistently observed associated with ultraslow to intermediate spreading ridges (Flower, 1980) and fracture zones at ultra-fast
spreading centers (Natland and Dick, 2009), individual anorthitic plagioclase contain a
wide range of trace element concentrations and homogenous, calcium-rich contents
(Adams et al., 2011; Weinsteiger et al., in review). No glass in equilibrium with such
calcic plagioclase has been sampled; therefore its petrogenesis remains unclear (Kohut
and Nielsen, 2003). However, anorthite hosted melt inclusions, which mirror their host
in compositional diversity and relatively low trace element contents, exhibit phase
equilibria consistent with plagioclase crystallizing together with or even prior to olivine
from extremely primitive magma compositions (Sinton et al., 1993; Nielsen et al., 1995;
Kohut and Nielsen, 2003). Based on these findings anorthitic plagioclase and their
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hosted melt inclusions are believed to reflect extremely primitive pre- and syn-melt
aggregation conditions beneath MOR (Nielsen et al., 1995; Sours-Page et al., 1999;
Kohut and Nielsen, 2004; Adams et al., 2011; Weinsteiger et al., in review; Lange et al.,
in press). Recent studies have used the variability of anorthite trace element contents in
conjunction with equilibrium partition coefficients to obtain parental liquid
compositions; thus using MORB anorthite as a tool for petrologic investigation (Adams
et al., 2011; Weinsteiger et al., in review). The trace element contents of anorthitic
plagioclase can form distinct differentiation process related trends (Adams et al., 2011).
However, given the composite nature of those trends, their interpretations require
individual crystal profiles to be deciphered (Adams et al., 2011; Weinsteiger et al., in
review). Currently, no detailed investigation of the trace element variability of
individual anorthitic plagioclase exists. Unraveling the trace element signatures and
petrogenesis of MORB anorthitic plagioclase is an opportunity to understand magmatic
processes that define the early stages of MOR differentiation in the lower crust and
uppermost mantle.
This thesis contains two complementary studies that relate anorthitic plagioclase
phase equilibria and compositional data to further understand MORB genesis. The first
study (chapter 2) characterizes the textural and geochemical relationship between
anorthitic plagioclase and plagioclase hosted Cr-spinel. The goals of this study are to (i)
document the petrographic association of anorthitic plagioclase and Cr-spinel; (ii)
identify the geochemical signatures of hosted Cr-spinel; and (iii) build a model of melt-
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mantle reactions responsible for the petrogenesis of MORB high-anorthite plagioclase.
The second study (chapter 3) investigates the trace element variability of individual
crystals and populations of high anorthite plagioclase from two samples of plagioclase
ultra-phyric basalt (PUB) from the Southeast Indian Ridge and Axial Seamount, Juan de
Fuca Ridge. To identify the magmatic processes reflected by trace element variability,
we exam compositional data within the framework of the predicted effects of magmatic
processes on plagioclase composition. In addition, this study uses recently updated
constraints on plagioclase trace element partitioning to identify the composition of
liquids in equilibrium with these anorthitic plagioclase (Weinsteiger et al., in review).
Further, we attempt to construct a composite picture of the environment where
anorthitic plagioclase forms by comparing the compositional variability of equilibrium
liquids, anorthite hosted melt inclusions, host glasses and regional lavas. The goals of this
study are to (i) document the range of geochemical signatures preserved within anorthitic
plagioclase megacrysts; (ii) identify the dominant processes that result in the observed patterns
of plagioclase trace element profiles; (iii) calculate and compare anorthite equilibrium melt
compositions with hosted melt inclusions, host glass and regional lavas; and (iii) establish a
potential role for parental melts of anorthitic plagioclase within these two petrologic systems.
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Chapter 2
Chrome Spinel as a tracer for the origin of MORB High-Anorthite Plagioclase
INTRODUCTION:
The mid ocean ridge system is responsible for the generation of 70% of the
Earth’s crust. Developing a comprehensive model of oceanic lithosphere formation
requires that we understand how melts evolve during ascent in the upper-mantle and
lower-crust prior to eruption. One aspect of that process which is poorly understood is
that which is associated with the generation of high anorthite plagioclase (>An86). High
anorthite plagioclase megacrysts are common within MOR tectonic settings; particularly
in plagioclase ultraphyric basalts (PUB; Cullen et al., 1989), high-Al basalts (Eason and
Sinton, 2006), gabbroic xenoliths (Ridley et al., 2006), peridotite from oceanic core
complexes at slow spreading centers (Dick, 1989), and fracture zones at ultra-fast
spreading centers (Dick and Natland, 1996; Natland and Dick, 2009). In this case, we use
the term “megacryst” in reference to large crystals, independent of their petrogenetic
origin. The significance of their origin lies with the fact that, even though most MORB
lavas are plagioclase saturated, no sampled glass from either erupted ocean floor basalt
or interstitially trapped melts within xenolith or peridotite are in chemical equilibrium
with anorthite-contents above An85 (Allan et al., 1989; Nielsen, et al., 1995). In addition,
plagioclase is only stable in the upper mantle and crust (Fram and Longhi, 1991).
Further, increased pressure is associated with decreased anorthite content at the rate of
approximately 1 % per kb within that shallow stability field. Therefore, there are a
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number of aspects of the petrogenesis of this phase remains unclear (Allan et al., 1989;
Nielsen et al., 1995; Kohut and Nielsen, 2003; Ridley et al., 2006; Adams et al., 2011).
Given the widespread occurrence of high-An plagioclase in ocean floor basalts, melts in
equilibrium with high anorthite plagioclase must be a component of the array of primary
melts that are parental to mid ocean ridge basalt (MORB; Kohut and Nielsen, 2003;
Ridley et al., 2006).
Several models based on the observed petrography and geochemistry of PUBs
have been proposed to describe the conditions for high anorthite plagioclase formation.
These hypotheses include: crystallization from high-Al melts (Sinton et al., 1993; Nielsen
et al., 1995); primitive melts with high Ca/Na ratios (>~10; Fisk, 1984; Panjasawatwong
et al., 1995; Ridley et al., 2006); polybaric fractionation at slow spreading ridges (Flower,
1980; 1984); high pressure fractionation (Eason and Sinton, 2006); diffusion-reactions
within thermal gradients (Lundstrom et al., 2005); and interactions between primary
melt and upper mantle peridotite (Sinton et al., 1993; Dick and Natland, 1996; Kohut
and Nielsen, 2003). Experiments have demonstrated that the addition of H2O to
magmas increases the anorthite content of plagioclase (Sisson and Grove, 1993;
Panjasawatong, 1995), but MORB largely evolves under anhydrous conditions (Kinzler
and Grove, 1992) therefore H2O is likely not a significant influence (in contrast to the
conditions of formation of high anorthite plagioclase in arc systems).
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Melt-Mantle Reactions
The hypothesis wherein melt-mantle reactions are a mechanism for creating
melts parental to high-anorthite plagioclase is derived mainly from experimental
research. In particular the rehomogenization and crystallization of melt inclusions and
natural MORB glass, respectively (Sinton et al., 1993; Kohut and Nielsen, 2003). High
CaO-Al2O3 melt inclusions hosted by anorthite from Galapagos Platform tholeiites
analyzed by Sinton et al., (1993) were found to be uniform with respect to major
elements but exhibited wide variability in trace elements. Melt inclusion phase
equilibria in that system suggested that melts parental to anorthite are multiply
saturated with olivine, spinel and plagioclase at ~1270 °C. Sinton et al. (1993)
demonstrated that magma mixing and/or crystal fractionation could not account for the
narrow range of major element compositions in the anorthite paired with the observed
wide range of melt inclusion trace element compositions. They concluded that anorthite
growth and melt inclusion formation occurred by melting of depleted upper mantle by a
buffered, psuedo-invariant crystal-liquid reaction, such as presented by Kinzler and
Grove, (1992), where spinel + clinopyroxene + orthopyroxene reacts to liquid + olivine +
plagioclase.
Similar reactions were proposed based on experimental crystallization of high
anorthite plagioclase from anhydrous natural MORB compositions (Kohut and Nielsen,
2003). Notably, experimental charges required saturation of both >Fo90 olivine and
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>An90 plagioclase in order to achieve saturation with high-anorthite plagioclase (>An86;
Kohut and Nielsen, 2003). In addition, reaction of a typical MORB basalt (a Gorda Ridge
basalt in the case of Kohut and Nielsen, 2003) with olivine and anorthitic plagioclase
resulted in the formation of Al-spinel within capsule-crystal reaction zones (Kohut and
Nielsen, 2003). Kohut and Nielsen, (2003) suggested that saturation in forsteritic olivine
limited the experimental system to one degree of freedom. Quenching of the
experimental charge at this point captured the system at the Ol-Pl-Sp peritectic where
Al-spinel reacts to produce high-An plagioclase (Kohut and Nielsen, 2003). Kohut and
Nielsen, (2003) proposed that anorthite formation may require ascending primitive
MORB melts to react with depleted spinel peridotite, similar to field observations made
by Dick and Natland, (1996) at Hess Deep.
Melt-rock interactions forming anorthite saturated systems is consistent with
current models that attribute many of the characteristics of the oceanic crust and
erupted MORB to some variant of such a process (Bedard, 1991; Coogan et al., 2000 ;
Kohut and Nielsen, 2003; Chalot-Prat et al., 2010; Van Den Bleeken et al., 2010).
Recently experiments attempting to simulate the effects of upper-mantle melt-rock
reaction have been based on experimental models wherein primitive melts are driven
through peridotites of known composition under controlled P-T conditions (Van Den
Bleeken, 2010). Disequilibrium between the melt and peridotite causes reaction where
partial dissolution of peridotite and recystallization of silicate phases occurs. The
residual peridotite formed in these experimental reactions supports the contention that
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newly formed phases (plagioclase and clinoyroxene) and equilibrated rims of “old cores”
have compositions “in equilibrium” with upper mantle peridotite and/or partial melts
(Van Den Bleeken et al., 2010). Importantly, melts created in this study were found to
be close to primitive melt inclusion composition found within natural samples of highAn plagioclase (Nielsen et al., 1995; Van Den Bleeken et al., 2010) and the experimental
glass composition in equilibrium with anorthitic plagioclase (Kohut and Nielsen, 2003).
In light of evidence for melt-mantle reactions forming melts parental to MORB
high-anorthite plagioclase, this work focuses on the relationship of anorthite and Al, Cr
rich spinel from plagioclase ultraphyric basalt (PUB; Cullen et al., 1989). The textural
and compositional information present in Cr-spinel has been established as a
petrogenetic indicator of the extent and character of melt-mantle reactions and their
role in the petrogenesis of MORB anorthite (Allan et al., 1988). In that investigation,
Allan et al. (1988) reported coherent changes in the composition of individual spinel and
spinel populations suggesting the influence of a specific magmatic process (Dick and
Bullen, 1984). In this investigation, understanding that process and its relationship to
the textural relationships between host high-anorthite plagioclase and included Cr
spinel will be used to develop a petrogenetic model for high-anorthite megacrysts in
MORB.
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Plagioclase Ultraphyric Basalt
This study focuses on plagioclase ultraphyric basalt (PUB; Cullen et al., 1989).
PUB is texturally considered a subset of MORB, distinguished from other MORB rock
types by the presence of >15% modal plagioclase megacrysts (Lange et al., in press). In
addition to containing a high modal % plagioclase, most (but not all) plagioclase
megacrysts in PUB lavas are high in anorthite content (Flower, 1980; Cullen et al., 1989;
Nielsen et al., 1995; Hansen and Gronvold, 2000; Hellevange and Pederson, 2008). The
phyric nature of PUB has been attributed to a number of processes. Most commonly
their origin is suggested to be related to crystal sorting of relatively low density
plagioclase megacrysts from relatively higher density basaltic magma (Flower, 1980). In
that model, the buoyant plagioclase crystals accumulate at the top of the magma
system, within the crystal rich mush zone beneath MOR (Fujii and Kushiro, 1977; Flower,
1980; Cullen et al., 1989; Grove et al., 1992; Sinton and Detrick, 1992; Hansen and
Grönvold, 2000). Melts ascending to the surface entrain the crystal components of the
mush and are crystal rich lavas upon eruption (Cullen et al., 1989).
PUBs were initially described by Hekinian et al., (1976) within the FAMOUS area
of the mid Atlanic ridge and Cullen et al., (1989) at the Galapagos Archipelago. Since
then, they have been identified at most ultra-slow, slow and intermediate rate
spreading centers, and at many off axis seamounts (Samples of PUB have been found
along most ultraslow to intermediate spreading ridges (Flower, 1980; Sinton et al., 1993;
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Nielsen et al., 1995; Cullen et al., 1989; Adams et al., 2011; Weinsteiger et al., in review).
The only oceanfloor environment where no PUB lavas have been described are fast and
ultra fast spreading centers.
Investigations into the range of PUB compositions have documented the fact
that there is no significant difference in the geochemical distribution of PUB and typical
aphyric MORB (Lange et al., in press). Therefore it is likely that high-anorthite
plagioclase that are occasionally present in typical MORB (Allan et al., 1988 Dick and
Natland, 1996;) have the same provenance as PUB high-anorthite plagioclase, the
difference being only crystal content. As a result high-anorthite plagioclase-spinel
relationships observed in PUB can be used as a proxy for MOR high-anorthite
plagioclase in general.

Spinel reaction with Melts
Dick and Natland (1996) presented field evidence from ODP site 895 supporting
the anorthite formation model of Sinton et al. (1993). Reaction between ascending
melts and mantle was thought to be represented by zones within drill core harzburgite
where high-anorthite plagioclase (up to An99) is hosted by gabbroic segregations within
dunite channels. With increasing proximity to these dunite channels mantle spinel are
well documented to exhibit systematically increasing TiO2 (wt%) and Cr# (Cr/Cr+Al) (Dick
and Natland, 1996). The thermodynamic controls that drive changes in Cr# have been
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constrained by Sack (1982) and Sack and Ghiorso (1991a, 1991b) describing the free
energy of exchange (∆Gex):
MgCr2O4 + FeAl2O4 ↔ Mg!l2O4 + FeCr2O4

(1)

∆Gex= -23 kj Mol-1 (Sack and Ghiorso, 1991a, 1991b)
and in the solid spinel phase,
(Mg2+)melt + (Fe2+)spinel ↔ (Mg2+)spinel + (Fe2+)melt (2)
∆Gex= -13 kj Mol-1 (Allan et al., 1988)
These relations demand that during equilibrium exchange between spinel and melt,
changes to lower values in Mg# (Mg/Mg+Fe) spinel must be accompanied by increases
in spinel Cr# (Allan et al., 1988), as Fe2+ and Cr3+ and Mg2+ and Al3+ are energetically
coupled in the spinel structure. Since Al3+ acts incompatibly within spinel during upper
mantle melting processes, increasing degrees of spinel partial melting and/or reaction
with melt will progressively decrease the Al3+ content of the spinel: thus increasing the
Cr# and decreasing the Mg# in spinel (Figure 1, below). Therefore the major element
compositions of mantle Cr-spinel are dominantly controlled by degrees of partial
melting and degree of depletion of mantle source (Allan et al., 1989; Roeder and
Reynolds, 1991; Barnes and Roeder, 2001). Quantifying compositional change in spinel
in the context of mantle melting processes, similar to what is proposed by Dick and
Natland, (1996), has proven problematic since expressions accurately describing major
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and trace element spinel-melt equilibria have not been sufficiently constrained. Largely,
the refinement of such a model has been limited by the complexity of the mixing
behavior of spinel end member components (Allan et al., 1988; Sack and Ghiroso, 1991;
Nielsen et al., 1994). This is particularly true between the Al-Cr-spinels (pleonaste,
hercynite, chromite) and the Fe3+-Ti-spinels (magnetite, ulvospinel) which have the
largest miscibility gap (Turnock and Eugster, 1962). Major element composition of spinel
(i.e. Cr#, Mg#) has been shown to control the partitioning of high field strength
elements such as Ti, Zr, Hf and Nb into spinel (Nielsen et al., 1994l; Nielsen and Beard,
2000). However, deducing the degree to which positive correlations of Cr# and TiO2
reflect any specific magmatic process or crystal chemical control is currently difficult
(Figure 2). As a result, the negative correlation of Cr# (Cr/Cr+Al) with Mg#
(Mg/Mg+Fe)and positive correlation of Cr# with TiO2 exhibited by mantle spinel from
Dick and Natland, (1996) were interpreted qualitatively as a signature of increasing
degree of equilibration with an ascending Ti-rich MORB melt. This conclusion was based
on the interpretation of similar correlations in spinel geochemistry from other
envrionments (Hill and Roeder, 1974; Dick and Bullen, 1984; Roeder and Reynolds,
1991). Further, based on the petrographic relationships and spinel geochemistry, Dick
and Natland, (1996) proposed that the high-An plagioclase segregations were the
product of the reaction and are responsible for the “sporadic” xenocrysts of high
anorthite widely distrubtuted in MORB.
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Partial
Melting/
Reaction

Figure 1: Compositional trends formed by
Cr-spinels from the Wadi Tayin mantle
section of the Oman ophiolite (modified
from Keleman et al., 1995). Due to the
coupled substitutions of Mg and Al with Fe
and Cr within the spinel structure partial
melting and/or interaction of mantle spinel
with migrating melts is thought to result in
increasing Cr# and decreasing Mg#. Here,
the compositions of dunite spinel are
thought to represent greater degrees of
crystal-melt reactions, relative to
harzburgite spinel, which results from melt
migration through dunite channels .

