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ABSTRACT 

This dissertation deals with magmatic processes of mid-ocean ridges and mantle 

plumes. New methods are introduced to fulfill the calculations of: 1) parental melt 

composition, phase proportion and composition, and amount of crystallization of basalt; 

2) plagioclase and pyroxene compositions in equilibrium with basalt; and 3) melt 

composition in equilibrium with plagioclase, pyroxene, and olivine. Diffusion in olivine 

is utilized to obtain time constraints on mid-ocean ridge magmatic processes. The 

residence time of erupted mid-ocean ridge basalts in magma chamber is short, on the 

order of months. Our detailed study of mid-ocean ridge basalts and their crystal 

assemblages indicates that: 1) there are two or more chemical groups of plagioclase in 

most basalts; 2) mixing, especially with the mush zone involved, is required by the 

crystal assemblages; 3) most basalts were derived from magmas after >25% solidification 

and were interstitial melts; 4) the formation of crystal network and segregation melt veins 

is ubiquitous and extremely important for magmatic processes; 5) the geophysically 

detected shallow magma lens under mid-ocean ridges is most likely an aggregate of 

segregation melt veins that have evolved (low temperature) compositions; and 6) the 

shallow magma lens plays a limited and passive role in mid-ocean ridge magmatic 

processes. The interaction of mantle plumes with their nearby mid-ocean ridges produces 

systematic chemical signatures. Away from plume to ridge, the concentration of solid

incompatible elements, the ratio of strongly solid-incompatible elements to less strongly 

solid-incompatible elements, and the pressure of melting decrease while extent of melting 

increases. The seismic velocities of mid-ocean ridge basaltic glass are important in 

studying the oceanic crust and are reported for the first time in this study. At low 
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pressure, the increase of velocities with pressure is caused by the closure of cracks. At 

high pressure, the increase of velocities with pressure is probably due to the closure of 

pore space. The velocities of mid-ocean ridge basaltic glass after the closure of cracks 

can be described by: Vp (km/s) = 0.244 log(pressure (MPa)) + 5.943 and Vs (km/s) = 

0.0708 log(pressure (MPa)) + 3.415. Basaltic glass has the lowest velocities of any of 

solid basalt component in the oceanic upper crust. 
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1. INTRODUCTION 

Oceanic crust makes up about 70% of the surface of the solid earth and its 

production and consumption over time has profoundly affected the evolution of Earth. 

Shallow magmatic processes at mid-ocean ridges (divergent plate margins) and ocean 

islands (hotspots) are chiefly responsible for the accretion of the oceanic crust. Magmatic 

processes in the oceanic crust involve, among other things, the injection of parental 

magma from the mantle into the crust, the storage, cooling, crystallization, transportation, 

and mixing of the magma within the crust, and the eruption of lavas with signatures 

imprinted by previous magmatic processes within the crust. This dissertation presents 

new results and ideas about shallow magmatic processes at mid-ocean ridges and 

hotspots through the study of lavas from the East Pacific Rise and the Easter Seamount 

Chain. 

Of fundamental importance to the nature and extent of shallow magmatic 

processes is the chemical nature of the parental or primitive (mantle-derived) melts that 

cross from the mantle into the crust. For example, the amount and proportion of minerals 

crystallized from erupted lavas depend critically on the composition of the parental 

magma. The parental magma, however, can rarely, if ever, be sampled directly (e.g., 

Hofmann et al., 1984; Grove et al., 1992; Natland and Dick, 1996), so methods have been 

devised to estimate their compositions. These methods have limitations; they must 

assume a simple relationship between the parental magma and actual recovered samples. 

Often the most primitive lava sampled is simply assumed to be the parental melt (e.g., 

Feigenson et al., 1983; Hofmann et al., 1984). This insures that the inferred parental 



composition can actually exist as a melt. However, experimental work over several 

decades has shown that primitive and parental compositions are generally higher in MgO 

than sampled lavas in virtually all tectonic settings (e.g., O'Hara, 1968; Donaldson and 

Brown, 1977; Sparks et al., 1980; Clague et al., 1995). In the special case where only 

olivine has crystallized and its composition in equilibrium with parental magma is 

known, the parental magma composition can be estimated by the addition of olivine (e.g., 

Wright and Fiske, 1971; Garcia et al., 1995). 

In chapter 2 of this dissertation, a new method, applicable to basalts crystallizing 

one to three of the minerals of plagioclase, pyroxene, and olivine, is developed to 

calculate the composition of a parental magma from the compositions of five of its 

daughter melts by solving 30 non-linear mass balance equations. In addition to the 

parental magma composition, this method solves for the compositions of plagioclase and 

pyroxene and amount of solids fractionated from the parent magma to yield each of its 

five daughter melts. The program for this method is described in chapter 2 and is used 

extensively in chapter 5 as a tool in studying crystallization of the oceanic crust. For two 

lavas that are related by the crystallization of plagioclase, pyroxene, and olivine, the 

amount and composition of the minerals crystallized can be obtained by solving four to 

five mass balance equations. Compared to the popular least-square method (Bryan et al., 

1969), this method gives an analytical solution and the crystallized plagioclase and 

pyroxene compositions. 

Knowing whether natural assemblages of minerals are in equilibrium with the 

host melts is instrumental in studying magmatic processes. This knowledge can be used 

to identify whether the minerals have crystallized from the host melt or from previous 
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melts or as a result of mixing. A new empirical method to calculate plagioclase and 

pyroxene compositions in equilibrium with a basaltic melt is presented in chapter 3. 

Compared with previous methods (e.g., Kudo and Weill, 1970; Drake, 1976; Loomis, 

1979; Smith, 1983; Glazner, 1984; Housh and Luhr, 1991; Panjasawatwong et al., 1995; 

Nielsen et al., 1988; Sack and Ghiorso, 1994; Nim.is, 1995; Loucks, 1996; Putirka, 1999), 

this method produces smaller errors, does not require independent constraints on 

temperature, and explicitly considers oxygen fugacity, a very important variable in the 

calculation of equilibrium compositions of plagioclase, pyroxene, and olivine. When 

there are multiple groups of minerals or mineral compositions, the program can be used 

to select a set of mineral compositions that are the closest to equilibrium by optimizing 

oxygen fugacity within a given range. A method to calculate melt composition in 

equilibrium with plagioclase, pyroxene, and/or olivine has been developed in chapter 3 

by adding to or subtracting from the host basalt the least molar amount of these minerals. 

Because crystallization takes time and involves both equilibrium and kinetic 

considerations, the time scale of magmatic processes in the oceanic crust is also of great 

interest and relates to questions of heat loss, crystallization, mixing, interplay with 

tectonic processes, and eruption. Many of the key questions concerning magmatic 

processes center on the issue of the time scales on which magma chamber behaves in a 

steady-state manner, and the time scales on which it deviates from strict steady state 

(Hooft et al., 1997; Carbotte et al, 1998). Furthermore, the residence time of magma in 

axial magma chamber (AMC) may shed light on how the crust is constructed. Chemical 

diffusion contains the information of time and has been used to obtain time constraints on 

shallow magmatic processes under mid-ocean ridges (chapter 4). Lavas from the northern 
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East Pacific Rise have compositionally diverse populations of plagioclase and/or olivine 

due to magma mixing. The zoning in olivines is primarily due to diffusion after mixing 

events. The zoning profiles can be used to calculate the residence times of individual 

crystals in the magma. For the four samples studied in great detail, olivine populations 

exhibit exponential distributions of calculated diffusion times, with short times 

exponentially more abundant than longer times. Based on the diffusion study, a simple 

mathematical model of magma chamber is proposed in chapter 4 to study the residence 

time of magmas in magma chamber, which is found to be on the order of months for mid

ocean ridge basalts. 

The knowledge of axial magma chamber processes beneath mid-ocean ridges 

(MORs) is the key to understanding the accretion of the oceanic crust (Sleep, 1975; 

Morton and Sleep, 1985; Wilson et al., 1988; Sinton and Detrick, 1992; Perfit and 

Chadwick, 1998). As the major locus of magma cooling, crystallization, differentiation, 

and mixing, AMC processes are responsible for creating the layered oceanic crust and 

erupted lavas. Recent seismic (e.g., Singh et al., 1998) and volcanological/geochemical 

studies (e.g., Perfit and Chadwick, 1998) indicate that the AMCs beneath the East Pacific 

Rise (EPR) consists dominantly of crystal-liquid mush, even most portions of the melt 

"lens" or melt "sill". Current thinking is that the melt lens contains melt of "average 

composition" (Sinton and Detrick, 1992) and plays an important dynamic role in crustal 

accretion (Nicolas et al., 1988; Phipps Morgan and Chen, 1993; Henstock et al., 1993). 

However, the composition of melt in the lens, and the importance of its role in crustal 

accretion are controversial. 
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Recent seismic studies show that the melt lens, which is mostly either melt or 

mush, has both solid roof and floor (Hussenoeder et al., 1996; Singh et al., 1999) and 

shows abrupt lateral and vertical discontinuities (Carbotte et al., 2000). The properties of 

the melt lens like depth, width, and crystal content, show little correlation with accepted 

proxies of magma supply such as axial depth and cross-sectional area (Kent et al., 1994; 

Hussenoeder et al. 1996; Hooft et al., 1997; Carbotte et al.; 2000). This evidence is 

consistent with: 1) segregation melt veins of fractionated composition (Natland and Dick, 

1996; Philpotts et al., 1996; Hussenoeder et al., 1996); 2) newly injected primitive 

magma (Hussenoeder et al. 1996; Hooft et al., 1997; Singh et al, 1999; Carbotte et al.; 

2000), or 3) melt of "average" composition. In tum, the composition of the melt lens can 

related to its role in crustal accretion by a variety of scenarios. 

In order to better constrain the composition of the melt lens and its role in crustal 

accretion, detailed mineralogical and petrological studies were made here on lavas from 

East Pacific Rise. Interestingly, and perhaps surprisingly, these studies fail to reveal any 

significant systematic differences between segments with or without a shallow melt lens 

in terms of their crystal content, size, aspect ratio, roundness, modal abundance, 

residence time, number of chemical groups, and characteristics of mixing like the total 

range of composition of disequilibrium minerals present, and the magnitude of the 

chemical gaps between disequilibrium and equilibrium compositions. This suggests that 

the presence or absence of the shallow melt lens has little effect on the mineralogy of 

erupted lavas. 

Our petrologic and mineralogic results are consistent with the interpretation that 

the melt lens represents segregation melt veins of fractionated composition whose origin 
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is linked to crystallization and interstitial melt within the entire sub-axial mush zone. We 

estimate that most EPR erupted lavas have more than 30% solid crystallized from their 

nearest or last-stage parental magma. These lavas could have once been interstitial melt 

within a rigid crystal network if plagioclase was the dominant phase crystallized (Marsh, 

1988a, 1989; Philpotts et al., 1996). Compaction of thick crystal network inevitably leads 

to the formation of evolved segregation veins, as indicated by the study of thick basalt 

flows and gabbro plutons on land, and cooling lava lakes (Helz, 1989; Philpotts et al., 

1996; Natland and Dick, 1996). Given the thickness of the sub-axial LVZ of 1-3 km 

(Dunn et al., 2000), it is highly likely that the seismically detected shallow melt lens 

represents segregation melt veins of evolved (low temperature) composition. Such melt 

lens would play a limited and passive role in crustal accretion. This conclusion is also 

strongly supported by studies of gabbros from the ocean floor and ophiolites (e.g., 

Natland and Dick, 1996; MacLeod and Yaouancq, 2000), and recent seismic experiments 

summarized in chapter 5. 

A second important style of volcanism on the planetary scale is the so-called 

hotspot volcanism, which is thought to arise from mantle plumes that originate deep 

within the earth, perhaps at depths of the core-mantle boundary (e.g., Morgan, 1972). 

Plume volcanism has been implicated in the origin and evolution of continental crust 

(e.g., Abbott et al., 2000) and the interaction between plumes and mid-ocean ridges can 

shed light on fundamental aspects of both. 

Strong evidence that material from off-axis hotspots or plumes may be channeled 

to active ridges comes from both geophysical and geochemical data, although there is 

uncertainty about exactly how this process occurs and how it is reflected in the 
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geochemistry of lavas erupted at the surface (e.g., Morgan, 1978; Schilling, 1985, 1991; 

Ribe, 1996; Sleep, 1996; Kincaid et al., 1995; Ito and Lin, 1995; Phipps Morgan et al., 

1995). The Easter hotspot-East Pacific Rise system is an interesting example of hotspot

ridge interaction because it is one of the few available involving a very fast spreading 

ridge. It has been argued (Kingsley et al., 1994; Schilling et al., 1985; Hanan and 

Schilling, 1989; Fontignie and Schilling, 1991; Poreda et al., 1993a; Kingsley and 

Schilling, 1998) that the Easter hotspot, rising under Salas y Gomez Island, supplies 

material to the east rift of the Easter microplate via a sublithospheric channel (Schilling, 

1991). However, other alternatives have been proposed for the location of the hotspot and 

the processes of mantle flow, mixing, and melting beneath the region. For example, 

Haase et al. ( 1996) argue that the hotspot is located close to Easter Island and suggest 

bidirectional flow between the hotspot and the east rift of the Easter microplate. Mostly 

on the basis of helium isotopes, it has been argued that the hotspot is located between 

Salas y Gomez Island and Easter Island (Poreda et al., 1993b, personal communication, 

1997). Our new data (Chapter 5) show systematic changes in petrology and geochemistry 

from the hotspot to the mid-ocean ridge and support a hotspot below the Salas y Gomez 

region and solid state mixing between an enriched hotspot component and a depleted 

mid-ocean ridge-like component in the sublithospheric channel. 

The oceanic crust created at mid-ocean ridges consists of an upper layer of 

volcanic rocks whose outer layers consist of glass or glassy mesostasis. Of interest is the 

seismic velocity of basaltic glass because seismic methods are commonly used to map 

and interpret the oceanic crust. While there have been many measurements of the 

ultrasonic velocities of crystalline and mostly-crystalline basalts (e.g. Birch, 1960, 1961; 
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Christensen, 1968, 1970b, 1972, 1977; Christensen et al., 1979; Hyndman, 1974, 1977; 

Johnston et al., 1995; Kem and Richter, 1979; Newmark and Moos, 1986; Salisbury and 

Christensen, 1976; Schreiber and Fox, 1976; Wilkens and Salisbury, 1996), there are very 

few measurements for natural glasses. Manghnani and Woollard (1965, 1968) reported 

very low (Vp: 2 - 3.8 km/s) seismic velocities for glassy tholeiitic basalts (glass <65%) 

and regarded basaltic glass as an extremely low-velocity component. Matthews (1979) 

determined a value of Vp =5.3 km/s at one atmosphere for a glassy pillow margin 

(percent of glass not given), and Warren and Rosendahl (1980) reported Vp = 5.68 km/s 

for a basalt with 72% (by volume) glass under atmospheric pressure. Glassy substances 

have very unusual elastic and seismic properties. For example, the ultrasonic velocities of 

obsidian decrease with increasing pressure below -650°C (Meister et al., 1980; 

Matsushima, 1981). At room temperature, basaltic glass Vp shows a slight increase with 

increasing pressure, but Vs has a slight decrease with increasing pressure (Matsushima, 

1981). Our experiments, which are discussed in Chapter 7, give for the first time 

ultrasonic velocity data from 10 to 1000 MPa at room temperature for a pure (>95% ), 

natural, submarine glass of Mid-ocean ridge basalt composition. These new data show 

that basalt glass has the lowest velocity of any primary solid component of the oceanic 

crust and provide a baseline for evaluating the effect of abundant basaltic glass and glassy 

mesostasis in oceanic upper crust on in situ seismic velocities. 
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2. MASS BALANCE CALCULATION OF PARENTAL 

MELT COMPOSITION AND CRYSTALLIZATION: 

SPREADSHEET PROGRAMS FOR BASALTS 

2.1 Abstract 

A new mass balance method is presented here to realize the calculation of 

parental melt composition directly from the compositions of its daughter melts. By 

combining magnesium and iron into a single magmatic component, the composition of 

parental melt could be calculated based on the compositions of five daughter melts. The 

amounts and compositions of minerals crystallized from the parental melt to yield each of 

the five daughter melts are also determined. A simple but very useful extension of the 

method is to calculate analytically the amounts and compositions of minerals crystallized 

between two melts that are related. These methods are appropriate only for melts that 

crystallize plagioclase, pyroxene, and olivine. Excel spreadsheet programs are provided 

for the above calculations. 

2.2 Introduction 

The knowledge of parental melt composition is important for studying magmatic 

processes like melting and fractionation (e.g., Hofmann et al., 1984; Grove et al., 1992). 

This knowledge, however, has been difficult to obtain. Usually the most primitive melt 

found is simply assumed to be the parental melt. In special cases, parental melt 

composition can be estimated by adding back the fractionated solids (e.g., Feigenson et 

al., 1983; Hofmann et al., 1984). For example, if we know the composition of olivine in 
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equilibrium with a parental melt and if only olivine has been fractionated from the 

parental melt, we can calculate the parental melt composition by simply adding olivine to 

one of its daughter melts (e.g., Garcia et al., 1995). In cases where plagioclase and 

pyroxene are also fractionated along with olivine, Chapter 3 proposed a method to 

estimate the composition of a parental melt in equilibrium with known compositions of 

plagioclase, pyroxene, and/or olivine by adding back the least amount of plagioclase, 

pyroxene, and olivine to a daughter melt. Because minerals in equilibrium with a parental 

magma are difficult to find and the least amount of minerals added may not be the correct 

amount, the applicability of these methods to estimate parental melt composition is rather 

limited. 

A new method, applicable to basalts crystallizing one, two, or three of the 

minerals of plagioclase, pyroxene, and olivine, is presented to calculate the composition 

of a parental melt from the compositions of five of its daughter melts. This method solves 

for the compositions of plagioclase and pyroxene and amount of solids fractionated from 

the parental melt to yield each of its five daughter melts. A simple but useful extension of 

the above method is to calculate the compositions of plagioclase and pyroxene and 

amount of fractionation between two daughter melts. The programs for the above 

calculations are provided in two Excel files that are easy to use. 

2.3 Methods 

2.3.1 The direct calculation of parental melt composition 

By combining Mg and Fe together as one magmatic component, it is possible to 

calculate the composition of a parental melt from its daughter melts with only 
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plagioclase, pyroxene, and/or olivine fractionation. This calculation uses five daughter 

melts and all the seven most abundant elements in basalts (Si, Al, Ca, Fe+Mg, Na, Ti). 

The composition of plagioclase fractionated is Nax Ca1_x Ah-x Sh+x Os (x to be 

determined) and the composition of pyroxene is Nan Cay (Mg,Fe)m-y Alh Sis Tit 06 (y to be 

determined; n, h, and t, which are minor components, are estimated and m and s are 

computed correspondingly by stoichiometry; I used 0.012, 0.12, and 0.012 for n, h, and t 

respectively for N-MORBs, see, for example, Niu and Batiza, 1994). The composition of 

olivine fractionated is simply (MgFeh Si04. Let the parental melt composition be [Si]o, 

[Ti]o, [Al] 0, [Mg+Fe]o, [Ca]o, and [Na]o (normalized to one mole of cations). Suppose 

there were a, b, and c moles of plagioclase, pyroxene, and olivine fractionated from the 

parent respectively. The total moles of cations in the fractionated solid would be 

Sa+ 4b + 3c = w moles because there are five moles of cations in one mole plagioclase, 

four moles of cations in one mole pyroxene, and three moles of cations in one mole 

olivine. The composition of five daughter melts are [Si]i, [Ti];, [Al]i, [Mg+ Fe];, [Ca];, and 

[Na]; (i = 1, 2, 3, 4, 5), each normalized to one mole of cations. From mass balance we 

have: 

[All = [Al 1-((2- x;}a; + hb;} 

1-w; 

[cal= [Ca]0 -((l- x;)a; + Y;h;) 
1-w; 

[Mg+ Fe l = [Mg+ Fe ]0 -((m- y;)b; + 2c;) 
1-w. 

I 

Eq. 2-1 

Eq. 2-2 

Eq. 2-3 

Eq. 2-4 
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[Na l =[Na ]0 -(aixi + nbi) 
1-wi 

[Til = [Ti]o -tbi 
1-w. 

I 

Eq. 2-5 

Eq. 2-6 

We have 30 equations (6 equations x 5 daughter melts) and 30 unknowns, so the 

system can be worked out (be aware the additional equation that all components in a melt 

composition add up to 1). These 30 unknowns are: Xi, yi, ai, bi, and Ci for i =l to 5, total 

25, and any five of the six unknowns of [Si]o, [Ti]o, [Al]o, [Mg+Fe]o, [Ca]o, and [Na]o. 

'Solver' in Microsoft Excel is used to solve these 30 non-linear equations iteratively. Ti, 

which is basically used as an excluded element in solid, could be replaced with K or any 

element that does not go appreciably into solid. Mixing between melt and solid of 

plagioclase, pyroxene, and olivine, or between melts linked by plagioclase, pyroxene, and 

olivine fractionation, is permissible in our calculation because such mixing is simply a 

linear combination of all the variables involved and obeys mass balance. 

Flexibility is allowed in the solution of the 30 non-linear equations. Because of 

the ubiquitous existence of measurement errors, the compositions of the five daughter 

melts are optimized within these errors (i.e., ±5% relative error for Na, ±4% for Ti, and 

±3% for Si, Al, and Mg+Fe). The actual adjustments, which are minimized during 

calculation, are usually smaller than ±1 %. Mineral compositions, namely An# [= 100 x 

Ca/(Ca + Na)] of plagioclase and Wo# [= 100 x Ca/(Ca + Mg +Fe)] of pyroxene, are 

constrained to be in equilibrium with the parental melt within a ±20% range of those 

calculated by the method of Chapter 3. In addition to the above 30 non-linear equations, 

15 more equations were added for K, P, and Mn. To obtain a result in this over 

determined problem, the 15 new equations were solved differently: the right and left sides 
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of the 15 equations are not solved to be exactly equal but with relative error (average) 

less than ±15% with any single maximum relative error less than ±25%. 

Because it is virtually impossible to prove if five melts share a common parent, 

the idea here is simply to try many combinations of five melts. If a combination can be 

solved with close to equilibrium plagioclase and pyroxene compositions, then these melts 

could be related to each other by plagioclase, pyroxene, and/or olivine fractionation from 

a common parental melt whose composition can be calculated. This does not prove that 

these melts indeed share a common parent. The number of possible combinations of five 

melts (samples) is large for a relatively large data set. For example, if we have 44 

samples, there would be over 106 possible combinations of five samples. Because a 

sample may be involved in many permissible combinations and we do not know which 

permissible combinations, if any, have true parent-daughter relation, it is more 

meaningful to average all permissible results obtained for a sample. For example, 

suppose three permissible combinations involve sample A, with solid fractionated for 

sample A being 10%, 20%, and 40% respectively. The averaged solid fractionated for 

sample A would be 23%. These averaged results for each sample, weighted by the 

amount of solid fractionated in each permissible combination when applicable, together 

with original results for each permissible combination, are given in the provided program. 

The program to calculate parental melt composition from five daughter melts is 

provided as an Excel file called 'Parent5D'. There are three sheets in the file: 'Input data 

sheet', 'Result sheet', and 'Used by program, do not change' sheet. The program is easy 

to use: 1) input daughter melt compositions (at least five) in the 'Input data sheet' and 

press the button in that sheet; 2) input how many combinations of five melts to be 
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computed if asked. The results will be given m the 'Result sheet'. Examples of 

calculation are provided in the program. 

The program is rather slow because it involves iteration of nearly a hundred 

variables with many constraints. To compute a few thousand combinations, the program 

might need from a day to a few days depending on the speed of a computer. 'Solver' and 

data analysis tools like random number generation need to be installed in Excel in order 

to use our program. Try a complete installation of professional edition (95 or later) of 

Excel if problems like 'project not found' are encountered. It is possible that 'Solver' 

runs out of its maximum time limit (- 9 hours) for a particular combination with a pop-up 

window asking whether to continue or stop. ·press 'stop' button in the pop-up window to 

abort this particular combination to let the program continue. 

2.3.2 Calculating the amount of solids fractionated and their composition 

between two melts 

A simple but useful extension of the above method is to calculate fractionation 

parameters between two melts with known compositions. By equating the parent melt as 

the more primitive (higher MgO content) melt of two, we can use the same six equations, 

namely Eq. 2-1 to Eq. 2-6 with i = 1, to calculate the amount fractionated and 

composition of plagioclase and pyroxene between two melts. For every two melts, we 

have six equations and five unknowns (a, b, c, x, and y) so the system is over-determined. 

Six sets of solutions can be obtained by sequentially excluding one of the six equations. 

The analytical solutions to any five of the above six equations are non-linear with 

square roots involved. In order to get simple, linear analytical solutions, Ca, Mg, and Fe 

are combined as one magmatic component, with pyroxene composition as 
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Nan(CaMgFe)m Alh Sis Ti1 06 (n, h, and t are estimated and m and s are computed 

correspondingly), and get the following five equations with the subscript 1 and 2 

representing melt 1 and melt 2 respectively. 

[Si]
2 

= [Si]1 -((2+x)a+sb+c) 
1-w 

[Al]
2 

= [Al]1 -((2-x)a+hb) 
1-w 

[c M F] 
[Ca+Mg+Fe]1 -((1-x)a+mb+2c) 

a + g + e 2 = --------=--'-'---"'--------'-
1- w 

[Na]
2 

= [Na]1 -(ax+nb) 
1-w 

[Ti ]2 = [Ti ]1 - tb 
1-w 

Eq. 2-7 

Eq. 2-8 

Eq. 2-9 

Eq. 2-10 

Eq. 2-11 

There are five equations (Eq. 2-7 to Eq. 2-11) and four unknowns (a, b, c, x), so 

five sets of solutions can be obtained by sequentially excluding one of the five equations. 

Three of the five sets of solutions are used: without Na (excluding Eq. 2-10), without Si 

(excluding Eq. 2-7), and without Ti (excluding Eq. 2-11). These three are used because 

Na and Si have the largest measurement errors and Ti is special because it is used as a 

solid-incompatible element in the calculation. The three sets of four equations have 

simple and linear solutions through careful substitution. 

To add back the composition of pyroxene, namely splitting Ca+Mg+Fe back into 

Ca and Mg+Fe while keeping simple linear analytical solutions, the following procedures 

were used. Suppose Ca, or any other element, is a common independent variable, we 

have: 
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[i] = d;[Ca] + e; Eq. 2-12 

Where [i] represents the concentrations of Si, Al, Mg+Fe, Na, and Ti respectively; 

d; and e; are slopes and intercepts respectively. By adding Eq. 2-1 to Eq. 2-6 into Eq. 

2-12, we get five new equations for Si, Al, Mg+Fe, Na, and Ti respectively. Because only 

slopes and intercepts are used in these five equations, only the ratios of amounts of 

plagioclase, pyroxene and olivine are defined (l:(bla):(cla), essentially two unknowns) 

rather than their absolute amount (a, b, c, three unknowns). By reducing one unknown, 

we can avoid solutions with square roots while are still able to solve for the composition 

of pyroxene. 

The compositions of the two melts are adjusted within ±3% relative range for all 

elements, similar to analytical error, to see if reasonable (no negative amount of phases, 

the compositions· of plagioclase and pyroxene are within ±10% of those calculated by the 

method of Chapter 3) and consistent (the three sets of solutions, excluding Na, Si, and Ti, 

are similar to each other) results. If reasonable and consistent results cannot be obtained, 

then we must say that such two melts are not permissible to be linked by fractionation of 

plagioclase, pyroxene, and olivine. The adjustment, which is minimized during 

calculation, is generally smaller than ±1 %. Because we do not know as a priori whether 

or not two melts are linked by fractionation of plagioclase, pyroxene, and olivine, all 

possible combinations of two melts are evaluated. Because a melt may be involved in 

many permissible combinations and we do not know which permissible combinations, if 

any, have parent-daughter relation, it is a good practice to average all permissible results 

obtained for a melt. These averaged results for each melt, weighted by the amount of 
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solid fractionated when applicable, together with original results for each permissible 

combination, are given by the provided program. 

The program to directly calculate the compositions of plagioclase and pyroxene 

and amount of fractionation between two melts is provided as an Excel file called 

'PhaseDirect'. There are three sheets in the file: 'Input data sheet', 'Result sheet', and 

'Used by program, do not change' sheet. Its use is rather simple: input all melt 

compositions (at least two) in the 'Input data sheet' and press the button in that sheet. The 

results will be given in the 'Result sheet'. The program might take a few seconds to over 

a day depending on the number of samples and the speed of computers used. Examples of 

calculation are provided in the program. 

Multiple mixing events, either between melt and solid of plagioclase, pyroxene, 

and olivine, or between melts linked by plagioclase, pyroxene, and olivine fractionation, 

present no problem for the above mass balance calculation because mixing is only a 

linear combination of all the parameters involved and obeys mass balance. Interesting 

scenarios, however, do arise from mixing. Suppose we have a high (10%) MgO melt that 

had no fractionation and one of its daughter melts with low (5.5%) MgO had fractionated, 

on average, An# 48 plagioclase and pyroxene with a proportion ratio of 1: 1. Suppose tiny 

amount of the 5.5% MgO melt mixed back with the 10% MgO melt and the mixed melt 

had 9.8% MgO. If we use the 10% MgO melt and the 9.8% MgO melt in the above mass 

balance calculation, we will recover exactly the composition (An# 48) and phase 

proportion (plagioclase : pyroxene = 1:1) that fractionated from the 5.5% MgO melt 

because only these solid had been removed from the mass balance system. On the other 

hand, it is rather unusual for An# 48 plagioclase and extensive pyroxene to fractionate 
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from a basalt with 10% MgO to a basalt with 9.8% MgO under low pressure. This 

surprising result could be produced if melts with extensive fractionation, like those in 

mush zone, mixed back with more primitive melts. 
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3. EQUILIBRIUM COMPOSITIONS OF PLAGIOCLASE, 

PYROXENE AND MELT: SPREADSHEET PROGRAMS 

FOR BASALTS 

3.1 Abstract 

A new empirical method to calculate plagioclase and pyroxene compositions in 

equilibrium with a basaltic melt is presented here. Compared with previous methods, this 

method produces smaller errors, does not require independent constraints on temperature, 

but does require an estimate of oxygen fugacity, a very important variable in the 

calculation of equilibrium compositions of plagioclase, pyroxene, and olivine. When 

there are multiple chemical groups of minerals in a basalt, our program can be used to 

select a set of mineral compositions that are the closest to equilibrium by optimizing 

oxygen fugacity within a given range. For non-equilibrium plagioclase, pyroxene, and 

olivine crystals in a basalt, we developed a method to calculate the melt compositions in 

equilibrium with these crystals by adding to or subtracting from the basalt the least 

amount of plagioclase, pyroxene, and olivine. The programs for the calculations are 

provided as easy to use Excel files. 

3.2 Introduction 

The ability to predict mineral compositions in equilibrium with a melt and melt 

compositions in equilibrium with a mineral or a set of minerals is of fundamental 

importance in geology (e.g., Ghiorso and Sack). A large number of experiments have 

been done to find mineral compositions in equilibrium with basaltic melts. The exchange 
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partition coefficient of Mg-Fe between olivine and basaltic . melt is rather constant 

(Roeder and Emslie, 1970), although second order dependence on composition, pressure, 

and temperature exists (e.g., Ulmer, 1989). Therefore, the composition of olivine in 

equilibrium with a melt can be easily calculated. For plagioclase and pyroxene, however, 

exchange partition coefficients between solid and melt depend more on composition, 

pressure, and temperature because of more complex crystal structure and chemical 

compositions. Numerous methods for calculating the equilibrium composition for 

plagioclase (e.g., Kudo and Weill, 1970; Drake, 1976; Loomis, 1979; Smith, 1983; 

Glazner, 1984; Housh and Luhr, 1991; Panjasawatwong et al., 1995) and for pyroxene 

(e.g., Nielsen et al., 1988; Sack and Ghiorso, 1994; Nimis, 1995; Loucks, 1996; Putirka, 

1999) have been proposed. Compared to the previous methods, our new empirical 

method for calculating the compositions of both plagioclase and pyroxene in equilibrium 

with a basaltic melt gives the smallest uncertainty and does not require an independent 

estimate of temperature. 