Figure 2: Plot of Cr# versus TiO2 (wt%)
for Cr-spinel from South Sandwich
peridotite (Pearce et al., 2000). This
diagram illustrates the compositional
variability of Cr-spinel thought to result
from crystal-melt reaction and/or partial
melting. Both models present here
exhibit a positive correlation between
spinel Cr# and TiO2 towards different
melt compositions.
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Decades of MORB petrographic observation and phase equilibria experiments
have assumed olivine to be the liquidus phase in primitive MORB (Bowen and Schairer,
1935; Roeder and Emslie, 1970; Fisk, 1984; Kinzler and Grove, 1992). However, recent
studies have presented pretrographic data indicating that MORB anorthitic plagioclase
may be an early, lone liquidus phase (Ridley et al., 2006; Adams et al., 2011; Weinsteiger
et al., in review). In addition, rehomogenization experiments have demonstrated the
phase equilibria of anorthite hosted melt inclusions to have plagioclase on the liquidus
prior to olivine and spinel (Sinton et al., 1993; Sours-Page et al., 2002; Kohut and
Nielsen, 2003). Therefore, the wide spread presence of anorthitic plagioclase in MORB
and the evidence cited above suggests that in many MOR regimes plagioclase is the
liquidus phase in the upper mantle and lower crust.
In this investigation, we evaluate the geochemical signatures of Cr-spinel hosted
by MORB high-anorthite plagioclase and the petrographic relationships between high
anorthite plagioclase and commonly hosted Cr-spinel. Based on that data we assess the
role of high-anorthite crystallization in the context of MORB evolution. In addition,
based petrographic and geochemical data we propose a model wherein melt-mantle
reactions are in fact responsible for the petrogenesis of MORB high-anorthite
plagioclase.
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METHODS:
Samples used in this study were selected based upon their anorthitic plagioclase
abundance (>15 %) with the goal of observing anorthite and Cr-spinel petrography and
phase equilibria. Three samples of PUB from three different localities (Southeast Indian
Ridge (SEIR), Axial Seamount, and West Valley Segment of the Juan de Fuca Ridge) were
chosen for this study. Rock chips of each sample that included a number of phenocrysts
were mounted in 1-inch epoxy plugs and polished. Whole rock samples, as opposed to
mineral separates, were used to maintain petrographic relationships within the samples.
Fifty-nine total spinel crystals hosted by anorthitic plagioclase, olivine and
groundmass from all three samples were analyzed for major element contents.
Compositional zoning of spinel was investigated by multiple analyses of single spinel
grains when the size of grain permitted. Mineral compositions (Table 1 below; Appendix
Tables 7-9) and backscatter electron images (BSE; Figure 1A-F) were completed using
the CAMECA SX-100 electron microprobe at the College of Earth, Ocean, and
Atmospheric Sciences, Oregon State University. Elemental analyses were collected with
wave-length dispersive techniques at operating conditions 15 kV accelerating voltage,
30 nA sample current, and a 1µm beam. Analyses with totals after Fe3+calculation <
98.0% or >101.5% were removed from the data set. Analytical error was assessed by
running a chromite standard (USNM 117075) as an unknown four times and calculating
a standard deviation for each oxide. Ferric iron contents were calculated using the
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methods of Droop, (1987) where Fe is assumed to be the only element with variable
valence state and deficiencies in charge are attributed to ferric iron.

RESULTS:
Spinel is found as inclusions in anorthitic plagioclase, olivine and as an
independent groundmass phase. These spinel can be described by the formula (Mg,
Fe2+) (Al, Cr,Fe3+)2O4. Minor amounts of TiO2 (0.30 – 0.80 %), NiO (0.054 – 0.280 %), Mn
(0.06 - 0.24), and SiO2 (typically < 0.1 %) are found within these spinel. Low Fe3+
concentrations (3.4 - 6.8 wt %) are indicative of low and restricted fo2 conditions during
crystallization (Roeder and Reynolds, 1991) (see appendix for complete data tables). Cr#
ranges between 0.2-0.6 with Mg# ranging between 0.6-0.76. Strong positive correlation
is found between Cr# and Mg# for each sample (Figure 3). High-anorthite hosted spinel
compositions exhibit ranges extending over almost the entire range of all spinel
compositions observed (including olivine and groundmass (GM) hosted spinel) and are
characterized by tight Cr# vs Mg# correlation (Figure 3). Positive correlations between
Cr#, TiO2 (wt%), and Fe3+# (Fe3+/(Fe3++Cr+Al)) are found for all sample populations
(Figures 3-5). No significant compositional differences were found between spinels
found in plagioclase megacrysts cores and those on the rim. A minor degree of zoning
does occur within individual spinel grains, more so in grains from the groundmass (TT
11-a-1). There is no apparent correlation of Ti in plagioclase and Ti in Cr-spinel, although
there is limited data on this issue. Olivine hosted Cr-spinel from the Southeast Indian
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Ridge (SEIR) sample exhibit lower mean Cr#, Fe3+# and TiO2 as well as higher Mg#
relative to plagioclase hosted Cr-spinel from the same sample (Figures 3-5). Spinel
found in the groundmass (GM) exhibit relatively greater Fe3+#, TiO2 and Cr#.
As noted above, one of the most obvious petrographic characteristics of PUB is
the presence of non-cotectic proportions of olivine and plagioclase. In most cases,
plagioclase dominates olivine phenocrysts by a ratio of 20:1 based on BSE observation
and thin section inspections. When associated with anorthitic plagioclase, spinel is
rounded and /or kidney bean shaped. Spinel included in plagioclase is often
accompanied by melt in a composite 2 phase inclusion (Figure 7A, 7D). Within the SEIR
sample of PUB, olivines hosting Cr-spinel are >Fo87.5 and typically contain greater Ni
(wt%) contents than olivines of lesser forsterite content (≤Fo87) that do not host Cr
spinel (Figure 6). In addition, there were no observed cases where there were any
spinel inclusions in olivine in cases where that olivine was in contact with anorthitic
plagioclase. We observed no cases where forsteritic olivine (>Fo85) was in textural
equilibrium with high-An plagioclase. In cases where olivine and anorthitic plagioclase
are in contact, the interface is irregular, indicative of a reaction or dissolution
relationship.There are cases where olivine and plagioclase exist in textural equilibrium.
However, in those cases both the olivine and plagioclase are less primitive (e.g. Fo 83,
An80). Most plagioclase megacrysts exhibit some extent of normal zoning. In all cases,
the irregular contacts with olivine are present in the lower An rim. Selected
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compositions of plagioclase and olivine are listed in Table 1. Detailed compositional
descriptions of plagioclase from these samples can be found in the following chapter.
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Figure 3: Plot of Cr# (Cr/(Cr+Al)) and Mg# (Mg/(Mg+Al)) for Cr-spinel from this study.
Positive correlations between Cr# and Mg# appear strongly between spinel from single
hand samples. There is strong similarity between the sample trends.
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Figure 4: Plot of Cr# and TiO2 for all spinel from this study. A rough positive correlation
is exhibited by spinel populations from all samples fo this study.
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Figure 5: Plot of Fe3+# and TiO2 for all spinel from this study. An apparent positive
correlation is exhibited by spinel populations from all samples fo this study
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Figure 6: Plot of SEIR olivine Ni (wt%) and forsterite content (Mg/[Mg+Fe2+]). Olivines bearing
Cr-spinel appear chemically distinct from olivines that do not host Cr-spinel. Importantly,
olivines hosting Cr-spinel never contact anorthitic plagioclase megacrysts.
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Figure 7: Back Scatter Electron Images (BSE) images of Cr-spinel included within
plagioclase and olivine. (A) Cr-spinel hosted by An92 plagioclase form the SEIR. (B)
Multiple Cr-spinel hosted by Fo88 olivine from the SEIR. (C-D) Resorbed Cr-spinel hosted
by anorthitic plagioclase from Axial Seamount. Note: D exhibits important mineral
relationships, in that the high anorthite crystal core contains resorbed Cr-spinel hosted
within a melt inclusion and the contact with olivine does not occur until lesser anorthite
compositions (≤An86) are reached. (E-F) West Valley samples showing Cr-spinel
inclusions within anorthitic plagioclase.
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Table 1: Selected Phase Analyses (wt%)
MgO
SiO2

Plagioclase
0.16
46.38

2σ
0.01
0.34

Olivine
46.44
39.06

2σ
0.42
0.36

Al2O3

34.22

0.33

0.06

0.02

Na2O
FeO
CaO
K2O

1.17
0.32
18.13
-0.01

0.10
0.01
0.15
0.03

-0.01
13.19
0.34
0.01

0.02
0.61
0.01
0.03

TiO2

0.02

0.01

0.02

0.02

Cr2O3
MnO
NiO
total
An
Fo

..
..
..
100.38
90

..
..
..

0.06
0.21
0.28
99.66

0.05
0.11
0.08

86

Table 1: Selected EMP
analyses of anorthite
and olivine from Axial
Seamount PUB mineral
assemblage. Data from
this table reflect the
composition of phases
seen in Figure 1D.
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DISCUSSION:
The major element trends characterizing spinel compositions from different PUB
samples tend to be collinear (Figure 9-11). Although spinels from each sample has an
unique y-intercept, their subparallel trends, comparable compositions and petrographic
relationships suggest that some set of common processes is responsible. From those
similarities we propose a petrogentic model describing melt-mantle reactions as the
common mechanism forming high-anorthite plagioclase. This is based on the
compositional variability of Cr-spinel and the petrographic relationships between high
anorthite plagioclase and Cr-Spinel discussed below.
Major Element Trends and Provenance
As noted above, the usefulness of spinel as a petrogenetic indicator is that
coherent changes in the composition of spinel populations can suggest specific
processes, such as partial melting and crystal-melt reactions (Figures 1, 2, 8).
Historically, such processes have been inferred from variations in spinel composition
qualitatively as was shown in the “Spinel reactions with Melt” section above (Dick and
Bullen, 1984; Barnes and Roeder, 2001; Dick and Natland, 1996). Spinel populations
from each sample of PUB, and specifically those hosted in high-anorthite plagioclase,
investigated here appear to preserve similar positive correlations between Cr#, Fe3+#
and TiO2 (Figures 9-11). Therefore we interpret the compositional variations in Cr-spinel
hosted in high-anorthite plagioclase, and PUB in general, as evidence of crystal-melt
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reaction signatures. Further, petrographic evidence is most consistent with the meltreaction hypothesis since spinel in high-An plagioclase megacrysts exhibit resorbed
morphologies potentially reflecting variable degrees of dissolution (Figure 7). In
addition, anorthite hosted melt inclusions commonly contain Cr-spinel (Allan et al.,
1989; this study). This relationship also suggests spinel-melt reactions given that meltmantle reactions are proposed to form the compositional character of anorthite hosted
melt inclusions (Sinton et al., 1993). Where those characteristics were acquired is
pertinent to ascertain the petrogenesis of the host crystal, namely high-anorthite
plagioclase.
Major element compositions (Mg#, Cr#, Fe3+#, TiO2) exhibited by spinel from
PUB overlap with documented mantle spinel compositions (Dick and Bullen, 1982:
Roeder and Reynolds, 1991; Barnes and Roeder, 2001). In particular, Barnes and Roeder
(2001) found that >82% of spinels in mantle samples globally have Fe3+# < 0.1, with
MORB spinel largely at greater values due to systematically increasing fugacity during
the evolution of melts (Figure 11; Hill and Roeder, 1974; Roeder and Reynold, 1991). Cr
spinel hosted by high-anorthite plagioclase and in PUB in general have Fe3+# < 0.1 and
exhibit nearly linear increases in Fe3+# with TiO2; likely reflecting spinel equilibrating
with melt that is evolving as a result of crystallization and/or melt-rock interaction.
Since both Ti and Fe3+ act incompatibly under those conditions, their concentrations will
increase in the remaining melt as the magma mass decreases due to precipitation of
plagioclase and olivine (Barnes and Roeder, 2001; Pearce et al., 2000). Another control
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on apparent fugacity was suggested by Roeder and Reynolds, (1991) based on natural
and experimental chromite compositions. Specifically, they noted a correlation of higher
pressures and more reducing conditions (i.e. smaller spinel ferric iron contents). In
either case, with reasonable confidence the spinels analyzed in this study can be
considered to be in equilibrium with a mantle mineral assemblage.
The consistent geochemical distinction between SEIR Cr-spinel hosted in
forsteritic olivine and high-anorthite plagioclase may allude to the details of the reaction
process (Figuers 9-11). In particular the sequence of reaction and formation of mineral
phases. Importantly, SEIR Cr-spinel found in forsteritic olivines (>Fo87.5) are on average
relatively more aluminous and thus have lower Cr# (Figure 8) and are less Fe 3+-rich
(Figure 11) than high-anorthite hosted Cr-spinel. This distinction may reflect Cr-spinel
hosted in forsteritic olivine as having a higher-pressure of formation (Falloon and Green,
1978) and/or lesser extents of interaction with evolving melts than Cr-spinel hosted
within high-anorthite plagioclase. Therefore, Cr-spinel hosted within olivine may more
closely represent the original compositions of mantle spinel undergoing reaction than
the more evolved Cr-spinel hosted by high-anorthite plagioclase. Further, the olivine
hosted Cr-spinel likely reflect earlier stages of the reaction process.
Positive correlations between Cr# and TiO2 (wt%) exhibited by Cr-spinel hosted
by high-anorthite plagioclase are similar to Cr-spinel documented by Kelemen et al.
(1995) (Figure 8). Significant changes in spinel Cr# and Ti from the Wadi Tayin dunites
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(Figures 1, 8) in the Oman Ophiolite were proposed by Kelemen et al. (1995) to reflect
open-system dunite forming processes beneath MOR. Namely, that intergranular flow
of ascending melts with low silica activities dissolves and replaces harzburgite with
dunite. These dunites have been shown to have Mg # compositions close to equilibrium
with MORB lavas (e.g. they are more evolved than olivine present in most harzburgites).
This is consistent with a model wherein the dunite lined channels acted as conduits for
melt flow (Kelemen et al., 1995). Kelemen et al., (1995) further suggest that high-Cr#
spinel in MORB is a primary, mantle derived feature and that the similarity between
spinel compositions in the Oman ophiolite and in MORB is not a coincidence. In
addition, similar high Cr# and Ti spinel are typical of abyssal dunites from the MidAtlantic and Southwest Indian Ridges (Keleman et al., 1997). Therefore, we conclude
that geochemical signatures from high-anorthite plagioclase hosted Cr-spinel reflect
similar reactions between relatively Ti-rich melts ascending from depth and spinel
peridotite which generate olivine at the expense of clinopyroxene. This is consistent
with a model where the consumption of clinopyroxene is linked to the generation of
high CaO/Na2O melts required to form melts in equilibrium with anorthitic plagioclase
(~11; Fisk, 1984, Sinton et al., 1993; Panjasawatwong et al., 1995; Ridley et al., 2006)
and calcic melt inclusions common within primitive plagioclase and olivine crystals
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(Sinton et al., 1993; Nielsen et al., 1995; Kamenetsky et al., 1998; Kogiso and Hersmann,
2001; Sours-Page et al., 2002).
It is possible that high-anorthite plagioclase hosted Cr-spinel are recording the
development of dunites within the oceanic lithosphere. This hypothesis may be
supported by that fact that olivine found hosting Cr-spinel within samples of SEIR PUB
are >Fo87.5 (roughly mantle compositions) and contain greater forsterite and nickel
contents than the non-Cr-spinel bearing olivines which occasionally make contact with
plagioclase (Figure 13; Straub et al., 2008). As noted above, Cr-spinel hosted by olivine
exhibit geochemical signatures suggesting higher-pressure of formation (Falloon and
Green, 1978) and/or lesser extents of interaction with evolving melts relative to Cr
spinel hosted by high-anorthite plagioclase. Together, the Cr-spinel and olivine data
suggests that olivine which host Cr-spinel may represent portions of dunite formed
where these melt-mantle reactions occur. These olivines may protect the hosted Cr
spinel from increasings degrees of reaction, preserving
greater extents of their original geochemical character
(Figure 7B). Reacting melts, which are ascending, may
have entrained these olivines. If the reaction forces the
transporting melt into plagioclase only stability (based
Figure 8: Compositional variations between Cr
spinel hosted in harzburgite and dunite from
the Oman ophiolite (modified from Keleman et
al., 1995)