The inverse of finding mineral compositions in equilibrium with a melt is to find 

melt compositions in equilibrium with a mineral or a set of minerals. This inverse 

problem, however, is generally underdetermined with the exception that for melts that 

crystallize only olivine, we can simply add olivine to a host melt until the melt is in 

equilibrium with a new olivine composition (e.g., Feigenson et al., 1983; Hofmann et al., 

1984; Garcia et al., 1995). For basaltic melts that crystallize multiple phases like 

plagioclase, olivine, and pyroxene, the phase proportion of solid to be added or subtracted 

is unknown. There is one unique solution, however, namely we can add to or subtract 

from a basalt the least amount of plagioclase, pyroxene, and olivine to calculate a new 
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melt composition that is in equilibrium with known composition of plagioclase, 

pyroxene, or olivine. There is no guarantee, however, that the least amount is actually 

what occurred. We provide here two easy-to-use Microsoft Excel files for the calculation 

of plagioclase and pyroxene compositions in equilibrium with basalts and melt 

compositions in equilibrium with plagioclase, pyroxene, or olivine. 

3.3 Methods 

3.3.1 The calculation of plagioclase and pyroxene compositions in 

equilibrium with basalts 

We collected 680 pairs of basaltic glass and co-existing mineral experimental data 

(Baker and Eggler, 1987; Bartels et al., 1991; Bender et al., 1978; Draper and Johnston, 

1992; Dunn, 1987; Elthon and Scarfo, 1984; Grove and Bryan, 1983; Grove and Juster, 

1989; Grove et al., 1990, 1992; Housh and Luhr, 1991; Juster and Grove, 1989; K.inzler 

and Grove, 1985, 1992; Luhr, 1990; Mahood and Baker, 1986; Nielsen et al., 1988; 

Panjasawatwong et al., 1995; Putirka et al., 1996; Sack et al., 1987; Sisson and Gove, 

1993; Snyder et al., 1993; Thy, 1995; Toplis and Carroll, 1995; Tormey et al., 1987; 

Walker et al., 1979; Yang et al., 1996). A few pairs with minerals of poor stoichiometry 

or extreme chemical composition were not used. We used complete quadratic multiple 

regression (Gerald and Wheatley, 1994) to predict the mineral compositions in 

equilibrium with host glasses based on Si02, Ti02, A1i03, FeO, MnO, MgO, CaO, Na20, 

K20, P20 5, H20, pressure, and logfo2 of the host glasses as variables. We did not include 

temperature in the regression because: 1) temperature is unknown for natural glasses and 
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no new information is added if we use a temperature calculated from the same above 

parameters; 2) temperature and mineral composition are fully determined by the above 

parameters. We do find, however, that the inclusion of temperature, especially 

temperature scaled to about the same magnitude as the above parameters, slightly 

improves the regression, as additional parameters always do in a multiple-regression. 

Large systems of least-square regression are often singular value problems and we 

used the singular value decomposition technique (Press et al., 1989) in our quadratic 

multiple regression. We tried two different regressions: one on a complete data set of 

glass and mineral pairs without using logfo2 and the other on a smaller data set using log 

fo 2• We found log fo2 is an important parameter and its exclusion leads to significantly 

larger scatter (Figure 3-1). A lot of experiments, however, do not have quantitative log 

fo2 data. Regression results are shown in Figure 3-1. The average relative errors from the 

regression using logfo2 decrease from 2.8% for An# (lOOCa/(Ca+Na) of plagioclase), to 

1.9% for Wo# (lOOCa/(Ca+Mg+Fe) of pyroxene), to 1.5% for En# (lOOMg/(Ca+Mg+Fe) 

of pyroxene), and to 1.3% for Mg# (lOOMg/(Mg+Fe) of pyroxene), as the difficulty of 

obtaining equilibrium for the corresponding mineral components decreases. This result 

suggests that the difficulty of obtaining equilibrium between mineral and melt in 

experiments is partially responsible for the regression errors. 
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Figure 3-1. Comparison between calculated and 
experimentally determined compositions of plagioclase and 
pyroxene in equilibrium with basaltic melts. The regression 
with fo2 shows much smaller scatter than the regression 
without fo2, indicating fo 2 is an important variable in 
calculating equilibrium compositions of plagioclase and 
pyroxene. See text for source of data. 

Most experiments carried out under conditions of controlled fo 2 were performed 

under 1 bar and dry condition. For example more than 99% experiments involving 

pyroxene with given log fo2 were performed under 1 bar pressure and dry conditions. 

Therefore, we excluded pressure and H20 in the regressions for pyroxene. Although we 

do include pressure and H20 in the regression for plagioclase with log fo2, high pressure 

and H20 control in the regression is rather poor because the regression data set only 

contains a few values of high pressure and H20. Consequently our model is most 

applicable to atmospheric pressure and dry conditions. 

Compared to previous methods (Kudo and Weill, 1970; Drake, 1976; Loomis, 

1979; Smith, 1983; Glazner, 1984; Housh and Luhr, 1991; Panjasawatwong et al., 1995; 

Nielsen et al., 1988; Sack and Ghiorso, 1994; Nimis, 1995; Loucks, 1996; Putirka, 1999), 

our method: 1) gives the smallest uncertainties for all components; 2) does not require the 

use of liquidus temperature of host melts; and 3) uses log fo2 in the calibration range of 

-14.4 to -6.4 log units. If logfo2 is not considered, systematic errors are introduced, as 

we found for mid-ocean ridge basalts whose logfo2 is significantly lower (Christie et al., 

1986) than those used in many experiments whose logfo2 > -9. 

Just as logfo2 value needs to be given in order to accurately calculate the mineral 

compositions in equilibrium with a basalt, if equilibrium mineral compositions are 
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known, we can calculate the logfo2 value required for the equilibration. fu cases when all 

three minerals (plagioclase, olivine, and pyroxene) are in equilibrium with a host melt, 

we have five parameters (An#, Fo#, Wo#, En#, and Mg# of cpx) to constrain log fo2 

value. Usually, however, we do not know whether all three minerals are simultaneously 

in equilibrium with their host melt. 

There might be multiple groups of compositions for a mineral and our goal is to 

determine which composition group is at or closest to equilibrium. Our program fulfils 

this by trying all possible combinations of the composition groups while finely tuning or 

optimizing the value of log fo2 within a given range. The calculated results may be 

compared with the actual mineral textures in the rocks for possible additional 

information. We have found that the calculated equilibrium compositions for East Pacific 

Rise basalts, when both plagioclase and pyroxene are used, correspond to those crystals 

that are petrographically in equilibrium with the host lava (Chapter 5). When pyroxene is 

absent, the fine-tuning of log fo2 value is not well constrained and it is better to manually 

choose a reasonable logfo2 value to calculate the equilibrium composition of plagioclase. 

There are two reasons why pyroxene can best constrain equilibrium logfo2: 1) pyroxene 

is commonly the last mineral to crystallize in equilibrium with its host melt; 2) pyroxene 

has three parameters (W o#, En#, and Mg#) to constrain the equilibrium log fo2, while 

plagioclase and olivine only have one (An# or Fo#). 

The equation to calculate plagioclase and pyroxene equilibrium composition takes the 

form: 
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n n n 

An#,Wo#,En#,orMg#= a0 + L,a;C; + L,L,a;,jCiCj Eq. 3-1 
i=I i=I j=I 

Where a0, ai, ai,j are regression coefficients; n is the number of regression 

variables involved among Si02, Ti02, A}z03, FeO, MnO, MgO, CaO, Na20, K20, P20 5, 

H20, pressure, and logfo2; Ci and q are the values of the involved variables. We provide 

a spreadsheet to perform the calculation of Eq. 3-1. The input values are log fo 2 and 

weight percent of Si02, Ti02, A}z03, FeO, MnO, MgO, CaO, Na20, K20, and P20 5 for 

the host melt. The default values for H20 and pressure are 0% and 1 bar respectively. 

3.3.2 Melt compositions in equilibrium with plagioclase, pyroxene, or olivine 

The calculation of melt compositions in equilibrium with plagioclase, pyroxene, 

or olivine is a strongly under-determined problem. We have at least six major oxides of 

melt compositions, namely Si02, A}z03, FeO, MgO, CaO, and Na20, as unknowns and at 

most four known parameters (An#, Fo#, Wo#, and En#) that allow us to build four 

equations to work out only four unknowns. Furthermore, pyroxene seldom is a liquidus 

phase in primitive basaltic melts. Plagioclase and/or olivine are often the only minerals 

present and furthermore, in cases where both plagioclase and olivine are present they may 

have formed sequentially in a shifting equilibrium. Notwithstanding these complications, 

we have found that useful information can be obtained for this strongly under-determined 

problem. If the melt composition to be recovered is related to the basalt by fractionating 

plagioclase, pyroxene, and olivine, then we only have three unknowns, namely the 

amount of the three mineral~ fractionated. The compositions of these three minerals 

added or subtracted are calculated as equilibrium compositions with the melt. Here we 

have a unique solution to an undetermined problem: we simply add to or subtract from 
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the current basalt the least amount of plagioclase, pyroxene, and olivine to obtain a melt 

composition that is in equilibrium with known composition of plagioclase, pyroxene, or 

olivine. 

The program for calculating melt composition in equilibrium with known 

composition of plagioclase, pyroxene, or olivine is provided as a Microsoft Excel 

program. In the program we first calculate the composition of plagioclase, pyroxene, and 

olivine in equilibrium with the host basalt using our empirical method given above. Then 

we add to or subtract from the current host basalt the least amount of these minerals to 

get a melt composition that is in equilibrium with known composition of plagioclase, 

pyroxene, or olivine. Again we use our empirical method to determine whether the melt 

composition calculated is in equilibrium with the known composition of plagioclase, 

pyroxene, or olivine. Because the composition of fractionated minerals between the 

calculated melt and the current host basalt is likely the average composition of those in 

equilibrium with the current host basalt and those in equilibrium with the calculated melt, 

the above calculation is repeated a few times by using this average mineral composition 

instead of the mineral composition in equilibrium with the current host basalt only. We 

use 'Solver' in Microsoft Excel to minimize the amount of minerals added or subtracted. 

We got consistent results by using 'Solver' and by trying all possible values, the simplest 

but most reliable minimization technique. Our program also gives melt composition 

simultaneously in equilibrium with all three or any two minerals of plagioclase, 

pyroxene, and olivine. Special caution is suggested in this simultaneous equilibrium 

calculation because generally different minerals or different groups of minerals reach 

equilibrium at different times, not simultaneously. 
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3.4 How to use the programs 

Microsoft Excel professional version (1995 edition or later), whether on PC or 

Macintosh, is required to use our programs. If 'Solver' has not been installed, go to 

'Tools ' manual and select 'Add-Ins ' ; check 'Solver Add-in' in the pop-up window. When 

copying data to our program, use copy-paste, not cut-paste, because it destroys 

information in the original cells. 

The program. for calculating plagioclase and pyroxene compositions in equilibrium 

with basalts is provided in an Excel file called 'EquiCom' . Instructions are provided in 

the file . There are two sheets in this file : 'Input & Result sheet' and 'Used by program, 

do not change' sheets. Go to the 'Input & Result sheet' and input in the second row the 

chemical compositions of a basalt and logfo2• The calculated compositions of plagioclase 

and pyroxene in equilibrium with the input basalt are automatically shown in row 9. To 

calculate from a group of mineral compositions those that are the closest to equilibrium 

with the basalt composition, input all measured compositional groups of plagioclase, 

pyroxene, and olivine compositions starting at the 14th row; click the button with 'Press 

this button to select ... '. The results, including optimized log fo2, are shown in row 19. 

The program to calculate melt compositions in equilibrium with plagioclase, 

pyroxene, and/or olivine with the least amount of solid added or subtracted is in an Excel 

file called 'LeastSolidtoEqui'. Instructions are provided in the file. There are two sheets 

in this file: 'Input & Result sheet' and 'Used by program, do not change'. Go to the 

'Input & Result sheet', in the 3rd row input the chemical compositions of the current host 

melt; input logfo2 values for the current host melt and targeted melt in the 6th and 7th row 

respectively; input plagioclase, pyroxene, and olivine compositions in the 11th row; and 
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finally press one of the two buttons: 'Press this button for solid addition' and 'Press this 

button for solid subtraction'. The results are in rows 19 to 24. To decide whether to use 

solid addition or subtraction, refer to row 29 which shows the compositions of 

plagioclase, pyroxene, and olivine in equilibrium with the current input host melt. If the 

input mineral compositions are more primitive than these equilibrium compositions, use 

solid addition; if more evolved, use solid subtraction. 
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4. MID-OCEAN RIDGE MAGMA CHAMBER 

PROCESSES: CONSTRAINTS FROM OLIVINE 

ZONATION IN LAVAS FROM THE EAST PACIFIC RISE 

AT 9°30'N AND 10°30'N 

4.1 Abstract 

Lavas from the northern East Pacific Rise with both robust (9°30'N) and non

robust (10°30'N) ridge morphologies have compositionally diverse populations of 

plagioclase and/or olivine due to magma mixing. We interpret zoning in olivines to be 

primarily due to diffusion after mixing events, which allows us to calculate the residence 

times of individual crystals in the magma. For the four samples studied, olivine 

populations exhibit exponential distributions of calculated diffusion times, with short 

times exponentially more abundant than longer times. We model this distribution as 

resulting from mixing in an open-system axial magma chamber. The residence times of 

magma in axial magma chambers at East Pacific Rise 9°30'N and 10°30'N for the four 

samples studied are on the order of months. Surprisingly, we find that the differences in 

mineralogy and residence times between robust and non-robust East Pacific Rise lavas 

are not significant. Taken together, our observations and measurements suggest that the 

seismically imaged melt lens of the axial magma chamber does not play a significant role 

in controlling the crystal content and characters of erupted lavas. 
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4.2 Introduction 

Axial magma chambers (AMC) beneath mid-ocean ridges (MOR) are 

instrumental in building the oceanic crust (Sleep, 1975; Morton and Sleep, 1985; Wilson 

et al., 1988; Sinton and Detrick, 1992; Perfit and Chadwick, 1998). As the major locus of 

magma cooling, crystallization, differentiation, and mixing, AMC processes are 

responsible for creating the layered oceanic crust, especially at ridges with axial highs 

(Carbotte et al., 1997, 1998), where magmatic processes dominate crust formation. 

Recent seismic (e.g., Singh et al., 1998) and volcanological/geochemical studies 

(summarized by Perfit and Chadwick, 1998) indicate that the AMC beneath the East 

Pacific Rise (EPR) consists dominantly of crystal-liquid mush, even most portions of the 

melt "lens" or melt "sill". However, it is not yet known whether the melt is present on 

millimeter to centimeter scale pockets in a rigid crystal network (Marsh, 1989), or on thin 

meter scale sills (Barth et al., 1994). In addition it is not clear whether the melt lens 

contains melt of "average composition" (Sinton and Detrick, 1992), or is more primitive 

than the average (Singh et al., 1998), or more fractionated than the average (Natland and 

Dick, 1996). 

Many of the key questions concerning AMC processes center on the issue of the 

time scales on which the AMC behaves in a steady-state manner, and the time scales on 

which it deviates from strict steady state (Hooft et al., 1997; Carbotte et al, 1998). 

Furthermore, the residence time of magma in AMC may shed light on how the crust is 

constructed. The gabbro glacier model in which most of the gabbro layer is crystallized 

from the shallow melt lens (Nicolas et al., 1988; Phipps Morgan and Chen, 1993; 

Henstock et al., 1993) may imply long residence time required by extensive 
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crystallization and cooling while the multiple lens model (e.g., Kelemen et al., 1997) may 

involve shorter residence time. 

Mineralogic studies of mid-ocean ridge lavas have provided important constraints 

on AMC processes (e.g., Rhodes et al., 1979; Kuo and Kirkpatrick, 1982; Bryan, 1983; 

Grove et al., 1992), as have complementary studies of abyssal gabbros (Quick and 

Denlinger, 1993; ~atland and Dick, 1996; Korenaga and Kelemen, 1997; Ross and 

Elthon, 1997; Kelemen and Aharonov, 1998; Coogan et al., 2000). For constraints on the 

time scale, both crystal size distribution (Marsh, 1988b, 1998; Pan, 2001) and 

geospeedometry (Lasaga, 1998) have been used. Previous geospeedometry studies of 

mid-ocean ridge lavas have been based on zoned olivines (Nabel~k and Langmuir, 1986; 

Humler and Whitechurch, 1988) yielding residence time estimates of a few days to a few 

years. Zoning and diffusion studies of plagioclase have also recently been used to obtain 

temporal constraints on magmatic processes (e.g., Zellmer et al., 1999; Singer et al., 

1993). 

In this paper, we use the chemistry and zoning patterns of silicate crystals in EPR 

lavas to examine aspects of AMC processes. In particular, we use geospeedometry 

techniques (e.g., Lasaga, 1998) for populations of olivine crystals to estimate magma 

residence times and mixing histories below the EPR for both magmatically robust 

(9°30'N), and non-robust (10°30'N) segments to test the hypothesis of Hooft et al. (1996) 

that magmas of robust ridges should have shorter crustal residence times. Our results 

provide a variety of new constraints on AMC processes below the EPR. 
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4.3 Samples 

4.3.1 Sample location 

The samples we studied were carefully selected from dredges of the EPR axis and 

flanks reported by Batiza et al. (1996). A total of 463 samples from three latitudes of the 

EPR (9°30'N, 10°30'N, and 11°20'N) were collected and detailed mineralogic study is 

presented elsewhere (Chapter 5). The two robust EPR areas (9°30'N and 11 °20'N) have 

well-defined seismic AMC (Detrick et al., 1987; Kent et al, 1990, 1993; Christeson et al., 

1992; Harding et al., 1993; Toomey et al., 1994; Dunn and Toomey, 1997; Collier and 

Singh, 1997), whereas the non-robust segment (10°30'N) has no AMC reflector but does 

have a broad low-velocity zone and normal crustal thickness (Begnaud et al., 1997). At 

9°48'N, compliance measurements at the axis (Crawford et al., 1999) show the presence 

of a large melt lens located at the base of the crust. For two samples from 9°30'N (Ph23-

2 and Ph32-8) and two samples from 10°30'N (Ph55-1 and Ph69) we carried out studies 

of zoned olivine, reported here. 

4.3.2 Mineralogy and textures 

For each sample, five to ten thin sections were cut at or close to glassy rims for 

each of the four samples. These samples contain 2% to 10% crystal within clear brown 

glass (Ph23-2, Ph32-8, Ph69) or dark glass (Ph55-l). Table 4-1 gives the mineral modal 

abundances and glass major element analyses of the four samples we studied. Their 

textures and mineralogy are described in detail in Supplement material to Chapter 4. 
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Table 4-1. Electron microprobe major element composition of glass 
and modal abundances of minerals for the four samEles studied 

PH23-2 PH32-8 PH55-1 PH69 
Latitude (0

) 9.510 9.491 10.482 10.473 
Longitude (0

) 104.298 104.411 103.529 103.701 
Depth (m) 2713 2944 3170 3007 
Distance·from Axis (km) 6.9 18.5 9.7 8.6 
Major Elements (wt%) 

Si02 50.85 51.28 50.94 50.58 

Ti02 1.60 1.91 2.33 1.93 
Ah03 14.68 14.04 13.80 14.49 
FeO 10.14 11.17 12.44 11.34 
MnO 0.18 0.22 0.20 0.21 
MgO 7.19 6.52 6.36 6.69 
Cao 12.04 11.36 10.73 11.43 
Na20 2.65 2.79 2.75 2.88 
K10 0.11 0.14 0.16 0.16 
P203 0.14 0.16 0.20 0.16 
Sum 99.58 99.59 99.91 99.88 

Liquidus (°C) 1175 1160 1161 1169 
Modal Abundances* (vol.%) 

Olivine 1.5 1.4 0.6 1.6 
Plagioclase 4.0 6.6 1.7 4.3 
Pyroxene 0.0 1.8 0.2 1.3 
Total crystals 5.5 9.8 2.5 7.2 
Total points counted 790 1318 1500 1000 

Figure 4-1 shows that the samples have a range of mineralogic complexity. Some 

samples have a wide compositional range and several diverse compositional groups of 

olivine (01), plagioclase (Pl), and less commonly Cpx (not shown), whereas others have 

fewer compositional groups and a narrower compositional range. Plagioclase always 

shows a wider range of composition and its number of distinct compositional groups is 

always larger than or equal to the number of distinct olivine compositional groups. For 

plagioclase it is reasonably common for there to be compositions that are both more sodic 
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and more calcic than the calculated equilibrium composition. For olivine, however, it is 

rare to find compositions more Fe-rich (lower temperature) than the calculated 

equilibrium value. 

While plagioclase and olivine that are in compositional equilibrium are almost 

invariably euhedral to subhedral (and in some cases skeletal), some of the compositional 

groups that are not in chemical equilibrium nevertheless have euhedral to subhedral 

shapes and display no textural evidence of disequilibrium, especially for plagioclase (see 

supplement material to Chapter 4). In other cases, especially where the difference 

between a mineral's composition and the calculated equilibrium composition is relatively 

large, textural evidence of dissolution such as rounding, embayment, and sieve textures is 

observed, especially in cases when low-temperature minerals were in a higher 

temperature host melt (Figure 4-2). In general euhedral crystal shape is not necessarily a 

good indication that a grain is compositionally in equilibrium with its host. Thus 

compositionally, but not always texturally, it can be argued that many of the mineral 

grains in the lavas are in disequilibrium, and this is more commonly the case for 

plagioclase than for olivine. Clinopyroxene is typically a late-stage mineral and aside 

from chemical variations due to sector zoning, generally shows less variation than 

plagioclase and olivine. 

Olivine is typically euhedral or slightly rounded and has mostly normal zoning; 

reversely zoned grains are relatively uncommon, have weak zoning, and are usually 

rounded and resorbed (Figure 4-2). In lavas with multiple olivine compositional groups, 

there are discrete groupings of core compositions (Figure 4-8) whereas rim compositions 
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generally converge to the composition calculated to be in equilibrium with the host melt. 

Typical electron microprobe analyses of olivine are shown in Table 4-2. 
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Figure 4-1. Smoothed histograms of plagioclase (An mole%) and olivine (Fo mole%) 
compositions for the four samples of this study. Samples Ph23-2, and Ph32-8 are from 
the 9°30'N area, and Ph55-1 and Ph69 are from the l0°30'N area. The thick horizontal 
lines indicate the range of equilibrium mineral compositions calculated using our method 
(Chapter 3) for plagioclase (± one standard deviation) and the method of Roeder and 
Emslie (1970) for olivine with a range of Kd values of 0.27-0.29. Note that Ph32-8 and 
Ph69 have a wider range of mineral compositions and more compositional diversity of 
disequilibrium minerals than Ph23-2 and Ph55-1. The major compositional peaks shown 
are statistically significant (i.e. distinct) based on Kolmogorov-Smimov analysis (Press et 
al., 1989). The conditions for the probe analyses of plagioclase are similar to those for 
olivine (see note of Table 4-2) with a standard deviation for An# less than 0.5. 
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Figure 4-2. Back-scattered electron (BSE) microprobe images showing typical 
equilibrium and disequilibrium (zoning) textures of olivine in this study. Darker shading 
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of olivine in each image corresponds to higher forsterite (Fo) contents. The solid bar 
shown in the lower left of each image is 100 micron. OL: olivine; PL: plagioclase; CPX: 
clinopyroxene. A: Ph69, grain c23 with Fo79.5_80.2, euhedral and in equilibrium with the 
host glass (the equilibrium composition is Fo80.1_8i.2 for Ph69 for Kd = 0.27 to 0.29); B: 
Ph69, grain c9 with Fo88.9_8i.o (profile shown in Figure 4-3), skeletal with sieve texture in 
the core, not in equilibrium with the host glass; C: Ph69, grain c106 with Fo86.3-8I.o, 
rugged rim, not in equilibrium with the host glass; D: Ph69, grain c113 with Fo8s.8-so.1, 
uneven rim, not in equilibrium with the host glass; E: Ph69, grains c31 and c32 with 
Fo89.1_80.9 and other two small grains, a little resorption along grain edge, not in 
equilibrium with the host glass; F: Ph32-8, grain h31 with Fo80.7_79.0, chemically similar to 
the equilibrium composition of Fo79.9_81.1 for Ph32-8 but texturally in disequilibrium with 
embayed resorption and reverse zonation . 
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Table 4-2. Representative electron microprobe analyses of olivine 
Label Si02 MgO CaO FeO MnO Total Fo# 
Ph32-8 
08-1 39.36 43.29 0.32 
08-2 39.40 43.33 0.30 
08-3 39.40 43.47 0.31 
08-4 39.17 43.44 0.31 
08-5 39.52 43.24 0.31 
08-6 39.40 43.15 0.31 
08-7 39.11 42.97 0.32 
08-8 39.17 42.72 0.32 
08-9 39.01 42.35 0.33 
08-10 39.52 41.95 0.40 
09-1 38.97 42.66 0.30 
09-2 39.30 42.82 0.31 
09-3 39.16 42.88 0.30 
09-4 39.09 42.89 0.30 
09-5 38.94 42.79 0.32 
09-6 39.14 42.70 0.33 
09-7 39.02 42.47 0.34 
09-8 39 .00 42.54 0.36 
Ph69 
C9-1 
C9-2 
C9-3 
C9-4 
C9-5 
C9-6 
C9-7 
C9-8 
C81-1 
C81-2 
C81-3 
C81-4 
C81-5 

40.30 48.10 0.33 
40.06 48.22 0.30 
40.09 48.19 0.28 
40.01 47.77 0.33 
39.67 46.43 0.32 
39.10 44.95 0.31 
39.14 43.87 0.35 
38.69 42.63 0.37 
39.66 46.19 0.35 
39 .52 46.17 0.34 
39.79 46.32 0.32 
39.96 45.71 0.31 
39.00 43.02 0.32 

16.25 0.23 
16.34 0.25 
16.35 0.25 
16.52 0.27 
16.38 0.24 
16.49 0.23 
16.81 0.25 
16.90 0.27 
17.18 0.26 
17.27 0.24 
16.77 0.24 
16.85 0.22 
16.89 0.25 
16.99 0.24 
17.01 0.25 
17.11 0.26 
17.30 0.27 
17.36 0.28 

10.77 0.20 
10.45 0.13 
10.81 0.16 
11.16 0.19 
12.56 0.20 
14.63 0.26 
16.09 0.28 
17.33 0.31 
13.44 0.21 
13.56 0.22 
13.57 0.17 
14.33 0.18 
17.91 0.29 

99.46 
99.62 
99.77 
99.71 
99.68 
99.57 
99.46 
99.39 
99.14 
99.37 
98.95 
99.51 
99.48 
99.51 
99.30 
99.54 
99.40 
99.53 

82.33 
82.24 
82.28 
82.11 
82.19 
82.07 
81.71 
81.52 
81.15 
80.95 
81.64 
81.65 
81.61 
81.53 
81.47 
81.33 
81.08 
81.05 

99.69 88.57 
99.16 88.89 
99.53 88.59 
99.46 88.15 
99.17 86.50 
99.25 84.20 
99.73 82.58 
99.33 81.04 
99.85 85.66 
99.81 85.55 
100.17 85.61 
100.49 84.81 
100.54 80.72 

We used a Cameca SX-50 microprobe at the University of Hawaii to obtain Fo mole% 

(100xMg/(Mg+Fe2+)) and CaO core to rim compositional profiles for olivine crystals. 
Operating conditions were 20 nA beam current, 15 kv voltage, -lµm beam size and 
count times of 30 and 90 seconds for different probe sessions. The standard deviation of 
Fo from repeated analyses of the San Carlos olivine standard during one-year period is 
0.25 mole%; for one probe session or a single olivine profile, the standard deviation is 
smaller than 0.2 mole%. The standard deviation for CaO from repeated analyses during 
one probe session is about 0.008 wt%. Numbering of analyses is from core (08-1) to rim 
(08-10). 
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4.4 Diffusion calculation 

Because most of the samples contain a number of distinct compositional groups of 

olivine and plagioclase (Figure 4-1 ), the picture that emerges is of multiple mixing events 

that produce a hybrid host magma containing crystals picked up from diverse melt 

batches with which it sequentially mixed. Alternatively, the crystals could have been 

scavenged from conduit walls or crystal-liquid mush (e.g., Miller et al. 1987). Regardless 

of their ultimate origin, the crystals would have had a significant growth period, most 

likely in equilibrium with their original hosts. After mixing, these crystals would most 

likely be out of equilibrium with the new hybrid host, which would initiate diffusive 

transport to regain equilibrium and start the diffusion clock. The diffusion clock would be 

frozen at eruption because at low temperatures diffusion is extremely slow. In this 

scenario, the diffusion time recorded by each crystal is the time the crystal spent in a 

magma body between the mixing event and the eruption. Because the inter-diffusion rates 

of CaAl-NaSi in plagioclase are 5-7 orders of magnitude slower than Mg-Fe diffusion in 

olivine (Morse, 1984; Grove et al., 1984), diverse groups of plagioclase would be 

retained for much longer periods, whereas diverse olivine groups would tend to 

diffusively re-equilibrate with time, explaining why the number of compositionally 

distinct plagioclase groups is always greater than or equal to the number of olivine 

groups. Overall, the presence of diverse groups of plagioclase and olivine provide strong 

support for multiple magma mixing events (Rhodes et al., 1979). On the other hand, 

having only one group of plagioclase or olivine (Figure 4-1) does not necessarily imply 

the lack of mixing. For example, if a phyric magma continuously or episodically mixes 
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with an aphyric magma, the mixed magma would only have one group of plagioclase or 

olivine. 

Representative compositional profiles of olivine are shown in Figure 4-3 as data 

points, with a solid curve to show a calculated compositional profile resulting from 

diffusion. To calculate the diffusion profiles, we used a three-dimensional spherical 

diffusion equation (equation 6.1 of Crank, 1975). To obtain numerical solutions we used 

the Crank-Nicolson method (Gerald and Wheatley, 1994). We also used Crank's (1975) 

analytical solution (his equations 6.18 and 6.19) used by N abelek and Langmuir (1986) 

and Rumler and Whitechurch (1988). In the diffusion calculation we assume that there 

has been no growth or dissolution of the olivine crystal and that the observed 

compositional zoning (e.g., Figure 4-2 and Figure 4-3) is due entirely to diffusion. 

Further we assume that the measured rim composition is a fixed boundary condition for 

the diffusion calculation. Note that the fit of the data to theoretical diffusion profiles is 

generally quite good (Figure 4-3). Although there is a range in residual Fo values, these 

only rarely exceed analytical uncertainty, as shown in Table 4-3 and Table 4-4. We 

examine the above assumptions in detail later. 
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Figure 4-3. Representative compositional profiles from core (left) to rim (right) for 
olivine grains with a range of core-to-rim compositional variation. Shown are measured 
changes in forsterite (Fo mole%) content and CaO (wt%) content. The solid curves are 
calculated spherical diffusion profiles and the values in the lower left are misfit residuals 
in Fo mole% (average difference between measured Fo and calculated theoretical 
diffusion profile). The top profiles are from Ph69, with relatively large core-to-rim Fo 
differences (probe count times of 30 sec.), and the bottom set, which includes CaO 
profiles, are for crystals with smaller range of Fo values from Ph32-8 (probe count times 
of 90 sec). Error bars shown are± one standard deviation. 
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To approximate the observed core-to-rim concentration data to a diffusion 

profile, we must consider the natural evolution of diffusion profiles with time. When 

diffusion first begins to occur, the compositional gradient near the rim is very steep, and 

the core composition is unchanged, with a well-defined plateau of constant composition 

(Figure 4-4). Some of the profiles in Figure 4-3 show well-defined core plateaus of this 

type. Eventually the core composition begins to change (Figure 4-4 ), eliminating the 

grains' core plateaus and reducing the overall core-to-rim compositional difference (.!Wo 

mole%). The lack of a core plateau is an indication that the current core composition is 

likely not the same as the original core composition, which is needed to calculate 

diffusion time. For profile 08 (Figure 4-3), the fact that CaO is close to the initial stage 

of diffusion (well-defined core plateau) while the diffusion of Fo is well developed (less 

well-defined core plateau) indicates that the diffusion coefficient for Ca (Dea) is smaller 

than DMg-Fe, as expected (Miyamoto and Mikouchi, 1998; Stahl et al., 1998). Profile 

08, which has a relatively large Fo range and a reasonably well-developed core plateau, 

gives diffusion times of 354 days from Mg-Fe interdiffusion and 381 days from Ca 

diffusion, in agreement within error. In contrast, profile 09, which has a small Fo range 

and less distinct core plateaus for Ca and Fo, gives diffusion times of 146 days for Mg-Fe 

and 1868 days for Ca. This disagreement is most likely due to the fact that original core 

values of Fo and/or CaO have been reduced by diffusion (Figure 4-4). 
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Figure 4-4. Calculated diffusion profiles starting with 
an initially homogeneous grain of Fog5. The 
concentration at grain rim, namely the boundary 
condition, is kept at Fogo. Shown are the calculated 
compositional profiles that result from diffusion after 
10, 100, 400, and 700 hours using a diffusion 

coefficient of 5 x 10-13 cm2/s, similar to the values 
used for our samples. The dashed curve near the 700-
hour solid curve is a calculated diffusion profile 
assuming an initial core composition of Fog3 with 430 
hours of diffusion, vs. Fo85 with 700 hours. 

Finally, we need to know diffusion coefficients, namely the chemical diffusion 

coefficients of Mg-Fe (DMg-Fe) and the trace diffusion coefficient of Ca (Dea) in 

olivine. It is well known that DMg-Fe of olivine varies with temperature, composition 

(Fo), crystallographic direction, and oxygen fugacity, and to a lesser extent with pressure 

(e.g., Buening and Buseck, 1973; Misener, 1974; Jurewicz and Watson, 1988; Bertran-

Alvarez et al., 1992; Chakraborty, 1997; Farber et al., 2000). In the literature, there is a 

range of measured and inferred D values of almost 2 orders of magnitude. For example at 
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1150°C, F086, and fo2 = 10-12, published values range from 2x10-l l cm2/s (Buening 

and Buseck, 1973) to 2.8x10-l3 cm2/s (Chakraborty, 1997). We have examined the 

published data and found the DMg-Fe of Chakraborty (1997) are in general agreement 

with those of Miyamoto and Mikouchi (1998), Jones (1994), and Jurewicz and Watson 

(1988). We cannot reproduce the original diffusion profiles of Buening and Buseck 

(1973) and Misener (1974) using their retrieved diffusion coefficients. Using the data of 

Table 3 of Chakraborty ( 1997), we obtain the following regression for the effects of 

temperature and Fo content on DMg-Fe: 

Eq. 4-1 

In this equation, a = 39.631, b = -13.859, c = -0.12615, d = 0.70234, e = -

0.00034643, and f = 0.012530. DMg-Fe is in cm2/s, Fo is in mole percent, and T is in 

Kelvin. The average relative error from this regression is 37%, comparable to the 

experimental error of 17% (Chakraborty, 1997). The ranges for the regression are: logfo2 

= -12, Fo content from Fo2s to Fo95, and T from 1253K to 1573K. The DMg-Fe is for the 

direction along the c- crystallographic axis of olivine, which is the most rapid diffusion 

direction for olivine. Christie et al. (1986) showed that MORBs have relative oxygen 

fugacities 1-2 log1o units below the quartz-fayalite-magnetite buffer (QFM) and that the 

apparent oxygen fugacity of QFM buffer required at pillow cores is the result of rapid 

oxidation after eruption. Modeling from MELTS (Ghiorso and Sack, 1995) showed that 

QFM-2 buffer (Sherman et al., 1997) or even FeO-Fe buffer (Chapter 5) is required for 

our samples. For QFM-2 buffer, the liquidus logfo2 value for Ph23-2, Ph32-8, Ph55-1, 

and Ph69 is about-10.5. The diffusion coefficient of Mg-Fe at logfo2 = -10.5 is about 1.8 
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times faster than that at logfo2 = -12.0 (Buening and Buseck, 1973). We consistently 

have used DMg-Fe from Eq. 4-1 calculated with T as the liquidus temperature of the host 

glass (Table 4-1) and Fo as the average composition of olivine crystals without correcting 

for oxygen fugacity because: 1) the lack of experimental data at less reduced condition 

and 2) the uncertainties of oxygen fugacity for our samples. The effect of using slower 

diffusion coefficients from Eq. 4-1 due to reduced oxygen fugacity is partly offset by the 

fact that we uniformly used the fast diffusion rate along c- crystallographic direction in 

all diffusion calculations. For Dea we used the values of Stahl et al. (1998) for Fo92 and 

their expression for temperature dependence. 

Table 4-3 and Table 4-4 show data for zoned olivines in samples Ph32-8 and 

Ph69 for which diffusion profiles have been calculated. The results for about 50 zoned 

olivine crystals in each of the four samples are shown in Figure 4-5 and summarized in 

Table 4-5. The average re-equilibration times are 50-100 days and are not significantly 

different for samples from the robust EPR segment at 9°30'N vs. the non-robust segment 

at l0°30'N (Table 4-5). Figure 4-5 shows that individual samples show very similar 

distributions of calculated diffusion times, with short times being exponentially more 

abundant than longer times. Also shown in Figure 4-5 are the residence times of magma 

in AMC modeled from a simple open-system magma chamber (see later). It is worth 

noting that zoned olivines in samples 23-2 and 55-1 are weakly zoned (small LWo) and 

their diffusion times are thus less reliable. Reversely zoned olivines have .systematically 

low LWo values (Table 4-3 and Table 4-4). 
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Table 4-3. Diffusion Erofiles of olivine from samEle Ph69 
Fo Time Radius Fo Time Radius 

Grain Af<o# Residual (day) (!!:) Grain Af<o# Residual ( da~) (!!:) 

02 1.1 0.07 428 226 c20 -0.7 0.03 40 41.8 

03 0.8 0.05 381 198 c97 1.7 0.20 33 37.8 

c31 7.4 0.41 266 134 c7 -0.2 0.03 32 97.5 

cl 14 4.1 0.03 227 400 c60 6.2 0.06 30 117 

c113 5.1 0.24 216 124 c99 4.0 0.08 26 80.5 

c75 -0.8 0.04 204 196 c33 3.6 0.49 24 32.2 

n21 5.7 0.11 179 194 01 0.2 0.01 21 54.4 

c106 5.2 0.08 161 382 c32 4.5 0.00 21 46.4 

c25 0.5 0.06 156 107 c90 4.3 0.00 19 55.9 

clOO 4.8 0.17 142 94.8 c21 -0.4 0.00 13 34.6 

c9 7.5 0.42 140 103 c109R 2.7 0.13 12 523 

c48 4.9 0.15 130 130 c109L 4.9 0.17 7 523 

c13 -0.7 0.10 124 87 c112 4.6 0.08 6 745 

c8 1.4 0.06 105 262 clll 3.4 0.12 4 376 

c81 4.9 0.03 98 159 NS 3.0 0.43 1 71.4 

N4 6.8 0.08 94 182 n22 1.1 0.04 1 82.7 

c23 0.5 0.05 92 56.8 c77 0.2 0.07 1 178 

c98 5.1 0.05 89 138 c66 0.4 0.07 1 90.2 

c82 5.2 0.42 61 67.1 cllO 4.9 0.11 <1 274 

c58 5.9 0.13 61 66.9 c83 1.7 0.01 <1 212 

N6 7.2 0.01 59 74.7 c49 1.4 0.04 <1 201 

c47 6.1 0.13 59 894 clO 0.2 0.02 <1 63.8 

Nll 6.8 0.10 58 310 c61 1.1 0.13 <1 74.4 

c59 5.8 0.03 56 172 c53 3.0 0.03 <1 148 

c57 4.5 0.07 56 226 c19 2.1 0.19 <1 44.3 

04 1.0 0.06 55 284 c15 0.7 0.13 <1 17.7 
Af<o is the measured range of Fo (mole % ) from core to rim of each crystal. Negative 
values indicate reverse zoning. Fo residual is the average difference between the 
measured Fo and the calculated Fo based on the diffusion model. Time is the calculated 
diffusion time in days. 
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Table 4-4. Diffusion Erofiles of olivine from samEle Ph32-8 
Fo Time Radius Fo Time Radius 

Grain LiFo# Residual (day) (~) Grain LWo# Residual (day) (f::9 

c611 1.0 0.06 486 178 c53 0.9 0.11 62 70.0 

H36 0.7 0.07 436 166 c71 1.5 0.02 61 104 

024 0.9 0.10 403 180 H9 2.5 0.04 61 72.7 

08 1.4 0.05 354 184 c63L2 1.0 0.10 59 61.7 

c9r -3.2 0.10 336 239 H7r -2.9 0.03 46 134 

c613 1.1 0.04 220 139 013 1.1 0.04 44 73.8 

x19r 1.2 0.12 205 109 012 2.3 0.07 41 81.7 

016 1.8 0.08 194 112 014 4.7 0.17 40 109 

014 1.6 0.07 174 109 c63r 0.6 0.04 39 46.3 

011 1.5 0.04 167 113 023 5.8 0.17 38 137 

010 1.9 0.06 152 128 c63Ll 0.7 0.03 31 46.3 

021 1.2 0.04 149 117 07 1.1 0.05 25 60.6 

09 0.6 0.03 146 113 x23L 1.3 0.12 23 35.6 

H37 -0.9 0.13 137 194 H8r 1.2 0.18 22 85.9 

x19L 1.0 0.15 100 65.2 06 1.1 0.02 17 29.0 

c42 1.5 0.10 95 124 c44 0.5 0.00 17 61.7 

x24 1.6 0.05 95 93.2 c39 1.9 0.11 15 73.6 

H81 1.4 0.25 94 64.4 c49 0.9 0.03 14 72.6 

025 1.3 0.09 91 104 x23r 0.7 0.03 13 53.4 

c7r 1.7 0.04 88 69.4 H31r -1.2 0.09 10 714 

c91 -1.7 0.06 80 159 H35 -1.5 0.23 9 679 

017 1.7 0.10 79 77.6 019 1.0 0.04 9 38.4 

015 1.1 0.08 79 67.6 H311 -1.5 0.12 8 595 

018 1.2 0.08 68 103 c40 0.7 0.05 1 66.7 

c60 1.5 0.04 67 68.4 H71 -1.2 0.08 1 134 

x22 1.0 0.07 65 76.6 022 5.1 0.17 <1 104 
See Table 4-3 notes 
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Table 4-5. Data summary of Mg-Fe diffusion in olivine for the four samples 

Number ~o DMg-Fe Fo Average residual <ft: 

Sample of profiles (mole%) xl0-
13 

cmlls Residual* time (days) range 
0 

Ph23-2 

Ph32-8 

Ph55-1 

Ph69 

56 

52 

46 

52 

0.19 

1.0 

0.38 

3.2 

5 

5 

7 

4 

0.032 

0.081 

0.073 

0.11 

99 

101 

191? 

77 

16 

8 

19 

4 

~o is the mean core-to-rim Fo range measured in the olivine crystals. DMg-Fe is the 

diffusion coefficient used, corrected for temperature (Table 4-1) and composition. The Fo 
Residual is the mean misfit of calculated and observed Fo, as in Table 4-3 and Table 4-4. 
Average Time is the mean of the calculated diffusion times in days. residual/range values 
give an indication of how reliable the calculated diffusion times are, as this value is a 
proxy for how pronounced the core compositional plateau is. Well-developed core 
plateaus give more reliable estimates because diffusion will eventually change the Fo 
values of the core (Figure 4-4). Small values of residual/range are desirable, thus Ph69 
and Ph32-8 in general yield more reliable values of diffusion time than Ph23-2 and Ph55-
l. The large average time value for Ph55-1 is mostly due to four profiles with abnormally 
long diffusion times. If these four profiles are discounted, the average time drops to 54 
days. Given the uncertainties in the method, we do not consider factors of three or less in 
the average times to be significantly different. 
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Figure 4-5. Plots of number of olivine crystals vs. 
calculated diffusion time for the four samples from EPR 
9°30'N and l0°30'N. The solid curves are model results 
for a simple open-system axial magma chamber described 
in Eq. 4-4. Residence times ('t), from 29 days to 91 days, 
of magma in axial magma chamber calculated using Eq. 
4-4 are given in the diagram. Four crystals with diffusion 
time from 852 to 3387 days are outside the plot for 
sample Ph55-1. 
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4.5 Uncertainties in diffusion calculation 

While we favor the interpretation that olivine zonation in our samples is due to 

diffusion following magma mixing, an alternative explanation is that it is due to crystal 

growth. Figure 4-6 shows a comparison of zoning profiles produced by closed system 

fractional crystallization (Pearce, 1984), compared to a diffusion profile. Growth and 

diffusion curves are practically indistinguishable considering analytical errors and 

computational assumptions made. If we assume that the observed compositional zonation 

is due to crystal growth, not diffusion, then we obtain similar time length, assuming a 

crystal growth rate of -1 o-9 cmf s, however we note that measured and inferred growth 

rates of minerals range from -10-8 cm/s in Lofgren (1983)'s experiments (Jeff Taylor 

and Gary Lofgren, personal communication, 1999) to <lo-12 emfs (Tomiya and 

Takahashi, 1995; Wilhelm and Womer, 1996), so this result is not well-constrained. Note 

further that our calculated diffusion time is the time between the mixing event and 

eruption, not the time for entire crystal growth. 
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Figure 4-6. Concentration profiles of diffusion vs. growth. The 
growth curve for Fo is calculated assuming perfect fractional 
crystallization of olivine in a closed system (see Pearce, 1984 for 
details). The partition coefficient between solid and liquid for Ni is 
3. As the width of a crystal increases, the mass needed for the growth 
of the crystal increases as the cube of the width, leading to the strong 
concentration gradient at the crystal rim. Notice Ni concentration 
decreases much faster than Fo for crystal growth. The diffusion 
curve for Fo is the best-fit curve by spherical diffusion to the growth 
curve using equations 6.18 and 6.19 of Crank (1975). 
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Several lines of evidence suggest that the olivine zoning profiles we observe are 

due to diffusion rather than growth in a closed system. First, unlike Mg-Fe, the 

concentration of a strongly solid-compatible element like Ni would decrease sharply 

during closed system fractional crystallization (Figure 4-6). The large number of Ni 

profiles we collected by electron microprobe do not show sharp decreases of Ni relative 

to Fo (Figure 4-7), as would be required by closed system fractional crystallization 

(Figure 4-6). Another line of evidence is the fact that independent estimates of diffusion 

times using Mg-Fe and Ca yield the same values within error in cases where both of the 

profiles have a well-defined core plateau (Figure 4-3, grain 08). A third strong line of 

evidence favoring diffusion over growth is that initially distinct olivine populations with 

different core compositions typically evolve toward having a common, and equilibrium, 

rim composition, as expected from diffusive re-equilibration (Figure 4-8). This simple 

pattern of core to rim convergence is in strong contrast to what would be expected if 

growth alone were responsible. In such cases, and with mixing as an important process, 

mixed grains in their new hybrid hosts should show steep compositional gradients, 

depending on the contrast between the grain's composition and the composition in 

equilibrium with the new host liquid. Subsequent growth in the new host would be 

expected to produce inflected and potentially complex zoning patterns which we do not 

observe. 
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Figure 4-7. Comparison between concentration 
profiles of Fo and Ni in olivine to show there is no 
systematic sharp decease of Ni concentration 
relative to Fo from grain center to rim, as would 
be expected from fractional crystallization in 
closed systems (Figure 4-6). Error bars shown are 
±cr. 
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Figure 4-8. Plots of the core, mean and rim Fo contents of zoned olivines in 
sample Ph69. Note that the diverse core compositions (three distinct 
compositional groups) gradually converge to much more homogenous rim 
compositions that are close to the calculated equilibrium composition (Figure 
4-1). This is a good indication that diverse olivine compositions brought 
together by mixing have subsequently attempted to equilibrate by diffusion, 
although some crystal growth cannot be ruled out. 
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Given that all four samples display an exponential distribution of diffusion times, 

this result appears to be very robust. However, this result might possibly be due to a 

geometric artifact produced by 2D sectioning of 3D rock samples. Is it possible that the 

samples actually contain olivine grains with identical zoning patterns and actual diffusion 

times, but that sections not passing through their centers could create an artificial 

exponential distribution of apparent diffusion times? To evaluate this possibility, we 

carried out a numerical experiment of randomly sectioning a sphere with concentric 

compositional zoning and a true diffusion time of 100 units. Planes cutting the sphere off

center (see e.g., Pearce, 1984) would not sample the true zoning profile and would give 

an artificial diffusion time. Figure 4-9 shows the distribution of about two thousand 

random planes that cut the sphere, from an initial number of about 20,000 random planes, 

most of which entirely missed the sphere. The sampled zoning profiles do exhibit an 

exponential distribution, however it is much more peaked than the distributions of Figure 

4-5, with over 80% of the planes giving the correct diffusion time of 100. More 

significant however, is the fact that it is the longer diffusion times that are exponentially 

more abundant, not the shorter ones as shown in Figure 4-5. The basic pattern of Figure 

4-9 would remain the same for olivine crystals that are not spherical. It is thus clear that 

the exponential distribution we observe is not the result of a geometric artifact. 
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Figure 4-9. Histogram of calculated diffusion times 
for random planes cutting a chemically zoned 
spherical crystal with diffusion time of 100 arbitrary 
units. Note the exponential distribution toward 
smaller apparent diffusion times, which is opposite of 
the distributions in Figure 4-5 trending toward longer 
diffusion times. 
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Another potential artifact is one related to the preservation of grains after mixing, 

such that small crystals have largely re-equilibrated while large crystals have not. This 

would result in long diffusion times (from large crystals) being preserved whereas short 

diffusion times (from small crystals) would be eliminated by complete homogenization. 

Since this is just the opposite of what we observe, we conclude that selective preservation 

is not a problem. Selective preservation should also result in a correlation between 

diffusion time and grain size, so the general absence of such correlation for the four 

samples (Figure 4-10, panel A) also indicates that the effect of preservation is not 

significant. There is, however, significant correlation between diffusion time and grain 

size in Ph32-8 if the largest three sizes are ignored (Figure 4-10, panel B). This 

significant correlation implies that crystal sizes are not significantly larger than the length 

of diffusion time and that the loss of original Fo core plateau is likely significant. 

Another potential artifact is the creation of anomalously short calculated diffusion 

times due to a variety of effects. The most important effect in our study is when the 

diffusion time has been sufficiently long that the compositional plateau is eliminated and 

thus the initial core composition is unknown. Although the initial core compositions were 

optimized in our calculation, there is really no way around this problem, except to base 

conclusions on evidence from grains with good compositional plateaus. 
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Figure 4-10. (A) Diagram of diffusion time vs. olivine grain size for the four samples to 
show there is no significant correlation between diffusion time and olivine grain size. 
One point at 470 microns and 3378 days is not plotted. (B) There is a crude but 
significant correlation between diffusion time and grain size for sample 32-8, but only if 
the three largest grain sizes (H31r, H311, and H35 in Table 4-4), which are all from Fo 
reversely zoned crystals, are ignored. Dissolution, which is generally extensive for Fo 
reversely zoned grains (Figure 4-2, panel F), is likely the reason that leads to the low 
diffusion times in these three crystals. 
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A second effect leading to erroneously short calculated diffusion time is the 

dissolution of crystals that leads to the shortening of diffusion profile. For the relatively 

rare reversely zoned crystals (Table 4-3 and Table 4-4; Ph23-2 and Ph55-1 do not have 

reversely zoned olivine crystals) , dissolution may be significant. However, textural 

evidence for dissolution is generally absent for euhedral grains with normal zoning. This 

is consistent with the findings of Tsuchiyama ( 1985) who showed experimentally that 

high An (high temperature) plagioclase is generally much more difficult to dissolve than 

plagioclase that is more Ab-rich than the equilibrium composition. 

Overgrowth of disequilibrium crystals leads to erroneously long calculated 

diffusion times because the overgrowth has composition close to the boundary 

composition rather than the initial composition of diffusion. 

4.6 Model for exponentially distributed diffusion times 

We can use a simple model of a continuously fed and tapped AMC to calculate 

average crystal residence times. Unlike the model of Wilson et al (1988), this simple 

model ignores heat loss and is similar to the analysis of Marsh ( 1988a) for population 

balance in crystallizing systems. For this model we make several assumptions: ( 1) 

crystals are in equilibrium with their host melts prior to mixing within the magma 

chamber and diffusion started after the mixing; (2) the supply rate (can be thought of as 

nucleation and growth of crystals) of these equilibrium crystals to the chamber is 

constant; (3) the volume of the magma chamber is constant. Relaxing assumptions 2 and 

3 could lead to more complex scenarios reflecting a lack of steady state. In this model, if 

there were no removal of crystals from the chamber, the populations of crystals of any 
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given diffusion times would all be the same because of the constant supply rate of 

crystals. If, on the other hand, crystals are withdrawn from the chamber randomly, then 

the longer the crystal stays in the chamber (longer diffusion time), the more chances it 

had to be withdrawn. Therefore, in this sort of system, crystals of longer diffusion time 

would be less abundant than crystals with shorter diffusion times, as in Figure 4-5. 

To develop this quantitatively, we define the crystal population as the number of 

crystals per unit volume and per unit time (m-3s-1). Consider the net change in the number 

of crystals when crystal population n1 changes to crystal population n2 within a time 

window of ~t (s). This net change is due to the random withdrawal of crystals from the 

chamber of volume V (m3). We have that the net change in the number of crystals is 

equal to minus the output of crystals, with the minus sign indicating output: 

Eq. 4-2 

Where Qout is the volume output rate (m3s-1
) of magma from the chamber and 

nout the crystal population in the output magma. Note that the output could be erupted 

lava or solidified magma within the crust, or both. Dividing both sides of Eq. 4-2 by 

V ~t2 , we have that as ~t approaches zero: 

Eq. 4-3 

Where 't = V I Qout, the time needed for the chamber to replace its magma 

content, namely the residence time of magma in the chamber. The solution to Eq. 4-3 is: 

n = n0 exp(- t/r) Eq. 4-4 
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Where n0 is the crystal population ready to start diffusion at t = 0, namely the 

initial population. If we take the log of both sides of Eq. 4-4 we have Eq. 4-5 which gives 

a straight line in ln(n) vs. t plot. The slope of this straight line is -1/'t. 

Inn = In n0 - t / r Eq. 4-5 

Despite the convenience and popularity of this semi-log form, we prefer the form 

in Eq. 4-4 because there is no distortion and regression coefficients are more meaningful. 

. In this study, we approximate the volume population with the area population or 

simply the crystal number found in thin sections. Because 't is determined only by the 

curvature of the exponential curve, not by its magnitude, this approximation only 

introduces a small error in 't. The error in n0, on the other hand, is generally large because 

of the near vertical slope at small t (Figure 4-5) and the lack of volume population. We 

did numerical experiments in which crystals were randomly removed from a magma 

chamber while new crystals were added. We found that plots of n vs. t show the 

correlation expected from Eq. 4-4 and recovered the correct residence time within 3% 

relative error while the relative error of n0 could be easily over 50%. 

The residence times of magma in AMC are obtained by fitting Eq. 4-4 to crystal 

number vs. diffusion time plots and are given in Figure 4-5. Considering all the 

uncertainties in our diffusion calculation and modeling, the upper limit of residence times 

of the four samples studied could be up to a year. 

4. 7 Discussion 

An interesting observation is that the residence times are on the order of 30-90 

days and are not significantly different for the samples we studied from 9°30'N and those 
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of 10°30'N considering uncertainties in the diffusion calculation. This is consistent with 

the fact that we have been unable to find any significant mineralogic or petrographic 

differences between the samples from the robust segments of the EPR (9°30'N, and 

11°20'N) and the non-robust one (10°30'N); samples from all three areas have similar 

mineralogy, modal abundances, abundances of disequilibrium crystals, numbers of 

compositionally distinct groups, zoning patterns (Chapter 5), and (this study) diffusion 

times. The similarity of residence times between magmatically robust segments (with 

magma lens) and non-robust segments (no magma lens) is surprising because most 

models would predict shorter residence times for robust EPR segments (e.g., Hooft et al., 

1996). The results of this study thus suggest that the magma lens does not play a 

significant role in controlling the crystal populations and characters of erupted magmas. 

Otherwise one would expect at least some mineralogic differences between lavas from 

segments with and without a melt lens. 

Our short residence time seems to support recent studies that suggest the size and 

location of the AMC melt lens may have more to do with individual spreading events 

(e.g., intrusions, eruptions) on much shorter time scales than the processes regulating 

ridge depth, shape, and average melt chemistry (e.g., Hussenoeder et al. 1996; Hooft et 

al., 1997). Furthermore, because the residence times we calculate are fairly short, they 

tend to favor models of multiple sill injection (Kelemen et al., 1997) over the gabbro 

glacier model (Nicolas et al., 1988), Phipps Morgan and Chen, 1993; Henstock et al., 

1993). However this is speculative, as adjustments to these models could probably 

accomodate a variety of magma residence times. The fact that we see little evidence for 

very low-temperature minerals expected in highly evolved melts, may mean that the 

64 



mixing for which we see strong mineralogic evidence occurs within the AMC but not 

within the shallow melt lens. We speculate that mixing mostly occurs within the mush 

zone (Sinton and Detrick, 1992; Kelemen et al., 1997) rather than the shallow melt lens. 

4.8 Conclusions 

This study of olivine zonation in EPR lavas from magmatically robust (9°30'N) 

and non-robust (10°30'N) segments shows that: 

1. EPR lavas, like their counterparts from slow spreading ridges, show abundant 

petrographic and mineralogic evidence for magma mixing. 
I 

2. EPR lavas tend to have numerous distinct compositional groups for both plagioclase 

and olivine, with the number of plagioolase groups generally being larger. For 

plagioclase, these groups commonly are both more sodic and more calcic than the 

calculated equilibrium plagioclase composition. In contrast, the calculated equilibrium 

olivine composition is usually the most Fe-rich composition present and usually occurs as 

small new crystals and rims on larger crystals. 

3. Olivine grains are commonly normally zoned, and the shapes of the zonation profiles 

closely match the shapes that would be developed in disequilibrium crystals after a 

mixing event by diffusive reequilibration. 

4. Several lines of evidence show that the observed zoning profiles are due to diffusion 

rather than crystal growth in a closed system. The strongest comes from the 

intercomparison of the expected zoning profiles for Mg-Fe, CaO, and Ni by diffusion 

versus growth. 

5. Diffusion times (inferred times between magma mixing events and eruption) can be 

most reliably calculated for crystals with good plateaus in core compositions. With time, 
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diffusion will change the core composition of the mineral, making estimates of diffusion 

time less reliable minimum values. In the samples we studies, calculated diffusion times 

are distributed exponentially, with small diffusion times exponentially more abundant 

than longer diffusion times. 

6. Using a simple AMC model, we calculate average residence times of magma in AMC 

of 30-90 days, with no significant difference between values for robust and non-robust 

segments, implying that the magma lens does not play a significant role in controlling the 

crystal populations of erupted EPR melts. 
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Supplement material to Chapter 4 

Ph23-2 This glassy rock has one main group of Plagioclase (Pl) of composition 

An73, with a few more calcic grains up to Ango, and a more sodic group down to An56 

(Figure 4-1 ). Crystals of the An73 group are euhedral to subhedral and clustered together; 

the calculated equilibrium composition, based on a new multivariate fit to the 

plagioclase-liquid experimental data (Pan and Batiza, 1998) is in the range An72.5±2 in 

agreement with the observed textures. In contrast, the more calcic and more sodic groups 

exhibit rounding and sieve texture and are texturally not in equilibrium. The Olivine (01) 

crystals are euhedral Fos5-84 close to the calculated equilibrium composition of Fos3.9-

82.9 for a range of Kd values of 0.27-0.29 (Roeder and Emslie, 1970). 

Ph32-8 This rock also is glassy, with a similar texture to the glassy samples 

described by Natland (1980), and has three groups each of 01 and Pl (Figure 4-1): An73, 

An67, and An6I and Fog2, Fogi, and Fo79 respectively, with calculated equilibrium 

compositions of An67 and Fos0-81 (Pan and Batiza, 1998) in agreement with textural 

observations. This rock also has two groups of Cpx with Mg# (Mg/Mg+Fe2+) of 83 and 

79. The An73 grains are mostly euhedral, have both normal and reverse complex zoning 

patterns; one rounded grain of An73 was observed. Crystals of An6 I are usually euhedral 

but have rounded cores and subdued zoning, similar to An67 grains. Zoned 01 grains 

with cores of Fos2 and rims of Fog 1 account for two of the 01 compositional groups. 01 

crystals more Fe-rich than Fo79 are large (2.6 mm) with embayed and rounded outlines 

showing reverse zoning (Figure 4-2 F). 
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Ph55-1 This rock has five compositional groups of Pl: An35, An3i. An66. An64. 

and An55. The calculated equilibrium Pl has An62.7 (Figure 4-1). These five groups 

comprise two main groups with ranges of An88-72, and An72-58· The high calcic group 

shows normal zonation and textural disequilibrium features like rounding and sieve 

texture. In some cases grains in this group are clustered together. The less calcic group is 

texturally more in equilibrium, with mostly euhedral crystals. The An55 equilibrium 

group forms rims on more calcic grains, but also comprises the cores of rounded 

reversely zoned grains that are not in equilibrium with the host liquid. 01 comprises a 

single group with a compositional range of F080-77, while the calculated equilibrium 01 

is Fo79_ 73. The more magnesian olivines are large, embayed crystals with weak zoning, 

whereas more Fe-rich grains tend to be smaller and euhedral or skeletal in shape. 

Ph69 This sample is glassy with -7% total phenocrysts of 01, Pl, and Cpx. As shown on 

Figure 4-1, there are two major compositional groups of Pl and three of 01. The Pl groups 

are An68 and An33 whereas the calculated equilibrium plagioclase is An67.9±2· 

Texturally, crystals of the two plagioclase groups are very similar and generally appear to 

be in equilibrium. For example, we see euhedral and normally zoned Pl crystals with 

cores of An37, although in some cases crystals of An77 have sieve texture. While most 

crystals are normally zoned or homogeneous, some have reverse zoning. There are three 

compositional groups of olivine: Fog9 (Figure 4-2, panels B and E), F086 (Figure 4-2, 

panels C and D), and Fo31 (Figure 4-2, panel A). The calculated equilibrium 01 would be 

Fo80-81 for a range of Kn of 0.27-0.29, in agreement with the textural observation that 

the smallest, euhedral to hopper-textured 01 grains are Fog 1 (Figure 4-2, panel A). In 

general grains of F086 (Figure 4-2, panels C and D) are larger (40 to 1800 microns) than 
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Fogg (Figure 4-2, panels B and E) (go to 560 microns). The large grains of Fog 1 are 

rounded xenocrysts with subdued reverse zoning. Overall, there is no correlation in this 

rock between the composition of Pl and 01 and their sizes as would be expected if all the 

crystals grew. in equilibrium with the host melt. We do find systematic clustering of Pl 

and 01 compositions: Ango clusters with Fogg, Ang3 clusters with Fog6, An68 and Fog 1 

cluster with large Cpx grains, and An65 grains cluster with small Cpx grains. These 

clustering patterns may indicate that the crystals are partly disaggregated fragments of 

rock or crystal-liquid mush, as found by Miller et al. (lg87) in the g0 -l0°N area of the 

EPR, although they could also be glomerophyric clusters of phenocrysts in liquids more 

primitive than the present host. 
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5. MAGMATIC PROCESSES UNDER MID-OCEAN 

RIDGES: A DETAILED MINERALOGIC STUDY OF LAVAS 

FROM EAST PACIFIC RISE 9°30'N, 10°30'N AND 11°20'N 

5.1 Abstract 

The mineral chemistry and textures of lavas from the northern East Pacific Rise (EPR) 

9°30'N, 11°20'N, and 10°30'N have been studied in detail. 9°30'N and 11°20'N have 

robust magma supply and a shallow magma lens while 10°30'N has non-robust magma 

supply and no shallow magma lens. Chemically, the lavas from 9°30'N and 11°20'N 

exhibit steady state compositions over time scales of -1 Ma, whereas those of 10°30'N 

exhibit departures from chemical steady state and are, as a group, more evolved, lower 

temperature lavas. Lavas from all three localities are sparsely phyric and glassy, 

containing plagioclase (Pl) ± olivine (01) ± clinopyroxene (Cpx). Typically, the lavas 

contain several to many (up to seven) distinct chemical groups of Pl that are not always 

distinct texturally. The lavas may also contain up to three chemically distinct groups of 

01 and two groups of cpx. In the case of Cpx, however, the distinct chemical 

compositions are usually present within single sector zoned grains. We interpret the 

origin of the diverse chemical groups of Pl and 01 as the result of magma mixing, with 

preservation of many more diverse groups of Pl being the result of the much slower rates 

of diffusion in Pl compared to 01. The lavas contain both individual crystals and groups 

comprising massive, reticulate, and dendritic clots that we interpret to represent bits of 
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rigid crystal network forming in mushy zones of axial magma chamber. It is the 

formation of this network that results in the observed negative correlation between extent 

of fractionation and crystal content. Mixing may occur between relatively fractionated 

melt batches that occur as interstitial melt in crystal networks and more primitive melt 

present in sill-like bodies prior to the formation of a rigid crystal network. We find no 

significant systematic differences between robust and non-robust segments in terms of 

their crystal content, proportion of texturally distinct xenocrysts, crystal size, aspect ratio, 

roundness, modal abundance, residence time, number of diverse mineral-chemical 

groups, and characteristics of mixing like the total range of composition of disequilibrium 

minerals present, and the magnitude of the chemical gaps between disequilibrium and 

equilibrium compositions. This unexpected and remarkable similarity suggests that the 

presence or absence of a seismically imaged shallow melt lens has essentially no affect 

on the mineralogy of erupted lavas. 