Reaction/Dunite
Formation
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on high-anorthite plagioclase petrography) then olivine may enter into disequilibrium
with the melt and react. This may account for the rounded morphology characteristic of
Cr-spinel bearing forsteritic olivines associated with high-anorthite plagioclase in PUB
(Figure 7B). Olivines with lesser forsterite and nickel contents (plus no spinel) may then
be products of the system reaching the plagioclase and olivine cotectic after high
anorthite plagioclase crystallization (Figure 13).
Population trends describing the variability of Cr-spinel geochemistry are
extremely similar between samples (Figures 9-11). The compositions of spinels found in
the ground mass are typically at the relatively Cr-rich and Mg-poor end of the
population trends. This may suggest that groundmass spinels are likely equilibrating
with an evolving melt for longer periods of time than spinels included in other phases.
Their increased Cr#, TiO2, Fe3+# may record the highest degree of melting that occurs
during the proposed melt-mantle reactions and/or degree of differentiation during
transport.
Quantifying the mass balance of the reaction and the compositions of the liquids
involved is critical to our understanding of the formation of the oceanic lithosphere.
Below is a model for this reaction that can allow potential parental liquid compositions
to be assessed and the reaction coefficients for the phases participating to be
quantified.
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Figure 9: Major element trends from spinel hosted in anorthite (black), olivine (red) and
groundmass (blue) found in PUB samples (West Valley segment (JdF), Axial Seamount
(JdF), and SEIR). Cr# (Cr/Cr+Al) varies inversely with Mg# (Mg/Mg+Fe2+), which is
consistent with thermodynamic predictions of Sack and Ghiorso, (1991) for spinels
equilibrating with an ascending MORB melt. All spinel data points indicated to have
plagioclase affinity are associated with anorthitic feldspar compositions (>An 85-93).
Where spinel is found in the groundmass they tend to contain higher Cr# and lower
Mg#. Data points from SEIR spinel hosted by plagioclase and olivine appear to be
compositionally segregated where olivine hosted spinel have generally higher Mg# and
lower Cr# and plagioclase hosted spinel generally have lower Mg# and higher Cr#.
Dashed oval represents compositions of spinel from Southwest Indian Ridge (SWIR)
abyssal peridotite from Dick, (1989). The green star represents an actual spinel
compostion from Dick, (1989) used in reaction calculations (below).
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Figure 10: Plotting Cr# versus TiO2 (wt%) delineates the previous geochemical trends
(Mg# vs. Cr#) causing the spinel data to cluster around particular titanium compositions.
Because spinel Ti has been found to correlate well with host melt Ti (Kamenetsky et al,
2001) this plot has been used as a method for identifying melts interacting with mantle
peridotite, thus displaying the potential compositional range of melts percolating within
a given system (Peacre et al., 2000). The geochemical similarities between MORB and
peridotite spinel are not thought to be a coincidence (Keleman et al., 1995), but spinel
precipitated directly from evolved MORB melts are found to have greater
concentrations of Ti than spinel from the mantle (Dick and Bullen, 1984). Dashed oval
represents compositions of spinel from Southwest Indian Ridge (SWIR) abyssal
peridotite from Dick, (1989). The green star represents an actual spinel compostion
from Dick, (1989) used in reaction calculations (below).
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Figure 11: Spinel Fe3+# (Fe3+/Fe3++Cr+Al) versus TiO2 (wt%) exhibiting positive
correlation. Spinel data generally clusters according either to sample location or affinity
of the data point. Spinel data presented here exhibit Fe3+# below 0.1, a characteristic
Barnes and Roeder (2001) observed in > 82% of spinels in mantle samples investigated
globally. The low Fe3+# and Ti contents of these spinel suggest they have a mantle
provenance. Previous investigations using spinels as petrogenetic indicators
documented systematically higher Fe3+, Ti, and Cr# contents in spinel from abyssal
peridotite with increasing proximity to reaction zones represented by dunite channels
and then within basalt (Dick and Bullen, 1984; Roeder and Reynolds, 1991; Dick and
Natland, 1996). Roeder and Reynolds, (1991) pointed out that variability in spinel ferric
iron content can reflect changes in magmatic fugacity due to the differentiation of
interacting or precipitating melts. The concurrent increases in Cr#, Fe 3+# and TiO2 (wt%)
exhibited by spinel here appear indicative of reaction between these mantle spinel and
an evolving melt (increasing fO2). Dashed oval represents compositions of spinel from
Southwest Indian Ridge (SWIR) abyssal peridotite from Dick, (1989). The green star
represents an actual spinel compostion from Dick, (1989) used in reaction calculations
(below).
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Figure 12: Ternary describing the atomic proportions of Cr, Al and Fe3+ within basaltic
and mantle spinel. Color coding and shapes of data points from this study remain the
same as in previous figures from this chapter. Dick and Bullen, (1984) utilized this
ternary system to differentiate between fractional crystallization and mantle melting
signatures within spinel. Plotting spinel data from this study in this ternary re-enforces
the conclusions of this study that spinel within anorthitic plagioclase contain a mantle
geochemical signature; thus providing a provenance for these spinel and melts parental
to high anorthite plagioclase.
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Figure 13: Plot of Ni (wt%) and forsterite content (Fo%= Mg/[Mg+Fe2+]) for olivines from
the SEIR PUB sample. Olivine hosting Cr-spinel exhibit more primitive major and minor
element compositions. The effects of mixing and olivine fractionation appear to
potentially connect the two olivine populations. However the gap between the two
populations leaves room for speculation about the absolute link between these olivine
compositions. Since olivines hosting Cr-spinel are never found to be contacting
plagioclase, this data supports the hypothesis they are entrained components of dunite
or mantle assemblages. Differentiation vectors are from Straub et al., (2008).
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Anorthite Crystallization Model
Since MORB glasses have never been found in equilibrium with anorthitic
plagioclase (Kohut and Nielsen, 2003) it is apparent that either we have yet to sample
such melts or they are unable to erupt as a result of the crustal filter represented by the
lower crustal cumulates, the sub-ridge mush zone and the axial magma chamber
(Walker and Stolper, 1980; Sparks, 1984; Coogan et al., 2000; Kohut and Nielsen, 2003).
To determine what such melts may look like and the extent of reactions required to
form them, we will combine our new data with previously established anorthite
formation models (Fisk, 1984; Panjasawatwong et al., 1995; Kohut and Nielsen, 2003).
Our goal is to develop an anorthite crystallization model that further constrains the
composition of these anorthite saturated parental liquids.
The model presented here is based on the petrographic evidence to constrain
the conditions and phase equilibria related to anorthitic plagioclase formation. Since
olivine has yet to be found in contact with high-An plagioclase, our model is based on a
two step process, in contrast to earlier models (Sinton et al., 1993; Kohut and Nielsen,
2003) .
L1 + Al-Sp + px + Opx → L2 + Ol
L2 → PlAn + Ol + L3

(3)
(4)

Where L1 is assumed to be a near primary magma (in equilibrium with olivine, cpx, opx
and sp at high pressure). As this magma ascends from the melting regime into the
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upper mantle, the equilibrium phase relations will change, with clinopyroxene and
spinel becoming increasingly unstable. This will cause the aluminous spinel (Al-sp),
clinopyroxene (Cpx) and orthopyroxene (Opx) to react to form olivine (Ol; i.e. dunite
channels) and a liquid parental to high-An plagioclase (L2). Following olivine/dunite
formation (>3 kb), those melts will ascend into the high-anorthite plagioclase stability
field given stability of anorthite within MORB (<3 kbar; Nielsen et al., 1995; anorthite
content decreases at a rate of 1%An/kbar: Fram and Longhi, 1992). At that point the
melt (L2) should precipitate high-anorthite plagioclase (PlAn) prior to olivine (Ol)
according to the petrographic constraints (4) which then forms a derivative liquid (L3).
“Perched” saturation of anorthitic plagioclase would therefore be caused by the
continued reaction of a primary melt with a mineral assemblage containing significant
spinel.
Taken together, the petrographic evidence, high-anorthite hosted melt inclusion
formation temperatures (Sinton et al., 1993; Nielsen et al., 1995; Kohut and Nielsen,
2004; Sours-Page et al., 2002) and compositional constraints on parental liquids
(CaO/Na2O = ~ 10.5; Fisk, 1984) allow for the composition of a potential parental liquid
to be iteratively reproduced using the phase equilibria based numerical modeling
program COMAGMAT (Figure 6, Table 2; Ariskin et al., 1993). Notably, simulation of a
phase assemblage and mineral composition similar to that observed in PUB using
COMAGMAT only required a CaO/Na2O ratio of 9.27. This result is in slight
disagreement with previous requirements for high-anorthite crystallization suggesting
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CaO/Na2O = ~ 10.5 (Fisk, 1984; Panjasawatwong et al., 1995; Ridley et al., 2006). How
much this reflects model error or our lack of understanding of anorthite petrogenesis is
unclear. Additionally, a significant difference between
our model and previous models is the higher Mg
content. In any case, this L2 only represents half
of the right side of reaction (3). To evaluate the
potential for this liquid to be formed via meltmantle reaction variable amounts of olivine
crystallization (10-30%) were added back into
this liquid using the program PETROLOG
(Danyushevsky, 2004). These compositions (L2 +
%Ol) were compared to calculated melt-mantle

Table 2: Model Liquid
oxide

COMAG (L2)

SiO2

48.68

TiO2

0.81

Al2O3
FeO*
MnO
MgO
CaO
Na2O

16.98
9.12
0.01
9.08
13.81
1.49

K2O

0.01

P2O5
total
CaO/Na2O

0.01
100.00
9.27

reactions representing the right side of equation
Table 2: (COMAG) Modeled
(3). Melt-mantle reactions were simulated by
liquid composition from
phase equilibria based
adding variable proportions of a primitive liquid (L1)
numerical program
COMAGMAT that
component and solid (Al-Sp + Cpx + Opx)
accurately recreates
observed petrography
component (Table 3). Mixing of an experimentally
(Figure 7).
formed primitive liquid composition (Kinzler, 1997) with solid phase compositions Alspinel (star in Figures 9-11), primitive clinopyroxene and variable orthopyroxene (Table
3) was found to compare well with the right side of reaction (3) initially derived using
petrography with 25% olivine fractionation added. Although this method produced
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melts of generally similar composition there is disagreement in the CaO/Na2O, which is
thought to control the anorthite content of plagioclase (Fisk, 1980). The exact mineral
components and conditions needed to more accurately reproduce high CaO/Na2O in the
melt is currently unclear. However, for the time being we assume a general agreement
between these melt compositions. From this exercise it is clear that the modal
proportion of clinopyroxene controls the reaction product as the reaction coefficients of
spinel, clinopyroxene and orthopyroxene were found to be 0.08: 0.60: 0.32 respectively.
Abyssal peridotites from the Southwest Indian Ridge are documented to contain modal
clinopyroxene/spinel ratios (Dick, 1989) similar to the ratio of the reaction coefficients
for spinel and clinopyroxene (~7-8). This may suggest modal contributions during
reaction. The relatively small reaction coefficient for orthopyroxene (compared to
average modal abundance in peridotite) may suggest a small contribution to the
mixture. This is not unexpected considering that orthopyroxene may be transforming
into olivine via a peritectic reaction. Calculations of liquid and solid component mixing
consistently required ratios greater than 7, regardless of the primitive nature of both
mineral and liquid compositions. Small degrees of melt percolating through spinel
peridotite are suggested by such high solid/melt ratios.
The compositions of the model liquids forming high-anorthite plagioclase
between documented temperatures of anorthite hosted melt inclusion formation
(Figure 14; Sinton et al., 1993; Nielsen et al., 1995; Sours-Page et al., 2002) appear
similar to pillow rim glass compositions from MORB and melt inclusions hosted by both
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primitive plagioclase and olivine (Tables 4-5). In addition, at 1200°C, the model melt
composition (L3; Table 3) is somewhat similar to melts observed at both slow and fast
spreading ridges (Davis and Clague, 1987; Natland, 1989) and host glass from the
samples used in this study (Table 6). Although, in both sets of comparisons there is again
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Melt Inclusion Formation

1,260
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Figure 14: COMAGMAT model depicting 40% fractional decompression
crystallization from 3 - 0.001 kbar at QFM fugacity using the COMAG composition
from Table 3. Melt inclusions formation temperatures are from Sinton et al.,
(1993), Nielsen et al., (1995); Kohut and Nielsen, (2004); Sours-Page et al., (2002).
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Table 3: Compositions used in mixing calculations
Reactants

Product

COMAG +25% Ol

L1

Sp

Cpx

Opx

L2 + Ol

L2 + Ol

SiO2

43.5

0.07

49.5

54.27

46.20

46.38

TiO2

0.41

0.14

1.05

0.07

0.57

0.55

Al2O3

13.8

52.21

10.8

5.28

13.10

13.96

FeO*
MgO
CaO

8.07
17.6
11.8

9.57
20.32
0.05

8.36
12.5
15.5

5.54
31.33
1.88

7.86
18.75
10.81

8.43
18.62
10.64

Na2O

1.62

0.00

1.15

1.63

1.40

1.08

1.20
99.88
7.72

0.19
99.85
9.85

Cr2O3
0.14 14.94 0.99
0.34
Total
96.94 97.30 99.85 100.34
CaO/Na2O 7.28
Mg#
0.78
Cr#
0.16
3+
Fe #
0.02

Table 3: Compositions of reactants and products used in numerical mixing models
attempting to simulate assimilation of peridotite phases during the ascent of a
primitive liquid through spinel peridotite. (L1) experimentally produced glass from
Kinzler, (1997). (Sp) aluminous spinel composition from Dick, (1989). (Cpx)
experimentally produced fertile clinopyroxene composition from Johnson et al.,
(1998). (Opx) orthopyroxene composition from Dick, (1989). The product
composition of the mixing model appears very similar to the COMAGMAT + 25%Ol
derived liquid composition thatis constrained by petrographic observations of
anorthite and melt inclusion formation temperatures.
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significant contrast in the CaO/Na2O, where natural lavas compositions appear to have
lower CaO/Na2O. As will be addressed in the following chapter, it is currently unclear
what the direct relationship between melts parental to high-anorthie plagioclase and
erupted MORB are. Therefore it is difficult to identifty the cause of descrepency
between modeled and natural lava CaO/Na2O presented here. However, It may be
possible that melts in equilibrium with anorthitic plagioclase are not observed in lava
suites because such primitive compositions with high CaO/Na2O simply evolve past such
high ratios and/or never make it out of the lower and middle crust. If that is the case,
the only evidence of their presence as a component of array of MORB magmas lies in
the plagioclase megacryst and lower crustal troctolites and anorthositic veins observed
in lower crustal sections seen in ophiolites (Korenga and Kelemen, 1997) or in oceanic
fracture zones (Dick and Natland, 1996; Coogan et al., 2002).
Using Figure 14 as a proxy for the thermal and compositional constraints within
the PUB related magmatic system, there are two potential transport and residence
histories for these megacrysts: (1) anorthitic plagioclase crystals become physically
separated from the derivative liquid (L3) near An86 compositions and/or (2)
chemical/thermal buffering of the system occurs ~1230 °C to maintain the petrographic
relationships. In regards to the first scenario, buoyancy driven separation may be
induced by parental melt evolution which develops a greater density than anorthitic
plagioclase (Flower, 1980). For example, the density of the COMAGMAT calculated
liquid at 1200 °C is 2.70 g/cm3. Anorthitic plagioclase (An90) at 1200 °C has a density of
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2.68 g/cm3 according to thermo-expansion calculations based on experimental work
(Campbell et al., 1978). Therefore, buoyancy driven crystal-liquid separation of
anorthite and parental liquid appears plausible. The second scenario requires that
anorthite saturation is sustainable within discrete portions of MOR systems. In
particular, this would require the consistent presence of anorthite saturated melts.
Essentially a system buffered in the components of high-anorthite plagioclase through
the continual arrival of melts produced as a result of the proposed reaction. In addition
the system would need to be a largely thermally buffered system and be hosted by rock
that contributes to anorthite stability. Reaction between troctolites found in the lower
oceanic crust and migrating melts has been inferred from slow spreading ridge drill core
(Natland and Dick, 2001). Plagioclase from such troctolites often exhibit calcic
compositions (Natland and Dick, 2001) and therefore could impart anorthite stability on
ascending melts. However, the troctolites themselves are often considered individual
intrusive events from ascending upper mantle melts (Coogan et al., 2002) and therefore
begs the question as to which system imparted equilibrium on the other. In addition,
recent Sr-isotopic analyses of PUB anorthite megacrysts from these samples and others
indicate common disequilibrium between anorthite crystals, the cores and rims of
individual crystals and the crystals and groundmass (Lange et al., 2012 in press). To
maintain these distinct signatures, anorthitic plagioclase formation must occur prior to
significant crustal aggregation of ascending MORB melts (Figures 7-8).
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Lesser anorthite compositions (<An86) are common to MORB (Bryan 1983), but
are usually not observed from the population of plagioclase megacrysts characteristic of
PUB (exception – Southeast Indian Ridge, Blanco Fracture zone and Axial Seamount
PUB; Chapter 2). The nearly complete absence of megacryst rims containing lower
anorthite suggests separation of the two plagioclase types during growth. Although
potentially genetically linked via an evolving parental melt, it may be the entrainment
process within the mush zone that occasionally brings them together.

SiO2

Table 4: Comparison of model and pillow rim glass compositions
L3
Axial
Gorda Ridge* Siqueiros FZ*** SEIR^ Galapagos#
(1200°)
Glass
49.58
49.17
50
50.43
47.84
47.9

TiO2

1.02

1.24

1.93

1.2

1.22

0.81

Al2O3
FeO*
MnO
MgO
CaO
Na2O

14.32
10.73
0.01
8.94
13.81
1.55

16.42
8.46
0.14
11.07
12.24
2.47

14.6
10.5
0.18
7.65
10.7
2.88

16
9.23
0.11
8.5
12.38
2.16

16.65
10.8
0.13
8.95
11.13
2.58

17.28
8.29
0.12
10.1
12.85
2.1

K2O

0.01

0.11

0.16

0.06

0.07

0.01

P2O5
total
CaO/Na2O

0.01
100
8.91

0.15
100
4.96

0.19
98.79
3.72

0.15
100.21
5.73

0.06
99.43
4.31

0.06
99.52
6.12

Table 4: Comparison between model liquid composition (L3) at 1200° from Figure 6, host
PUB glass from Axial Seamount (Table 1) and literature pillow rim compositions (**Davis
and Clague, 1987; ***Natland, 1989; ^Priebe, 1998, #Sinton et al., 1993)
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Table 5: Comparison of model and selected melt inclusion compositions
L2 (MI
Axial Glass ER (Pl)** EPR (Pl)*** GR (Pl)*
GSC (Pl)#
Temps)
SiO2
48.68
49.17
49.58
49.85
50.37
47.35
TiO2

0.81

1.24

0.58

0.7

0.36

0.57

Al2O3
FeO*
MnO
MgO
CaO
Na2O

16.98
9.12
0.01
9.08
13.81
1.49

16.42
9.78
0.14
8.43
12.24
2.47

16.32
8.52
0.1
10.8
12.74
2.27

17.36
8.61
0.11
9.15
13.48
2.03

16.43
8.1
0.12
9.64
13.04
1.87

18.59
7.9
0.13
10.58
12.78
2.17

K2O

0.01

0.11

0.03

0.03

0.03

0.03

P2O5
total
CaO/Na2O

0.01
100
9.27

0.15
99.96
4.96

0.05
100.99
5.61

0.05
101.37
6.64

0
98.79
6.97

0.03
100.13
5.89

Table 5: Comparison between average model liquid composition (L2) between 1240° 
1280° (melt inclusion formation temperatures) from Figure 6, host glass from the Axial
Seamount sample (Table 1) and natural melt inclusion compositions from the Gorda
Ridge (GR; Nielsen et al., 1995), Endeavour Ridge (ER; Sours-Page et al., 1999), East
Pacific Rise (EPR; Sours-Page et al., 2002), and the Galapagos Spreading Center(GSC;
Sinton et al., 1993). (Pl) and (Ol) indicates melt inclusion hosted by plagioclase or
olivine, respectively.
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CONCLUSIONS:
Based on the historical interpretations of spinel compositions (e.g. Dick and
Bullen, 1984; Allan et al., 1989), Cr-spinel hosted within MORB anorthitic plagioclase
megacrysts contain inherited mantle signatures, with superimposed geochemical
characteristics generated by reaction between ascending primitive melts and spinel
peridotite. Data presented here supports interpretations of experimental (Sinton et al.,
1993; Kohut and Nielsen, 2003) and field evidence (Dick and Natland, 1996) data sets
suggesting that such reactions result in the formation of melts parental to anorthitic
plagioclase. The reaction may be depicted as:
L1 + ≥7(0!08!l-Sp + 0!60px + 0!32Opx) → L2 + Ol
This reaction is consistent with the model of Kelemen et al., (1995) where mantle
derived melts react with the peridotite mineralogy (olivine, clinopyroxene,
orthopyroxene and Al-spinel) during ascent. Concurrent with the formation of dunite
pods by the reaction of clinopyroxene with the ascending melt, a separate magma/host
reaction related to the generation of liquids saturated with anorthitic plagioclase takes
place.
L2 → PlAn + Ol + L3
The wide spread occurrence of high-An plagioclase within MOR tectonic regimes
indicates that such melt-mantle reactions and melts parental to high-anorthite
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plagioclase are a common mechanism for the formation of the array of MORB magmas,
and an important contribution to the formation of the oceanic crust.
Primitive portions of MOR magmatic systems that have plagioclase on the
liquidus, and are intangible to contaminated host glass analyses, can as a result be
investigated using MORB high-anorthite plagioclase compositions (Adams et al., 2011;
Weinsteiger et al!, 2012)! However, in contrast to plagioclase phenocrysts from “PU”
lavas from Icelandic and Mid-Atlantic rifts (Hansen and Gronvold, 2000; Hellevang and
Pedersen, 2008) the compositional character of MORB high-anorthite plagioclase
phenocrysts does not permit straightforward interpretation (Adams et al., 2011;
Weinsteiger et al., 2012; Lange et al., in press). In order to enhance our understanding
of the earliest stages of MORB evolution and oceanic crust construction we must be
able to decipher the major and trace element signatures of MORB high-anorthite
plagioclase.
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D

C

B

A

Figure 15: MOR model after Kelemen et al., (1995) and Kohut and Nielsen,
(2003) and melt aggregation model of Coogan et al., (2000). Proposed 87Sr/ 86Sr
isotopic mantle heterogeneities (shades of green) based on Lange et al., (2011).
A-D relates to stages of anorthite crystallization from Figure 8 (below). Transition
from orange (dunite) to red-brown (lower crustal gabbros) is the Moho. Greybrown is oceanic layers 1-3A. Grey is the transition and mush zone.
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Lherzolite

Figure 16A: Upwelling of the mantle
produces low percentage primary melts
(L1) that migrate and ascend towards
the surface.

Migrating
Melt (L1)

Spinel
A
A
Lherzolite

Migrating
Melt (L1)

Rx Zone
(Harzburgite)
Dunite
Channel
Formation

B

Anorthite
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Rx Zone
L2

C
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Moho
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Figure 16B: As a result of ascent
primary melts experience reduced
pressures and form low silica activites.
Seeking equilibrium, the melts
consume the silicate phases (Cpx, Opx)
and form dunite channels. Al (spinel)
and Ca (Cpx) become enriched in the
melt, leaving Cr-rich spinel as resitite.
Figure 16C: Prior to aggregation of
MORB melts, dervitive melts (L2)
ascend through established dunite
channels reaching the plagioclase
stability field where anorthitic
plagioclase precipitates. Plagioclase
crystals form around remaining restite
Cr-spinel.
Figure 16D: Anorthitic plagioclase
becomes separated from parental
melts and are transported across the
Moho where neutral buoyancy causes
the crystals to accumulate within the
mush zone. Anorthite remains in
residence until entrained by a later
ascending melt.
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Appendix

Table 6: Major Element and modal data for sampled PUB Basalts
Ridge
Latitude
Longitude
Depth (m)
Dredge/Sample

SEIR
39° 48.74' S
78° 23.67' E
2479
D48

Axial Seamount
45° 58.9' N
130° 02.0' W
1529
TT-170-47-10

West Valley
48° 392' N
129° 073' W
2570
D22

SiO2

49.82

49.17

50.61

Na2O
MgO
Al2O3

2.38
8.31
15.87

2.47
8.43
16.42

2.16
8.77
16.27

P2O5
Cl
K2O
CaO
TiO2
MnO
FeO*
Total

0.11
..
0.15
11.54
1.26
0.16
9.87
99.47

0.15
0.01
0.11
12.24
1.24
0.14
9.78
100.15

0.14
0.01
0.14
12.79
1.15
0.16
8.76
100.96

K2O/TiO2

0.12
25% Plg 2% Ol
0.1% Sp

0.09
22% Plg 1% Ol
0.1% Sp

0.12
20% Plg 1% Ol
0.1% Sp

Mode
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Table 4: Spinel Acquisition Information
Element Count time
Si
20
Mg
20
Al
20
Na
20
Cr
20
Ti
20
Ca
20
Ni
10
Fe
20
Mn
10

Calibration
KANO
CROM
GAHN
KANO
CROM
ILMN
KAUG
NiSi
MAGT
PYMN
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Chapter 3
Records of Upper Mantle and Lower Crust magmatic processes from MORB Anorthitic
Plagioclase
INTRODUCTION:
Upper mantle and lower crust processes have traditionally been investigated
using quenched volcanic glass from mid-ocean-ridges (MOR). These glasses have been
interpreted to represent the liquids produced by mantle melting and modified by crustal
level crystal fractionation (Hekinian and Walker, 1987; Grove et al., 1992; Eason and
Sinton, 2006). Such studies focus on the systematics of rare earth element (REE)
distribution, trace element ratios, and isotopic and major element concentrations
(Langmuir et al., 1992). Compositional variability of basaltic glasses has been correlated
to processes modifying parental magma compositions and to the mantle source from
which the melts originated. In recent years it has become evident that the processes of
magma transport and differentiation within the oceanic crust creates the homogenous
geochemical signals which characterizes MORB melts, effectively erasing the
information on crustal processes that we need to develop petrogenetic models (Rubin
et al, 2009). Regional tectonic and geographic characteristics such as crustal thickness
and structure, ridge segmentation, magma supply and spreading rate have been
documented as influences on the geochemical signatures of MORB, and the degree to
which the “original” signal gets modified within the crust (Klein and Langmuir, 1987;
Sinton et al., 1991; Niu and Batiza, 1993; Perfit et al., 1994; Niu and Hekinian, 1997;
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Sinton et al., 2002; Rubin and Sinton 2007; Rubin et al., 2009). At present, it is generally
believed that MORB compositions are dominated by low pressure differentiation
processes that have overprinted the primary melt compositions produced by melting
processes in the mantle (Elthon, 1979; Rubin and Sinton 2007; Rubin et al., 2009).
Therefore, the development of quantitative models of mantle and crustal processes
requires that we are able to evaluate the role of the active processes in the oceanic
lithosphere (Nielsen et al., 1995). In an attempt to achieve this level of understanding,
this investigation focuses on materials that we believe were created in the uppermost
mantle and lower crust; environments that are difficult to investigate directly, but
where studies of exposed lower crustal rocks suggest much of the development of the
observed geochemical signal of MORB glasses is produced (Kelemem et al., 1995; Allan
and Dick, 1996; Kelemen et al., 1997; Coogan et al., 2000).
Melt inclusions within olivine and anorthitic plagioclase are a potential source of
primary information on the character and magnitude of processes active in the upper
mantle and lower crust. In general, they are inferred to represent relatively unmodified
parental melt compositions, shielded from post entrapment processes by their host
crystal (Kohut and Nielsen, 2004; Shaw et al., 2010; Weinsteiger et al. 2012). Melt
inclusions are common in MORB phases, particularly in plagioclase. This association
suggests melt inclusion formation processes take place concurrently with the evolution
of most basaltic magmas (Kent, 2008). As a first approximation, melt inclusions are
thought to represent the liquid from which a host phenocryst grew from (Anderson and

72
Wright, 1972; Watson, 1976; Roedder, 1984; Nielsen et al., 1995; Adams et al., 2011;
Weinsteiger et al., 2012). On average, melt inclusions from MORB lavas are found to be
relatively primitive compared to their host lavas (Sinton et al., 1993; Kent 2008). When
isolated within the crystal structure, melt inclusions can provide a source of information
valuable in investigation of conditions (P, T, X) experienced by parental melts (Roedder,
1979; Sinton et al., 1993; Nielsen et al., 1995; Sobolev, 1996; Kohut and Nielsen, 2004;
Kent, 2008). One common observation in MORB melt inclusions is the presence of a
wide range of melt inclusion compositions found in anorthitic plagioclase (Nielsen et al.,
1995; Danyushevsky et al., 1996; Sours-Page et al., 1999; Nielsen, 2000; Font et al.,
2007). This phenomenon has been interpreted to represent a sampling of the original
magmatic diversity in MORB systems, trapped prior to processing of the magmas in the
lower crust (Nielsen et al., 1995, Sobolev, 1996; Kent, 1999a, Sours-Page et al., 2002;
Font et al., 2007; Nielsen et al., 2011). However, some of the observed range of
composition has also been attributed to syn and post-entrapment modification, either
through diffusive re-equilibration or from entrapment of a boundary layer at the
melt/mineral interface (Danyushevsky et al., 2002, 2004; Baker, 2008). The
compositional diversity is exhibited in both major and trace element concentrations
with slow diffusing incompatible lithophile elements (e.g. Ti, Zr) and isotopic
concentrations (e.g. Sr87/Sr86) being the most robust indicator of pre-entrapment
composition (Kent, 2008; Adams et al., 2011). The relative uniformity of MORB lava
compositions in comparison to anorthitic plagioclase hosted melt inclusions may be an
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indication of efficient blending of different magmas within the oceanic crust (Sobolev
and Shimizu, 1993; Nielsen et al., 1995; Saal et al., 2005). However, that interpretation
requires a more complete understanding of the other processes active in the system
(diffusion and fractionation related).
To assess the degree of crustal processing represented by MORB, it is important
to begin with the composition of the most unmodified mineral and melt compositions
hosted in MORB (Nielsen et al, 1995). High-An plagioclase (>An86) is usually inferred to
represent an early crystallizing phase in MORB, and often contain a large number of
melt inclusions that are commonly more Mg-rich than any reported MORB glass (Allan
et al., 1989; Nielsen et al., 1995; Sours-Page et al., 1999; Font et al., 2007; Adams et al.,
2011; Weinsteiger et al., 2012). The trace element composition of the plagioclase host
has not been a commonly used source of geochemical information in the oceanic
environment. In contrast, a number of studies have successfully used plagioclase zoning
profiles as indicators of process in volcanic rocks from arc environments (Pearce and
Clark, 1989; Tepley and Davidson, 2004 Ginibre et al., 2002, 2007; Streck, 2008; Costa et
al., 2008). Therefore, we propose to use the correlation of plagioclase textures,
compositions and hosted melt inclusions to develop a composite picture of conditions
where significant modification of primary melts occurs within MOR systems (Adams et
al., 2011).
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Considerable modification of primitive melt compositions are thought to occur
within mush zones beneath MOR (Flower, 1980; Cullen et al., 1989; Sinton and Detrick,
1992; Hansen and Grönvold, 2000; Natland and Dick, 2009). Mush zones are thought to
develop in environments where the input of heat and mass balances at a point between
the liquidus and solidus of the long term magma composition (Sinton and Dietrick,
1992). In environments with higher magma supply (e.g. EPR; fast spreading ridge), the
magmatic system below the ridge develops an axial magma chamber (AMC) – where the
long term average temperature is near the magma’s liquidus; In cases where the crustal
temperatures are near or below the solidus (e.g. SWIR; slow spreading ridge), an AMC is
often absent and magmas travel through the crust through narrow conduits. Increased
melt residence times and mixing processes due to the presence of AMC can homogenize
and evolve the geochemical character of ascending MORB melts (Rubin and Sinton,
2009). As a result, greater diversity and more primitive lava compositions are observed
along slow spreading ridges.
In each of those environments, the phenocryst component of the magma may
behave differently, depending on the density and size of the crystals. In all cases
involving MORB, olivine and clinopyroxene crystals will be significantly denser than their
host magma. Such is not the case with plagioclase. The relative density of MORB
magmas and their associated plagioclase phenocrysts is a complex function of
temperature, pressure and composition (Fujii and Kushiro, 1977; Sparks et al., 1984). In
all cases, plagioclase is near neutral buoyancy (Flower, 1980; Sparks et al., 1984). Where
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plagioclase is less dense than the associated melt, the buoyant crystals can rise to a
region of neutral buoyancy and accumulate into an anorthositic cumulate (Fujii and
Kushiro, 1977; Flower, 1980; Cullen et al., 1989; Grove et al., 1992; Hansen and
Grönvold, 2000). In cases where plagioclase is more dense than the associate melts, the
crystals will sink, forming a “gabbroic” cumulate; Regardless, melts in transit must
percolate through this crystal rich zone where melt mixing and other differentiation
processes are active. Disruption of the mush may preferentially entrain plagioclase
crystals from those cumulates resulting in plagioclase ultraphyric basalts (PUB; >15%
modal plagioclase; Cullen et al., 1989; Grove et al., 1992; Hansen Grönvold, 2000). In
general, those crystals are anorthitic and therefore represent products of the earliest
stages of MORB differentiation (Cullen et al., 1989; Nielsen et al., 1995; Natland and
Dick, 2009; Weinsteiger et al., in review).
Developing a petrogenetic model that reconstructs the ambient conditions of
anorthitic plagioclase growth, residence and transport within the upper mantle and
lower crust requires decoding the compositional variations of anorthitic plagioclase
populations (Adams et al., 2011; Nielsen, 2011; Weinsteiger et al., in review). Mirroring
the compositional variability of hosted melt inclusions (Nielsen, 2011), anorthitic
megacryst populations are relatively homogenous with respect to major element
contents but exhibit wide variations in trace element concentrations (Adams et al.,
2011; Weinsteiger et al., in review). In some cases however, the major and trace
element characteristics of the population of anorthitic plagioclase in a sample
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collectively form a coherent population that may be interpreted to record the effects of
specific magmatic processes (Sample E-32; Adams et al., 2011). However, the influence
of individual processes may be exhibited by individual crystals – independent of the
geochemical signatures of other crystals from the same magma. The influence of other
processes may only be seen by considering information from the entire crystal cargo.
Therefore, to develop a composite picture of where MORB anorthitic plagioclase form
we must be able to decipher individual anorthitic trace element profiles. Notably, highAn plagioclase has never been observed to be in equilibrium with any naturally
occurring glasses (Cullen et al., 1989; Kohut and Nielsen, 2003). The disruption of the
mush zone and cumulate pile by ascending magmas entrains crystals with a variety of
provenance, including primitive and evolved crystals, crystals with a range of residence
times and crystals generated from a variety of magmas (Cullen et al., 1989; Adams et al.,
2011). Thus, in order to understand the petrogenesis of such a heterogeneous crystal
cargo, we must obtain information from plagioclase crystals, melt inclusions and host
lavas from PUBs.
This study investigates the major and trace element variations of individual
plagioclase crystals and populations from two samples of PUB. Based on this data we
explore the role of different differentiation processes present during anorthite growth
and describe the relationship between the crystal cargo, melt inclusions and host MORB
suites.
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SAMPLED SITES DESCRIPTION:
Samples of PUB from segment J2 of the Southeast Indian Ridge (SEIR; sample ID:
D48) (Figure 1-2) and Axial Seamount (Figure 3; sample ID: TT-170-47-(10,11)) were
chosen for this study because of ridge characteristic similarities (e.g. intermediate
spreading rates, excessive magmatism, over thickened crust) and contrasts (e.g.
propagating rift versus seamount caldera and variability in melt composition). By taking
this approach we attempt to circumvent the issue of differing magma supplies and the
degrees of crustal processing that occurs between ridges of differing spreading rates
(Rubin and Sinton, 2007). As a result, our interpretations based on variations in texture
and composition between anorthite populations may then reflect only differences in
crustal processing.
Southeast Indian Ridge (SEIR)
Located southwest of Australia, the SEIR separates the Indo-Australian and the
Antarctic Plates (Figure 1-2). SEIR sample D48 is from a propagating rift (Condor et al.,
2000; Scheirer et al., 2000) labeled Segment J2 and is located on the Amsterdam-St.Paul
Plateau (ASP; Figure 2; Conder et al., 2000). The ASP massif stands 1-3 km above the
seafloor (Conder et al., 2000) and is formed by interaction of the ridge with the ASP
hotspot (Scheirer et al., 2000). At segment J2 the SEIR is reported to have an
intermediate full spreading rate of ~65 mm/yr (Conder et al., 2000). Gravity analysis
suggests 13 km of crystal thickness at the plateau (Scheirer et al., 2000). An “East Pacific
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Amsterdam-St Paul (ASP)
Plateau
J2
Figure 1: Map of Indian
Ocean, inlay outlines
location of Southeast
Indian Ridge.
Figure 2: Image showing the submarine
Amsterdam-St Paul (ASP) Plateau, bisected
by the Southeast Indian Ridge (SEIR).
Sample D48 was retrieved from Segment J2
near the ASP plateau (Nicolaysen et al.,
2007).
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Rise” type axial morphology (smooth topography and shallow bathymetry) is exhibited
by segment J2 in contrast to the Mid-Atlantic Ridge type morphologies (rough
topography and deep bathymetry) near the Australian Antarctic Discordance (Sempéré
and Cochran, 1997). The magmatic flux of the ASP hotspot is estimated to be between
0.05 and 0.1 km3/yr (Nicolaysen et al., 2007). Crystallization in the proximity of the ASP
plateau is thought to occur deeper than is typical of MORB and to be influenced by
clinopyroxene fractionation (Priebe, 1998).