Mass balance calculation suggests that prior to eruption, most EPR lavas could have been 

interstitial melt because their compositions indicate prior amounts of crystallization of 

over 30%, at which point a rigid crystal network is expected to form. Interstitial melt in 

relatively thick igneous layers form, almost without exception, segregation veins in the 

upper part of the layers, as indicated by studies of segregation veins in cooling lava lakes 

and thick continental lava flows and gabbro plutons. In this context, studies of drilled and 

dredged gabbros from fast-spreading ocean crust and ophiolites, as well as recent seismic 

experiments, seem to indicate that the seismically detected shallow magma lens 

represents segregation melt veins with evolved (low temperature) composition that play 

only a limited and mostly passive role in crustal accretion. In contrast to the shallow 
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magma lens, the deep, Moho-level magma lens detected by seismic and seafloor 

compliance experiments likely contains primitive (high temperature) melts, and along 

with sill-like bodies injected throughout the subaxial crustal low-velocity zone plays an 

important role in the formation of the gabbroic layer. We interpret the chemical 

differences between 10°30'N (non-robust) and 9°30'N and 11°30'N (robust) together 

with their mineralogic similarity as a result of greater thermal vulnerability at 10°30'N 

due to a smaller overall mush zone or low velocity zone, without any other significant 

differences in melt delivery, melt migration or eruptive/mixing processes. 

5.2 Introduction 

Magmatic processes at mid-ocean ridges (MORs) are chiefly responsible for the 

accretion of the earth's oceanic crust. The crust so accreted usually has three layers: 

extruded basalts at the top, sheeted dikes below, and gabbros at the base. Much 

understanding about the magmatic processes of crustal genesis has been obtained by 1) 

extensive sampling of the extruded basalts and more limited sampling of the intruded 

dikes and gabbros at MORs (e.g., Klein and Langmuir, 1987; Niu and Batiza, 1993; 

Natland and Dick, 1996), 2) by study of all three layers from ophiolites which are thought 

to be preserved ocean crust on land (e.g., Coleman, 1977; Gass et al., 1984; Nicolas, 

1989; Peters et al., 1990; Parson et al., 1992; MacLeod and Yaouancq, 2000), and 3) by 

geophysical experiments at MORs (e.g., Detrick et al., 1987; Hooft et al., 1997; Crawford 

et al., 1999; Carbotte et al., 2000). Nevertheless, a number of important questions about 

MOR processes are yet to be resolved. 

The concept of magma chambers under MORs has undergone great changes 

during the last few decades, from extremely large magma chambers extending from the 
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Moho all the way to the dikes (e.g., Cann, 1974), to composite chambers consisting 

mainly of crystal mush, commonly with a shallow magma lens for medium to fast 

spreading ridges (Sinton and Detrick, 1992; Barth et al., 1994). In addition to the shallow 

magma lens, a deep magma lens at Moho depth has been detected (Garmany, 1989; 

Crawford et al., 1999). Crustal accretion under MORs is thought to be accomplished by 

either the shallow magma lens (e.g., Nicolas et al., 1988; Phipps Morgan and Chen, 1993; 

and Henstock et al., 1993), or by both the shallow and deep magma lenses (e.g., Boudier 

et al., 1996; Schouten and Denham, 1995), or largely by the repeated intrusion of 

multiple magma sills throughout the gabbro layer (e.g., Kelemen et al., 1997). 

The shallow magma lens has received extensive attention because it has been 

widely detected by geophysical experiments, especially at fast spreading ridges (e.g., 

Sinton and Detrick, 1992). Recent detailed seismic studies showed that this magma lens 

has both solid roof and floor (Hussenoeder et al., 1996; Singh et al., 1999) and abrupt 

lateral and vertical discontinuities (Carbotte et al., 2000). The properties of the magma 

lens such as its depth, width, and crystal content, show little or only poor correlation with 

supposed indicators of magma supply such as axial depth and cross-sectional area (Kent 

et al., 1994; Hussenoeder et al. 1996; Hooft et al., 1997; Carbotte et al.; 2000). Based on 

these observations, the shallow magma lens has been interpreted as either: 1) segregation 

melt veins that play only a passive role in crustal accretion (Natland and Dick, 1996; 

Philpotts et al., 1996; Hussenoeder et al., 1996); or 2) newly injected magma body 

(Hussenoeder et al. 1996; Hooft et al., 1997; Carbotte et al.; 2000). To answer what role 

the shallow magma lens plays in crustal accretion and the nature of magmatic processes 

under mid-ocean ridges, we have done detailed mineralogical and petrological studies on 
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mid-ocean ridge basalts (MORBs) from East Pacific Rise (EPR) 9°30'N, 10°30'N, and 

11 °20'N. Our detailed petrologic and mineralogic studies fail to reveal significant 

systematic differences between segments with or without a shallow melt lens, suggesting 

the presence or absence of the shallow melt lens has little effect on the mineralogy of 

erupted lavas. Combining our study on mid-ocean ridge lavas with prior studies of 

cooling lava lakes, thick continental lava flows, ophiolites, and oceanic gabbros, we 

support the conclusion that the shallow magma lens represents segregation veins with 

evolved (low temperature) composition which play a limited role in the accretion of the 

gabbroic layer of the crust. 

5.3 Petrologic and mineralogic studies of lavas from East Pacific Rise at 

9 °30'N, 10 °30'N, and 11 °20'N 

5.3.1 Chemical and modal abundances 

Samples were collected by dredging and rock coring along flow lines (± 1 km) of 

the EPR axis at 9°30'N, 10°30'N, and 11°20'N on both the Cocos and Pacific plates out 

to 40 - 50 km from the axis (Batiza et al., 1996). Sample locations and glass electron 

microprobe analyses are presented in Table 5-1. Table 5-2 gives trace element data and 

sources of isotope data. 9°30'N, 10°30'N, and 11°20'N have statistically different MgO 

contents: 10°30'N has the lowest MgO of 5.6 ± 1.4 wt% (number after ± is one standard 

deviation, used consistently throughout the paper), 11°20'N has the highest (7.0 ± 0.7 

wt%), and 9°30'N is intermediate (6.6 ± 0.6 wt%). By "statistically" different we mean, 
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here and throughout the paper, that a Student t-test of the two populations with unequal 

variances show differences that are significant at 95% confidence. 

In order to choose representative samples for petrographic and detailed 

mineralogic study, we checked that the chosen samples were chemically and 

mineralogically representative of the larger sample set. First, we checked for chemical 

"representativeness" by making chemical variation diagrams and modeling their liquid 

line of descent (LLD) using MELTS (Ghiorso and Sack, 1995). As shown in Figure 5-1, 

Figure 5-2, and Figure 5-3 for glasses from 9°30'N, 10°30'N, and 11°20'N respectively, 

the plots are useful for choosing actual samples that plot in the main portion of the LLD, 

as well as revealing possible differences in conditions of crystallization among the three 

areas. For N-MORBs with MgO > 5 wt%, 9°30'N and 10°30'N have very similar LLD 

for most elements. Compared with these, 11°20'N has higher K20, Na20 and P20 5 at 

similar MgO, higher A}z03, FeO, Ti02 at high MgO and lower FeO and Ti02 at low 

MgO; lower and higher CaO at high and low MgO respectively. These systematic 

differences are readily explained in terms of the occurrence of larger numbers of 

EMORB samples at l1°20'N. E-MORBs (higher KzOtri02 (;?: 0.14), KzO, Na20, P20s, 

and Ah03, and lower CaO and FeO at similar MgO compared to N-MORB) comprise 

7%, 0.0%, and 36% of the lavas from 9°30'N, 10°30'N, and 11°20'N respectively. To 

insure representatriveness, we chose samples along the main LLDs for each of the three 

areas. In addition, however, we wanted to insure that the samples were also 

petrographically and mineralogically representative. 
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Table 5-1. Representative electron microprobe analyses of glasses from East Pacific Rise at 9°30N, 10°30N, and 11 °20N 

Sample Lat. Lon. Begin Depth End Depth Si02 Ti02 Al20 3 FeO MnO MgO CaO Na20 K10 P20s Sum K10!Ti02 Mg_# 
9°30'N 

PH2-3 9.518 104.188 2888 2805 50.22 2.40 14.10 12.19 0.20 5.72 10.61 3.38 0.43 0.30 99.56 0.18 48 .19 
PH4-l 9.520 104.172 3018 2879 50.49 1.61 15.12 10.37 0.18 7.42 11.49 2.64 0.12 0.15 99.58 0.07 58.61 
PH6-1 9.524 104.143 2980 2816 50.84 1.70 14.28 11.01 0.19 7.02 11.53 2.75 0.12 0.15 99.59 0.07 55.83 
PH6-2 9.524 104.143 2980 2816 50.73 1.71 14.36 10.85 0.18 7.07 11.66 2.72 0.13 0.16 99.58 0.08 56.37 
PH6-3 9.524 104.143 2980 2816 50.69 1.69 14.20 11.04 0.20 7.10 11.63 2.76 0.13 0.15 99.59 0.08 56.02 
PH7-l 9.526 104.129 2949 2737 50.54 1.79 14.59 10.77 0.17 6.95 11.64 2.74 0.22 0.16 99.58 0.12 56.12 
PH7-2 9.526 104.129 2949 2737 50.36 1.82 14.65 10.78 0.17 7.03 11.64 2.75 0.21 0.16 99.57 0.12 56.37 
PH7-3 9.526 104.129 2949 2737 50.20 1.82 14.49 10.88 0.18 6.99 11.75 2.76 0.22 0.19 99.48 0.12 56.00 
PH7-4 9.526 104.129 2949 2737 50.43 1.81 14.57 10.65 0.18 7.08 11.72 2.73 0.21 0.17 99.53 0.12 56.84 
PH7-6 9.526 104.129 2949 2737 50.50 1.81 14.69 10.74 0.18 7.02 11.62 2.66 0.21 0.17 99.60 0.12 56.41 
PH7-8 9.526 104.129 2949 2737 50.17 1.78 14.60 10.70 0.20 7.06 11.80 2.72 0.22 0.18 99.44 0.12 56.66 
PH8-l 9.526 104.118 2963 2972 50.86 1.73 14.33 10.95 0.20 6.95 11.55 2.77 0.11 0.15 99.59 0.06 55.67 
PH8-2 9.526 104.118 2963 2972 50.38 1.79 14.36 11.03 0.20 7.04 11.68 2.81 0.12 0.16 99.55 0.07 55.82 
PH8-3 9.526 104.118 2963 2972 50.45 1.73 14.34 11.09 0.22 6.99 11 .69 2.81 0.10 0.16 99.58 0.06 55.51 

PH14-1 9.533 104.026 2880 2997 50.62 1.30 14.99 9.18 0.17 7.71 12.63 2.75 0.09 0.10 99.54 0.07 62.45 
PH19-l 9.541 103.879 3014 2970 50.41 2.93 12.79 14.99 0.26 5.32 9.54 2.85 0.17 0.28 99.55 0.06 41.25 
PH19-3 9.541 103.879 3014 2970 50.94 2.88 12.64 14.47 0.23 5.30 9.47 3.07 0.18 0.28 99.46 0.06 42.06 
PH19-5 9.541 103.879 3014 2970 50.61 2.94 12.76 14.84 0.26 5.36 9.57 2.77 0.18 0.28 99.57 0.06 41.69 
PH19-6 9.541 103.879 3014 2970 50.62 2.64 13.15 13.71 0.25 5.74 9.92 3.08 0.14 0.26 99.50 0.05 45.34 
PH19-7 9.541 103.879 3014 2970 50.76 2.59 13.09 13.66 0.23 5.80 9.86 3.08 0.15 0.26 99.48 0.06 45.70 
PH19-8 9.541 103.879 3014 2970 50.83 2.62 13.11 13.70 0.23 5.71 9.80 3.04 0.14 0.28 99.45 0.05 45.23 
PH19-8 9.541 103.879 3014 2970 50.82 2.61 13.10 13.67 0.24 5.70 9.86 3.06 0.15 0.27 99.48 0.06 45.23 
PH19-9 9.541 103.879 3014 2970 50.79 2.66 13.11 13.64 0.23 5.72 9.86 3.06 0.15 0.26 99.50 0.06 45.38 
PH20-1 9.545 104.005 2953 2973 50.69 2.87 12.69 14.75 0.25 5.24 9.50 3.05 0.18 0.30 99.51 0.06 41.32 
PH20-2 9.545 104.005 2953 2973 50.80 2.09 13.84 12.27 0.24 6.38 10.69 2.96 0.12 0.18 99.57 0.06 50.76 
PH23-l 9.508 104.302 2627 2798 50.89 1.54 14.75 10.09 0.20 7.10 12.06 2.66 0.10 0.13 99.53 0.06 58.22 
PH23-2 9.508 104.302 2627 2798 50.85 1.60 14.68 10.14 0.18 7.19 12.04 2.65 0.11 0.14 99.58 0.07 58.39 
PH24-l 9.509 104.311 2729 2813 51.19 1.70 14.75 10.21 0.21 6.61 11.44 2.90 0.32 0.21 99.54 0.19 56.18 
PH24-2 9.509 104.311 2729 2813 51.01 1.72 14.59 10.51 0.23 6.48 11.58 2.91 0.31 0.21 99.55 0.18 55.00 
PH24-3 9.509 104.311 2729 2813 51.14 1.69 14.68 10.33 0.19 6.57 11.53 2.93 0.31 0.19 99.56 0.18 55.76 
PH26-2 9.506 104.332 2984 2826 51.12 1.82 14.09 11.19 0.21 6.65 11.45 2.79 0.12 0.15 99.58 0.07 54.07 
PH30-1 9.496 104.381 2782 2974 50.96 2.13 13.73 12.17 0.22 6.09 11.01 2.92 0.14 0.18 99.55 0.07 49.79 
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Sample Lat. Lon. Begin Depth End Depth Si02 Ti02 Alz03 FeO MnO MgO CaO Na20 KzO P20s Sum KzOffi02 Mg# 
PH30-2 9.496 104.381 2782. 2974 51.01 2.16 13.66 12.21 0.24 6.06 10.95 2.90 0.13 0.20 99.52 0.06 49.57 
PH30-3 9.496 104.381 2782 2974 50.98 2.21 13.67 12.10 0.23 6.15 10.99 2.87 0.15 0.20 99.55 0.07 50.17 
PH30-4 9.496 104.381 2782 2974 50.99 2.14 13.70 12.05 0.24 6.12 11.06 2.90 0.14 0.19 99.53 0.07 50.16 
PH31-l 9.498 104.400 2891 3070 50.76 1.93 14.35 11.17 0.21 6.63 11.48 2.81 0.12 0.17 99.63 0.06 54.02 
PH31-2 9.498 104.400 2891 3070 50.99 1.94 14.05 11.32 0.21 6.50 11.47 2.78 0.13 0.17 99.57 0.07 53.22 
PH31-3 9.498 104.400 2891 3070 51.18 1.88 14.00 11.14 0.21 6.59 11.42 2.81 0.12 0.17 99.53 0.06 53.96 
PH31-4 9.498 104.400 2891 3070 51.17 1.94 14.14 11.19 0.20 6.60 11.25 2.77 0.13 0.15 99.55 0.07 53.88 
PH31-5 9.498 104.400 2891 3070 51.18 1.92 14.07 11.01 0.21 6.65 11.41 2.81 0.13 0.15 99.54 0.07 54.45 
PH31-6 9.498 104.400 2891 3070 50.92 1.92 14.09 11.25 0.21 6.69 11.40 2.81 0.12 0.16 99.56 0.06 54.07 
PH31-7 9.498 104.400 2891 3070 51.03 1.92 14.15 11.18 0.21 6.62 11.34 2.81 0.12 0.18 99.55 0.06 53.98 
PH31-8 9.498 104.400 2891 3070 51.03 1.93 14.09 11.37 0.21 6.50 11.34 2.82 0.12 0.17 99.57 0.06 53.10 
PH31-9 9.498 104.400 2891 3070 51.02 1.92 14.23 11.14 0.21 6.60 11.39 2.81 0.13 0.17 99.62 0.07 53.98 
PH32-l 9.493 104.407 2929 2958 51.37 1.53 14.50 10.13 0.20 7.00 12.00 2.60 0.10 0.14 99.58 0.07 57.79 
PH32-2 9.493 104.407 2929 2958 51.31 1.59 14.55 10.20 0.21 7.00 11.91 2.61 0.10 0.13 99.60 0.06 57.62 
PH32-3 9.493 104.407 2929 2958 51.26 1.77 14.22 10.80 0.19 6.80 11.46 2.78 0.12 0.17 99.56 0.07 55.49 
PH32-4 9.493 104.407 2929 2958 51.04 1.78 14.28 10.99 0.21 6.82 11.41 2.76 0.12 0.16 99.59 0.07 55.13 
PH32-5 9.493 104.407 2929 2958 51.28 1.75 14.29 10.63 0.22 6.80 11.56 2.77 0.12 0.15 99.57 0.07 55.91 
PH32-8 9.493 104.407 2929 2958 51.28 1.91 14.04 11.17 0.22 6.52 11.36 2.79 0.14 0.16 99.59 0.07 53.62 
PH33-3 9.489 104.429 2920 2929 51.11 1.66 14.48 10.54 0.19 6.90 11.71 2.77 0.13 0.14 99.62 0.08 56.46 
PH33-5 9.489 104.429 2920 2929 51.05 1.66 14.42 .10.45 0.20 7.05 11.71 2.80 0.12 0.15 99.61 0.07 57.20 
PH35-2 9.487 104.463 2971 3020 51.20 2.46 13.23 13.32 0.25 5.45 10.09 3.11 0.20 0.24 99.56 0.08 44.78 
PH36-l 9.487 104.482 2787 3035 51.32 1.54 14.48 10.32 0.21 7.05 11.91 2.59 0.10 0.11 99.63 0.06 57.50 
PH36-2 9.487 104.482 2787 3035 51.37 1.55 14.41 10.26 0.19 6.98 11.97 2.64 0.10 0.12 99.59 0.06 57.38 
PH36-3 9.487 104.482 2787 3035 51.26 1.59 14.42 10.35 0.19 6.94 12.00 2.64 0.12 0.10 99.61 0.08 57.05 
PH36-4 9.487 104.482 2787 3035 51.32 1.55 14.57 10.33 0.19 6.99 11.85 2.65 0.10 0.11 99.67 0.06 57.27 
PH36-5 9.487 104.482 2787 3035 51.43 1.60 14.56 10.23 0.20 6.86 11.96 2.61 0.10 0.12 99.66 0.06 57.02 
PH36-6 9.487 104.482 2787 3035 51.34 1.54 14.52 10.15 0.21 7.06 11.93 2.65 0.10 0.11 99.60 0.06 57.92 
PH36-7 9.487 104.482 2787 3035 51.32 1.56 14.49 10.18 0.19 7.05 11.93 2.67 0.10 0.12 99.62 0.06 57.84 
PH38-2 9.478 104.515 3117 2955 50.95 2.18 14.06 11.58 0.21 6.34 11.03 2.90 0.16 0.19 99.59 0.07 52.03 

·10°30'N 
PH41-3 10.549 103.226 3215 3136 56.26 2.49 13.06 12.84 0.27 2.91 6.77 3.95 0.62 0.34 99.51 0.25 31.01 
PH43-1 10.515 103.321 3166 3166 57.46 1.99 12.37 13.93 0.28 1.84 5.90 4.24 0.79 0.68 99.47 0.40 20.73 
PH44-2 10.526 103.343 3249 3056 51.41 2.24 13.44 12.93 0.25 5.73 10.05 3.13 0.18 0.21 99.57 0.08 46.76 
PH45-l 10.536 103.359 3257 3080 51.60 3.63 11.79 17.01 0.32 3.27 7.61 3.41 0.38 0.53 99.54 0.10 27.56 
PH45-2 10.536 103.359 3257 3080 51.70 3.57 11.81 16.81 0.31 3.25 7.63 3.46 0.41 0.56 99.52 0.11 27.70 

77 



Sample Lat. Lon. Begin Depth End Depth Si02 Ti02 Al203 FeO MnO MgO CaO Na20 KzO P20s Sum K10ffi02 Mg_# 
PH46-1 10.520 103.374 3050 3081 54.21 2.73 12.07 15.83 0.33 2.54 6.77 3.69 0.57 0.73 99.49 0.21 24.12 
PH47-2 10.518 103.381 3292 3091 52.05 2.42 13.16 13.69 0.25 4.89 9.17 3.32 0.31 0.30 99.56 0.13 41.43 
PH49-4 10.518 103.421 3211 3216 52.09 2.63 13.31 13.42 0.23 5.03 9.44 3.04 0.29 0.42 99.91 0.11 42.58 
PH51-3 10.516 103.464 3200 3108 50.83 2.53 13.46 13.32 0.27 5.71 10.37 2.98 0.18 0.25 99.91 0.07 45 .94 
PH51-5 10.516 103.464 3200 3108 51.64 2.44 13.42 12.86 0.25 5.66 10.19 2.91 0.19 0.19 99.74 0.08 46.58 
PH51-8 10.516 103.464 3200 3108 50.85 2.57 13.43 13.44 0.26 5.74 10.26 2.96 0.20 0.20 99.91 0.08 45.81 
PH52-3 10.502 103.487 3060 3045 51.18 1.51 14.96 9.73 0.19 7.35 11.99 2.50 0.13 0.15 99.65 0.09 59.96 
PH54-3 10.498 103.513 3029 3109 50.95 1.77 14.46 10.84 0.21 6.99 11.56 2.69 0.12 0.13 99.73 0.07 56.09 
PH54-4 10.498 103.513 3029 3109 50.68 1.77 14.59 10.88 0.21 7.06 11.66 2.65 0.13 0.13 99.76 0.07 56.23 
PH55-1 10.487 103.532 3254 3085 50.94 2.33 13.80 12.44 0.20 6.36 10.73 2.75 0.16 0.20 99.91 0.07 50.32 
PH55-3 10.487 103.532 3254 3085 50.82 2.34 13.98 12.45 0.23 6.31 10.77 2.71 0.16 0.19 99.96 0.07 50.09 
PH56-2 10.488 103.548 3247 3109 50.80 2.28 14.23 11.94 0.22 6.67 11.09 2.27 0.16 0.21 99.89 0.07 52.54 
PH59-1 10.488 103.584 2893 2854 50.91 2.60 13.73 12.57 0.22 6.04 10.64 2.94 0.22 0.20 100.06 0.08 48.76 
PH59-2 10.488 103.584 2893 2854 51.04 2.61 13.76 12.56 0.23 6.01 10.50 2.90 0.20 0.24 100.06 0.08 48.66 
PH60-1 10.483 103.598 2828 2833 50.27 3.20 12.80 15.42 0.31 4.95 9.10 3.32 0.26 0.30 99.91 0.08 38.87 
PH60-2 10.483 103.598 2828 2833 50.27 3.21 12.91 15.33 0.25 4.93 9.12 3.29 0.26 0.28 99.87 0.08 38.93 
PH62-2 10.480 103.613 2832 2792 51.27 2.33 13.76 12.21 0.23 5.92 10.62 3.05 0.20 0.20 99.80 0.09 49.00 
PH62-6 10.480 103.613 2832 2792 51.12 2.23 13.91 12.03 0.21 6.16 10.63 3.08 0.19 0.23 99.79 0.09 50.35 
PH63-2 10.476 103.619 2959 2705 50.68 2.59 13.33 13.75 0.23 5.63 10.05 3.25 0.20 0.21 99.93 0.08 44.78 
PH63-3 10.476 103.619 2959 2705 50.68 2.72 13.28 13.73 0.21 5.59 9.98 3.27 0.21 0.24 99.91 0.08 44.66 
PH65-l 10.454 103.637 2973 3019 50.79 2.51 13.60 13.57 0.24 5.53 10.11 3.15 0.19 0.25 99.94 0.08 44.67 
PH65-2 10.454 103.637 2973 3019 52.37 2.47 13.20 13.50 0.24 5.00 8.97 3.44 0.33 0.34 99.86 0.13 42.32 
PH66-1 10.475 103.648 3064 3085 50.26 2.97 13.51 13.97 0.22 5.92 9.73 2.98 0.19 0.24 99.99 0.06 45 .64 
PH66-4 10.475 103.648 3064 3085 50.21 2.93 13.42 13.98 0.24 5.94 9.81 3.00 0.21 0.27 99.99 0.07 45.69 
PH67-1 10.450 103.659 3123 3102 50.27 2.75 13.46 14.05 0.24 5.95 9.75 2.99 0.20 0.30 99.96 0.07 45.61 
PH68-l 10.462 103.676 2947 2947 50.43 2.07 14.65 11.10 0.20 6.87 11.40 2.71 0.19 0.25 99.87 0.09 55.09 
PH69 10.472 103.698 3068 2946 50.40 1.87 14.61 11.55 0.22 6.66 11.40 2.85 0.16 0.14 99.87 0.09 53.33 

PH70-2 10.472 103.698 3068 2946 50.54 2.20 13.75 12.91 0.25 6.09 10.85 2.90 0.15 0.25 99.91 0.07 48.32 
PH72-13 10.446 103.750 3151 3005 51.61 1.62 14.50 10.12 0.18 6.99 11.65 2.70 0.18 0.19 99.74 0.11 57.79 
PH76-1 10.431 103.826 3323 3132 50.35 0.98 14.85 10.07 0.20 8.24 13.14 1.81 0.01 0.07 99.73 0.01 61.84 
PH76-3 10.431 103.826 3323 3132 53.46 2.63 12.96 15.73 0.31 2.49 7.04 3.85 0.64 0.75 99.86 0.24 23.85 
PH77-1 10.433 103.847 3051 3050 50.44 2.60 13.56 13.43 0.24 5.90 10.34 2.86 0.20 0.21 99.78 0.08 46.53 
PH77-4 10.433 103.847 3051 3050 51.16 2.52 13.50 12.95 0.25 5.88 10.16 3.02 0.19 0.21 99.84 0.08 47 .37 
PH78-2 10.427 103.863 3142 2974 52.72 3.20 12.42 14.74 0.26 3.90 7.99 3.68 0.38 0.48 99.76 0.12 34.37 
PH78-3 10.427 103.863 3142 2974 51.98 3.05 12.68 14.80 0.24 4.04 8.47 3.79 0.39 0.47 99.92 0.13 35.11 
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Sample Lat. Lon. Begin Depth End Depth Si02 Ti02 Al20 3 FeO MnO MgO CaO Na20 K10 P20s Sum K10ffi02 Mg_# 
PH80-3 10.409 103.981 3168 2943 50.69 2.61 13.02 14.27 0.27 5.38 9.78 3.30 0.21 0.29 99.82 0.08 42.77 
PH81-2 10.401 104.011 3140 3017 51.29 2.11 14.33 10.41 0.13 6.79 11.33 2.93 0.16 0.19 99.69 0.08 56.35 
PH81-3 10.401 104.011 3140 3017 50.63 2.00 14.07 11.80 0.21 6.47 11.29 2.98 0.17 0.20 99.83 0.09 52.04 
PH81-7 10.401 104.011 3140 3017 50.43 1.92 14.37 11.29 0.21 6.82 11.55 2.85 0.17 0.18 99.79 0.09 54.48 
PH81-9 10.401 104.011 3140 3017 50.61 2.07 14.42 11.89 0.22 6.29 10.93 3.01 0.16 0.14 99.75 0.08 51.16 

11°20'N 
PH82-1 11.427 103.385 2946 2958 50.99 1.62 15.24 9.33 0.18 7.27 11.88 2.87 0.20 0.20 99.77 0.12 60.69 
PH83-3 11.423 103.430 2996 3031 50.18 1.64 15.60 9.51 0.20 7.49 11.71 2.79 0.23 0.18 99.53 0.14 60.95 
PH84-4 11.412 103.529 3051 2952 50.41 1.85 15.21 10.20 0.17 7.22 11.34 3.03 0.23 0.18 99.84 0.12 58.39 
PH84-5 11.412 103.529 3051 2952 51.25 1.88 14.83 9.99 0.19 6.75 11.40 2.98 0.28 0.18 99.74 0.15 57.24 
PH86-1 11.395 103.563 3025 2974 50.46 1.82 15.45 9.89 0.18 7.26 11.67 2.78 0.27 0.18 99.96 0.15 59.26 
PH86-3 11.395 103.563 3025 2974 50.63 1.83 15.39 9.90 0.17 7.21 11.61 2.77 0.26 0.18 99.94 0.14 59.07 
PH87-3 11.389 103.582 3036 2934 50.12 1.81 15.15 10.22 0.18 7.53 11.90 2.69 0.15 0.18 99.92 0.08 59.34 
PH88-1 11.384 103.597 3008 2957 51.34 1.85 14.57 10.14 0.19 7.11 11.46 2.73 0.17 0.19 99.77 0.09 58.13 
PH88-6 11.384 103.597 3008 2957 50.36 1.89 14.41 11.10 0.20 6.92 11.67 2.95 0.15 0.20 99.86 0.08 55.26 
PH89-3 11.389 103.612 2979 2941 49.95 1.68 16.02 9.42 0.17 7.45 11.74 2.91 0.28 0.21 99.83 0.17 61.03 
PH90-2 11.374 103.639 3003 2933 50.61 2.15 14.97 10.54 0.19 6.17 10.95 3.44 0.54 0.33 99.88 0.25 53.70 
PH91-1 11.380 103.656 3101 3024 50.16 1.47 15.79 9.51 0.16 7.58 12.19 2.76 0.13 0.13 99.87 0.09 61.21 
PH92-3 11.382 103.678 2900 2903 50.16 1.94 16.07 9.43 0.19 7.03 11.13 3.21 0.52 0.22 99.90 0.27 59.61 
PH92-4 11.382 103.678 2900 2903 49.99 1.96 16.08 9.44 0.19 7.08 11.18 3.23 0.51 0.25 99.90 0.26 59.75 
PH93-l 11.378 103.690 2960 2908 50.33 1.82 15.17 10.31 0.19 6.97 11.73 2.91 0.20 0.20 99.83 0.11 57.27 
PH93-4 11.378 103.690 2960 2908 50.54 1.90 14.99 10.02 0.20 7.06 11.78 2.97 0.20 0.19 99.84 0.11 58.25 
PH93-6 11.378 103.690 2960 2908 50.38 1.58 15.08 9.81 0.21 7.51 12.09 2.83 0.21 0.16 99.86 0.13 60.24 
PH93-7 11.378 103.690 2960 2908 50.63 1.82 15.28 10.22 0.20 6.91 11.53 2.92 0.20 0.16 99.89 0.11 57.25 
PH94-1 11.369 103.709 2863 2864 50.34 1.62 15.26 9.89 0.20 7.42 11.98 2.73 0.21 0.15 99.79 0.13 59.76 
PH95-3 11.366 103.719 2883 2882 50.08 1.79 15.17 9.87 0.21 7.57 12.01 2.92 0.17 0.14 99.93 0.09 60.31 
PH95-7 11.366 103.719 2883 2882 50.82 1.85 14.96 10.32 0.21 6.66 11.37 3.12 0.29 0.23 99.83 0.16 56.12 
PH96-1 11.365 103.734 2826 2771 50.22 1.72 15.12 10.09 0.18 7.01 11.91 2.97 0.17 0.19 99.58 0.10 57.89 
PH97-1 11.362 103.742 2848 2733 50.21 1.98 14.78 11.04 0.20 6.71 11.44 3.09 0.18 0.19 99.82 0.09 54.63 
PH98-l 11.361 103.752 2910 2720 49.88 1.61 15.78 9.84 0.18 7.56 12.02 2.73 0.15 0.15 99.89 0.09 60.33 
PH99-1 11.359 103.760 2830 2890 50.41 2.12 14.70 11.03 0.19 6.72 11.31 3.02 0.21 0.22 99.94 0.10 54.67 
PH99-2 11.359 103.760 2830 2890 49.98 2.01 14.87 11.51 0.20 6.70 11.36 2.99 0.20 0.19 100.02 0.10 53.56 
PH99-4 11.359 103.760 2830 2890 49.98 2.07 14.91 11.49 0.22 6.68 11.34 2.95 0.20 0.19 100.04 0.10 53.54 
PHl00-1 11.357 103.763 2623 2628 50.68 2.04 14.35 11.07 0.22 6.50 11.37 3.15 0.23 0.19 99.81 0.11 53.78 
PHl00-2 11.357 103.763 2623 2628 50.68 2.06 14.42 11.11 0.22 6.62 11.37 2.95 0.25 0.22 99.91 0.12 54.13 
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Sample Lat. Lon. Begin Depth End Depth Si02 Ti02 Al203 FeO MnO MgO CaO Na20 K10 P205 Sum K10ffi02 Mg_# 
PHlOl-2 11.357 103.771 2505 2549 50.39 2.15 14.69 11 .06 0.23 6.56 11.39 3.02 0.22 0.18 99.89 0.10 54.01 
PH102-6 11.358 103.778 2625 2549 50.17 1.94 14.90 10.98 0.22 6.83 11.47 2.99 0.23 0.20 99.93 0.12 55.17 
PH103-2 11.368 103.780 2570 2549 52.40 2.41 13.78 12.48 0.21 4.78 8.97 3.86 0.57 0.35 99.81 0.24 43 .15 
PH103-3 11.368 103.780 2570 2549 50.35 1.89 14.97 10.63 0.19 7.12 11.44 2.91 0.18 0.17 99.85 0.10 57.02 
PH104-l 11.344 103.777 2364 2545 50.36 1.88 15.06 10.51 0.20 7.12 11.50 2.93 0.23 0.19 99.99 0.12 57.29 
PH104-4 11.344 103.777 2364 2545 52.21 2.47 14.20 12.16 0.22 4.78 9.34 3.61 0.57 0.42 99.98 0.23 43.77 

PH105-SG 11.354 103.788 2652 2638 49.68 2.21 16.36 9.65 0.19 7.21 10.32 3.32 0.75 0.28 99.97 0.34 59.67 
PH106-1 11.378 103.785 2534 2528 50.13 1.90 15.13 10.29 0.19 7.30 11.56 2.94 0.19 0.15 99.78 0.10 58.44 
PH108-1 11.342 103.794 2724 2638 49.90 2.22 15.93 10.16 0.17 6.46 10.92 3.19 0.60 0.27 99.81 0.27 55.73 
PH109-1 11.352 103.799 2796 2778 49.62 1.61 16.30 9.33 0.18 7.57 11.82 2.97 0.20 0.14 99.74 0.12 61.64 
PH109-2 11.352 103.799 2796 2778 49.22 1.70 16.47 9.54 0.18 7.51 11.94 2.96 0.19 0.17 99.88 0.11 60.93 
PHll 1-3 11.349 103.822 2891 2811 50.84 1.66 15.26 10.16 0.16 6.93 11.30 2.89 0.33 0.21 99.74 0.20 57.46 
PHl 12-1 11.346 103.832 2929 2876 50.24 1.67 15.47 9.84 0.19 7.33 11.69 2.95 0.27 0.18 99.81 0.16 59.58 
PH112-2 11.346 103.832 2929 2876 50.11 1.65 15.57 9.84 0.18 7.36 11.73 2.92 0.27 0.19 99.82 0.16 59.72 
PH113-1 11.340 103.849 2942 2921 50.90 1.61 14.81 10.39 0.18 6.86 11.81 2.92 0.18 0.16 99.84 0.11 56.67 
PH113-2 11.340 103.849 2942 2921 50.71 1.64 14.87 10.31 0.20 6.92 11.90 2.88 0.19 0.19 99.83 0.12 57.07 
PH114-5 11.343 103.870 2951 2932 49.70 1.69 15.91 10.07 0.16 7.44 11.64 2.94 0.13 0.18 99.86 0.08 59.39 
PHl 15-2 11.334 103.888 3014 3021 50.68 1.76 14.81 10.44 0.19 7.03 11.73 2.91 0.16 0.14 99.85 0.09 57.14 
PHl 15-6 11.334 103.888 3014 3021 50.71 1.71 14.75 10.65 0.22 7.05 11.55 2.92 0.16 0.14 99.86 0.09 56.75 
PH117-3 11.325 103.922 2978 3094 50.92 1.48 15.10 9.51 0.20 7.45 12.14 2.63 0.12 0.12 99.68 0.08 60.82 
PH117-3 11.325 103.922 2978 3094 50.37 3.05 14.91 12.70 0.25 4.40 8.93 3.86 1.04 0.50 100.01 0.34 40.67 
PH119-1 11.317 103.972 3006 2986 50.65 1.84 14.95 10.34 0.21 6.66 11.68 3.07 0.19 0.17 99.78 0.10 56.06 
PH119-7 11.317 103.972 3006 2986 50.69 1.74 14.70 10.73 0.20 6.90 11.41 3.10 0.19 0.17 99.83 0.11 56.03 
PH120-1 11.309 103.989 3064 3006 51.06 1.73 14.56 10.08 0.20 7.29 11.89 2.71 0.12 0.16 99.80 0.07 58.89 
PH120-2 11.309 103.989 3064 3006 50.44 1.72 15.70 9.32 0.19 7.33 11.71 2.89 0.27 0.22 99.78 0.16 60.89 
PH120-7 11.309 103.989 3064 3006 49.95 1.87 16.50 8.96 0.18 7.15 11.34 2.81 0.49 0.25 99.51 0.26 61.25 
PH121-2 11.314 104.008 2993 2982 50.38 1.70 15.47 9.75 0.17 7.48 11.45 2.89 0.26 0.22 99.77 0.15 60.29 
PH122-l 11.311 104.028 3057 2963 49.76 1.88 16.29 9.33 0.17 7.43 11.04 3.07 0.64 0.31 99.94 0.34 61.19 
PH122-4 11.311 104.028 3057 2963 49.43 1.30 16.18 8.93 0.18 8.74 12.30 2.53 0.09 0.13 99.80 0.07 65.95 

Notes: Major element abundances were determined by electron microprobe at LDEO, Y. Niu analyst. Lat.= beginning latitude of the dredge, Lon. 
=beginning longitude, Mg#= Mg/(Mg+0.9 Fe). 
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Table 5-2. Trace element data and sources of isotope data 

Sample Sc Cr Co Ni Sr La Ce Nd Sm Eu Th Yb Lu Hf Ta ___ '[ll ____ Q__ La/Sm_l'f_ _ IsotoQic data 
9°30'N Area and ICPMS-UQ 

PH6-2 45 188 44 80 140 4.02 12.7 14 3.84 1.42 I 3.69 0.55 2.98 0.2 0.11 0.08 0.57 yes 
PHl4-l 42 393 41 80 110 2.61 8.9 8 2.77 I.I 0.69 2.51 0.37 2.12 0.11 0.06 0.02 0.52 yes 

PHl9-9 (19-7) 43 45 45 40 120 6.51 19.6 22 6.6 2.18 1.54 6.12 0.92 5.5 0.24 0.19 0.12 0.54 
PH23-2 

PH30-4 (30-1) 
PH32-8 

PH35-2 (35-3) 
10°30'N Area 

44 
44 
42 

PH51-3 (51-5) 44 
PH52-3 

94 
168 
47 

31 

45 
45 
44 

47 

90 
50 

60 

90 
120 
130 
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4.87 
4.16 
5.78 

5.95 

14.7 
12.1 
16.3 

17 

13 
12 
11 

15 

4.73 
3.94 
5.12 

5.25 

1.67 
1.46 
1.78 

1.83 

1.16 
0.99 
1.25 

1.25 

4.53 
3.9 

4.73 

0.65 
0.58 
0.7 

4.89 0.74 

3.81 
3.13 
4.27 

4.09 

0.22 0.15 
0.21 0.09 
0.31 0.19 

0.32 0.23 

PH54-4 (54-1) 44 166 44 100 110 3.64 11.1 10 3.89 1.44 0.98 3.77 0.59 3.1 0.17 0.11 

0.03 
0.2 
0.2 

0.04 

PH55-1 (55-3) 43 181 44 70 70 5.36 16.1 14 5.13 1.8 1.24 4.97 0.74 4.22 0.3 0.21 0.2 
PH60-2 
PH69-3 
PH76-1 43 284 48 100 50 0.67 2.7 1.91 0.81 0.57 2.6 0.39 1.36 0.03 

PH78-3 (78-2) 37 17 37 160 13.11 38.4 34 10.99 · 3.25 2.51 9.45 1.38 9.22 0.69 0.65 0.3 
11°20'N Area 

0.56 
0.58 
0.62 

0.62 

0.51 
0.57 

0.19 
0.65 

23-1 

35-1 

51-5 
52-2 
54-3 
55-3 
yes 
69-2 

PH90-2 42 143 38 30 250 10.28 24.6 13 5.14 1.79 1.04 3.67 0.53 4.15 0.81 0.79 0.35 1.14 yes 
PH91-1 40 336 43 150 3.37 10.1 13 3.25 1.27 0.79 2.95 0.43 2.46 0.19 0.12 0.02 0.57 yes 

PH92-3 (92-1) 38 248 39 120 200 9.18 22.3 19 4.41 1.62 0.89 3.15 0.45 3.51 0.7 0.63 0.32 1.1 92-1 
PH93-4 (93-6) 43 270 41 50 180 5.2 14.8 12 4.15 1.5 0.96 3.66 0.53 3.3 0.27 0.24 0.2 0.69 93-6 

PH94-1 42 323 42 110 120 4.81 13.3 14 3.48 1.29 0.84 3.06 0.46 2.69 0.34 0.25 0.2 0.76 yes 
PH99-1 99-2 
PHl00-1 44 127 42 60 140 5.67 15.8 12 4.55 1.64 1.09 4 0.6 3.61 0.34 0.3 0.11 0.68 yes 
PHl08-1 37 219 40 90 240 10.49 25.6 16 4.88 1.68 0.97 3.25 0.49 3.66 0.84 0.73 0.36 1.18 yes 

Notes: 1) The trace element data are all in ppm and were collected by Instrumental Neutron Activation Analysis (INAA) at Washington University (Korotev, 
1991 ; 1996). 2) The samples in this table are those selected for detailed mineral chemical and CSD study (bold type in Table 1). In some cases, trace element data 
for these particular samples was unavailable, but was available for a sample from the same dredge with very similar major element chemistry (Tables 1 and 2) . In 
such cases, data for the latter samples appears, and the sample number of the sample analyzed is in parentheses in the first column. 3) La/Sm is normalized to 
chondritic values (Haskin et al. 1968). 4) Isotopic data for the 9°30'N is not available, however ICPMS trace element data was collected at the University of 
Queensland, Australia, either for the sample listed in column 1 or a sample from the same dredge with similar major element chemistry, for which the sample 
number is given. For both the 10°30'N and 11°20'N areas, both isotopic data and ICPMS trace element data have been published in Regelous et al. (1999) and 
Niu et al. (1999) respectively. Samples from the 9°30'N and 10°30'N areas are NMORB, whereas samples from the 11°20'N area are both NMORB and EMORB . 
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Table 5-3. Point-counted modal abundances for MORBs from EPR 9°30N, 10°30N, and 11°20N 
Sample Ves. 01 Pl Cpx Xtall Total Sample 

% % % % % pts 
9°30'N PH60-2 

PH2-3 1.0 - 1.1 0.3 1.4 1000 PH62-2 
PH4- l 1.4 0.9 0.8 0.2 1.9 1000 PH62-6 
PH6-l 5.0 - 1.0 0.2 1.3 910 PH63-2 

Ves. 01 Pl Cpx Xtall Total 
% % % % % pts 
2.4 1.4 3.7 1.2 6.3 1500 
0.3 0.5 2.7 2.3 5.5 1000 
0.3 0.2 3.3 2.1 5.6 1000 
0.6 0.1 0.7 0.9 1.7 1000 

PH6-2 2.3 - 0.3 - 0.3 1000 PH63-3 0.8 0.4 1.2 0.2 1..8 1000 
PH6-3 1.4 - 0.6 0.4 1.0 1593 PH65-l 
PH7-l 2.0 0.7 4.8 - 5.5 1000 PH65-2 
PH7-2 1.7 0.4 3.8 - 4.2 1000 PH66-1 
PH7-3 1.4 0.1 2.5 0.1 2.7 1527 PH66-4 

1.1 0.5 4.4 2.0 6.9 1000 
0.5 0.8 6.9 2.2 10.0 1000 
1.1 0.3 - 0.3 1000 
0.7 0.1 - 0.1 1000 

PH7-4 2.2 0.1 2.6 - 2.7 1256 PH67-1 0.4 0.9 0.1 - 1.0 800 
PH7-6 6.0 - 2.2 0.3 2.6 1580 PH68-l 
PH7-8 1.4 0.2 1.5 - 1.6 1320 PH69-3 
PH8-l 3.0 - 0.5 - 0.5 1153 PH70-2 
PH8-2 0.0 - 0.5 - 0.5 936 PH72-13 
PH8-3 1.1 - 0.8 - 0.8 1385 PH76-1 

0.0 - 0.4 - 0.4 982 
0.9 1.6 4.3 1.3 7.3 1000 
1.2 - 0.1 - 0.1 1000 
1.8 0.2 4.1 0.1 4.4 1000 
0.0 1.9 4.2 - 6.1 2000 

PH14-l 2.8 2.2 6.3 0.9 9.4 1209 PH76-3 0.7 - - 0.0 1000 
PH19-1 5.1 - 0.3 - 0.3 1362 PH77-1 0.7 - 0.3 - 0.3 1000 
PH19-3 4.5 - 1.2 - 1.2 1000 PH77-4 
PH19-5 2.2 - 0.8 - 0.8 1527 PH78-2 
PH19-6 6.8 - 1.7 0.9 2.6 1271 PH78-3 

1.1 - 1.0 0.3 1.3 1000 
0.5 - 0.2 - 0.2 1000 
0.0 0.4 0.2 - 0.6 1000 

PH19-7 5.0 - 0.4 0.1 0.5 1214 PH80-3 1.0 0.4 0.4 - 0.8 984 
PH19-8 6.0 - 2.1 0.4 2.5 1217 PH81-2 
PH19-8 6.0 - 2.1 0.4 2.5 1217 PH81-3 
PH19-9 1.0 - 2.6 0.6 3.3 2411 PH81-7 
PH20-l 1.2 - 1.3 0.1 1.4 1313 PH81-9 
PH20-2 1.8 - 0.7 - 0.7 1261 
PH23- l 1.1 0.2 1.6 0.0 1.8 2864 PH82- l 
PH23-2 6.2 1.5 4.1 - 5.5 790 PH83-3 
PH24-1 5.0 0.2 1.8 0.5 2.5 1562 PH84-4 
PH24-2 3.7 1.0 1.3 - 2.2 1500 PH84-5 
PH24-3 3.6 0.1 1.9 0.7 2.7 1575 PH86-1 
PH26-2 3.8 0.2 1.3 0.3 1.8 1475 PH86-3 
PH30-1 8.5 - 0.4 0.1 0.5 1123 PH87-3 
PH30-2 11.2 - 0.3 - 0.3 1323 PH88- l 
PH30-3 5.0 - 0.4 - 0.4 2268 PH88-6 
PH30-4 10.0 - 0.3 0.1 0.4 878 PH89-3 
PH31-1 1.8 0.1 2.5 1.0 3.6 2896 PH90-2 
PH31-2 0.4 0.8 2.6 1.4 4.8 1699 PH91-1 
PH31-3 2.8 0.2 4.5 1.3 6.0 1778 PH92-3 
PH31-4 1.4 0.9 1.0 0.8 2.7 1821 PH92-4 
PH31-5 4.4 0.2 3.1 0.7 4.0 1632 PH93-i 
PH31-6 5.1 0.2 1.4 0.1 1.7 1000 PH93-4 

0.6 - 0.2 0.4 0.6 1000 
0.2 0.1 1.6 1.2 2.9 1000 
0.2 0.4 0.6 0.2 1.2 1000 
0.2 0.4 1.1 0.2 1.7 1000 

11°20'N 
1.2 0.4 1.3 -
0.5 0.8 5.4 -
1.3 - 0.6 -
2.3 - 0.2 -
1.1 0.3 0.8 -
0.3 1.4 2.2 -
2.2 - 0.6 -
0.2 - 0.2 -
0.6 - 1.4 -
0.5 0.8 2.0 -
1.2 - 0.2 -
1.1 0.7 1.0 -

1.7 1000 
6.2 1000 
0.6 1000 
0.2 1000 
1.1 1000 
3.6 1000 
0.6 1000 
0.2 1000 
1.4 1000 
2.8 1000 
0.2 1000 
1.7 1500 

0.0 0.1 0.2 - 0.3 1000 
0.7 0.2 0.9 0.1 1.2 1000 
0.2 0.2 0.7 - 0.9 1000 
0.2 0.5 1.4 - 1.9 1000 

PH31-7 2.4 - 0.4 1.1 1.5 1446 PH93-6 0.4 0.7 0.9 - 1.6 1000 
PH31-8 1.7 1.4 2.2 - 3.6 1500 PH93-7 0.7 0.6 0.8 - 1.4 1000 
PH3 l-9 2.4 - 1.1 1.0 2.1 1851 PH94- l 
PH32-1 5.0 0.2 3.6 - 3.8 1231 PH95-3 
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2.2 0.4 3.1 0.1 3.6 1500 
0.7 0.0 1000 



Sample Ves. 01 Pl Cpx Xtall Total Sample Ves. 01 Pl Cpx Xtall Total 
% % % % % pts % % % % % pts 

PH32-2 5.0 0.0 2.3 - 2.4 2360 PH95-7 
PH32-3 4.0 - 0.6 - 0.6 1282 PH96-l 
PH32-4 1.0 - 0.8 - 0.8 1141 PH97-l 
PH32-5 4.5 - 2.0 - 2.0 2071 PH98-1 
PH32-8 3.5 1.4 6.6 1.8 9.8 1318 PH99-l 
PH33-3 2.8 1.0 0.4 0.8 2.2 2374 PH99-2 

0.8 0.0 1000 
1.6 0.5 1.0 - 1.5 1000 
0.6 0.1 1.0 0.2 1.3 1000 
0.2 0.6 3.6 - 4.2 1000 
0.4 0.2 0.5 - 0.7 1000 
2.4 0.1 0.8 0.1 1.0 1000 

PH33-5 2.0 0.7 3.7 - 4.4 2035 PH99-4 1.9 0.1 1.1 - 1.2 1000 
PH35-2 2.7 0.9 3.7 1.7 6.3 1366 PHl00-1 1.7 0.1 0.4 0.3 0.8 1000 
PH36-1 4.6 0.2 1.1 0.6 1.8 1389 PHl00-2 0.7 0.1 1.1 0.3 1.5 1000 
PH36-2 4.1 0.4 3.7 0.3 4.3 1476 PHlOl-2 0.5 0.4 1.2 - 1.6 1000 
PH36-3 1.2 - 1.0 - 1.0 1500 PH102-6 1.2 - 0.3 - 0.3 1000 
PH36-4 4.3 0.8 3.9 1.1 5.8 2746 PH103-2 1.1 - 0.3 0.2 0.5 1000 
PH36-5 2.9 0.7 4.3 1.6 6.6 2523 PH103-3 0.9 0.0 1000 
PH36-6 2.2 0.5 1.6 0.2 2.4 1381 PH104-1 0.5 - 0.8 - 0.8 1000 
PH36-7 2.2 0.6 3.0 0.2 3.8 1589 PH104-4 0.4 0.1 0.6 0.4 1.1 1000 
PH38-2 1.8 0.0 0.8 0.6 1.4 2697 PH105-SG 1.2 0.4 0.1 -

10°30'N PH106-1 1.4 
PH41-3 1.3 - 1.0 - 1.0 1000 PH108-l 1.9 0.4 0.8 -
PH43-1 0.6 - 1.9 0.1 2.0 1000 PH109-1 1.5 - 0.1 -
PH44-2 0.5 - 0.4 - 0.4 1000 PH109-2 1.3 0.2 0.2 -
PH45-1 1.1 0.0 1000 PHl 11-3 0.9 0.6 1.8 -
PH45-2 1.7 - - 0.1 0.1 1000 PH112-l 0.6 0.2 1.5 -
PH46-l 0.5 - 0.1 0.2 0.3 1000 PHI 12-2 0.1 0.2 0.7 -
PH47-2 0.7 - 0.4 - 0.4 1000 PHl 13-1 3.4 0.2 5.8 -
PH49-4 1.1 0.0 1000 PHl 13-2 3.1 0.1 6.4 -
PH51-3 0.2 0.6 1.8 2.3 4.7 1000 PHl 14-5 0.6 - 0.9 -
PH51-5 0.8 1.1 3.8 1.7 6.7 1000 PH115-2 1.4 0.1 0.5 -
PH51-8 0.1 1.3 5.4 2.0 8.7 1000 PHl 15-6 1.0 - 0.7 -
PH52-3 0.9 1.1 1.4 0.1 2.6 1500 PH117-3 0.4 - 3.2 -
PH54-3 0.7 - 0.2 - 0.2 1000 PH117-3 0.4 - 3.2 -
PH54-4 3.8 0.2 1.7 - 1.9 500 PHl 19-1 0.0 - 0.4 -
PH55-l 2.8 0.6 1.7 0.2 2.5 1500 PH119-7 0.3 0.2 0.8 -
PH55-3 1.2 0.8 0.6 0.4 1.8 1000 PH120-1 0.6 - 1.4 -
PH56-2 0.8 - 0.2 - 0.2 1000 PH120-2 0.2 - 0.1 -
PH59-1 0.3 1.3 6.0 0.2 7.5 1000 PH120-7 0.1 0.6 0.1 -
PH59-2 0.2 1.4 3.9 0.3 5.6 1000 PH121-2 2.9 
PH60-1 1.2 0.5 5.0 0.7 6.2 1000 PH122-l 0.5 0.4 1.5 -

PH122-4 1.2 - 0.7 -

0.5 870 
0.0 1000 
1.2 1500 
0.1 1000 
0.4 1000 
2.4 1000 
1.7 1000 
0.9 1000 
6.0 1000 
6.8 1000 
0.9 1000 
0.6 1000 
0.7 1000 
3.2 1000 
3.2 1000 
0.4 1000 
1.0 1000 
1.4 1000 
0.1 1000 
0.7 1000 
0.0 1000 
2.0 1000 
0.7 1000 

Ves. % =volume percent vesicles; crystal abundances are calculated vesicle-free: 01 =olivine, 
Pl= plagioclase, Cpx = clinopyroxene, Xtall =total crystals; Total pts =total points counted. The 
point counting excludes microlites and includes xenocrysts. 
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Figure 5-1. Liquid lines of descent of glasses from EPR 9°30'N. Black circles represent N
MORBs, crosses E-MORBs (K20ffi02 > 0.14), and solid squares the selected samples, 
which are Ph14-1, Ph23-2, Ph6-2, Ph32-8, Ph30-4, and Ph35-2 respectively from high to 
low MgO. The solid curves with squares are the best fit we found using MELTS (0.1 kbar, 
0.4% H20, QFM-1 buffer, and fractionate soliq). 
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Figure 5-2. Liquid lines of descent of glasses from EPR 10°30'N. Black circles represent 
N-MORBs and solid squares the selected samples, which are Ph76-1, Ph52-3, Ph54-4, 
Ph69-3, Ph55-1, Ph51-3, Ph60-2, and Ph78-3 respectively from high to low MgO. The 
solid curves with squares are the best fit we found using MELTS (1 kbar, 0.2% H20, Fe
FeO buffer, and fractionate solid). 
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Figure 5-3. Liquid lines of descent of glasses from EPR 11°20'N. Black circles represent 
N-MORBs, crosses E-MORBs, and solid squares the selected samples, which are Ph122-
4, Ph91-1, Ph94-1, Ph93-4, Ph99-1, and Phl00-1 respectively from high to low MgO for 
N-MORBs and Ph92-3, Ph108-1, and Ph90-2 from high to low MgO for E-MORBs 
(shown more clearly in panels for A}i03, FeO, and K20). The solid curves with squares 
are the best fit we found using MELTS (0.1 kbar, 0.4% H20, QFM-1 buffer, and 
fractionate solid). 
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To confirm mineralogic representativeness, we measured modal abundances in 

more than 150 samples by point counting (Table 5-3). 11°20N has statistically lower 

total crystal content (1.4 ± 1.5 vol%) than 9°30'N (2.6 ± 2.1 vol%) and l0°30'N (2.7 ± 

2.8 vol%) which are statistically similar. The abundances of xenocrysts, crystals with 

obvious disequilibrium texture, are 0.57 ± 0.69 vol%, 0.96 ± 1.2 vol%, and 1.6 ± 1.2 

vol% for 9°30'N, l0°30'N, and 11°20'N respectively. 9°30'N has statistically lower 

content of xenocryst than 11 °20'N. We find that as the MgO content of glasses decreases, 

the total crystal content also decreases (Figure 5-4), just the opposite to what would be 

expected from crystallization with retention of crystals. This trend is common and may be 

universal as it is present for all data sets for which there are both modal and chemical 

data and significant variation in MgO content (Marsh, 1981; Schilling et al., 1982; 

Michael and Chase, 1987; Michael et al., 1989; K. Swanson and M. 0. Garcia, personal 

communication, 2000). This relationship has important implications on magma 

crystallization and transportation processes discussed later. Based on their chemical 

(Figure 5-1, Figure 5-2, and Figure 5-3) and petrographic (Figure 5-4) representativeness, 

we selected 23 samples for detailed mineralogic study. 

Figure 5-5 shows that crystals of EPR lavas from 9°30'N, l0°30'N, and 11°20'N 

are equimodal, namely their phase proportions are similar to those seen in low-pressure 

crystallization experiments. Other EPR segments and Atlantic mid-ocean ridges also have 

equimodal crystal assemblages (Michael and Chase, 1987; Bryan, 1983), suggesting that 

widespread and significant fractionation of one solid phase from another is not significant 

(Bryan, 1983). Figure 5-5 is not sensitive enough to detect small solid-solid fractionation 

effects, nor the effects of solid-liquid fractionation. 
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Figure 5-4. Total crystal content vs. MgO contents for MORBs from 
EPR 9°30'N, 10°30'N, and 11°20'N. The lines are drawn to represent 
the upper limit of total crystal content at different MgO. The patterns are 
similar if xenocrysts were not included. The squares are selected N
MORB samples and diamonds are selected E-MORB samples for 
detailed crystal assemblage study. For sample number, see captions of 
Figure 5-1, Figure 5-2, and Figure 5-3. 
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5.3.2 Crystal assemblages 

Because our samples are generally sparsely phyric, it was necessary to make 5-10 

thin sections for each of the 23 samples in order to have representative populations of 

both large and small crystals for mineralogic study. Probe analyses, from a few hundreds 

to a few thousands, were collected for each mineral phase present in each of the 23 

samples selected. Table 5-4, Table 5-5, and Table 5-6 show representative analyses for 

plagioclase, pyroxene, and olivine respectively. Note the fairly wide range of 

compositions present within the data set, consistent with the wide range of MgO among 

the samples (Table 5-1 ). Also note the wide range of compositions present even within a 

single sample, evidence for magma mixing, as discussed below. 

We did quantitative statistical analyses to identify the number of significant 

chemical groups for each phase in each of the 23 samples. Because repeated 

measurements of a single composition are normally distributed, many measurements of a 

mineral with n different compositional groups should produce n normal distributions that 

sum to produce the total measurements. So essentially we try to fit the total 

measurements with the least number of normal distributions that are significantly 

different from each other. We used Kolmogorov-Smirnov test (Press et al., 1989) to 

measure the goodness of the fit. We used 'Solver' in Microsoft Excel to optimize the 

mean, standard deviation and weight proportion of each normal distribution. Initial values 

for the optimization are critical; we first used histogram to estimate the initial values and 

then changed them locally during optimization. 
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The above procedure gives the number of normal distributions, their means, 

standard deviations, and weight proportions for each phase in the 23 samples, shown in 

Table 5-7. The choice of standard deviation is important because larger and smaller 

standard deviations lead to fewer and more numerous normal distributions respectively. 