Axial Seamount, Juan de Fuca Ridge
Sample TT170-47-(10, 11) is from the caldera floor of Axial Seamount (Rhodes et
al., 1990; Figure 3). Located on the Axial Segment of the Juan de Fuca Ridge, Axial
Seamount is flanked to the north and south by rift zones (Figure 3; NOAA, 2012). A full
spreading rate of ~60 mm/yr is reported for the Axial Segment (Johnson and Embley,
1990). Similar to the ASP Plateau, Axial Seamount is characterized by a crustal thickness
greater than the adjacent ridge segments. In the case of Axial seamount, it has been
inferred that the extra magma supply is derived from the Cobb hot spot (Chadwick et
al., 2005). Eight km of crust has been suggested to be present below Axial Seamount by
Hooft and Detrick (1995). Geophysical studies have suggested the existence of a magma
storage body 2.25-3.5 km beneath Axial Seamount (West et al., 2001). Specifically, low
p-wave velocities in this region permit an estimate of 5-25% melt present within this
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C.E. Smts.

Figure 3: Location map (Baker et al., 1995) and
bathymetric image of Axial Seamount (University of
Washington, 2008). Approximate location of CobbEickelberg Seamounts (CES) is from Desonie and
Duncan, (1990).
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body that may extend to 6 km depth (West et al., 2001). A melt lens is likely currently
present on top of this region of partial melt (Sinton and Detrick, 1992; Chadwick et al.,
2010). Magma is estimated to be supplied to the volcano at ~0.0075 km3/yr and total
magma contents to be 5-21km3 (West et al., 2001). Magma residence time based on
these estimates is suggested to be a hundred to a few thousand years (West et al.,
2001). Long term storage and homogenization of magmas in the large chamber or lens
beneath Axial Seamount is thought to be responsible for the uniformly primitive
erupted products found within the caldera (West et al., 2001).

METHODS:
The spatial context of the major and trace element characteristics within
individual anorthitic plagioclase crystals is central to this study. Further, it is important
that we are confident in the locations of both the rims and cores of the crystals and how
they reside within their host magma. Therefore whole rock chips, as opposed to
mineral separates, were mounted in 1-inch epoxy plugs and then polished for
microanalytical work. All chips included a number of phenocrysts with matrix/glass. This
methodology maintains groundmass/crystal relationships and petrographic
relationships between phases within the samples. Reflected light and backscatter
electron images (BSE) were obtained to document the petrographic associations (large
plagioclase with olivine, spinel inclusions, etc<) as well as laser ablation inductively

82
coupled plasma mass spectrometry (LA-ICPMS) analysis locations. Electron microprobe
(EMP) analyses were obtained first to establish the major and minor element variations
across individual plagioclase grains. The CAMECA SX-100 EMP at The College of Earth,
Ocean and Atmospheric Sciences, Oregon State University was used for BSE and
cathodoluminescence (Cl) imaging in addition to performing major element analysis.
Elemental analyses of plagioclase were collected with wave-length dispersive
techniques with operating conditions of an accelerating voltage of 15kV, a 1µm beam
and a 30nA sample current. Elemental analyses of host glass and melt inclusions used a
30nA sample current, an accelerating voltage of 15kV and a 5µm defocused beam.
Counting times plus calibration standards for all elements for all phases analyzed can be
found in the appendix (table 12). Analyses with totals < 98.5% or >101.5% or individual
oxide analyses outside the same margin of error were removed from the data set.
SEIR plagioclase trace element analyses were performed with a laser ablation
inductively coupled mass spectrometer (LA-ICPMS) at the W.M. Keck Collabratory for
Plasma Spectrometry at Oregon State University using a VG ExCell Quadrupole ICP-MS
and New Wave DUV 193 nm ArF Excimer or New Wave 213 Nd-YAG laser ablation
system. Plagioclase analyses were collected using an 80 μm spot size with a pulse rate
of 4 Hz. A 45 second dwell time analyzed for Li, Mg, Si, Ca, Sc, Ti, Cu, Zn, Rb, Sr, Y, Zr, Ba,
La, Ce, Pr, Nd, Sm, Eu, Gd, Gy, Er, Yb, Pb, Th and U according to the procedures of Kent,
(2004). Axial Seamount plagioclase trace element analyses were performed also with
LA-ICPMS at the W.M. Keck Collabratory for Plasma Spectrometry at Oregon State
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University but using a VG ExCell Quadrupole ICP-MS and New Wave DUV 193 nm ArF
Excimer or a Photon Machines !nalyte G2 193 nm !rF “fast” Excimer Laser system;
Plagioclase analyses were collected using an 80 μm spot size with a pulse rate of 4 Hz; !
45 second dwell time analyzed for Li, Mg, Si, Ca, Sc, Ti, Cu, Zn, Rb, Sr, Y, Zr, Ba, La, Ce, Pr,
Nd, Sm, Eu, Gd, Gy, Er, Yb, Pb, Th and U according to the procedures of Loewen and
Kent, (2012). Standard reference material GSE-1G was used for calibration for the
analysis of plagioclase. Analytical precision and accuracy was monitored using repeated
analyses of BHVO-2G and BIR-1G.
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Ca was used as the internal standard, and CaO

composition measured by EMP was used to calculate elemental abundances. Point
analyses using LA-ICPMS were chosen using points previously analyzed by EMP. Belowsurface melt inclusions plus relatively thin phenocrysts can cause contamination of laser
analysis during ablation; therefore raw data was screened for signals of accidental glass
or incorrect crystal analysis.
External reproducibility for each analytical method used in this study was
determined by multiple analyses of a standard. Element analysis error is reported in
mineral composition data tables within the appendix.
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RESULTS:
This section reports the petrographic and analytical results for investigations of
anorthitic plagioclase from 2 hand samples of PUB, one from each site listed above. In
this study 23 Axial Seamount plagioclase crystals and 13 SEIR plagioclase crystals were
investigated.
Both hand samples of PUB (SEIR and Axial) investigated in this study contain
roughly 20:1 modal proportions of plagioclase and olivine, respectively. Individual
anorthitic plagioclase grains are mainly euhedral and range from ~1000 µm to > 3000
µm in size. Plagioclase crystals host a variable number of melt inclusions often occurring
in bands (Figures 4-6, 24). Anorthitic megacrysts visually exhibit little to no zoning in
BSE, although few exceptions exist (Figure 5). Cr-spinel can be found both as an
inclusion and on the exterior of anorthitic plagioclase crystals (Figure 4). In both cases
spinel appears rounded/resorbed and kidney bean shaped (Figure 4). Spinel crystals
associated with anorthitic plagioclase are typically less than 200 µm in size. Not
uncommonly, Cr-spinel is also hosted within melt inclusions (Figure 4). When olivine is
present and contacts anorthitic plagioclase it is found to be consistently Fo86 and make
contact exclusively at plagioclase compositions ≤An86. In this situation, olivine tends to
be rounded and form an irregular/resorbed interface with plagioclase (Figure 4).
Anorthitic plagioclase from both samples are relatively homogenous with respect
to major elements (Figure 6-7, 11-12; Tables 7-8 in appendix). Anorthite contents
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Figure 4: BSE of anorthitic plagioclase (An) from Axial Seamount PUB (crystal #9) hosting
Cr-spinel (Sp) and melt inclusions. Also shown is the commonly observed irregular
interface with resorbed olivine consistently around Fo86. LA-ICPMS points are indicated
by colored circles. (inset) Trace element concentrations for each laser point reported.
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Figure 5: BSE of anorthitic plagioclase (An) from SEIR PUB (crystal #5) exhibiting an
anomalous amount of normal zonation and hosting bands of melt inclusions. In the
upper middle of the image is the commonly observed irregular interface with resorbed
olivine again found to be Fo86. LA-ICPMS points are indicated by colored circles. (inset)
Trace element concentrations for each laser point reported.
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generally vary only ± 3 mol % from core to rim (Figure 7), although some exceptions
exist (Figure 5). Both plagioclase populations exhibit greater ranges (Table 2) in
anorthite content on average than previous investigations (Adams et al., 2011;
Weinsteiger et al., in review). The largest and most anorthitic crystals observed (>3000
µm; ~An91) generally contain the most the homogenous major element content (±1.5
An; Crystal #11 Figure 7).
Trace element concentrations (i.e. Ti, Sr, Ba) within individual anorthitic
plagioclase from both samples are generally low (≤100s of ppm); Overall, the range in
trace element compositions (Figures 4-11; Table 1 and Tables 9-10 in appendix) from
individual crystals appears less than anorthitic plagioclase from other PUB samples
(Figure 8; Adams et al., 2011; Weinsteiger et al., 2012).

Sample(Segment)
TT-170-47-(10,11)
(Axial)
DR 48 (SEIR)

Table 1: Plagioclase Data Summary
Plg. An. range
Plg. Ti. Range (ppm)

Plg. Sr range (ppm)

82-93

50 - 220

170 - 310

79-94

40 - 180

80 - 200

Plagioclase populations from the SEIR and Axial Seamount samples have similar
ranges and concentrations of Ti (Table 1). The overall range in Sr between sample
populations is also similar, but Axial Seamount plagioclase exhibits greater Sr
concentrations on average than SEIR plagioclase (Table 1). A significant contribution to
the range of trace element concentrations exhibited collectively by Axial Seamount
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Figure 6: BSE and Cl
image of crystal #14
from the Axial
Seamount PUB
sample. Trace and
major element
profiles (below) were
acquired along the
yellow transect line
(A-A´). Major
element variations
(dashed line) are
indicated by
variations in
anorthite content.
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Figure 7:
Anorthitic
plagioclase
profiles from
Axial Seamount
PUB. Note the
general lack of
correlation
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trace elements
and major and
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Although the
profile for crystal
#11 indicates the
location of the
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in total exceeds
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plagioclase are from only a few crystals that appear compositionally unique from the
main population (example: Crystal #14 in Figure 8-10). Such crystals form the highs and
lows of the compositional range with the majority of crystal compositions occurring in
between (Figure 9).
Trace element variations, particularly Ti, Sr, Ba and the LREEs, are largely
decoupled from major element variations within individual crystals (Figures 6, 7). In
particular, it is not uncommon to find a 4% change in anorthite content across a crystal
with a concurrent factor of 3 increases in Ti content along the same profile (Crystal #9
Figure 4). These profiles largely form clusters in plots of Ti and Sr (Figures 9-11). Notably,
core and rim compositions are generally similar and trace element variability largely
exists in the mantle of these crystals (crystal #11, Figure 7). An exception to this
observation is the trace element content of crystal #14 (Figure 6) from the Axial
Seamount sample. This crystal exhibits a relatively narrow range of Sr compositions
(170-205 ppm) with a factor of 4 change in Ti (51-201 ppm), roughly from core to rim. In
addition, anorthite contents vary by only 2 mole % across the profile (Figure 6). In plots
of Ti and Sr crystal #14 forms a compositionally unique diffuse vertical pattern relative
to the remaining crystals from the sample.
Similarity in the trace element concentrations of Axial Seamount crystals forms
a shotgun pattern in plots of Ti and Sr (Figures 8-10). The overall pattern observed
appears similar to the trace element pattern documented by Adams et al., (2011) for
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Figure 8:Plagioclase trace element compositions from this study (A+B), Adams et al.,
(2011) (C+D; D22 from West Valley [Cousins et al., 1995]; TT170-72 ID #5 and TT175-51
ID #32 from Endeavor Segment JdF [Karsten et al., 1990]) and Weinsteiger et al., (in
review) (E-H; Gorda and SEIR Ridges).
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Figure 9: Plot of Ti and Sr values for individual crystals from the Axial Seamount
PUB sample. Individual crystals are indicated by circle rim color. Approximate
anorthite content is indicated by the color of the circle fill. Similarity in trace
element concentrations between individual crystals appears forms the
clustered of data points. With the exception of a few crystals (#3, #9), there
appears to be no correlation of trace element with analysis point location
within the crystal and anorthite content.
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Figure 10: Additional Ti and Sr values from individual crystals from the Axial
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Figure 11: Anorthitic plagioclase trace element chemistry from the SEIR
sample population. Individual crystals are indicated by circle rim color.
Approximate anorthite content is indicated by the color of the circle fill. In
stark contrast to the Axial PUB sample, the SEIR population appears to form a
composite trend where anorthite content and trace element abundances are
positively correlated. This relationship is not observed in individual crystal
chemistry from either sample.
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West Valley Segment PUB (JdF; Figure 8C). By comparison to Axial Seamount, SEIR
plagioclase from this study exhibits much less overlap in trace element composition and
forms a positively correlated array. This trace element trend is similar to plagioclase
trends from Endeavor Segment PUB (Figure 8D) also from Adams et al., (2011). In
addition, there appears to be a negative correlation between SEIR major and trace
element plagioclase contents (Figure 11).
Despite the dissimilarities in population trace element patterns, Axial and SEIR
anorthitic plagioclase exhibit similar diffuse negative correlations between the ratio of Ti
and Sr concentrations and anorthite content (Figures 12, 13). In this plot, plagioclase
compositions previously demonstrated as outliers continue to exhibit unique patterns
(crystal #14). Such direct relationships between major and trace elements do not appear
within individual crystal profiles.
Raw anorthite hosted melt inclusion compositions from both samples can be
found in the appendix (Tables 3-6). Melt inclusions from Axial Seamount plagioclase
exhibit greater amounts of post entrapment crystallization on average (Figure 24).
Assessment of the extent of post entrapment crystallization affecting melt inclusion
compositions can be found below in the discussion section.
The host lava in each case is moderately primitive normal-MORB (NMORB;
K2O/TiO2<0.15; Table 2, in appendix Table 11). Host glass from the Axial Seamount
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Figure 12: Major and trace element compositions of anorthitic megacrysts
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sample (TT170-47-10, 11) is found to be more primitive than the bulk of literature glass
analyses for the Axial Segment of the JdF (Figure 29).