We chose the upper limit of standard deviation based on our analytic uncertainty. For 

example, the plagioclase standard for our electron microprobe analysis is An94.5 [An = 100 

x Ca I (Ca + Na)] and our analyzed results give An94.6 ± 0.5 . The olivine standard (San 

Carlos) has Fo90.o [Fo = 100 x Mg I (Mg +Fe)] and our analyzed results are Fos9.9 ± o.3· 

The pyroxene standard is Wo39.9 [Wo = 100 x Ca I (Ca+ Mg +Fe)], En52.2 [En= 100 x Mg 

I (Ca+ Mg +Fe)], and Mg#s6.s [Mg#= 100 x Mg I (Mg +Fe)], and our analyzed results 

are Wo39_2 ± o.9, Ens2.s ± o.9, and Mg#s6.s ± o.8· The standard deviations shown above are all 

for repeated analyses of the standards during our one year period of analysis. For any 

single probe session, the standard deviations are smaller. We set the upper limit for the 

standard deviation of the model normal distributions to be about 2 times the analytical 

standard deviations, namely An1.0, Wol.8, Enl.8, Mg#l.8, and Fo0.6 to insure that the 

identified normal distributions would be reasonable. 
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Table 5-4. Representative electron microprobe analyses of plagioclase 

Sample Point Si02 Alz03 FeO CaO Na20 Total An Sample Point Si02 Alz03 FeO CaO Na20 Total An 
9°30'N 76-1 Dl0-1 50.5 31.4 0.7 14.5 2.9 100.1 70.8 

6-2 Tll 51.5 30.3 0.8 13.6 3.7 100.066.6 76-1 04-1 49.4 31.8 0.5 15.2 2.7 99.6 74.8 
6-2 T28-4 49.5 32.0 0.5 14.9 2.8 99.7 73.3 76-1 023-1 48 .2 32.7 0.5 16.1 2.1 99.7 79.2 
6-2 T56-5 48.5 32.6 0.6 15.9 2.4 100.077 .9 69-3 V79-2 52.9 29.5 0.5 12.5 4.3 99.8 61.l 
14-1 N25-3 54.3 29.0 0.7 11.8 4.7 100.457.2 69-3 V69-2 47.5 33.4 0.4 16.7 1.8 99.8 82.1 
14-1 N7-13 51.8 30.9 0.3 14.0 3.6 100.667.8 69-3 V198-3 45 .1 35.7 0.3 18.9 0.8 100.992.9 
14-1 Nl9-1 48.l 33.5 0.4 16.4 2.1 100.680.3 78-3 H43-7 59.0 24.0 1.9 7.7 6.5 99.l 37.4 

23-2 P6-4 54.3 28.7 0.7 11.5 4.8 100.055.5 78-3 H23-2 56.6 27.1 0.8 9.4 6.1 100.045.1 
23-2 kl5-3 49.8 31.9 0.4 15.1 3.0 100.273.6 78-3 H31-6 55.2 27.9 0.7 10.5 5.4 99.9 51.0 
23-2 Kl-5 48 .1 33.2 0.5 16.l 2.4 100.478.9 78-3 H46-10 49.0 31.8 0.6 15.5 2.4 99.2 76.4 
23-2 k44-3 47 .2 34.2 0.4 11.0 1.7 100.683.4 11 °20N 
30-4 850-7 52.7 28.9 0.9 12.2 4.4 99.1 60.0 90-2 small 57.1 27.1 1.1 9.4 6.1 100.844.9 
30-4 829 50.9 31.2 0.6 13.8 3.3 99.8 67.6 90-2 N37-l 52.3 29.7 0.8 12.9 4.2 99.8 62.8 
30-4 876-3 48 .5 32.3 0.7 15.l 2.5 99.2 74.7 90-2 N53-2 47.5 33.3 0.5 16.8 2.1 100.182.5 
32-8 L38-3 52.5 29.3 0.7 11.9 4.5 98.9 58.4 91-1 Ll4-4 51.8 30.3 0.5 13.1 3.8 99.6 64.1 
32-8 L5-8 51.2 30.5 0.6 13.7 3.6 99.6 67.1 91-1 L19-6 48.2 32.7 0.6 15.6 2.5 99.7 77.1 
32-8 LI0-9 47.8 32.4 0.6 15.7 2.4 98.8 77.9 91-1 L91-1 46.4 34.0 0.5 17.1 1.7 99.6 84.5 
35-2 P27-8 55.2 28.3 0.6 10.8 5.2 100.252.1 92-3 K15-4 53.8 28.4 0.9 11.7 4.8 99.6 57.2 
35-2 Pl9-3 53.7 29.2 0.7 12.1 4.5 100.258.5 92-3 N18-l 49.4 32.3 0.4 15.2 2.7 100.074.5 
35-2 P37-2 52.0 30.6 0.6 13.3 3.8 100.3 64.7 92-3 K13-1 47.3 33.3 0.4 16.7 2.0 99.7 82.6 
35-2 P5-2 50.9 31.5 0.6 14.5 3.2 100.770.4 93-4 0106-9 54.1 28.4 0.8 11.5 4.9 99.8 55.9 

10°30'N 93-4 0122-8 50.1 31.7 0.5 14.3 3.2 99.9 70.2 
51-3 041 59.3 25 .0 1.5 7.5 7.0 100.436.1 93-4 G49 46.4 34.5 0.4 17.2 1.6 100.184.6 
51-3 0 36-1 55.7 27.8 0.7 10.5 5.3 100.050.9 94-1 N9-3 52.7 29.2 0.6 12.5 4.2 99.3 61.3 
51-3 062-2 50.6 31.l 0.7 14.2 3.4 99.9 69.3 94-1 M4-3 50.7 30.8 0.6 14.0 3.4 99.5 68.5 
52-3 C42-7 52.5 29.9 0.7 13.0 4.0 100.163.0 94-1 M41-l 46.9 33.5 0.4 16.9 1.9 99.6 83.3 
52-3 C8-7 50.3 31.3 0.5 14.5 3.0 99.6 71.3 99-1 y73-13 55.2 28 .1 1.0 10.8 5.3 100.252.0 
52-3 C22-2 47.4 33.3 0.4 16.9 1.9 99.9 83.5 99-1 y29-4 52.2 29.5 0.9 13.0 3.9 99.5 63.7 
54-4 U21-13 57.4 25 .6 1.4 8.9 6.3 99.6 43.0 99-1 y30-3 48.4 32.6 0.5 15.7 2.5 99.6 77 .1 
54-4 U60-4 50.4 31.5 0.5 14.5 3.2 100.270.8 100-1 C27-1 54.3 28.4 0.7 11.6 4.9 99.9 56.2 
54-4 U21-1 46.1 34.2 0.4 17.7 1.4 99.8 87.6 100-1 C21 -2 51.1 30.8 0.5 14.l 3.6 100.068.6 
55-1 E2-1 56.5 26.4 1.2 9.4 6.0 99.5 45.8 100-1 C47-4 48.1 33.1 0.5 15.8 2.4 100.077.8 
55-1 E40-14 52.3 29.7 0.7 12.9 4.0 99.6 63.1 108-1 N36-3 52.9 29.9 0.7 12.5 4.3 100.260.6 
55-1 E35-3 47.4 33.2 0.6 16.2 2.1 99.6 80.2 108-1 N48-l 51.1 30.6 0.5 13.5 3.7 99.4 66.0 
55-1 E43-37 45 .6 34.5 0.5 17.9 1.2 99.7 88.6 108-1 N6-12 49.2 32.6 0.5 15.6 2.7 100.5 75.9 
60-2 E12-3 56.4 25.9 2.3 9.3 5.9 99.9 45.2 122-4 p84-9 54.2 27.5 1.2 11.3 5.0 99.2 55.6 
60-2 E25-1 54.7 28.5 0.9 11.l 5.2 100.453.7 122-4 P30-2 50.2 31.l 0.6 14.5 3.3 99.6 71.l 
60-2 E2-4 52.6 29.4 0.7 12.2 4.6 99.5 59.9 122-4 p129-9 46.2 34.6 0.4 17.9 1.4 100.5 87.8 

We used the Cameca SX-50 microprobe at the University of Hawaii. The probe was run with a 
beam current of 10 nA, a voltage of 15 kv, a beam size of -lµm and count times of 30 seconds. 
Na, Al, and Si are analyzed first to minimize evaporation. For olivine and pyroxene, the beam 
current is 20 nA. 
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Table 5-5. Representative pyroxene chemical composiHons by electron microprobe 

Sample Point 

6-2 small 53.0 0.5 1.9 
6-2 D90 51.4 0.5 3.2 
6-2 D70 51.5 0.6 3.1 
14-1 v62-3 53.5 0.3 2.2 
14-1 v70-6 51.9 0.5 3.6 
14-1 v57-1 50.2 0.8 4.6 
30-4 c 111 52.1 0.5 2.1 
30-4 C92 51.8 0.7 3.2 
30-4 ClOl 51.6 0.6 3.0 
32-8 Hl5-7 52.2 1.2 5.2 
32-8 H23-7 52.0 0.7 2.6 
32-8 c13-6 50.9 1.1 6.0 
35-2 B67 46.3 1.5 10.0 
35-2 B3-2 50.9 1.2 3.7 
35-2 B82 50.6 1.3 3.6 

51-3 E25-5 53.5 0.4 1.4 
51-3 E24-3 50.6 1.3 3.6 
51-3 E37-4 52.1 0.7 2.5 
52-3 P33-l 53.3 0.5 2.1 
52-3 P32-2 52.8 0.6 2.3 
52-3 P36-3 50.7 1.0 4.5 
54-4 S34 52.4 0.5 2.2 
54-4 S41-7 49.4 1.4 6.8 
54-4 S15-4 51.6 0.6 2.9 
55-1 F23-11 52.1 0.6 1.9 
55-1 F23-7 52.3 0.6 1.9 
55-1 F23-2 51.8 0.7 2.0 
60-2 F16-2 53.5 0.4 1.0 
60-2 F19-4 50.0 1.3 3.3 
60-2 F17-2 49.3 1.6 3.6 
69-3 c43-4 52.8 0.5 1.6 
69-3 N24-4 53.4 0.4 1.9 
69-3 N14-2 51.9 0.8 2.7 
78-3 P57 52.4 0.6 1.2 
78-3 P89 51.0 0.8 2.4 
78-3 Pl2 51.0 1.0 2.5 

90-2 Al0-2 51.7 0.9 2.9 
90-2 All-4 49.0 2.0 5.2 
90-2 A2-1 47.7 2.3 6.7 
94-1 F27-2 52.8 0.5 2.5 
94-1 F31-1 50.8 1.1 4.5 
94-1 Fl5-l 50.0 1.0 4.8 
100-1 D4-7 53.4 0.5 1.7 

9°30'N 
0.2 7.7 0.2 19.7 16.6 
0.7 5.5 0.2 17.4 20.6 
0.7 5.3 0.1 17.1 21.0 

0.1 99.9 33.4 54.3 12.3 
0.2 99.7 41.9 49.3 8.8 
0.2 99.6 43 .0 48.4 8.5 

0.8 6.1 0.1 21.0 16.2 0.1 100.3 32.3 58.2 9.5 
1.1 5.1 0.1 18.1 19.4 0.2 100.0 39.8 52.0 8.2 
1.3 4.7 0.1 16.3 21.1 0.3 99.5 44.0 48.2 7.8 
0.4 7.1 0.2 18.4 18.1 0.2 99.1 37.1 51.6 11.4 
0.5 6.9 0.2 17.4 19.3 0.3 100.3 39.8 49.l 11.0 
0.5 6.4 0.2 16.8 20.3 . 0.2 99.6 41.9 47.8 10.4 
0.1 11.3 0.3 15.5 13.6 1.1 100.4 33.6 46.8 19.6 
0.1 8.3 0.2 17.4 18.6 0.2 100.1 38.2 48.5 13.3 
0.3 6.9 0.1 15.2 19.4 0.6 100.7 43.2 45.2 11.6 
0.0 15.6 0.2 17.2 6.8 1.7 99.3 21.5 51.7 26.9 
0.1 8.9 0.2 16.7 17.9 0.2 99.9 37.8 47.6 14.7 
0.1 9.3 0.2 15.l 19.5 0.3 100.0 41.2 43.4 15.3 

10°30'N 
0.1 11.2 0.3 22.1 11.0 0.0 100.0 21.7 60.6 17.7 
0.0 9.9 0.3 16.0 18.1 0.0 99.7 37.6 46.0 16.5 
0.2 6.8 0.1 17.1 19.9 0.2 99.7 41.1 47.9 11.0 
0.3 9.5 0.3 21.5 12.4 0.1 100.1 25.2 59.6 15.1 
0.4 7.4 0.2 18.9 17.0 0.2 99.8 34.7 53.4 11.9 
0.2 6.9 0.1 15.9 20.4 0.3 100.0 43.0 45 .7 11.3 
0.3 6.8 0.1 18.6 18.0 0.2 99.1 36.8 52.3 10.9 
0.2 8.7 0.2 15.0 18.0 0.6 100.3 40.6 44.5 14.9 
0.5 5.5 0.1 17.0 21.3 0.3 99.7 43.4 47.9 8.7 
0.1 9.8 0.3 17.l 17.3 0.0 99.3 35.4 48.5 16.l 
0.0 9.5 0.2 17 .2 17 .6 0.0 99.3 35.9 48.6 15.5 
0.0 9.8 0.3 16.7 17.9 0.0 99.3 36.7 47.3 16.1 
0.0 17.1 0.5 23 .1 5.2 0.0 100.7 10.4 62.7 26.9 
0.0 12.8 0.3 16.4 15.6 0.3 100.0 32.9 46.3 20.8 
0.0 10.8 0.2 14.5 19.0 0.3 99.3 40.5 41.6 17.9 
0.2 7.3 0.2 19.1 17.4 0.2 99.3 35.3 53.0 11.7 
0.3 5.4 0.2 18.3 19.9 0.2 100.1 40.4 50.9 8.7 
0.3 6.7 0.1 16.2 20.9 0.3 99.9 43.4 45.8 10.9 
0.1 13.2 0.4 18.3 12.9 0.2 99.2 26.8 51.6 21.6 
0.1 12.3 0.3 16.5 15.7 0.3 99.5 33.1 46.8 20.1 
0.1 10.5 0.3 15.3 18.6 0.3 99.7 39.2 43.5 17.3 

11°20'N 
0.2 7.6 0.2 18.6 17.4 0.2 99.8 35.6 52.l 12.3 
0.1 8.3 0.2 15.9 18.7 0.3 99.7 40.1 46.0 13.9 
0.3 7.6 0.2 14.2 20.1 0.4 99.5 44.4 42.6 13.0 
0.5 7.0 0.2 19.9 16.5 0.1 100.0 33.3 55.5 11.2 
0.3 6.2 0.2 16.7 19.7 0.2 99.7 41.4 48.3 10.4 
1.4 5.3 0.2 15.9 21.0 0.2 99.7 44.0 47.4 8.7 
0.2 8.4 0.2 20.3 15.0 0.2 100.0 30.5 56.1 13.4 

81.9 
84.9 
85 .l 
86.0 
86.3 
85.9 
82.2 
81.8 
82.3 
70.8 
78.8 
79.6 
66.1 
76.8 
74.3 

77.8 
74.2 
81.6 
80.1 
82.0 
80.4 
82.9 
75.3 
84.7 
75.5 
76.2 
75.1 
70.6 
69.5 
70.3 
82.4 
85.6 
81.0 
71.1 
70.5 
72.0 

81.3 
77.2 
76.8 
83.4 
82.6 
84.3 
81.1 

100-1 D9-2 52.5 0.6 2.2 0.3 7.0 0.2 18.5 18.0 0.2 99.5 36.7 51.9 11.4 82.3 
100-1 D8-7 50.3 1.6 9.0 0.2 6.7 0.1 13.5 18.7 0.7 100.8 45.3 42.6 12.0 78 .1 

See note of Table 5-4. 
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Table 5-6. Representative olivine chemical compositions by electron microprobe 

SamEle Point Si02 FeO MgO CaO Total Fo SamEle Point Si02 FeO MgO CaO Total Fo 
32-8 H7-2 38.6 21.4 40.1 0.3 100.4 76.7 122-4 A47-l 40.2 12.6 46.5 0.3 99.5 86.8 
32-8 H31-13 38.9 18.9 41.3 0.3 99.5 79.2 122-4 A22-1 40.3 11.7 47.4 0.3 99.7 87.8 
32-8 H37-5 39.1 17.5 42.5 0.3 99.5 80.9 122-4 A59-4 40.3 11.2 47.0 0.3 98.9 88.2 
32-8 ell 39.4 16.5 43.3 0.3 99.5 82.1 92-3 E5-l 39.8 15.6 44.7 0.3 100.4 83.5 
32-8 c4 39.5 16.1 44.0 0.3 99.9 82.7 92-3 E18-4 39.3 15.1 44.9 0.3 99.5 84.1 
6-2 D57 38.6 16.7 42.5 0.4 98.2 81.6 92-3 E13-l 39.7 14.5 45.4 0.3 100.0 84.7 
6-2 D59 39.3 16.7 43.8 0.4 100.1 82.0 23-2 x23-6 39.5 17.6 42.2 0.3 99.6 80.7 
6-2 D20 39.4 16.4 43.8 0.3 99.9 82.4 23-2 x19-5 39.2 16.9 43.1 0.3 99.4 81.7 

100-1 D52-2 39.1 18.2 41.6 0.3 99.2 80.1 23-2 Rll-6 39.8 14.5 45.0 0.4 99.7 84.6 
100-1 Dll-2 38.9 18.0 42.3 0.3 99.5 80.4 23-2 R23-3 39.9 14.1 45.1 0.3 99.4 85.0 
100-1 D23-2 38.5 17.8 42.7 0.3 99.2 80.7 55-1 Fl6-3 38.6 21.0 40.4 0.3 100.2 77.1 
52-3 P25-l 39.2 16.4 42.9 0.3 98.8 82.1 55-1 F7-12 38.6 19.7 40.9 0.3 99.4 78.4 
52-3 P19-4 39.5 15.2 44.3 0.3 99.4 83.5 55-1 F49-19 39.0 18.3 41.8 0.3 99.4 80.0 
52-3 P30-3 39.6 14.6 45.1 0.3 99.6 84.3 69-3 c19-4 41.8 15.7 32.2 3.2 92.9 78.2 
52-3 P18-2 39.8 13.9 45.3 0.3 99.3 85.0 69-3 c37-1 38.9 17.7 42.9 0.3 99.8 80.9 
108-1 small 39.5 17.1 43.6 0.3 100.5 81.7 69-3 c90-2 39.8 13.3 46.1 0.3 99.5 85.9 
108-1 B30 39.3 15.9 44.5 0.3 100.1 83.0 69-3 5 40.7 10.5 48.4 0.3 100.0 88.9 
108-1 B54-10 39.4 15.2 45.0 0.3 99.9 83.8 69-3 N4-3 40.6 10.l 48.3 0.3 99.3 89.4 
35-2 B62-1 38.2 23 .9 37.9 0.3 100.3 73.5 30-4 C69 38.9 19.4 40.6 0.3 99.2 78.6 
35-2 B87-1 38.0 22.4 38.9 0.3 99.7 75 .2 30-4 C65 38.9 19.2 41.0 0.3 99.4 78.8 
35-2 B72-4 38.6 21.2 39.7 0.3 99.8 76.7 30-4 C58 39.0 18.0 42.0 0.3 99.3 80.4 
14-1 v34-2 39.6 14.8 45.7 0.3 100.4 84.4 30-4 C44 39.0 17.5 42.2 0.3 99.0 80.8 
14-1 v36-l 39.4 13.6 46.3 0.4 99.7 85.5 91-1 small 39.9 15.1 43 .9 0.3 99.2 83.6 
14-1 v35-l 39.9 12.7 47.3 0.3 100.2 86.6 91-1 D2-4 40.5 13.5 46.1 0.3 100.4 85 .7 
60-2 F24-4 37.3 28.6 34.4 0.3 100.6 68.1 91-1 D13 40.3 12.9 46.2 0.3 99.7 86.3 
60-2 F9-3 37.3 27.7 35.3 0.3 100.5 69.3 76-1 M28-l 39.8 14.5 45.5 0.3 100.1 84.6 
60-2 F32-3 37.6 26.8 35.9 0.3 100.5 70.4 76-1 M66-6 39.7 14.0 45.6 0.3 99.6 85.1 

78-3* F7-4 37.3 27.6 35.2 0.3 100.4 69.0 76-1 M76-1 39.7 13.4 46.1 0.3 99.6 85.7 
99-1 L86-5 38.2 19.0 41.7 0.3 99.2 79.6 93-4 D85 39.6 17.5 42.8 0.3 100.2 81.0 
99-1 L45-l 39.6 15.7 43.8 0.3 99.4 83.2 93-4 A166 39.8 15.6 44.0 0.3 99.8 83.1 
99-1 L5-8 39.9 14.4 44.7 0.3 99.3 84.6 93-4 A93 39.6 15.1 44.9 0.3 100.0 83.9 
122-4 A4-2 39.4 16.0 43.7 0.4 99.4 82.9 54-4 s17 39.1 17.2 43.1 0.3 99.8 81.4 

See note of Table 5-4. 
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Table 5-7. Calculated equilibrium composition and number of normal distributions for 
plagioclase, olivine, and pyroxene for the 23 samples from EPR 9°30'N, 10°30'N, and 11°20'N 

Sample Mineral Equi Chemical groups Log Sample Mineral Equi Chemical groups Log 
Comp Mean Std Wto/c Fit o/c fo2 Comp Mean Std Wto/c Fit o/c fo2 

6-2 An(2) 69.7 71.8 0.8 44 82 -9.7 60-2 An(2) 58.6 53.2 0.8 48 32 -11.6 
74.5 1.0 56 58.1 0.5 52 

Wo 40.7 41.9 0.8 100 18 Wo(2) 34.0 34.0 1.4 66 42 
En 49.0 49.0 0.6 100 41 38.7 1.5 34 

Mg#(2) 82.6 79.8 0.8 17 97 En 48.5 46.5 1.8 100 12 
85.0 0.5 83 Mg#(2) 73.8 70.2 1.5 58 93 

Fo 82.0 82.0* 0.3* 74.9 1.1 42 
14-1 An 68.5 67.8 1.0 100 7 -10.9 Fo 69.3 69.3 0.5 100 50 

Wo(2) 37.4 41.7 1.0 48 99 69-3 An(6) 67.9 64.8 1.0 15 12 -9.2 
37.5 1.8 52 68.9 1.0 34 

En(2) 54.1 50.5 1.7 77 87 
55.8 1.8 23 

Mg# 87.3 85.7 0.9 100 79 
Fo 85.5 85.5 0.4 100 92 

23-2 An(2) 72.5 73.4 1.0 84 28 -9.0 
77.3 1.0 16 

Fo 83.4 84.5 0.2 100 87 
30-4 An(2) 63.2 66.3 1.0 40 19 -9.9 

68.5 1.0 60 

32-8 

Wo 
En 

Mg# 
Fo 

An(4) 

41.4 39.6 1.7 100 37 
46.5 49.0 1.3 100 37 
79.1 81.7 0.5 100 93 
78.2 79.5 0.6 100 9 
67.4 60.9 0.9 36 24 

64.6 1.0 24 
67.3 1.0 30 
71.4 0.5 10 

Wo(2) 41.2 41.5 0.8 80 74 
39.2 1.0 20 

En(2) 47.9 48.6 0.9 57 39 
45.9 0.7 43 

Mg#(2) 81.5 78.6 0.8 56 33 
83.4 0.9 44 

Fo(3) 80.5 78.1 0.6 12 85 
80.9 0.6 51 
81.7 0.6 37 

-9.3 

35-2 An(3) 58.1 58.l 1.0 51 57 -11.4 
62.1 0.7 23 

51-3 

66.0 1.0 26 
Wo(2) 38.9 38.5 1.7 84 78 

30.7 1.5 16 
En 46.2 47.6 1.8 100 9 

Mg# 75.6 76.8 1.8 100 72 
Fo 74.3 75.2 0.6 100 44 

An(2) 59.7 60.4 1.0 45 12 -10.8 
65.5 1.0 55 

Wo(2) 41.0 39.4 1.1 73 58 
34.6 1.8 27 

98 

72.7 1.0 19 
79.5 1.0 9 
83.7 0.6 12 
88.7 0.6 10 

Wo(2) 42.0 42.0 0.6 87 39 
38.8 0.4 13 

En 48.l 48.8 0.8 100 3 
Mg# 82.6 84.1 1.1 100 17 
Fo(3) 80.6 80.6 0.6 33 12 

85.6 0.5 37 
88.8 0.5 30 

76-1 An 74.3 74.9 1.0 100 10 -9.7 
Fo 85.1 85.1 0.2 100 85 

78-3 An(3) 53.7 39.3 0.5 16 6 -10.8 
47.4 1.0 25 
52.0 1.0 59 

Wo(2) 38.5 33.2 1.3 67 80 
38.3 0.7 33 

En(2) 44.3 44. l 0.8 39 95 
47.4 1.1 61 

Mg# 72.0 71.4 0.7 100 45 
Fo 65.9 69.1*0.5* 

90-2 An(3) 64.2 56.2 0.5 10 63 -9.5 
62.8 1.0 78 
81.4 0.8 12 

Wo 38.4 42.0 1.8 100 46 
En 49.8 46.2 1.8 100 65 

Mg# 81.3 80.2 1.6 100 54 
91-1 An(4) 73.l 70.3 0.9 11 52 -9.4 

75.3 1.0 27 
78.0 1.0 37 
81.1 1.0 25 

Fo 85.0 85.7 0.4 100 98 
92-3 An(3) 67.l 67.3 1.0 34 9 -9.4 

74.0 1.0 41 
78.7 0.6 26 

Fo 84.1 84.1 0.3 100 100 
93-4 An(5) 66.1 62.0 0.6 8 11 -10.0 



Sample Mineral Equi Chemical grouEs Log Sample Mineral Equi Chemical groups Log 
Comp Mean Std Wt% Fit % /02 Comp Mean Std Wt% Fit % /02 

En(2) 45.5 48.4 1.0 64 7 65 .3 0.8 26 
49.1 0.7 36 70.4 1.0 46 

Mg#(2) 76.8 81.1 0.6 60 99 76.5 0.6 13 
77.9 1.9 40 81.2 0.5 8 

52-3 An(3) 67.8 71.4 1.0 22 18 -10.3 Fa 83.l 83.1 0.4 100 78 
78.4 0.9 28 94-1 An(4) 70.8 68.9 0.7 15 35 -9.3 
80.6 0.9 49 71.4 0.5 3 

Wa 39.l 36.8 1.8 11 75.7 1.0 42 
En 50.9 50.5 1.8 6 79.9 1.0 40 

Mg# 83.9 80.4 1.2 100 100 Wa 42.5 41.4 1.8 100 34.3 
Fa 84.0 84.0 0.6 100 40 En 49.l 48.8 1.6 100 86.8 

54-4 An(4) 70.5 66.2 0.5 9 33 -9.0 Mg# 85.1 83.5 1.2 100 95.3 
71.1 1.0 62 99-1 An(4) 63.1 63.5 0.8 14 36 -10.5 
80.4 0.6 9 69.1 1.0 14 
85.7 0.9 21 71.3 1.0 65 

Wa 42.8 42.2 0.4 100 6 75 .9 0.6 7 
En 48.5 48.6 0.4 100 89 Fo(2) 81.0 82.9 0.5 65 41 

Mg# 83.8 84.3 0.6 100 20 83.9 0.6 35 
Fa 82.1 81.3*0.l* 100-1 An(3) 64.3 64.0 1.0 51 91 -9.7 

55-1 An(7) 62.7 55.1 0.5 8 14 -10.9 69.0 1.0 35 
62.7 1.0 34 74.4 1.0 14 
66.9 1.0 31 Wa(2) 40.7 40.5 1.6 76 100 
72.4 0.5 4 34.7 1.6 24 
77.6 0.5 5 En(2) 48 .9 48.0 1.6 85 43 
81.5 0.5 7 54.2 0.5 15 
84.9 0.5 11 Mg# 82.0 80.6 1.1 100 0 

Wa 37.3 35.9 0.6 100 100 Fa 80.4 80.4* 0.2* 
En 49.4 48.2 1.0 100 22 108-1 An(2) 66.1 65 .0 1.0 55 25 -9.3 

Mg# 79.1 75.7 0.6 100 100 67.8 1.0 45 
Fa 78.4 78.4 0.5 100 64 Fa 82.0 83.0 0.5 100 63 

122-4 An(3) 70.0 70.8 1.0 13 35 -10.0 
81.3 1.0 35 
83 .8 1.0 51 

Fa(2) 87.3 86.8 0.6 18 99 
87.8 0.2 82 

Equi comp: the calculated mineral composition in equilibrium with host glass; Std: standard deviation; 
Wt%: the weight percent of a chemical group; Fit%: goodness of fit measured by Kolmogorov-Smimov 
test with a goodness of fit of 6% considered to be significant (Press et al. , 1989); Logfo2: the optimized 
logfo2 within a range of -9 to -12 in calculating equilibrium compositions. The number of identified groups 
of minerals, when more than one, is indicated in parentheses. *Estimated from simple statistic. 
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We provide here the descriptions and interpretations of crystal assemblages for a 

variety of representative and illustrative samples starting with the simplest mineralogy 

and progressing to more complex: 1) Ph76-1 with one group of plagioclase and olivine; 

2) Ph6-2 with two groups of plagioclase and one group of olivine plus discordant 

pyroxene (pyroxene with discordant or unequal numbers of mineral groups of Wo, En, 

and/or Mg#); 3) Ph99-1 with four groups of plagioclase and one group of olivine, and 4) 

Ph69-3 with 6 groups of plagioclase, one group of discordant pyroxene, and three groups 

of olivine. Descriptions of the remaining 19 samples are provided in supplement material 

to Chapter 5. Plagioclase and pyroxene compositions in equilibrium with their host lava 

(Table 5-7) are calculated using the method of Chapter 3. Overall, the samples display an 

unexpected range of mineralogic complexity more like what is seen in highly phyric 

samples from the Mid-Atlantic Ridge (Kuo and Kirkpatick 1982; Rhodes et al., 1979; 

Sinton and Detrick, 1992) in terms of the large range of compositional diversity, zoning, 

and disequilibrium textures. 

Ph76-1 

Plagioclase is Ann.0-19.2 with one identified group at An143 (Figure 5-6). Most 

plagioclase grains are small (average width about 90um) microlites with large aspect ratio 

and are distributed in clear or dark glass. There are large, low-aspect ratio, diamond

shaped plagioclase grains (width 300 µm) that generally lack twinning and have the same 

composition as other plagioclase grains. These grains, cut parallel to (010), are the same 

as others. Olivine has Fas4.6-ss.7 with one identified group at Fo85.1 (Figure 5-6). Olivine 

grains are usually small; some large skeletal grains form glomerophyric clusters with 

small plagioclase grains. For logfo2 = - 9.7, the equilibrium plagioclase composition is 
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An74.3. For Fa85.1 to be in equilibrium, the required Kd (Fe-Mg exchange partition 

coefficient between olivine and host glass, see Roeder and Emslie (1970)) is 0.28 with 90 

mole% total iron in glass as Fe2\a convention used consistently in this paper). 

Figure 5-6. Histograms of mineral compositions for Ph76-l. The 
positions and number of arrows indicate the mean compositions and 
number of identified chemical groups respectively for each phase. The 
horizontal bars indicate calculated equilibrium composition with ± 
average error for An, Wo, En, and Mg#. For olivine, the horizontal bar 
indicate Fo range for Kd = 0.27 to 0.29. 

All crystals of Ph76-1 appear by textural and chemical criteria to be in 

equilibrium with the host glass; no disequilibrium crystals were found. Based on their 

size and shape, these crystals were crystallized during the late stages of magmatic 

development with relatively fast cooling (e.g. Lofgren, 1983). Mineralogically, this 

sample shows no evidence for magma mixing and has a simple mineralogy consistent 

with a simple history of cooling and eruption that was not immediately preceded by a 

mixing event. Only two of 23 samples we studied have such simple mineralogies (Table 

5-7) and are thus exceptional. 
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Ph6-2 

Much more common are samples ·with 2-4 distinct compositional groups of 

plagioclase, such as Ph 6-2. Plagioclase has An66-?& with two identified groups at An71_s 

and An74.s (Table 5-7, Figure 5-7). Most grains are euhedral to subhedral. Most smaller 

grains (average width < 70 µm) have weak normal zoning and higher Ann7 (average) 

while larger grains (average width 160 µm) commonly have weak reverse zoning and 

lower An72.2 (average) interior with An74.o (average) rims. All the larger grains combined 

have statistically lower An (Ann.7) than all smaller grains combined (An73_7) with the 

possibility of no difference < 10-5
. The calculated plagioclase equilibrium composition has 

An69.7 with optimized logfo2 = -9.7, closer to the composition of the larger more sodic 

crystals. We have considered several explanations why the smaller size grains have 

higher An, normal zoning, and are further away from equilibrium. Scenarios such as 

decompression and water loss cannot consistently explain the observed differences. Our 

preferred explanation is mixing: a magma crystallizing the smaller crystals with shorter 

time period of crystallization mixed with a similar but slightly more evolved magma 

containing the larger crystals with longer time period of crystallization. 

Pyroxene grains are euhedral to subhedral and are commonly clustered with large 

plagioclase grains. Pyroxene compositions are discordant, with one identified group at 

Wo41.9 and En49.o and two identified groups at Mg#79_s and Mg#ss.o (Figure 5-7). The long 

tails for Mg# and Wo came from tiny pyroxene grains in the groundmass. The calculated 

pyroxene equilibrium composition is Wo40.1, En49.o, and Mg#s2.6, close to the composition 

of the groundmass crystals. 
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There are a few tiny olivine grains in the groundmass with Fos1.6--s2.4. For Fos2.o to 

be in equilibrium with the host glass, the calculated Kd is 0.28, consistent with 

equilibrium (Roeder and Emslie, 1970; Gee and Sack, 1988). 
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Figure 5-7. Histograms of mineral compositions for Ph6-2. See Figure 5-6 for symbols. 

Ph99-l 

Another typical sample is Ph99-1, with An57.1_77 .1 and four identified groups at 

An63.s, An69.I, An71_3, and An7s.9 (Table 5-7, Figure 5-8). Large (160µ) plagioclase crystals 

generally cluster with each other or with large olivine crystals and have core composition 

in the An71.3 group and rim composition in the An63.s group. The An1s.9 group crystals are 

less abundant and have somewhat rounded shape. Other, quite rare large (110µ) 

plagioclase crystals with (low) Anss-6o core and (high) An6s-10 rim/mantle have mesh and 

other resorbed textures and are more densely clustered than the other large crystals. The 

small ( <40µ) plagioclase microlites in the groundmass have composition of the An63.5 

group, close to the equilibrium composition of An61 (logfo2 = -10.5). 
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Olivine is Fo80.1_84.6 with two identified groups at Fos2.9 and Fos3.9· Large olivine 

crystals have composition in the Fo83 .9 group while microlites in the groundmass have 

composition close to the Fo82.9 group (Figure 5-8). The rim composition of large olivine 

crystals generally has higher Fo than the composition of the microlites. For Fos1.2 to be in 

equilibrium with the host glass, the required Kd is 0.28. Given its fairly evolved 

composition and the sodic equilibrium Pl composition, it is somewhat surprising that Ph 

99-1 did not crystallize Cpx. 