Table 2: Sample Basalt Glass Compositions and Mode
SEIR glass composition (D48) shown here is from Priebe (1998)
Ridge
Latitude
Longitude
Depth (m)
Dredge/Sample
Oxide

SEIR
39° 48.74' S
78° 23.67' E
2479
D48
weight %

Axial Seamount
45° 58.9' N
130° 02.0' W
1529
TT-170-47-(10,11)
weight %

SiO2

49.82

48.47

Na2O
MgO

2.38
8.31

2.53
8.55

Al2O3

15.87

16.64

P2O5
Cl

0.11
..

0.10
0.01

K2O
CaO

0.15
11.54

0.12
12.46

TiO2
MnO
FeO*
Total

1.26
0.16
9.87
99.47

1.24
0.17
9.34
99.94

K2O/TiO2

0.12
25% Plg 1% Ol
0.1% Sp

0.09
22% Plg 1% Ol
0.1% Sp

Mode
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DISSCUSSION:
As shown above, the diversity and low concentrations of trace elements in
anorthite (Nielsen et al., 1995; Adams et al., 2011; Weinsteiger et al., in review; Lange et
al., 2011 in press) and anorthite hosted melt inclusions (Sinton et al., 1992; Nielsen et
al., 1995; Sours-Page et al., 1999; Adams et al., 2011; Weinsteiger et al., in review)
suggest that MORB anorthitic plagioclase form prior to melt-aggregation. Isotopic
heterogeneities found within these anorthite megacrysts and hand sample populations
also suggest formation prior to homogenization of MORB melts (Lange et al., in press).
Therefore, records of differentiation processes that modify the compositions of very
primitive melts are likely preserved within MORB anorthite. Weinsteiger et al. (in
review) pointed out that trace element trends formed by anorthite populations cannot
be interpreted without scrutinizing the individual crystal geochemical signatures. In an
effort to decode such trends and advance our understanding of the conditions in which
MORB anorthitic plagioclase forms this study has documented geochemical signatures
from individual crystals from two sample populations. The compositional variability of
those crystals and populations are discussed here within the framework of the predicted
effects of magmatic processes on plagioclase composition. In addition we discuss how
predicted equilibrium melt compositions relate to host glass, melt inclusion and near
sampled site lava compositions.
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Individual Crystal Compositions
Changes in environmental conditions resulting from crystal ascent, descent or
change in host liquid caused by mixing (e.g. changing T, P, Xliq) will potentially result in
the production of disequilibrium mineral assemblages (Weinsteiger et al., in review).
When these mineral assemblages are aggregated in sub-volcanic mush zones, they
reside in a common, albeit compositionally different melt from their melt of origin.
During this stage, the potential exists to chemically equilibrate these mineral
assemblages with the melt in which they now reside. To reach a state of equilibrium,
both the crystals and their host melt will exchange components through diffusive
equilibration. The rate of diffusive exchange of an element is dictated by crystal
composition, temperature and diffusion coefficient (Costa et al., 2009). As outlined by
Weinsteiger et al., (in review), we can model the compositional patterns that may be
produced by diffusive exchange using a combination of compositional and spatial
information (Figure 14). Elements in plagioclase with faster diffusivities and higher
partition coefficients (e.g. Mg, Sr) have a faster rate of equilibration than those with
slower diffusivities and smaller partition coefficients (e.g. Ti, Zr; Cottrell et al, 2002;
Weinsteiger et al., in review). If all elements are in an initial state of disequilibrium, and
the phases are characterized initially by a wide range of compositions, then diffusive reequilibration between a melt and crystal should result in narrow ranges of the faster
diffusing elements. There should also be preservation of the original range of the slower
diffusing elements (Weinsteiger et al., in review; Figure 14). On greater timescales the
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Figure 14: Cartoon illustrating the effects of diffusive re-equilibration with an
aggregated melt on different plagioclase profiles. Axis values are modeled
after data presented in this study. Individual crystals are indicated by circle
rim color. Approximate anorthite content is indicated by the color of the circle
fill.
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slower diffusing elements would eventually re-equilibrate and become homogenous
within the crystal. These predictions make the assumption that compositional variability
was present within the crystal to begin with, such as that driven by fractional
crystallization (Figure 14).
To assess whether diffusive re-equilibration has affected anorthite geochemistry
we must have some constraints on the relative diffusivity of Sr and Ti in anorthitic
plagioclase (Weinsteiger et al., in review). Measurements of Sr diffusivity in plagioclase
at appropriate conditions do exist (Cherniak and Watson, 1994) but the diffusivity of Ti
is only assumed to be significantly slower than Sr based on ionic size and valence
(Weinsteiger et al., in review).
Assessment of individual crystal compositions from the Axial Seamount lava
initially alludes to the effects of diffusive re-equilibration. In particular, the
compositional profile of crystal #14 (Figure 18) shows an apparent re-equilibration of Sr
relative to Ti in accordance with their predicted behavior. However, if crystal #14 were
re-equilibrating with a host melt then from core to rim the crystal should be moving
compositionally in the same direction (Figure 14; Weinsteiger et al., in review). The
trace element variability from core to mantle in crystal #14 does not appear to be
uniformly changing towards a single composition (Figure 18). In addition, the crystal
rims on opposite sides have fairly dissimilar compositions, perhaps owing to sector
growth/zoning (Figure 6). As a result we conclude that diffusive re-equilibration has not
affected this crystal’s composition; The trace element profile of crystal #14 suggests
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Figure 15: Ti and Sr content of plagioclase crystals from Axial Seamount (Figure 8) with
the effects of differentiation processes. The color of data point rims represents
individual crystals and data point cores represent anorthite compositions. The
fractionation model is for plagioclase only crystallization using Ds from Nielsen et al.,
(2012). The progressive melting vector indicates that decreases in Ti and Sr
concentration in the melt would be concurrent with increases in anorthite content due
to the dilution of Na and therefore increased Ca/Na ratios. Most data points cluster
around 160 ppm Ti and 240 ppm Sr forming no apparent trend when anorthite and core
to rim correlations are considered. However, the compositional variation observed in
crystal #9 suggests 20 to 30% plagioclase only fractionation (Figure 2). Core and rim
correlation of Crystal #3 may reflect a change in magmatic process. Such variance within
individual crystals is not uncommon.
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Figure 16: BSE of plagioclase xenocryst (Figure 4) from Axial Seamount represented in
Figure 1 as crystal #9. The plagioclase contains Cr-spinel inclusions and has a resorbed
interface with olivine at lower anorthite compositions. Based on the morphology and
change in anorthite composition this crystal is likely a composite of two anorthitic
plagioclases that grew together. The interiors of those crystals are inferred to be within
the dashed yellow line. LA-ICPMS and EMP point analysis locations are sh own by pink
circles (roughly LA-ICPMS spot size) which are filled according to anorthite content of
the location (see Figure 1 Key). (inset) Using trace element partition values from Nielsen
et al., (2012), approximately 20 to 30% plagioclase only fractionation is suggested by the
change in trace element content. However, this is not reflected in the change in
anorthite content given that a 10% change in anorthite is thought to require roughly
20% plagioclase only fractionation of the system (Figure 12). Major elements in these
systems are thought to be largely buffered and decoupled from trace elements.
Variations in plagioclase compositions observed here may reflect that condition.
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growth within a dynamic system where trace element concentrations in the melt were
continually changing; perhaps a result of a combination of differentiation processes.
Such processes should also be capable of producing the observed very small amplitude
changes in anorthite content (~±2 mole % overall; Figure 18).
Similar detailed profiles (Figure 7) combined with the interpretation of Ti and Sr
plots (Figures 15, 17, 19) were used to investigate all crystal compositions presented
here from both Axial Seamount and SEIR samples. Since crystal profiles exhibit little to
no correlation between trace elements (Figure 7), especially in regards to the effects of
diffusive re-equilibration, we conclude that diffusive re-equilibration has not affected
the geochemical signature of anorthitic plagioclase from theses samples. For the
remainder of this discussion we assume all compositions to be original and reflect
differentiation processes occurring where these crystals grew.
The consistency of the geochemical signatures from individual crystals between
samples suggests they record a similar set of growth conditions. Trace element
heterogeneities observed within crystal mantles suggest that fluctuations in ambient
conditions may induce crystal mantle growth. Similarity between rim and core trace
element compositions may then represent a return to the “standard state”; Largely, the
incoherent nature of these crystal profiles does not allude to any one differentiation
process forming these trace element signatures. Although, the trace element profile of
crystal #11 from Axial Seamount (Figure 7, 17) appears to suggest exposure to enriched
melt compositions. Small amplitude fluctuations in anorthite content that occur

106
280
Progressive
Melting

240
Rim

Ti (ppm)

200
40%

160

Mantle

30%

120

20%

10%
Plag. only
Rim
Fractionation

Rim

80

Core

40

Core

Mantle

0
150

170

190

210

230
Sr (ppm)

250

270

290

Crystal #11

Crystal #13

Crystal #14

Crystal #17

Crystal #18

Crystal #12

Crystal #15

Crystal #16

Crystal #19

Crystal #20

Crystal #21

Crystal #22

Crystal #23

An 88.6 to An 93.8

An 87.1 to 88.59

An 84.77 to 87.09

An to 84.77

310

Figure 17: Ti and Sr content of plagioclase crystals from Axial Seamount (Figure 9) and
results of differentiation processes. The color of data point rims represents individual
crystals and data point cores represent anorthite compositions. The crystal fractionation
model is for plagioclase only crystallization using Ds from Nielsen et al., (2012). The
progressive melting vector shown suggests that melting related decreases in Ti and Sr in
the melt would be concurrent with increases in anorthite content due to the dilution of
Na and therefore increased Ca/Na ratios. Similar to Figure 1, most crystal compositions
cluster around 160 ppm Ti and 240 ppm Sr. Crystals #11, #13 and #14 (see Figure 7)
exhibit relatively distinct trends that do not appear entirely coherent with a single
magmatic process, but rather crystal growth within a dynamic system. In particular,
Crystal #14 would appear as a diffusive re-equilibration trend given its vertical nature.
However, both rims and the crystal core lack the indicative coherent compositional
changes towards a single melt composition as suggested by Nielsen et al., (2012).

107
Figure 18: BSE and Cl image
for crystal #14 (Figure 6).
Trace element profiles
(yellow line in images) are
compared with an equilibrium
profile (solid black lines
within each plot) based upon
the equilibrium partitioning
expressions of Nielsen et al.,
(2012). Models were run at
1240°C with reasonable melt
concentrations of each
element (CLiq). Given the
predicted differences in
diffusivity between these
elements (Sr>>Ti; Cherniak,
2012) diffusive equilibration
would be assumed
responsible for these profiles
and images. However, Figure
7 refutes that interpretation
and suggests crystal growth
within a major element and Sr
buffered system.
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Figure 19: Plagioclase trace element compositions from the SEIR sample (Figure 10) and
results of differentiation processes. Crystal fractionation is plagioclase only and uses Ds
from Nielsen et al., (2012). The progressive melting vector suggests that melting related
decreases in Ti and Sr should be accompanied by increases in anorthite content. The
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main magmatic process forming this array (Figure 10).
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Figure 20: BSE of plagioclase xenocryst (Figure 5; Crystal #5) from the SEIR sample. LA
ICPMS analyses are indicated by blue circles (roughly the spot size) that are filled with
colors according to anorthite content (see Figure 8 key). Both Ti and Sr increase
towards the rim while anorthite content decreases. Mixing of primitive and more
evolved melts may be responsible for this signature. Similar to Axial Seamount
plagioclase shown in Figure 5, Fo86 olivine only contacts this SEIR plagioclase crystal
where lower anorthite compositions are observed. If we assume the core of this crystal
was being transported by its parent melt the dominant form of differentiation where
the remainder of this crystal grew may have been mixing. The olivine forsterite content
may reflect the resulting melt composition. On the other hand it possible that this
plagioclase resided along a conduit wall where it grew and recorded the variability in
composition of ascending melts. Either way, the geochemical signature of this crystal
alludes to the range in melt compositions that are present during anorthite megacryst
growth.
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continually across crystal #11 (±2.5 mole % from median) suggests the enriched melt(s)
is also saturated in anorthitic plagioclase.
Based on the greater variability of Ti than Sr in both anorthitic megacrysts
(Adams et al., 2011; Weinsteiger et al., in review) and anorthite hosted melt inclusions
(Nielsen, 2011), these trace element signatures are most likely developed in an
environment where major elements are largely buffered and Ti has greater ability to
vary than Sr. Conditions such as these are proposed to form as a result of channelized
melt flow within upper mantle and lower crust conduits (Speigelman and Kelemen,
2003). Numerical models describing channelized melt flow with concurrent reactive
transport suggest extreme cross channel variability of incompatible elements (Figure 21;
Spiegelman and Keleman, 2003). The degree of variability is proposed to be controlled
by the bulk partition coefficient of a given element, where more incompatible elements
exhibit greater cross channel variability (Spiegelman and Keleman, 2003). If we assume
Ti is moderately more incompatible than Sr during mantle melting, based on the
relatively wider range of Ti concentrations found in MORB anorthitic plagioclase and
melt inclusions (Sinton et al., 1993; Sours-Page et al., 2002; Adams et al., 2011;
Weinsteiger et al., 2012; this study), we would then expect more cross channel
variability in Ti within flowing melts (Figure 21). Adams et al., (2011) hypothesized that
anorthitic megacrysts such as those presented in this study are formed within conduits
in the upper mantle and lower crust. Therefore, we hypothesize that a significant
portion of this seemingly stochastic signal from individual anorthitic plagioclase
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represents crystal growth during advection from melt channel centers to edges during
transport. The trace element heterogeneities found within individual anorthitic
plagioclase may reflect the degree of trace element variability across conduits in the
upper mantle and lower crust. Crystals whose ascent stalls along conduit edges may
experience variable degrees of under-cooling and subsequent isothermal periods,
assuming no significant recharge of the system. Fluctuations of temperature across melt
channels may result in enhanced crystal growth (Cashman, 1993; Faure and Schiano,
2004; Kohut and Nielsen, 2004), perhaps explaining some of the large size (>1000 µm)
characteristic of anorthitic plagioclase (Flower, 1980; Cullen et al., 1989; Nielsen et al.,
1995; Adams et al., 2011; Zellmer et al., 2011). Repetitive stalling and ascent within a
major element buffered channel may also explain the formation of bands of melt
inclusions common to anorthitic plagioclase (Nielsen et al., 1995; Kohut and Nielsen,
2004; Figure 5). Isotopic heterogeneities found in anorthitic megacrysts (Lange et al., in
press) support this model as temporary residence along conduit walls in pre-melt
aggregation conditions may expose anorthitic plagioclase to diverse melt compositions.
A minority of anorthitic plagioclase from both samples exhibit strong evidence
for distinct differentiation processes. In an attempt to identify these processes, we
begin by modeling the predicted effects of plagioclase only fractionation using
experimentally determined plagioclase partition coefficients (e.g. DSr≈1;4, DTi≈0;03;
partitioning models were run at 1240 °C using partitioning expressions from Weinsteiger
et al., in review). The effect of plagioclase only fractionation is modeled here due to the