Mixing between different parts of a magma body is mostly likely responsible for 

the crystal assemblages of Ph99- l. We suppose that the highest temperature minerals 

An71 _76 and Fos3-84 were the first to form in a reasonably high-temperature region. These 

loosely clustered crystals (Figure 5-9B) indicate that crystallization was close to forming 

a rigid crystal network. Possibly contemporaneously, but in a cooler region, densely 

clustered Anss-6o were crystallizing (Figure 5-10). We interpret that a mixing process 

between the high and low-temperature regions resulted in the formation of the -An10 rims 

on the Anss-6o cores and the crystallization of An63 as microlites and rims on some of the 

preexisting phenocrysts (but not all). The low abundance of the densely clustered sodic 

plagioclase, and the fact that the hybrid crystallized An63, very close to the Anss-60 of the 

sodic plagioclase, might indicate that the evolved mixing end member was present as an 

interstitial melt prior to mixing, and was the more voluminous end member in the mix. 
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Figure 5-8. Histograms of mineral compositions for Ph99-1. See Figure 5-6 for 
symbols. 
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Figure 5-9. Microscope images showing crystal networks. Plain light. The horizontal 
length of each image is 2.6 mm. The lines depict connected or nearly connected crystals. 
OL: olivine; PL: plagioclase; Py: pyroxene. A from Ph23-2; B: from Ph99-1; C: from 
Ph32-8; D: from Ph91-1. 
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Figure 5-10. Microscope images showing dense cluster of 
plagioclase and olivine of Ph99- l. Plain light. The 
horizontal length of each image is 1.7 mm. OL: olivine; 
PL: plagioclase. 

Ph69-3 

This sample represents the extreme of mineralogic complexity we observe, with 

six identified plagioclase groups at An64.s, An6s.9, Ann.1, An19.s, Ans3.1, and Anss.1 (Table 

5-7, Figure 5-11). Of these, there is one group, possibly quench growth, more sodic than 

the equilibrium composition of An6s, an equilibrium group, and four groups of 

compositions more calcic than the equilibrium composition. An unexpected observation 

is that the microscopic difference among crystals of these groups is surprisingly small, 

and it is often impossible to tell them apart using textural criteria. For example, very 

narrow, elongated grains with aspect ratio as large as 17 would be expected to be sodic, 
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yet in this rock they are among the most calcic group. A wide variety of textures are 

observed in the plagioclase crystals, but the lack of systematic correlation between 

chemistry, zoning patterns, and textural characteristics hints at a long and complex 

history of the mineral assemblages. 
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Figure 5-11. Histograms of mineral compositions for Ph69-3. See Figure 5-6 for 
symbols. 
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Figure 5-12. High An at second outmost rims for 
grain VS in Ph69-3. Each solid circle represent 
one probe Analysis. We interpret the high An at 
second outmost rims to be the result of mixing 
and the very low An at outmost rims to be the 
result of quench growth. 

Some calcic Pl grains show normal zoning which is observable microscopically. 

A few grains with Ans6 show resorbed mesh texture. Grains with An6s-n often have rims 

or layers adjacent to the rims of higher An (Figure 5-12), similar to those of Kuo and 

Kirkpatick (1982). We interpret this zoning to indicate high temperature overgrowth on a 

lower temperature crystal following mixing, with a second episode of mixing leading to 

formation of the present host and quench growth on the rim of the plagioclase. A lot of 

plagioclase grains, regardless of composition, have An6s to An62 rims. Grains of An6s can 

be tiny as well as large and are mostly not clustered. Plagioclase grains clustered with 

pyroxene grains have An6s-s1, mostly An6s-10. An6Hi3 are from tiny plagioclase microlites 

clustered with tiny pyroxene grains as well as quench growth on many more calcic 

crystals. The calculated equilibrium composition is An67.9 with optimized logfo2 -9.2. 
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There are three identified groups of olivine at Fa88.8, Fa8s.6, and Fo8o.6 (Table 5-7, 

Figure 5-11). Two, with Fo8s.6 and Fa88.8, represent two groups of cores of normally 

zoned grains, with those of the former group being slightly larger. The most Fe-rich 

group forms the rims of large crystals, tiny skeletal and hopper-shaped grains, as well as 

large reversely zoned and rounded crystals. For this Fo80.6 composition to be in 

equilibrium with the host glass, the required Kd is 0.28. 

There are two identified pyroxene groups at Wa38.8 and Wo42.0 , and only one 

identified group at En48.8 and Mg#84.1, so the pyroxene groups are discordant, mostly 

likely due to sector zoning, with the more calcic group representing the equilibrium 

composition for logfo2 = -9.2. A single pyroxene crystal may includes plagioclase grains 

of very diverse chemistry (An68-81). 

An88.7 group plagioclase grains are usually clustered with Fa88.8 group olivine, 

An83.7 group grains with Fa8s.6 olivine, An68.9 group grains with Fo8o.6 and pyroxene, and 

An64.8 group grains with small pyroxene. It is interesting that these glomerophyric 

aggregates, both equilibrium and disequilibrium ones appear to have preserved their 

compositions at the time they formed. A complication is that the disequilibrium clusters 

have overgrowths of lower temperature phases, as expected. In addition, because the Fe

Mg diffusion in olivine is so much faster than coupled An-Ab diffusion in plagioclase 

(Morse, 1984; Grove et al. , 1984; Chakraborty, 1997), complex zoning patterns are 

consistently observed in the clusters. For example, although we do not find that Fa88.8 

(high) olivine clustered with An83.7 (low) plagioclase, we do find that plagioclase grains 

with a core composition of An88.7 (high) clustered only with Fa8s.6 (low) olivine grains, 

which are likely the result of diffusive re-equilibration of Fa88.8 grains. 
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Mixing is certainly needed to explain the very diverse crystal assemblage of 

Ph69-3. Probably multi-stage mixing is needed to explain the complex crystal assemblage 

we observe. 

While most of the samples are sparsely phyric and superficially appear to have 

very simple mineralogies, it is clear that EPR samples are as complex mineralogically as 

samples from the MAR (e.g., Frey et al., 1974; Rhodes et al., 1979; Kuo and Kirkpatrick, 

1982), albeit they are generally less phyric. Descriptions of the samples not discussed in 

this section are given in the Appendix. Our main observations and conclusions from the 

detailed study of the crystal assemblages are: 

1. Plagioclase crystals have the largest number of chemical composition groups, 

averaging 3.2 (± 1.5). Olivine crystals mostly (80%) have one chemical group, with 

average 1.3 (± 0.7) groups. For samples with pyroxene, the average groups for En, 

Mg#, and Wo are 1.3, 1.3, and 1.5 respectively, all with 1<? = 0.5. Unlike olivine, 

however, different groups of En, Mg#, and Wo mostly come from the same pyroxene 

crystals with only one exception, Ph32-8 which has two texturally distinct groups of 

pyroxene crystals with one being large ophitic clusters that are non-equilibrium 

while the others are equilibrium euhedral or bowtie clusters with plagioclase. 

The number of chemical groups for a mineral is chiefly determined by two factors: 

the rate of chemical diffusion or re-equilibration and the order of crystallization. The 

chemical diffusion rate of CaAl-NaSi in plagioclase is several orders of magnitude 

slower than Mg-Fe and MgFe-Ca diffusion in olivine and pyroxene (e.g., Brady and 

McCallister, 1983; Morse, 1984; Grove et al., 1984; Chakraborty, 1997), therefore 

diverse groups of plagioclase are retained for much longer periods, whereas diverse 
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olivine and pyroxene groups would tend to diffusively re-equilibrate with time. This 

explains why the number of compositionally distinct plagioclase groups is always 

greater than or equal to the number of olivine or pyroxene groups. The effect of 

order of crystallization is presented below. 

2. Pyroxene crystals are almost always close to the equilibrium crystals growing in the 

hybrid host. Where there is more than one compositional group or discordant 

numbers of groups, this is due to complex sector zoning usually ascribed to rapid 

growth (e.g., Hollister and Gancarz, 1971; Bryan, 1972). This indicates that 

pyroxene is clearly the last mineral to crystallize and usually postdates rruxmg 

events documented (mostly) by plagioclase compositions. 

3. The presence of diverse groups of plagioclase and olivine provides strong support 

for multiple magma mixing events (Rhodes et al., 1979) that bring together 

disequilibrium minerals of higher and lower temperature than the minerals in 

equilibrium with the hybrid host. The existence of fragments of rigid crystal 

networks and aggregates suggests that the mixing very likely involved interstitial 

melts from "mush" zones, which might foster the in situ crystallization scenario of 

Langmuir ( 1989) resulting in the over enrichment of strongly incompatible elements 

like Kand P compared to simple fractionation (Figure 5-1, Figure 5-2, Figure 5-3). 

It is difficult to constrain whether the mush zone is uniform or heterogeneous, 

although for a scenario of multiple sill injection, the mush would be expected to be 

heterogeneous. We note that lavas without mineralogic evidence of mixing are very 

rare, and even in these, the lack of multiple groups of crystals does not necessarily 

imply that mixing did not occur. 
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4. It is common for high temperature crystals to have normal zonmg and low 

temperature crystals to have reverse zoning. This is consistent with textural evidence 

that indicates there is a delicate balance between resorption/dissolution of low

temperature minerals in hot liquids and growth of high temperature overgrowths on 

low temperature mineral cores. Crystals in equilibrium with their host glass mostly 

have no or only weak chemical zonation. 

5. The differences in crystallization conditions like cooling rate and pressure may not 

explain the chemical difference between phenocrysts (large crystals) and microlites. 

Mixing is often required after the crystallization of phenocrysts and before the 

crystallization of microlites. Sometimes small crystals are the high temperature ones. 

6. Large and dense aggregates of crystals are commonly more evolved (low 

temperature) crystals. 

7. An gaps between primitive (high temperature) and equilibrium plagioclase show no 

correlation with MgO contents of host glasses while An gaps between evolved (low 

temperature) and equilibrium plagioclase do (Figure 5-13). We interpret these 

results to indicate that lower temperature minerals are more apt to be preserved in 

liquids of moderate to low temperature (lower MgO wt%), as expected, while the 

dissolution of high temperature minerals is minimal (Tsuchiyama, 1985). This is 

supported by textural observations of rounding in lower temperature crystals in 

higher temperature hosts, and the significant dissolution of evolved plagioclase 

crystals observed in lab experiments (Tsuchiyama, 1985). This is also consistent 

with the observation (Figure 5-13) that high temperature mineral groups (mostly Pl) 

outnumber lower temperature groups by about four to one. Crystals from relatively 
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evolved mixing endmembers are much more likely to dissolve than those of the 

relatively primitive end member. An additional effect may be that the relatively 

evolved endmember may have few loose phenocrysts to contribute to mixed 

magmas because most of their fractionated solid forms a rigid crystal network that is 

difficult to incorporate in a hybrid, as the interstitial melt is. 

8. We find no significant systematic differences in the mineralogy, mineral chemistry, 

or textures between lavas of the robust ridge segments and those of the non-robust 

segment at 10°30'N. Formation of mushy crystals networks, multi-stage mixing of 

diverse melts, and preservation of complex mixing and solid-liquid fractionation 

histories in crystal assemblages are important at both robust and non-robust EPR 

ridge segments. 
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Figure 5-13. Correlation between MgO content and An gap of non
equilibrium plagioclase crystals from equilibrium An. A: for more 
primitive plagioclase, there is no correlation. B: for more evolved 
plagioclase, there is significant correlation between MgO content and An 
gap. 
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5.3.3 Differences between robust and non-robust segments, composition of 

the melt in the shallow melt lens and its role in crustal accretion

discussion 

The composition of melt in the melt lens is presently controversial, with various 

lines of evidence pointing to primitive (high-temperature) melt composition, highly 

evolved (low-temperature), and "average" composition. The melt lens has been assigned 

a key role in crustal accretion, and it has been argued that the melt lens is the major locus 

of "eruptible" magma. Because non-robust fast spreading segments, as well as many 

intermediate and slow spreading segments have no seismically defined shallow melt lens, 

yet still possess an upper volcanic layer and experience eruptions, the notion that 

eruptions can only originate in the melt lens is open to serious question. Below we 

explore the evidence that the role of the melt lens in crustal accretion has been 

overestimated. We conclude that there is strong evidence in favor of the idea that the 

shallow melt lens consists of one or more melt segregation lenses of highly evolved melt, 

whose role in crustal accretion is passive. Much of this evidence comes from the study of 

thick basaltic intrusions and extrusions lava on land, cooling lava lakes, and other bodies 

that may be analogous to the cooling low-velocity mush zone below the axis of the EPR. 

Given the observed petrologic differences between robust and non-robust 

segments of the EPR (Batiza et al., 1996), we expected to find significant petrographic 

and mineral chemical differences in the lavas that could be used to constrain how the 

eruptive behavior of the EPR might be regulated by the shallow magma lens. We 

hypothesized that robust segments would show abundant evidence for magma mixing in 

the lens, whereas non-robust segments might show more evidence of mush-dominated 
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petrogenesis or mixing at deeper levels. Surprisingly, we were not able to find ANY 

significant mineralogic differences between the robust (9°30'N and 11°20'N) and non

robust (10°30'N) segments. 

The average size (width), aspect ratio, and roundness of plagioclase for EPR 

9°30'N, 10°30'N, and 11°20'N, computed for the largest 100 crystals in each sample are 

listed in Table 5-8. Among the three segments there are no statistically significant 

differences in size, aspect ratio, and roundness. The average number of chemical groups 

of plagioclase in each sample (Table 5-7) for EPR 9°30'N, 10°30'N, and 11°20'N are 2.3 

± 1.0, 3.5 ± 2.1, and 3.4 ± 0.9 respectively. 10°30'N is not statistically different from 

9°30'N and 11°20'N although the two robust segments are statistically different from 

each other. The average An gaps between primitive and equilibrium plagioclase 

composition (Table 5-7) for EPR 9°30'N, 10°30'N, and 11°20'N are An3.1 ± o.s. An1.3 ±4.4, 

and An7.5 ± 4.3 respectively. 9°30'N is statistically different from 10°30'N and 11°20'N but 

again there are no systematic differences between robust and non-robust segments. The 

average An gaps between evolved and equilibrium plagioclase compositions (Table 5-7) 

for EPR 9°30'N, 10°30'N, and 11°20'N are An2.2 ± u, Ans.1 ± 23, and An2.2 ± 1.s 

respectively. In this case, there is a statistical difference between 10°30'N (non-robust) 

and the robust 9°30'N and 11°20'N probably due to the fact that 10 30'N lavas are on 

average more evolved. The average An gaps between groups with the highest and lowest 

An (Table 5-7) within each sample are An4 .5 ± 3.9, An13 ± 10, and An13 ± 6.2 for EPR 9°30'N, 

10°30'N, and 11°20'N respectively. 9°30'N is statistically different from 10°30'N and 

11°20'N which are not statistically different from each other. 
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Table 5-8. Average plagioclase crystal size and shape for EPR 
9°30'N, 10°30'N, and 11°20'N 

Segments Width (mm) Aspect ratio Roundness 

9°30'N 0.20±0.2 2.7 ± 0.5 2.3 ± 0.3 

l0°30'N 0.10± 0.03 2.9 ± 0.4 2.4 ± 0.5 

11°20N 0.13 ±0.05 2.7 ±0.6 2.5 ± 0.3 

We first took high quality digital images from thin sections and 
then used Zeiss Image version 3.0 to measure width, aspect ratio, 
and roundness of crystals. Roundness is defined as (perimeter2

) I 
(4 * 7t *area), with circular objects as 1 and other shapes >l. 
Numbers after± are one standard deviation. The average is 
computed by 7 samples from each segment. 

The averaged proportions of plagioclase, olivine, and pyroxene pointed-counted 

in thin sections are listed in Table 5-9. 9°30'N has statistically lower olivine abundance 

than 10°30'N and 11 °20'N which are not statistically different from each other; 10°30'N 

has statistically lower plagioclase than 9°30'N and 11 °20'N which are not statistically 

different from each other. And Finally, 11°20'N has statistically lower pyroxene than 

9°30'N and 10°30'N which are not statistically different from each other (Table 5-9). The 

difference in plagioclase amount between the robust and non-robust segments is difficult 

to interpret because it is not matched by other expected mineralogic differences, e.g. in 

the amounts of Cpx. This difficulty is complicated by the fact that the mineral 

assemblages we observe are the result of mixing processes and the addition of accidental 

pieces of rigid crystal network, not simply minerals crystallizing from melts in a simple 

cooling scenario. In any case, the average compositions of plagioclase for EPR 9°30'N, 
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10°30'N, and 11°20'N are An68 ± 5, An67 ± 10, and An72 ± 5, not statistically different from 

each other. 

Table 5-9. Point-counted modal proportion in EPR lavas 

Mineral Segments mean(%) Std(%) 
Plagioclase 9°30'N 78 19 

10°30'N 62 30 

11°20N 80 20 

Olivine 9°30'N 8 12 
10°30'N 19 27 

l 1°20'N 17 20 

Pyroxene 9°30'N 13 15 
l0°30'N 16 23 

11°20'N 3 9 

Std: one standard deviation. 

In summary, we find no systematic significant differences in phase proportions, 

crystal sizes, or compositions between segments with and without shallow magma lens, 

other than those ascribable to the known differences in glass composition discussed 

before. The differences in glass composition, however, cannot be easily explained by the 

presence of absence of a magma lens. For example, a magma lens would facilitate 

crystallization and lead to more evolved lavas (Sinton and Detrick, 1992), but it is the 

segment without a magma lens that has the most evolved glass composition. The 

presence of a dynamic shallow magma lens would buffer and homogenize the diverse 

magmas from below; contrary to the fact that significant proportions of E-MORBs were 

recovered at both 9°30'N and 11°20'N and none at 10°30'N. In a separate study (Chapter 

4), we found that the residence time of magma in mid-ocean ridge magma chamber was 1 

to 3 months with no statistical difference between robust and non-robust segments. 

We tum now to the questions of the composition of the melt lens and its role in 

crustal accretion. Given that the subaxial low velocity zone as a whole can be thought of 
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as a large basaltic intrusion several kilometers thick, it is reasonable to ask what is known 

about the manner in which such bodies solidify. We start with studies of cooling lava 

lakes such as those of Kilauea volcano (e.g., Helz et al., 1989; Barth et al., 1994). In all 

cases studied, extensive segregation veins, most horizontal, were formed in the upper 

crust of cooling lava lakes (e.g., Helz 1980). These segregation veins are distinctively 

more fractionated than their host rocks or original magma (Helz et al., 1994). Because the 

segregation veins were formed by the intrusion of fractionated melt into cracks of rigid 

upper crust (Wright and Okamura, 1977; Chouet, 1979; Helz, 1980), the melt lenses 

forming the segregation veins have a solid roof and floor. 

The distribution of melt within the crystallizing lava lakes was constrained by 

drilling into the melt zone and by geophysical experiments (Helz and Wright, 1983; Aki 

et al., 1978; Hardee, 1981; Smith et al. , 1977). The composition of the drilled melts and 

glasses is clearly that of evolved segregation veins (Helz and Wright, 1983; Helz et al., 

1994). Seismic and electromagnetic experiments mapped thin melt lens placed at the 

boundary of low and high temperature zones, the same position of the drilled-into melt 

lenses. The main part of the lava lake actually showed high VP and Vs and high electrical 

resistivity (Aki et al., 1978; Smith et al., 1977; Barth et al., 1994). The geophysically 

mapped low velocity and low resistivity zone is highly likely the zone of segregation melt 

lenses, consisting of multiple layers of melt lenses because each melt lens is usually less 

than 1 m thick with a few meter separation (Helz, 1980). The efficient transportation of 

residual interstitial melt from the lower part to the upper part of the lava lakes is 

responsible for the formation of segregation veins, as well as for depleting the lower part 

in elements like Ti that prefer to stay in melt and enriching the upper part in such 
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elements (Helz, 1989). These findings in cooling lava lakes are similar to what has been 

inferred about the shallow melt lenses at the EPR. For example, the high velocity roof 

and floor (Singh et al., 1999) and the abrupt lateral discontinuities and multi-layered melt 

lenses detected at the EPR (Carbotte et al., 2000) are consistent with the idea that the melt 

lenses are analogous to segregation veins in lava lakes. 

In a series of studies of thick lava flows on land, Philpotts and coworkers 

(Philpotts and Carroll, 1996; Philpotts et al., 1996, 1998a, 1998b) have shown that 

crystallization is dominated by the formation of rigid crystal networks and the 

segregation of melt in late stages. Philpotts and Carroll (1996) showed experimentally 

that at 30% crystallization, a strong and rigid crystal network forms, echoing the 

reasoning of Marsh ( 1988a, 1989). This amount of crystallization requires less than about 

30°C of cooling, estimated from MELTS runs (Ghiorso and Sack, 1995) and from 

Weaver and Langmuir (1990). The subsequent compaction of the crystal network in the 

lower part of the magma body expels interstitial melt which percolates upward to form 

segregation veins and sheets (Philpotts et al., 1996). 

Segregation veins are extremely common, if not ubiquitous, features in the upper 

part of basaltic igneous body with a thickness over 70 m (e.g., Page, 1972; Coleman and 

Peterman, 1975; Coleman, 1977; Helz, 1980; Pallister and Hopson, 1981; Gass et al., 

1984; Lippard et al., 1986; Nicolas, 1989; Peters et al., 1990; Parson et al., 1992; 

Carman, 1994; Larsen and Brooks, 1994; Philpotts et al., 1996; Natland and Dick, 1996; 

MacLeod and Yaouancq, 2000). Since the mush zone below the EPR is well over 70m 

(Sinton and Detrick, 1992; Dunn et al., 2000), chemically evolved segregation melt 

lenses would be expected. Slow cooling and tectonic activity would be expected to, if 
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anything, enhance the formation of segregation veins after the formation of rigid crystal 

networks. What we argue, is that the thick cooling subaxial L VZ gabbro produces thin 

segregation lenses at the top, not as argued by the gabbro glacier model that the lens 

produces the thick L VZ by crystallization and downward flow. Additional evidence that 

the shallow magma lens at the EPR consists of highly evolved segregation veins comes 

from the extensive study of gabbros collected from modem EPR. For example, Natland 

and Dick ( 1996) studied the gabbros from Hess Deep and proposed that the shallow melt 

lens geophysically detected under MORs may be segregation veins with evolved 

composition. 

Given the evidence from cooling lava lakes, and thick basalt intrusions and 

extrusions, we now return to the EPR lavas to ask the key question of the extent to which 

the lavas we sample have crystallized ~ 30% in order to produce the rigid crystal network 

needed to support segregation veins. Actually, crystallization amounts as low as 20% of 

elongated plagioclase grains would be sufficient to form a rigid crystal network (Burgers,. 

1938). 

Because the parental magma compositions of our lavas are unknown, one way to 

calculate the amount of crystallization for a sample is to regard all more primitive 

samples as possible parents. This is only a minimum, as it is actually more likely that the 

parent is more MgO rich than anything sampled (O'Hara, 1968; Donaldson and Brown, 

1977; Sparks et al., 1980; Niu and Batiza, 1991; Clague et al., 1995). We used 

'PhaseDirect' (Chapter 2) to calculate the average amount of crystallization for a sample 

from all feasible primitive samples within each segment. 'PhaseDirect' is similarly used 

as the popular least-square mass balance calculation but has the advantages of analytical 
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solution and will give no solution in cases when two samples cannot be feasibly related 

by plagioclase, pyroxene, and olivine crystallization. Only samples with MgO;::: 5.5 wt% 

were used because at lower MgO, minerals other than plagioclase, pyroxene, and olivine 

may crystallize. The average amounts of crystallization are 17 ± 7 mole%, 19± 6 mole%, 

and 21± 5 mole% for 9°30'N, 10°30'N, and l1°20'N respectively (Figure 5-14), close to 

the amount where rigid crystal network could form. These amounts, however, are highly 

minimal estimates. If only the highest amount of crystallization for each sample is used, 

the average results are 22 ± 11 mole%, 31 ± 10 mole%, 34 ± 11 mole% for 9°30'N, 

10°30'N, and 11°20'N respectively. 
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Figure 5-14. Histograms of amount of solid crystallized for basalts from EPR 9°30'N, 
10°30'N, and 11°20'N. The amount of solid is calculated from all possible 
combinations of two samples within each segment. 

More meaningful amount of crystallization can be obtained if the parent magma 

composition for each sample is known. We used 'Parent5D' (Chapter 2) to calculate the 

parental magma composition and the amount of crystallization for each sample (Figure 

5-15). 'Parent5D' calculates parental magma composition and parameters of 
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crystallization from the compositions of five daughter melts by solving 30 non-linear 

mass balance equations (Chapter 2). Again only samples with MgO;;::: 5.5 wt% are used 

for all three segments. The average amounts of crystallization are 44 ± 16 mole%, 38 ± 

13 mole%, and 34 ± 13 mole% for 9°30'N, 10°30'N, and 11°20'N respectively (Figure 

5-15), generally larger than 20%-25% required for the formation of a rigid crystal 

network. It is very likely, therefore, that most lavas erupted were interstitial melt within 

rigid crystal network at some stage before eruption. 
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Figure 5-15. Histograms of amount of solid crystallized for basalts from EPR 9°30'N, 
10°30'N, and 11°20'N. The amount of solid crystallized is from parental magma 
obtained by 'Parent5D' (Chapter 2). 

Figure 5-16 shows the correlation between solid crystallized and crystal content 

point-counted in thin sections. There is arguably a triangular-shaped correlation 1) for 

solid crystallized less than about 20% to 30%, crystal content increases as solid 

crystallized increases along the lower side of the triangle; 2) for solid crystallized above 

about 20% to 30%, crystal content decreases as solid crystallized increases along the 

upper side of the triangle (Figure 5-16). This triangular-shaped correlation can be 
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explained by the formation of crystal network after crystallization of 20-30%, with 

retention of the network resulting in low crystallinity of erupted lavas. Samples falling 

outside the triangular regions could be the result of mixing, or incorporation of fragments 

of network, both of which are important at the EPR. Figure 5-4 shows that as 

crystallization increases (MgO wt% decreases), the total crystal content in the erupted 

lavas decreases, most likely due to the formation of crystal network,. 
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Figure 5-16. Correlation between solid crystallized and total crystal content 
point-counted in thin sections. A: average solid from all feasible combinations 
of two samples within each segment by 'PhaseDirect'; B: average solid from 
parental magmas by 'Parent5D'. See text for the explanation of scatters. 

Figure 5-17 is a schematic illustration of what we interpret to be the magmatic 

processes active under the EPR. Following Kelemen et al. (1997), we have multiple sill 

injection throughout the mush of the LVZ, with solidification and upward melt migration 

to eventually form segregation veins in the upper portions of the cooling gabbroic 

intrusion. Most magma leaving the mantle would pond in the crust due to rheological, 

thermal, and density difference between the crust and the mantle (Smith and Cann, 1992; 

Hooft and Detrick, 1993; Walker, 1989). This ponding likely takes place at close to 
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Moho and in the gabbro layer. The ponding at Moho for mid-ocean ridges with strong 

magma supply might form a quasi-steady state magma lens containing high temperature 

magma. After intruding into the gabbro layer, cooling is relatively fast at the initial stage 

and rigid crystal network quickly forms after about < 30°C cooling. The subsequent 

compaction of the crystal network and the migration of its interstitial melt form 

segregation veins (the shallow magma lens) with evolved (low temperature) melt in the 

upper part of the gabbro layer. The formation of segregation veins is a steady state 

process if interstitial melt exists in the gabbro layer or crystal network (Dunn et al. , 

2000). 
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5.4 Conclusions 

1) Liquid lines of descent show no systematic differences between segments with and 

without shallow magma lens. 

2) Total crystal content, crystal size, aspect ratio, roundness, and crystal residence time in 

magma chambers show no systematic differences between segments with and without 

shallow magma lens. 

3) Number of chemical groups and composition difference between equilibrium and 

primitive plagioclase show no systematic differences between segments with and 

without shallow magma lens. 

4) The amount of crystallization shows no systematic difference between segments with 

and without shallow magma lens. 

5) EPR lavas from all segments tend to have numerous distinct compositional groups for 

both plagioclase and olivine, with the number of plagioclase groups generally being 

larger. For plagioclase, these groups are both more sodic and more calcic than the 

calculated equilibrium plagioclase composition. In contrast, the calculated 

equilibrium olivine composition is usually the most Fe-rich composition present and 

usually occurs as small new crystals and rims on larger crystals. Most pyroxene 

grains are close to equilibrium. 

6) EPR lavas show abundant petrographic and mineralogic evidence for multi-stage 

magma mixing, especially mixing that involves crystal network and its interstitial 

melt. 
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7) The amount of crystallization is high enough for the formation of crystal networks and 

most erupted lavas had been interstitial melt. The formation of segregation veins at 

shallow depth by interstitial melt is unavoidable under most mid-ocean ridges. 

8) The shallow magma lens is not a dynamic part of mid-ocean ridge magma chamber, 

but rather consist of segregation veins with evolved (low temperature) composition 

and plays limited and passive role in crustal accretion. 

9) The deep magma lens is probably not segregation veins and has primitive (high 

temperature) magma and plays important role in crustal accretion, along with multiple 

sill intrusion throughout the subaxial EPR L VZ. 
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Supplement material to Chapter 5 

Ph14-1 

There is one identified group of plagioclase at An67 .8 with two small, not identified 

peaks at An79 and An6o (Figure 5-18, Table 5-7). Grains from An6s peak are from large 

(width 400 µm, small aspect ratio) to small (width less than 80 µm, large aspect ratio), 

mostly small to medium, generally subhedral with large aspect ratio. Grains from both 

An79 and An60 peaks are close to euhedral with medium size and small aspect ratio. The 

An79 peak grains show normal zoning from An80 euhedral interior to An70 rim. The 

calculated equilibrium composition has An6s.s with optimized logfo2 of-10.9. 

Pyroxene has one identified group at Mg#85.7 and two identified groups for both 

Wo and En at Wo37_5, Wo41.7, Enso.s, and Enss.s respectively (Table 5-7, Figure 5-18). The 

two groups of Wo and En come from the same grains, a phenomenon that can be 

explained by sector zoning. Pyroxene is clustered with An68 plagioclase grains. The 

calculated equilibrium composition for pyroxene is Wo37.4, Ens4.1, and Mg#s7.3. 

Olivine grains, with an average width less than lOOµm, have Fo84.5_86.5 with one 

identified group at Fo85.s (Figure 5-18). Zoning in olivine grains is common and skeletal 

crystal forms are often observed. Olivine grains are either non-clustered or clustered with 

An6s plagioclase and pyroxene grains. For Foss.s to be in equilibrium with the host glass, 

the Kd required is 0.28. 

129 



70~~~~~~~~ 

60 

Q) 50 

1 40 
..... 30 

20 

10 

o~~~~~~~~ 

14~~~~~~~~ 

12 

10 

8 

6 

4 

2 

o~~~~~~~~ 

55 60 65 70 75 80 32 34 36 38 40 42 44 
An 

35~~~~~~~~ 

30 

..... 25 
Q) 

~ 20 
~ 15 

30 

20 

10 10 

5 

Wo 

o o~~~~~~~ 

76 78 80 82 84 86 88 84 85 86 87 
Mg# Fo 

15 

10 

5 

OL-.L--'-.L.......1...--'-.L.......l...--'-.L.-'-J..--'-' 

46 48 50 52 54 56 58 

En 

Figure 5-18. Histograms of mineral compositions for Ph14-1. See Figure 5-6 for symbols. 

The corrimon zoning and skeletal forms of olivine grains indicate rapid growth 

(Lofgren, 1983). The lack of significant resorption of low temperature, An60 plagioclase 

grains is an indication of a short time between mixing and eruption (Tsuchiyama, 1985). 