112

Figure 21: Numerical models melt
composition distribution with reactive
flow (top right) and chemical variability
of trace elements at the top of a melting
column at (bottom right) from
Spiegelman and Keleman, (2003). The
authors suggest that channelized flow
transposes the full range of variability of
incompatible elements produced by
melting throughout the melting column.
According to this model channelized
melt flow would produce a wide
variability in Ti relative to Sr.
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petrographic constraints presented above. Here we compare the model results to
observed variations in anorthitic plagioclase trace element concentrations (Figures 15
17, 19). Individual plagioclase crystal compositions from SEIR and Axial Seamount lavas
show almost no preserved evidence for fractionation as a lone acting process. Trace
element variations in crystal # 9 from Axial Seamount (Figure 16) are the exception.
Crystal #9 exhibits a geochemical signal consistent with 20-30% plagioclase only
fractionation. However, the signal is not without ambiguity since anorthite only changes
4 mole % (Figure 16). Fractionation of 20-30 % plagioclase should result in a ~10%
change in anorthite content. The geochemical signal preserved in crystal #9 may
illustrate the degree to which primitive portions of MOR systems may be buffered in the
stability of anorthitic plagioclase. Although the host rock can impart geochemical
influence on migrating melts, buffered MOR systems are usually thought to occur
through a continuous supply of melts with similar geochemical character (Korenga and
Keleman, 1997). Within such systems trace element concentrations have been shown to
vary considerably (Spiegelman and Keleman, 2003). Due to similar conditions where
anorthitic plagioclase saturated melts are buffering the system, Crystal #9 may preserve
the effects of fractionation through trace elements only.
Discrete portions of MOR systems may be perched in saturation of anorthitic
plagioclase as a result of the semi-continuous arrival of melts saturated in anorthitic
plagioclase. The trace element and isotopic character (Lange et al., in press) of those
melts would then be allowed to vary through time and space. This would require that
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reactions between ascending melts and spinel-peridotite to be also semi-continuous
throughout different parts of the melting regime. Thus, such reactions control the
production of high-anorthite plagioclase within MORB. In order to produce the
petrography characteristic of anorthitic plagioclase either buffering within these
systems wanes periodically to reach the olivine-plagioclase cotectic (hence semicontinuous) or crystal ascent removes plagioclase from buffered conditions.
SEIR anorthite preserves no clear evidence for fractionation, but several SEIR
crystals exhibit robust evidence for mixing processes (Crystals #5, #12; Figures 19, 20).
Below, we use these mixing signatures to guide our interpretation of trends formed by
the SEIR plagioclase population.
Geochemical Trends formed by Crystal Populations
The geochemical record of anorthite formation and crustal processing are
reflected in the trace element trends formed by populations of anorthitic plagioclase
from Axial Seamount and SEIR samples (Figure 15, 17, 19). The composite positive trend
formed by SEIR plagioclase Ti and Sr contents (ppm) (Figure 19) suggests independent
magmatic evolution apart from anorthitic plagioclase crystallization. According to
Weinsteiger et al. (in review) the negative correlation of anorthite and trace element
content exhibited by SEIR plagioclase may reflect crystallization from progressively
greater percent melts (Figure 19). However, several individual crystal profiles suggest
this trend is formed by increasing degrees of mixing between a depleted anorthite
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saturated melt and a more evolved enriched melt (Figure 19, 20). Mixing of these endmember melts during plagioclase crystallization should result in hosted melt inclusions
exhibiting decreases in Mg# with progressively greater plagioclase trace element
concentrations and decreasing anorthite contents. No such correlation is found since
melt inclusions from different crystals across the population trend have nearly identical
Mg# (Table #4 in appendix). It is possible that outlying crystals exhibiting mixing
signatures are xenocrystic to the SEIR population. However, in light of their contribution
to the trace and major element trend we suggest these crystals are cognate to the
population and their mixing signatures represent a subset of differentiation processes
occurring concurrently.
The Axial Seamount plagioclase population in contrast forms a trace element
pattern not distinguished by any correlations (Figures 15, 17). Although compositionally
outlying crystals allude to mixing processes (crystals #3, #11 , #13, #16) Axial plagioclase
trace elements suggests a more compositionally uniform source. Any differentiation
processes that occur apart from anorthitic plagioclase crystallization (which is likely
otherwise a fractionation trend would be observed) must be acting in support of this
dominant geochemical signal. Potentially, a continuous supply of anorthite saturated
melts with similar trace element characteristics may keep any fractionation signature
from forming.
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In contrast to trace element trends formed by crystal populations, correlations of
major (anorthite content) and trace elements (Ti/Sr) suggest both populations
experience very similar large scale crustal processing (Figures 23-24). The exact
differentiation processes represented by the negative relationship between Ti/Sr and
anorthite is unclear; however a consistent relationship between anorthitic plagioclase
trace and major elements initially not found in individual crystal chemistry is evident. A
solution space for this relationship is framed largely by the predicted effects of
plagioclase only fractionation (1). In this context, two numerically modeled processes
(assimilation and fractional crystallization [AFC] and fractional melting with melt
aggregation) show potential for explaining the trace element variability of MORB
anorthitic plagioclase populations. However, these models are currently only semiquantitative. Below are the equations used describing the models:
Fractional (Rayleigh) Crystallization

CL / CO  F ( D1)

(1)

Assimilation and fractional crystallization:

C L / CO  f '

C
r
 A (1  f ' )
( r  1  D ) CO

(2)

Where f’ is:

f '  F ( r 1 D) /( r 1)

(3)
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Fractional melting with melt aggregation:
1

1
C L / CO  (1  (1  F ) DO )
F

(4)

Where CL is the concentration of a trace element in the liquid, CO is the concentration of
a trace element in the original un-melted solid (based on depleted MORB mantle [DMM]
from Workman and Hart, 2005), f’ is the fraction of melt remaining in AFC processes, r is
the ratio of assimilation rate to the fractionation rate in AFC processes, D is the bulk
partition coefficient of a fractionating assemblage during crystal fractionation (AFC
model assumes An92 – An90 plagioclase, fractional crystallization model assumes initial
An92 plagioclase with a 10% change in anorthite resulting from 20% crystallization
[Figure 22]; both models run at 1240 °C using partitioning expressions from Weinsteiger
et al., in review), CA is the concentration of a trace element in the wall rock being
assimilated during AFC processes (based on DMM from Workman and Hart, 2005), F is
the weight fraction of melt produced in partial melting and D O is the bulk partition
coefficient of the original solids (Ti from Johnson et al., 1990; Sr assumed moderately
more compatible). Additional models presented (Increasing % melting and diffusive reequilibration; Figures 23-24) are not numerically based but represent the predicted
affects of these processes on plagioclase compositions. Importantly, both of these
processes assume constant partition coefficients. This is mainly to simplify the model
given that it is unclear how mantle melting processes affects the partitioning behavior of
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Figure 22: Relationship between percent fractionation (F. Mol %) and plagioclase
anorthite content (Mole % An) from the COMAGMAT data set used in the anorthitic
plagioclase petrogenesis model (Figure 6, Chapter 1). The average slope of mole % An
versus % fractionation, during plagioclase only crystallization, suggests a 10% change in
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Figure 23: Major and trace element compositions of Axial Seamount plagioclase (Figure
11). The fractionation model uses partitioning values from Nielsen et al., (2012) and the
ratio of Δ!n/%frac from Figure 12. AFC calculations assumed the assimilation of
depleted peridotite from Workman and Hart, (2005) and also used partition coefficients
from Nielsen et al., (2012). Although the change in anorthite composition as a result in
AFC processes is not clear, here we assumed that consumption of peridotite retards the
rate of decreasing anorthite during fractional crystallization. Melting models shown
assume constant partition coefficients, although it is not known to what degree
increasing the percent of melting affects the relative bulk partition coefficients of trace
element in peridotite. On a first order basis this plot illustrates the relationship
between anorthitic plagioclase trace and major elements. Fractional crystallization does
appear to be a significant process related to the formation of this population.

120

1.4

1.2

20%

Ti/Sr (ppm)

1

Fractional Melting and
Melt Aggregation

DIffusive Reequilibration

0%

0.8

20%
0%
AFC

20%

0.6
Increasing % Melt

0%

0.4
0.2
0
80

82

84

86
88
Anorthite (mole %)

90

92

Crystal #1

Crystal #2

Crystal #3

Crystal #4

Crystal #5

Crystal #6

Crystal #7

Crystal #8

Crystal #9

Crystal #10

Crystal #11

Crystal #12

Crystal #13

Xl Frac

Crystal Frac

AFC (r=0.5)

AFC (r=0.3)

AFC (r=0.1)

Melting

94

Figure 24: Trace and major element compositions of plagioclase xenocrysts from the
SEIR sample (Figure 12). The fractionation model uses partitioning values from Nielsen
et al., (2012) and the ratio of Δ!n/%frac from Figure 10. !FC calculations assumed the
assimilation of depleted peridotite from Workman and Hart, (2005) and also used
partition coefficients from Nielsen et al., (2012). As noted in Figure 11, the change in
anorthite composition as a result in AFC processes is not clear and we assumed that
consumption of peridotite retards the rate of decreasing anorthite during fractional
crystallization. Notably this plot appears very similar to Figure 11, despite large
differences between the plots of Ti versus Sr for individual crystals from both samples.
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incompatible elements. These calculations are not rigorously quantitative because the
actual conditions of anorthite formation are unknown. The largest unknown or
unconstrained variable is depth (pressure) of formation. Volatile contents of anorthite
hosted melt inclusions (in An81 – An91 plagioclase) performed by other groups suggest
depths of formation up to 40 km based on CO2 analyses of melt inclusions from Axial
Seamount (Helo et al., 2011). However, this appears unreasonable considering that
phase equilibria constraints restrict anorthitic plagioclase stability to ~9 km (Fram and
Longhi, 1992; Nielsen et al., 1995). Temperature and parental liquid composition are
much better constrained as a result of experimental investigations of anorthite and melt
inclusion formation (Sinton et al., 1993; Nielsen et al., 1995; Sours-Page et al., 1999;
Kohut and Nielsen, 2004; Adams et al., 2011; Nielsen et al., 2011; Weinsteiger et al., in
review).
Similar to previous work investigating MORB anorthitic plagioclase (Weinsteiger
et al., in review) we find records of different specific processes when crystal populations
are considered rather than individual crystals. The preservation of records of variable
differentiation processes on different scales supports the need to investigate individual
crystal profiles prior to interpreting population trends (Weinsteiger et al., in review).
Here we find little to no evidence for crystal fractionation as being influential on
plagioclase composition at the mineral scale (i.e. crystal trace-distance plots and Ti-Sr
plots). However, when both trace (Ti/Sr) and major elements (anorthite) are considered
fractionation appears to be a dominant process (Figures 23-24). The diffuse, negative
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correlations between plagioclase trace and major elements potentially represent the
differentiation processes affecting entire magmatic systems; such as throughout upper
mantle and lower crust conduits where entire anorthitic plagioclase populations form
(Figure 23-24). Where then mineral scale differentiation processes may continue semiindependently. The extent to which mineral scale and additional large scale processes
(i.e. AFC and fractional melting and melt aggregation) contribute to the geochemical
signals we observe and the overall evolution of primitive MOR magmatic systems will be
better constrained as we continue to gain a clearer picture of the transport and
residence history of these crystals.
Relationship of plagioclase phenocrysts to host magma and melt inclusions:
A critical step in our interpretation of the significance of the geochemical signal
we are measuring requires that we attempt to demonstrate how MORB anorthitic
plagioclase from these samples relates to the petrologic system from where they
originated. This is accomplished by comparing the trace element compositions of melts
in equilibrium with these anorthitic megacrysts to hosted melt inclusions and erupted
lavas from the same ridge (Figures 27, 29, 30). Equilibrium melt calculations use
anorthite trace element partitioning expressions developed by Weinsteiger et al., (in
review) using the formulas shown below:
RTln(Di)=aXAn+b

(5)

Di=Cxl/Cliq

(6)
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Where R is the gas constant (8.341*10-3 KJ/K mol), T is temperature in Kelvins (based on
melt inclusion formation temperatures of 1240 °C), Di is the partition coefficient for a
given element i, a is the slope, XAn is the mole fraction of anorthite (molar
Ca/(Ca+Na+K)), b is the y-intercept, Cxl is the concentration of element i in the crystal
and Cliq is the concentration of element i in the melt. Temperatures used in modeling
are based on anorthite hosted melt inclusion formation temperatures (Sinton et al.,
1993; Nielsen et al., 1995; Nielsen et al., 1999; Sours-Page et al., 2002; Kohut and
Nielsen, 2004; Weinsteiger et al., in review)
Melt inclusions used here have been filtered visually and geochemically to
determined if they have been comprised or for the effects of post entrapment
crystallization according to the criteria of Nielsen et al. (1998). Assuming Axial melt
inclusions are genetically related to the host glass and the array of melts erupted from
the sampled ridge segment we use the lever rule to correct melt inclusion compositions
for post entrapment crystallization (Figure 28). Melt inclusions from SEIR anorthitic
plagioclase however cannot be corrected to the 3 phase crystallization trend
(plag+ol+cpx) formed by ASP lavas (Figure 26). This is because clinopyroxene has not
been found to be associated with anorthitic plagioclase at low pressure (Flower, 1980;
Sinton et al., 1992; Nielsen et al., 1995; Kohut and Nielsen, 2003; Adams et al., 2011;
Weinsteiger et al., in review). Therefore, given the unaltered appearance of SEIR melt
inclusions (Figure 25) and their reasonable compositions (Tables 4, 6 in appendix) we do
not adjust SEIR melt inclusions.
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Figure 25: BSE images of anorthite
hosted melts inclusions from Axial
Seamount (top) and SEIR (bottom)
samples. Note the appearance of
crystal growth into the Axial melt
inclusions (MI) as opposed to the
clean appearance of the SEIR MI.
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Figure 26: Lavas from the ASP plateau (Priebe, 1998) and anorthite hosted melt
inclusions from this study. Priebe, (1998) interpreted the major element trend of ASP
lavas as three phase crystallization (plagioclase+olivine+clinopyroxene) that can be
modeled at variable depths (2-5kb). BSE images of these melt inclusions do not suggest
post entrapment has occurred (Nielsen et al., 1998). In addition, since clinopyroxene
has not been found associated with MORB anorthitic plagioclase it would be
unreasonable to correct melt inclusion compositions to this cotectic. Therefore these
melt inclusions are assumed to represent unaltered trapped melts reflecting either a
plagioclase only or plagioclase and olivine control line. Geochemical data from off
platform and off axis lavas near the ASP supports the presence of plagioclase and olivine
cotectic crystallization (Priebe, (1998). The thick black line represents the modeled liquid
line of descent (LLD) from the anorthite petrogenesis model (Chapter 1) using the
COMAGAT program of Ariskin et al., (1993).
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Both sets of melt inclusion data presented in this study appear significantly
offset from equilibrium liquid compositions. If these melt inclusions represent the
liquids from which the host anorthitic plagioclase grew from (Nielsen, 2011) then we
would predict their compositions to be coincident (or close to) with equilibrium melt
compositions. Here we can see this is not the case (Figures 29-30). Likely, there is some
inherent error associated with analyzing un-rehomogenized melt inclusions using laser
ablation techniques. Potentially, Ti acts extremely mobile (especially relative to Sr)
during laser ablation analyses of melt inclusions (Nielsen, personnel communication).
As a result, Ti concentrations are found to be falsely high. For the remainder of this
discussion we consider these melt inclusion analyses to be significantly flawed and do
not include them in this discussion.
Equilibrium liquids from both sample populations are significantly depleted
relative to the host glass (Figures 27, 29, 30). This is very similar to the relationship
observed between equilibrium liquids and host glass from Endeavor Segment anorthitic
plagioclase (Adams et al., 2011). Here, SEIR and Axial Seamount equilibrium liquids
appear to be connected to the host glass by ~ 30% plagioclase only fractionation.
However, crystallization of that much plagioclase through simple fractionation would be
energetically very difficult and therefore unlikely (Figure 31). Either the reaction process
or some other source within the magmatic system would need to produce a great deal
of extra heat to create 30-40% plagioclase only crystallization. In addition, recent
studies have shown that a direct fractionation link between host glass and anorthitic
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Figure 27: Compositional array of liquids in equilibrium with SEIR plagioclase xenocrysts
calculated using partitioning expressions from Nielsen et al., 2012. Individual crystals are
identified by rim colors. Circle interiors are colored coded according to point analysis
location within a crystal. Host glass and anorthite hosted melt inclusion compositions
from these crystals are shown as square markers. No correlation between core and rim
compositions with the composition of the host glass exists. There is no evidence
suggesting that these plagioclase xenocrysts are equilibrating with the host glass.
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plagioclase equilibrium liquid compositions (plagioclase and olivine fractionation)
appears unlikely (Lange et al., 2012). Within this study fractionation models attempting
to describe these relationships demonstrate that the development of a link appears to
depend heavily on the trace element used in the model (Lange et al., 2012). Namely,
that in plots of Ti and Sr potential fractionation links are occasionally present, but when
plots of Ba and Sr are used for the same samples no such link between compositions
exists. However, fractional crystallization does appear to change equilibrium liquid
compositions “towards” host glass compositions. Suggesting fractional crystallization
does have an active role in linking the host glass and melts parental to anorthitic
plagioclase.

Here, if we assume all calculated SEIR equilibrium liquids are related to the host
glass, and if we assume the relatively depleted and enriched equilibrium melts are
related via melt differentiation (progressive melting or mixing), then the “potential”
fractionation link between the relatively enriched equilibrium melts and the host glass
suggests that mixing of SEIR melts forms this array of crystal compositions (Figure 27).
Priebe (1998) proposed that both processes occur at the ASP plateau. She reported that
minor element variations in ASP lavas may be explained by mixing between a depleted
end member and an over-enriched end member (associated with the hotspot) in
addition to the melting of the depleted end member. This complex process could
explain the homogeneity (Mg#) of anorthite hosted melt inclusions, the negative
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correlation of anorthite and trace element contents in plagioclase plus mixing signatures
from crystal profiles.
The role of anorthite saturated melts within the ASP petrologic system appears
relatively small. This interpretation is due to the dominant major element signal from
ASP plateau lavas suggesting three phase crystallization prior to eruption (Figure 26;
Priebe, 1998). In addition, Priebe (1998) suggested that ASP lavas are best explained by
polybaric crystallization near 4 kb with clinopyroxene dominating the precipitating
mineral assemblage. Since clinopyroxene has not been found associated with anorthitic
plagioclase at such low pressure (Flower, 1980; Nielsen et al., 1995; Adams et al., 2011;
Weinsteiger et al., 2012; this study), anorthite formation beneath the ASP plateau must
occur in discrete environments separate from the main petrologic system; or SEIR
anorthitic plagioclase must represent an extremely primitive (primary?) portion of that
system. If extremely primitive conditions are assumed then the predicted pressures of
formation would be greater than 4kb, which is greater than the predicted stability of
high-anorthite plagioclase (~3 kb; Fram and Longhi, 1983; Nielsen et al., 1995).
However, greater than predicted pressures of formation for high-anorthite plagioclase
have been previously suggested (~8 kb; Maclennan et al., 2001). Either way, the
anorthite population from the ASP plateau represents a portion of the magmatic system
where the dominant differentiation process does not occur. Given the isotopic evidence
for continued interaction between the Kerguelen hotspot and the SEIR (Graham et al.,
1999) it may be possible that these SEIR anorthite preserve records of early interaction
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between melts from both sources. We would then predict significant isotopic variability
between the relatively depleted and enriched plagioclase (Figure 18; Lange et al., in
press).
Abundant compositional data for Axial Segment and Juan de Fuca Ridge basalts
provides ample opportunity to investigate the potential role of melts parental to MORB
anorthitic plagioclase in this regional petrologic system (Figures 29, 30). Although
somewhat more primitive, the host glass appears compositionally consistent with the
array of basalts documented to occur along the Axial Segment. It is clear that plagioclase
and olivine crystallization dominates the geochemical signal of erupted basalts at Axial
Segment (Figure 28). The trace element pattern exhibited by Axial Segment basalts
appears to support the model of Weinsteiger et al. (in review) where it was described
how cotectic crystallization of plagioclase and olivine rotates the fractionation vector
nearly vertical in Ti and Sr space. Potentially then the trace element pattern formed by
equilibrium liquids of crystal #14 (Figures 29, 30) may suggest cotectic crystallization
(not petrographically though). Although profiles of crystal #14 illustrate variability in
trace element content, the net change from core to rim is a near vertical pattern (Figure
29). This pattern which is reflected by its equilibrium liquids appears continuous with
Axial Segment basalts which are shown to be on a plagioclase and olivine control line
(Figure 29).
Relative to the range of lavas from Axial Segment (Figure 30) equilibrium liquids
have a similar range in Ti and Sr. Although, if the bulk of Axial Segment lavas which form
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Figure 28: Major element compositions of lavas from Axial Seamount (Rhodes et al.,
1990; Chadwick et al., 2005; Dryer et al., 2012) and the sampled host glass from this
study. Anorthite hosted melt inclusion compositions from this study are corrected for
post-entrapment crystallization of plagioclase. Melt inclusion compositions are
corrected based on the assumption that they are related to the array of erupted melts
that fall along the plagioclase-olivine cotectic shown above. Rehomogenized melt
inclusions are from the Axial Seamount sample used in this investigation (Nielsen,
unpublished). The predicted LLD is from the anorthite petrogenesis model of Chapter 1
(thick black line) using the COMAGMAT program of Ariskin et al., (1993). The model
illustrates the effect of decompression (3kb to 0.001 kb) anorthitic plagioclase only
fractionation (negative slope) prior to reaching cotectic crystallization with olivine (40%
total). Both clusters of melt inclusion data are formed mainly by two populations from
two different anorthitic plagioclase crystals. If we assume the trapped liquids are
genetically related, then roughly 50% cotectic crystallization of plagioclase and olivine
links them (1% MgO to 15% cotectic fractionation; ref). The region of the crystals where
these melt inclusions reside differ by roughly 7 mole % anorthite (crystal #14; Figures 7,
8: crystal 10-c-12 in appendix). 1 σ error for analyses shown is the size of the data point.
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Figure 29: Equilibrium liquids based on plagioclase megacrysts from Axial Seamount
(this study) compared to Axial Segment glass compositions (Rhodes et al., 1990;
Chadwick et al., 2005; Dryer et al., 2012). Calculated equilibrium liquids derived from
the partitioning expressions of Nielsen et al., (2012) exhibit a wider range in Ti and Sr
concentrations relative to Axial Seamount basalt glass. The host glass appears similar in
composition to Axial Seamount glasses sampled by Rhodes et al., (1990). Anorthite
hosted melt inclusions from these study exhibit similar trace element compositions as
their host and other Axial Seamount glasses.

133
the vertical trend are only considered, a factor of ~8 difference in the range of Sr is
observed. Formation of the homogeneous Sr signal observed at Axial and other
southern Juan de Fuca Ridge segments (Figure 30) appears to occur between formation
of melts parental to anorthitic plagioclase and eruption. This may further support the
theory that anorthitic plagioclase crystallize prior to crustal processing which
homogenizes erupted MORB melt. In addition this also illustrates the significant
diversity of melts recorded by anorthitic plagioclase within distinct portions of
petrologic systems.
There appears to be a relationship between erupted lavas from the CobbEickelberg Seamount Chain (CES), which currently ends at Axial Seamount, and the
calculated equilibrium liquids (Figures 3, 30). The relationship does not appear to be
connected to the proximity of each magmatic center to Axial Seamount (Figure 32).
Rather, the linear depletion of CES lavas shown in Figure 30, which approaches the
equilibrium liquids compositionally, suggests increasing degrees of mixing between the
alkali-enriched Cobb-hotspot and depleted southern JdF ridge melts. This interpretation
of Figure 32 agrees with the conclusions of Desonie and Duncan, (1990) where they
propose that the CES lava compositions are derived by “mixing between enriched and
depleted liquids resulting from partial melting of a heterogeneous upper mantle in both
a hotspot and spreading ridge regime;” Forming a nearly identical slope but parallel
trend, trace element variations for West Valley samples are similarly interpreted as the
result of mixing between enriched and depleted mantle sources (Cousin et al., 1995). It
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Figure 31: Experimental phase diagram describing the phase equilibria between
diopside, forsterite and anorthite at 1-atm (modified from Morse, 1980). Although this
diagram simplifies the system where anorthitic plagioclase form, it illustrates how large
extents of plagioclase only fractionation would be energetically difficult, and therefore
unlikely. In order to achieve 30-40% plagioclase only crystallization to connect
equilibrium liquids with host glass compositions unlikely amounts of heat would be
required to reach around 1400 °C (A). More likely, semi-continuous reactions between
spinel peridotite and ascending melts (Chapter 2) buffer portions of MOR systems with
anorthite saturated melts at lower T (B).
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Figure 32: Plot from Desonie and Duncan, (1990) describing the age
progression and proximity of Cobb-Eickelberg Seamounts relative to Axial
Seamount. The measured distance is from Cobb hotspot, defined as the
center of Axial volcano (46°N, 130°W) (Desonie and Duncan, 1990).
Comparison of this plot with Figure 20 indicates that proximity to the Juan
de Fuca Ridge (Axial Seamount) does not form the linear change in lava
trace element concentration.

would appear that an increasing depleted upper mantle component within erupted
lavas may be tracked within plots similar to Figure 30. If this is true, then since Axial
Seamount currently is the manifestation of the interaction between Cobb Hotspot and
Juan de Fuca Ridge melts (Chadwick et al., 2005), then the proposed liquids in
equilibrium with anorthitic plagioclase may represent a primary product of this
interaction. This re-enforces the need to better understand the depth of formation for
anorthitic plagioclase. If we can locate where anorthitic plagioclase forms within MOR
environments we can begin to understand where these primary controls on erupted
MORB composition occur. For example, if we can know the depth of anorthitic
plagioclase formation beneath the ASP plateau and Axial Seamount, then given the
contrasting records of anorthite formation from the two samples the depths of melt
aggregation may be inferred. By taking this approach it may be possible to begin to see
the differences between where mass and heat transport occurs within the upper mantle
and lower crust of systems with similar physical characteristics.
CONCLUSIONS:
Compositional signatures from individual crystals and populations of MORB
anorthitic plagioclase clearly represent a portion of MOR magmatic systems intangible
to glass analyses. We have attempted to probe this portion of MOR systems and
identify the influential processes on anorthitic plagioclase composition by investigating
two samples of PUB from the Southeast Indian and Juan de Fuca ridges (Axial
Seamount). Based on this study we have concluded that while texturally consistent,
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individual anorthitic plagioclase megacrysts are largely homogenous with respect to
major elements and preserve a wide range of trace element profiles. These profiles,
while largely incoherent in regards to any one given differentiation process, are
consistently incoherent between individual crystals from a single hand sample. We
propose that these profiles are the result of crystal growth during transport within
conduits through the upper mantle prior to melt aggregation (Chapter 2; Adams et al.,
2011). Cross channel variability of incompatible elements is recorded by the extent of
trace element heterogeneities within individual MORB anorthitic plagioclase. Further,
there is consistency in this geochemical profile between hand samples of different
ridges. This suggests that anorthitic plagioclase from different petrologic systems
record similar environmental changes during growth and ascent.
Both samples are considered for the most part a cognate population of
anorthitic plagioclase, as opposed to unrelated cumulate material, that preserves the
history of its formation. Even though individual crystals mostly do not preserve evidence
for any one differentiation process, trends formed by crystal populations allude to
specific larger scale magmatic processes. Each of those population trends formed by
trace element concentrations suggests a different condition for anorthite formation.
Specifically, SEIR trace elements suggest anorthite crystallization occurred concurrently
with mixing of variably depleted melts. In contrast, Axial Seamount trace elements
suggest crystallization from a more uniform source. Similar to previous work on
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anorthitic plagioclase (Weinsteiger et al., in review) we find that the scale and method
of anorthitic plagioclase geochemical data observation can allude to different processes.
Although plagioclase only fractionation appears to largely frame combined major
and trace element trends formed by anorthitic crystals, it is unclear how other
processes, such as AFC, aggregation and percent melt influence the population trends
observed. It is important to assess the influence of these processes on the composition
anorthitic plagioclase populations because they in turn reflect the evolution of primitive
magmatic systems.
Liquids in equilibrium with anorthitic plagioclase for both samples appear
significantly depleted relative to the host glass trace element compositions. However,
calculated equilibrium liquids presented here are very similar in trace element
concentrations to previous work investigating anorthitic plagioclase (Adams et al., 2011;
Weinsteiger et al., in review). The petrologic relationship between melts parental to
MORB anorthitic plagioclase and their host glass and other regional lava compositions is
currently unclear.
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Table 11: Sample Basalt Glass Trace Element
Concentrations.

Li
Mg
Si
Ca
Sc
Ti
Cu
Zn
Rb
Sr
Y
Zr
Nb
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Pb
Th
U

Axial Seamount
TT-170-47-(10,11)

±1SE

SEIR D48

±1SE

4.79
48182
266087
87193
<
7183
<
<
1.42
140.40
20.57
63.77
2.80
18.69
3.12
9.08
1.43
7.68
2.70
1.01
3.50
0.56
3.91
0.77
2.31
0.33
2.21
0.31
1.71
0.16
0.36
0.19
<

0.74
1244
11713
3641
<
683
<
<
0.08
2.87
1.57
4.83
0.28
0.40
0.09
0.20
0.06
0.31
0.14
0.07
0.18
0.04
0.14
0.03
0.12
0.02
0.13
0.02
0.08
0.02
0.03
0.02
<

8.32
51456
260591
85440
40.42
8059
125
102.96
3.80
114.01
21.16
61.44
<
34.25
3.89
12.20
1.63
8.12
2.82
0.89
3.27
<
3.30
<
2.22
<
2.38
<
<
<
0.73
0.31
0.13

1.29
2804
15800
3568
1.67
764
14
5.74
0.22
2.45
1.63
4.64
<
1.29
0.20
0.36
0.07
0.29
0.17
0.11
0.20
<
0.35
<
0.14
<
0.20
<
<
<
0.07
0.05
0.02
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Table 12: Plagioclase Acquisition Information
Element
Count time
Calibration
Na
10
LABR
Mg
10
KAUG
Si
10
LABR
Al
10
LABR
Fe
10
BASL
Ca
10
LABR
K
10
KSPR
Ti
10
KAUG
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Chapter 4
Summary of Conclusions
The central goal of this investigation was to examine the petrography and
geochemistry of MORB high-anorthite plagioclase and identify the processes responsible
for their petrogenesis. We have chosen two distinct approaches: in the first (Chapter 2)
we evaluated the petrogenesis of high-anorthite plagioclase through a geochemical and
petrographic investigation of commonly hosted Cr-spinel. The second approach
(Chapter 3 ) documents the range of trace element profiles exhibited by individual
crystals and populations of anorthitic plagioclase. In addition, we attempt to construct a
composite picture of the conditions of anorthite growth and transport.
The analysis of the petrography and geochemical variability of Cr-spinel (Chapter
2) commonly hosted within anorthitic plagioclase was based on data from three samples
of PUB. Cr-spinel hosted within anorthitic plagioclase from each sample consistently
exhibit rounded, partially dissolved morphologies. Major element trends formed by all
three spinel populations are attributable to melt-mantle reaction signatures. In
addition, hosted spinel appear very similar to mantle spinel compositions and olivine is
found to never contact plagioclase at compositions greater than An86. Based on this
data we conclude that anorthitic plagioclase forms as a result of melt-mantle reactions
where spinel is consumed, releasing aluminum into the melt and driving the melt
towards saturation with anorthitic plagioclase. The observed petrography can be
recreated at appropriate melt inclusion formation temperatures (Nielsen et al., 1995;
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Sours-Page et al., 1999) using the phase equilibria based program COMAGMAT (Ariskin
et al., 1983). We find that the initial model melt composition (plus 25% olivine
fractionation added in) closely resembles the products of calculated reactions between
experimental primary melts and fertile mantle components (cpx, opx and sp). However,
further investigations are required to constrain the controls of CaO/Na2O in parental
melts and the extent of such reactions within primitive portions of MOR systems. We
propose that clinopyroxene dominantly controls the product composition by
contributing the greatest portion of solid (i.e cpx has the highest reaction coefficient)
during the proposed melt-mantle reactions. Further, clinopyroxene is the dominant
source of calcium and has the most influence on the CaO/Na 2O in the melt. High solidmelt ratios (~7-8) are proposed by the reaction coefficients needed to simulate meltmantle reactions. Given the petrographic constraints we suggest such reactions initiate
below high-anorthite plagioclase stability which induces dunite channel formation prior
to anorthite precipitation.
Chapter 3 of this thesis presents detailed trace element profiles of individual
anorthitic plagioclase crystals. Individual anorthitic plagioclase crystal profiles can be
categorized as dominantly stochastic since correlations between trace elements and
trace and major elements are largely not found. Although this precludes a role for
diffusive re-equilibration, the exact cause of these individual crystal profiles is unclear.
We propose that trace element heterogeneities found within individual crystals are a
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reflection of the range of magma compositions present within conduits within the upper
mantle and lower crust.
Our conclusions below are based upon trace element population trends that
illustrate how differences in specific processes acting in different environments
generated the observed array of plagioclase compositions:


Axial Seamount plagioclase trace element trends suggest a relatively
uniform source that was evolving largely as a result of plagioclase only
fractionation.



Trace element concentrations of SEIR plagioclase appear to positively
correlate with major element contents. This may suggest a complex
process of melt aggregation of increasing percent melts concurrently
with anorthitic plagioclase precipitation caused my reaction with the
wall-rock.



Both samples population trace element trends exhibit little to no
preserved evidence for simple fractional crystallization as a lone acting
process.

In contrast, population trends formed by the combination of trace and major
elements from both samples suggest that similar large scale processes occur in conduits
within the upper mantle where these anorthitic plagioclase populations’ form. Although
plagioclase only fractionation appears to frame the trend, the correlation is diffuse and

195
potentially reflects a more complex magmatic process such as reaction between
ascending magma and spinel harzburgite. In general, the similarity in geochemical
signatures between populations indicates that MORB anorthite may form in very similar
environments at different localities.
Liquids in equilibrium with anorthitic plagioclase for both samples appear
significantly depleted relative to the host glass trace element compositions. However,
calculated equilibrium liquids presented here are very similar in trace element
concentrations to previous work investigating anorthitic plagioclase (Adams et al., 2011;
Weinsteiger et al., in review). The petrologic relationship between melts parental to
MORB anorthitic plagioclase and their host glass and other regional lava compositions is
currently unclear.