The existence of non-equilibrium plagioclase grains with An6o and An79 respectively 

supports mixing. The mixing is most likely a three end member mixing: magma 

crystallizing large to medium An6s grains of low aspect ratio mixed with magmas 

crystallizing medium, low aspect ratio plagioclase grains of An79 and An60 respectively. 

The mixed magma then crystallized the small, large aspect ratio plagioclase grains of 
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An68 due to rapid cooling after mixing. An alternative is 2-component mixing: a primitive 

melt hosting An79 continuously mixed with an evolved melt hosting An6o to produce a 

hybrid in which An68 grew. 

Ph23-2 

Plagioclase grains are relative large with an average width of 460 µm. Most 

plagioclase grams are loosely clustered, euhedral to subhedral, and belong to the 

composition group of An73 .4 (Table 5-7, Figure 5-19, Figure 5-9). A few grains, some 

with mesh texture from dissolution, have An80 interior. A few grains of (low) Ans6 have 

rounded shape and (high) An68 overgrowth rim. Olivine grains, with an average size of 

500 µm and often clustered with plagioclase grains, are mostly euhedral and have 

composition of Fa84-85 . The optimization of logfo2 is not well constrained because of the 

lack of pyroxene. For logfo2 = -9, the equilibrium composition of plagioclase is Ann.s

For Fa84.5 olivine to be in equilibrium with the host glass, the required Kd is 0.26; for Kd 

= 0.28, the equilibrium olivine has Fos3.4· 

The crystal assemblage of Ph23-2 most likely was formed by the mixing of 

magmas crystallizing An77_80 and An56 respectively, with the mixed magma crystallizing 

An6s-13 plagioclase. Because of the crystal network formed by An13 plagioclase grains and 

olivine grains (Figure 5-9), the magma crystallizing An73 (and Ans6) plagioclase very 

likely had formed crystal network. Diffusion modeling gives 90 days of residence time 

for the mixed magma in its magma chamber (Chapter 4). 
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Figure 5-19. Histograms of mineral compositions for Ph23-2. See Figure 5-6 
for symbols. 

Ph30-4 

Plagioclase grains are mostly euhedral and have low aspect ratio with an average 

width of 144 µm. The plagioclase composition has An62_75 with two identified groups at 

An66.3 and An6s.s (Figure 5-20,Table 5-7). Although most plagioclase grains belong to 

either group with little overlap, we could not find any petrographic difference between 

them. Plagioclase grain rims often have low An but are still in equilibrium with host. The 

calculated equilibrium composition has An63.2 with a optimized logfo2 of-9.9. 

Pyroxene and plagioclase grains are often clustered together and are about the 

same size. Pyroxene has one identified group with Wo39.6, En49.o, and Mg#s1.1. The 

calculated equilibrium composition for pyroxene is Wo4 1.4 , En46.s, and Mg#79.1. 

We found one large resorbed olivine grain with a size of 1.7 x 0.36 mm. It has 

Fo16.6-so.1 with normal zoning. For Kd = 0.28, the equilibrium olivine has Fo1s.2. The 

existence of disequilibrium olivine might indicate a mixing event. 
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Figure 5-20. Histograms of mineral compositions for Ph30-4. See Figure 5-6 for symbols. 

Ph51-3 

Plagioclase has An36-69 with two identified groups at An6o.4 and An6s.s (Figure 

5-21, Table 5-7). The An6s.s group came mostly from large (size) grains with a few 

medium (size) grains. These grains often have normal zoning with rims in the An6o.4 

group and are often clustered with relatively large pyroxene grains. The An6o.4 grains are 

medium to small, usually clustered with relatively small pyroxene grains, and are the 

equilibrium composition chemically as well as texturally. There are plagioclase grains 

with core and rim compositions of An6o and An62 respectively. We found a relatively 

large plagioclase grain that has a core composition of An51 and mantle and rim 

compositions of An65 and is clustered with An65.5 group grains. The calculated plagioclase 

equilibrium composition has Ans9.7 with optimized logfo2 of -10.8. 

Pyroxene has Wo22-41, En4s--01, Mg#14-&2 (Figure 25, Table 7), with large grains 

usually having higher Wo, Mg# and lower En. The calculated pyroxene equilibrium 

composition has Wo41.o, En45.s, and Mg#16 .8· 
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The crystal assemblage of Ph51-3 may be explained by mixing. Magma 

crystallizing An65.5 group plagioclase mixed with magma crystallizing An51 plagioclase 

and the mixed magma crystallized the An6o plagioclase. 
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Figure 5-21. Histograms of mineral compositions for Ph51-3. 
See Figure 5-6 for symbols. 

Ph60-2 

Plagioclase has Ans0-60 with two identified groups at Ans3.z and Anss.1 (Table 5-7, 

Figure 5-22). An58.1 group grains are from large to medium size, euhedral, and with low 

aspect ratio. The An53.2 group grains are mostly small, subhedral with large aspect ratio. 

The sizes of a few An58.1 grains overlap with those of the An53.2 group grains, but Anss.1 

grains very rarely contain composition in the Ans3.2 group. The calculated equilibrium 

composition of plagioclase has Anss.6 with optimized logfo2 of -11.6. For logfo2 = -10.0, 

the equilibrium An is 60.8. 

134 



30 30 40 

25 25 35 
30 ..... 20 20 Q) 25 

i 15 15 20 

10 10 15 
10 

5 5 5 
0 0 0 
45 50 55 60 10 15 20 25 30 35 40 40 45 50 55 60 65 

An Wo En 

Figure 5-22. Histograms of mineral compositions for Ph60-2. See Figure 5-6 for symbols. 

Pyroxene has a wide range of composition with one identified group for En at 

En46.5 and two identified groups for both Wo and Mg# at Wo34.o, Wo3s.1, Mg#10.2, and 

Mg#14.9· Even a single grain may have Wo10_ 38. Wo34.0 and 38.7 groups came from the 

same grains. There are a few medium size, non-clustered pyroxene grains but most 

pyroxene grains are small and clustered with An53.2 plagioclase grains. The calculated 

equilibrium compositions of pyroxene are Wo34.o, En4s.s, and Mg#73.s· 

Olivine has Fo67.7-70.4 with one identified group at Fo69.3• Olivine grains are 

mostly small and normal and other irregular zoning are common. Fo69.3 olivine may 

cluster with Ans3.2 group plagioclase. We did not find olivine grains clustered with Anss.1 

group plagioclase. For Fo69.3 olivine to be in equilibrium with the host glass, the required 

Kd is 0.28. 

The crystal assemblage of Ph60-2 could be explained by mixing. Quench growth 

is significant as indicated by the large ranges of Wo and En (Figure 5-22). 

Ph108-1 
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Plagioclase has Ans8.7-75 .9 with two identified groups at An6s.o and An61.8 (Table 

5-7, Figure 5-23). Large plagioclase crystals are few and usually have cores with 

resorbed mesh texture and euhedral or resorbed rims. Most plagioclase microlites are in 

the An6s.o group. Olivine has Fo81.7_83.8 with one identified group at Fo83.o with a minor 

peak at Fo82.6, mainly from olivine microlites but not identified (Figure 5-23). Olivine 

grains are from euhedral to skeletal. For logfo2 = -9.3, equilibrium plagioclase has An66.I· 

For Fos2.o to be in equilibrium with the host glass the required Kd is 0.28. 

The crystal assemblage of Ph108-l could be explained by mixing of magma from 

the interior part of a magma body crystallizing An>68 plagioclase and magma from the 

mush zone with the mixed magma crystallizing An65 .0 plagioclase microlites. 
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Figure 5-23. Histograms of mineral compositions for Ph108-l. See Figure 5-6 
for symbols. 

Ph35-2 

Plagioclase has Ans2-7o with three identified groups at Anss.1, An62.1, and An66.0· 

(Figure 5-24 and Table 5-7). An66.o group comes from large to medium (width 220 to 60 

µm), euhedral to rounded grains, most of which show normal zoning with rim 
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compositions of the An62.1 or Anss.1 group. The An58.1 group comes from medium to small 

(width 80 to 10 µm) mostly subhedral grains that often clustered with pyroxene. Most 

Anss.1 grains do not show chemical or optical zonation. One An58.1 grain with optical 

zoning has Anss core, Ans2 mantle, and An58 rim. The An62.1 group comes from the rims of 

An66.1 group grains, the interior of plagioclase grains with An58.1 rims, and plagioclase 

grains clustered with large pyroxene grains. The calculated equilibrium composition of 

plagioclase has An58.1 with optimized logfo2 of -11.4. 

Olivine has Fons-76.7 with one identified group at Fo1s.2. Olivine grains are 

generally small, subhedral to euhedral. There is also microlitic to crystallitic olivine 

needles that appear to have grown during quench. Most olivine grains show normal 

zoning. For Kd = 0.28 the equilibrium olivine has Fo743 . 

40 30 50 

25 40 30 
..... 20 Q) 
.Q 30 
E: 20 15 
~ 20 

10 
10 

10 5 

0 0 0 
50 55 60 65 70 20 25 30 35 40 45 74 75 76 

An Wo Fo 

Figure 5-24. Histograms of mineral compositions for Ph35-2. See Figure 5-6 for 
symbols. 

Pyroxene has two identified groups at Wo30.7 and Wo38.5 and one identified group 

for En and Mg# at En47.6 and Mg#76.8 (Figure 5-24 and Table 5-7). A large pyroxene grain 

has statistically higher Wo (Wo39.9-31.2) and higher Mg# (Mg#19.2-76.s) but same En 
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compared to other smaller pyroxene grains. This large pyroxene grain is clustered with 

An62 plagioclase grains (with An66 core) while small pyroxene grains are clustered with 

An58 plagioclase grains with An<6i.5 core. The calculated equilibrium pyroxene 

composition is Wo3s.9, En46.2, and Mg#1s.6· 

The simplest explanation for the crystal assemblage of Ph35-2 is that a relatively 

primitive magma crystallizing An66 plagioclase mixed with an evolved, probably 

interstitial melt with the mixed magma crystallizing An58 plagioclase. The An62.1 group 

plagioclase grains could be the result of a prior mixing event sustained by the relatively 

primitive liquid, i.e. multi-stage mixing. 

Ph52-3 

Plagioclase has An63.0-S3.5 with three identified groups at An71.4, An?S.4, and Anso.6 

with a minor peak at An67.8 not identified (Table 5-7, Figure 5-25). Plagioclase grains of 

An?S.4 and Anso.6 groups are the largest (size) with the smallest aspect ratio and are often 

normally zoned. Plagioclase grains of the An71 .4 group (including the minor peak at 

An61.s) are mostly very small and have large aspect ratio. Our calculation shows An61.s 

plagioclase is in equilibrium with the host glass with optimized logfo2 of -10.3. 

There are a few pyroxene crystals with Wa26-42, En47_59, and Mg#19-s2 and one 

identified group at Wo36.s, Enso.s, and Mg#so.4· The calculated equilibrium pyroxene has 

Wo39.1, En50.9, and Mg#83.9, indicating that more primitive (high Wo and Mg#) pyroxene is 

in equilibrium with the host glass. 

Olivine has Fas2.1-ss.o with one identified group at Fos4.3· For Fos4.3 to be in 

equilibrium with the host glass, the required Kd is 0.28. 

138 



The crystal assemblage of Ph52-3 might be explained by mixing of primitive 

magma crystallizing An78_81 plagioclase with evolved magma. The mixed magma then 

crystallized An68 plagioclase. There is no trace of the evolved magma end member 

possibly due to strong crystal network or dissolution after mixing with the high 

temperature magma crystallizing An81 plagioclase (Tsuchiyama, 1985). 
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Figure 5-25. Histograms of mineral compositions for Ph52-3. See Figure 5-6 
for symbols. 

Ph78-3 

There are three identified groups of plagioclase at An39.3, An47.4, and Ans2.o (Table 

5-7, Figure 5-26). Each group corresponds to different plagioclase grains with only two 

exceptions: An39.3 group grains range from large to small, from weakly resorbed and 

embayed to strongly resorbed and embayed texture. An47.4 group grains range from large 

to very small and are generally euhedral. An52.o group grains are the most abundant, 

generally large and euhedral but could show weakly rounded shape. An52.o grains are the 
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only grains that clustered with pyroxene. Pyroxene has one identified group for Mg# at 

Mg#71.4 and two identified groups for Wo and En at Wo33.2, Wo3s.J, En44.1, and En47.4· 

These two groups of Wo and En came from the same grains and are likely the results of 

sect zoning. There are a few small olivine grains with an averaged of Fo69.t. For Fo69.I to 

be in equilibrium with the host glass, the required Kd is 0.24; for Kd = 0.28, the 

equilibrium olivine has Fo65.9· 

50 35 100 

40 
30 

80 
..... i 25 
Q) 

60 i 30 20 

20 i 15 40 
10 

10 5 
20 

0 0 0 ...L.l..._i 

35 40 45 50 55 60 26 28 30 32 34 36 38 40 60 62 64 66 68 70 72 74 

An Wo Mg# 

Figure 5-26. Histograms of mineral compositions for Ph78-3. See Figure 5-6 for symbols. 

The calculated equilibrium composition has Ans3.7 for plagioclase, Wo3s.s, En44,3, 

and Mg#72.0 for pyroxene with optimized logfo2 = -10.8. Petrographically the equilibrium 

plagioclase could be An52.o or An47 .4 group. One factor that contributes to Ans2.o being 

closer to the calculated equilibrium composition is that only An52.o group plagioclase 

clustered with pyroxene, an important mineral used to constrain equilibrium composition. 

An47 .4 plagioclase grains could be in equilibrium because they show no disequilibrium 

textures like rounded shape. If indeed the equilibrium composition of plagioclase is 
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closer to An47.4, such an equilibrium composition can be obtained in our calculation by 

increasing pressure. An39 is clearly out of equilibrium because the strong resorption. 

Mixing is clearly involved in the formation of Ph78-3. The mixing likely is at 

least a three-end member mixing: magmas crystallizing plagioclase with An39.3, An47.4, 

and An52.o (or higher) were mixed together. The magma crystallizing An39.3 was very 

likely from crystal mush. 

Ph90-2 

Plagioclase has three identified groups at Ans6.2, An62.s, and Ans1.4 (Figure 5-27). 

Plagioclase grains are mostly small (width less than 50 µm, mostly about 8 µm), some 

clustered with equally small pyroxene grains. We found a large plagioclase grain (width 

140 µm) with resorbed texture and a composition from An82.5 core to An65.3 rim (average 

An79.6). Quench growth is likely responsible for the small An56.2 grains. Pyroxene has one 

identified group at Wo42.o, En46.2, and Mg#so.2. The calculated equilibrium compositions 

are An64.2 for plagioclase, and Wo3s.4, En49_s, and Mg#su for pyroxene, with optimized 

logfo2 of -9.5. 
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Figure 5-27. Histograms of mineral compositions for Ph90-2. See Figure 5-6 for symbols. 

Ph92-3 

Plagioclase is An63.2-82.6 and has three identified groups at An61.3, An14.o, and An78.7 

(Table 5-7, Figure 5-28). Large plagioclase crystals have An643 _82.6 with an average of 

An75.2, with the lowest and highest values of An being commonly found at rims and 

adjacent to rims respectively. Microlites have An63.2_71.7 with an average of An66.9, close 

to the equilibrium value of An67.1 calculated at logfo2 = -9.4. In order for An14.o to be the 

equilibrium composition, the required logfo2 is - 7.4, which is much more oxidizing than 

estimated conditions for MORB (Christie et al., 1986). Our preferred interpretation is that 

the large complexly zoned crystals were introduced by mixing, with the microlites 

growing in the hybrid liquid after the mixing event. Other more complex scenarios are 

possible, but are unlikely given the low H20 contents of typical MORB (e.g. 

Danyushevsky et al., 1993; Michael, 1995). Olivine has Fo83.s-s4.7 with an average Fos4.1. 

All the olivine grains are small, often clustered with small plagioclase crystals. For Fos4.I 

to be in equilibrium with the host glass, the required Kd is 0.28. The equilibrium logfo2 is 

not well constrained because of the lack of pyroxene. 
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Figure 5-28. Histograms of mineral compositions for Ph92-3. See Figure 5-6 for 
symbols. 

Phl00-1 

Plagioclase has Ans6-7s with 3 identified groups at An64.0 , An69.0, and An74.4 (Table 

5-7, Figure 5-29). An74.4 grains are from large to medium with the lowest aspect ratio. 

An69.o grains are from large to medium but mostly medium size with larger aspect ratio 

than that of An74.4 grains. An64.o gains are from large (phenocryst) to small (microlite) 

mostly small to medium with the largest aspect ratio and skeleton feature for small 

crystals. Small An64.o grains often cluster with pyroxene grains. The rims of An69.0 and 

An74.4 grains often have the composition of An64.0. Petrographically An64.o plagioclase 

seems to be the last plagioclase crystallized. The calculated equilibrium composition for 

plagioclase is An64.3 with optimized logfo2 of -9.7. High An (An<76) are obtained from the 

adjacent to rims of An74.4 grains. The lowest An (Ans6-ss) are obtained from the rounded 

interior of a large grain with high An64.o euhedral rim. Obviously the interior part of this 

grain crystallized from a more evolved magma. 
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Figure 5-29. Histograms of mineral compositions for Phl00-1. See Figure 5-6 for 
symbols. 

Pyroxene shows one group for Mg# at Mg#81 and two groups for both Wo and En, 

with the major group of En48 (low) corresponding to the major group of Wo41 (high) 

(Figure 5-29). The two groups of En and Wo came from the same grains and are likely 

the result of sector zoning. Most pyroxene grains are clustered with the An64.o plagioclase. 

The calculated equilibrium pyroxene composition has Wo40.7 , En4s.9, Mg#s2.0• 

Olivine only has one group at Foso.4, mostly clustered with An64.o plagioclase and 

pyroxene. Most olivine grains are skeletal. For Foso.4 to be in equilibrium with the host 

glass, the required Kd is 0.28. 

One simple way to explain the crystal assemblage of Phl00-1 is that the An14.4 

plagioclase grains crystallized in the center part of a magma body, the An69.0 grains in the 

middle part, and the An64.o and Ans6-ss grains in the out part and mush zone. Before or 

during eruption, these parts of the magma body mixed together, crystallizing the An64.o 

microlites. 

Phl22-4 
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Plagioclase has Ans9.8-87.8 with three identified groups at An10.8, An8u, and An83 .8 

(Table 5-7, Figure 5-30). Large plagioclase crystals are usually clustered and are 

subhedral to anhedral with low aspect ratio. Some of the crystals have rounded shape and 

resorbed mesh texture. The composition of the large plagioclase crystals are mostly in the 

An8u and An83.8 groups with rim composition in the An70.8 group. Optically the rims are 

clearly different from the inner part and looks like being attached. Plagioclase microlites 

have large aspect ratio and belong to the An70.8 group. Olivine has Fo85.4-88.2 with two 

identified groups at Fo87.8 and Fo86.8· Large olivine crystals, often clustered with large 

plagioclase crystals, have composition of the Fo87.8 group. Small olivine microlites have 

composition of the Fo86.8 group. For logfo2 = -10.0, the equilibrium composition has An70 

for plagioclase. For Kd = 0.28 the equilibrium olivine has Fo87.3· 

The difference of An13 between plagioclase large crystals and microlites, together 

with the rounded and mesh texture of some large plagioclase crystals, indicates that 

plagioclase large crystals and microlites were not crystallized in the same magma. 

Mixing is most likely required between the crystallization of large and small plagioclase 

grains even though crystals from evolved mixing member was not found. 
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Figure 5-30. Histograms of mineral compositions for 
Ph122-l. See Figure 5-6 for symbols. 

This sample has Anss.4-77.9 in four identified groups at An6o.9, An64.6, An67.3, and 

An71.4 (Figure 5-31, Table 5-7), olivine, and unlike Ph 99-1 above, has Cpx. The Pl 

groups represent one disequilibrium sodic group (An61 ), two close-to- equilibrium groups 

(An6s-61) and a calcic disequilibrium group (An71 ). The grains of the An71 .4 group are often 

zoned, mostly euhedral and non-clustered. The zoning is usually strong and is either 

normal (to An67 rims) or features a high An mantle (up to An 75) sandwiched between 

low-An (An6s) core and rim. The An64.6, and An6?.3 group grains are mostly non-clustered, 

euhedral grains that are unzoned or show only weak zoning; chemically they are close to 

the calculated equilibrium composition of An6?.4 with optimized logfo2 of-9.3. The An6o.9 

group mainly came from plagioclase grains clustered with ophitic-textured pyroxene 

(Figure 5-9). Most of the An6o.9 group crystals show reverse zoning with An67 rims, with 

one crystal showing a rounded core. 
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Figure 5-31. Histograms of mineral compositions for Ph32-8. See Figure 5-6 for symbols. 

Olivine is Fo16.6-82.1 with three identified groups at Fo78.I, Foso.9, and Fos1.1. The 

two groups of Fo81.7 and Fo80.9 (Figure 5-31) came from the cores and rims of the same 

normally zoned grains, respectively. These grains are euhedral and non-clustered with 

sizes from medium to small. The olivine grains with Fo<78 are very large and reversely 

zoned from Fo78 core to Fo80 .4 rim. A very large grain with resorbed texture and reverse 

zoning has a core composition of Fo79 and rim composition of Fo80.s and was pictured in 

Chapter 4. Large olivine gains with Fo76.9 core and Fo79.5 rim are found clustered with 

plagioclase grains with An62 cores, An64 mantles and An67 rims. For Foso.9 to be in 

equilibrium with the host glass, the required Kd is 0.27; for Kd = 0.28, the equilibrium 

olivine has Fo80.5 . The zoning of olivine, as described above, suggests that the 
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equilibrium composition should be around Fo79 .6--so.9, the rim composition of both the 

(low) Fo<79.5 and (high) Fas1.s olivine grains. 

Pyroxene has two identified groups at Wo39.2 and Wo4 1.5 , En45 .9 and En4s.6, and 

Mg#78.6 and Mg#s3.4 (Table 5-7, Figure 5-31). The Mg#78.6 group, corresponding to the 

En46.2 group (Figure 5-31), mostly came from the ophitic pyroxene grains clustered with 

plagioclase (Figure 5-9C). Pyroxene grains from this low Mg# group often show reverse 

zoning with high Mg# at rims. The high Mg#83.4 group are mostly from euhedral and non

clustered pyroxene grains of medium size, with a few from bowtie glomerophyric 

clusters of plagioclase and single pyroxene grains; these mostly show normal zoning with 

low Mg# at rims and are close to the calculated equilibrium composition with optimized 

logfo2 of-9.3. 

Our preferred interpretation of the chemistry, zoning, and textures of the minerals 

in Ph 32-8 is that they have been brought together by mixing and subsequent growth in a 

hybrid liquid. In this case, it appears that a relatively primitive liquid without a rigid 

crystal network appears to have been mixed with a more primitive liquid enclosed in a 

rigid crystal network. Pieces of this network are represented by the ophitic low

temperature crystal clots. As before, there is evidence that chemically diverse liquids are 

somehow brought together prior to eruption, with mineralogic evidence of this mixing 

preserved in the mineral assemblages. 

Ph54-4 

Plagioclase has An43-88 with four identified groups at An66.2, An11 .1, Anso.4, and 

Anss.7 (Figure 5-32, Table 5-7). An<66.2 came from thin rims of plagioclase grains. We 

interpret these rims the result of quench growth. An66.2 group came from the interior of 
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medium size grains whose rims have the composition of An71 .1 group. Grains of An71 .1 

group are euhedral and mostly medium size, some of which are clustered with pyroxene. 

Grains of An85.7 and An8o.4 groups are often larger and often have An71 rims. Most of the 

An85.7 grains show rounded interior, commonly with resorbed mesh texture, surrounded 

by An71 rims. The calculated equilibrium plagioclase composition has An70.5 with 

optimized logfo2 of-9. 
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Figure 5-32. Histograms of mineral compositions for Ph54-4. See Figure 5-6 for symbols. 

There is one identified chemical group of pyroxene at Wo42.2, En48.6, and Mg#84.3 

(Figure 5-32, Table 5-7), with lower Wo and Mg#, and higher En disequilibrium 

compositions coming from the same grains as the major composition group. The 

calculated equilibrium composition for pyroxene has Wo42.8, En48.5, and Mg#83.8· 

We found one relatively large olivine grain in this sample with Fo81.3_81.5. For Kd 

= 0.28, the equilibrium olivine has Fo82.1 . 

The crystal assemblage of Ph54-4 might be formed by the mixing between 

primitive magmas crystallizing An8o.4-85.8 plagioclase and evolved magma crystallizing 

An66.2 group plagioclase, with the mixed magma crystallized An71 plagioclase. 
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Ph91-1 

Plagioclase has An62.9-84.5 with 4 identified groups at An10.J, An1s.J, An18.o, and 

An81. 1 (Figure 5-33). Except for a few exceptions, most plagioclase grains are loosely 

clustered together, some with olivine grains. Most plagioclase grains have An74 to 82 and 

are subhedral to euhedral. Their zoning pattern could be normal, reverse or oscillatory. 

Some plagioclase grains have resorbed mesh texture and rounded cores with (low) An6s-

70. Tiny plagioclase grains in the groundmass have An65.6 to ?8.8 with average An73_7. Large 

olivine grains have Fa86.2, a little higher than the Fa85.4 of tiny olivine grains in the 

groundmass. 

The equilibrium composition of plagioclase is not well constrained because of the 

lack of pyroxene. For logfo2 = -9 .4, the calculated equilibrium composition has An73.1 for 

plagioclase. The existence of An70_74 rims of plagioclase grains and the composition of 

the tiny plagioclase grains (average An73.7 ) all support an equilibrium composition of 

plagioclase close to Ann For Fa84.9 to be in equilibrium with the host glass, the required 

Kd is 0.28. 

Magma mixing is required to explain the crystal assemblage of Ph9 l-1. The loose 

clustering of phenocrysts (Figure 5-9), usually a dozen or so grains, mostly likely 

indicates that these crystals formed near mush zone where the crystal -content was high 

enough to form crystal network. During mixing or eruption, magma from mush zone 

brought pieces of loosely clustered crystals with them. The plagioclase grains with mesh 

texture and low An (An65_70) rounded core probably were pieces of crystal mush with 

even higher degree of crystallization. 

150 



100 25 

80 20 
..... 
Q) 

15 ..Q 60 E 
::::3 
<: 40 10 

I 
20 ~ 5 

0 0 

55 60 65 70 75 80 85 84 85 86 

An Fo 

Figure 5-33. Histograms of mineral compositions for Ph91-l. See Figure 5-6 for symbols. 

Ph94-1 

There are 4 identified groups of plagioclase at An6s.9, An71.4, An1s.1, and An19.9 

(Table 5-7, Figure 5-34). Plagioclase grains with core composition of An79_83 are large 

(width 260 µm) to small (width less than 40 µm) with low aspect ratio, mostly euhedral 

to subhedral, some with resorbed mesh texture. Their zoning pattern is normal or 

oscillatory, some with mantle composition in the An1s.1 group and rim composition in the 

An68.9. Grains with core composition of the An75.7 group are from large to small and often 

show normal zoning with An68.9 rims and An79.9 mantle that can often be seen optically. 

Plagioclase grains of An6s.9 group are mostly subhedral and have medium to small sizes 

with low to large aspect ratios respectively. Some small An6s.9 grains are clustered with 

small pyroxene grains. The An6s.9 grains may cluster with grains from both An71.4 and 

An75.7 groups. The calculated plagioclase equilibrium composition has An70.8. Pyroxene 

has one identified group at Wo4 i.4 , En48.8, Mg#83.5· All compositions came from the same 
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grains. The calculated pyroxene equilibrium composition has Wo42.5, En49.1 and Mg#ss.1. 

The optimized logfo2 is -9.3. 

The crystal assemblage of Ph94-1 required mixing. One possible scenario is that 

the An79.9 plagioclase grains crystallized in the center part of a magma body, the An1s.1 

grains in the middle part, and the An68.9 grains in the out part or mush zone. Before or 

during eruption magmas from different parts of the magma body mixed together. The 

mixed magma, which was close to the evolved mixing end member, then crystallized 

An69-71 plagioclase. 
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Figure 5-34. Histograms of mineral compositions for Ph94-1. See Figure 5-6 for symbols. 

Ph93-4 

Plagioclase has Anss.9-84.6 with five identified groups at An62.o, An6s.J, An10.4, 

An16.s, and Ans1.2 (Table 5-7, Figure 5-35). Grains with core composition from the Ans1.2 

group are the largest with resorbed mesh texture in the core. Their rim composition is in 

the An6s.3 group. These grains are usually clustered with each other. Grains with core 
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composition from the An76.5 group are either like An8u grains with resorbed texture or 

like An7o.4 grains without resorbed texture. These grains are usually clustered with each 

other. The rim composition of An76.9 grains is in the An6s.3 group. Grains with core 

composition from An7o.4 group are subhedral, medium size, and have no resorbed texture. 

These grains could cluster with each other or with olivine phenocrysts but most of them 

are un-clustered. The rim composition of these grains is in the An6s.3 group. Some of 

these grains have high An (An76.s) adjacent to rims, optically a narrow zone. Grains with 

composition from the An65.3 group are small microlites with large aspect ratio. For logfo2 

= -10.0, the equilibrium plagioclase has An66.1• Olivine has Fa81.1_83 .8 with one identified 

group at Fa83.1. Olivine grains could be medium size phenocrysts, usually clustered with 

An7o.4 plagioclase grains, or small size microlites clustered with An653 plagioclase 

microlites. Large olivine grains have slightly higher Fo (Fo83.4) than olivine microlites 

(Fo83. 1). For Fo83.1 to be in equilibrium with the host glass, the required Kd is 0.28. 
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Figure 5-35. Histograms of mineral compositions for Ph93-4. See Figure 
5-6 for symbols. 
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Multiple mixing or incremental mixing of an evolved magma into a primitive 

magma is required to explain the crystal assemblage of Ph93-4. That high An plagioclase 

grains are more likely clustered with each other than low An grains may support 

incremental mixing in which the early crystallized grains (high An) had more chance to 

cluster together than the late crystallized grains (low An). 

Ph55-1 

Plagioclase has An45.9_88.6 with 7 identified groups (Table 5-7, Figure 5-36). The 

primitive (An72_88) plagioclase grains have one or all of the following features: rounded 

shape, resorbed mesh structure, normal zoning, and low An overgrowth or replacement 

rim. Some of the primitive plagioclase grains clustered together. It is clear that this group 

of plagioclase is not in equilibrium with the host glass. No rounded grains were found for 

grains in An62.7 group. The minor plagioclase group of Anss.1 came either from the rims of 

more primitive plagioclase grains or from individual grains, which usually have Anss 

interior, often rounded, An65-66 mantle, and then again Anss rim. We found one large 

plagioclase grain with average An66.? (excluding Anss-s1 edge) and rounded shape and 

weak oscillatory zoning. Petrographically plagioclase grains of An62.7 group should be in 

equilibrium with the host glass because they show no disequilibrium texture. The 

plagioclase grains with An55.1 interior were most likely brought in from an evolved 

magma and then had the growth of An65-66 mantle in a more primitive magma after 

mixing. Plagioclase rims with An<55 are likely the results of quench growth. The 

calculated plagioclase equilibrium composition has An62.7 with optimized logfo2 -10.9. 
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We only found one large euhedral but somewhat rounded pyroxene crystal. It has 

Wo35_37 with a mode at Wo36, En41-so with a mode at En4s, and Mg#1s-11 with a mode at 

Mg#16· The calculated equilibrium pyroxene composition has Wo37.3, En49.4, and Mg#19.1. 

Olivine has Fon-so with one identified group at Fo7s.4· Olivine usually clustered 

with plagioclase of An62.1 group; non-clustered grains, with skeletal form from rapid 

growth, mostly have Fo<78.5• Large individual olivine grains, some with rounded shape or 

resorbed mesh texture, mostly have Fo>?B.5· The highest Fo, Fo80, was obtained from a 

very large grain with complex zoning from Fo1s.4 to Foso. For Fon.4 to be in equilibrium 

with the host glass, the required Kd is 0.28. 

A simple explanation for the crystal assemblage of Ph55-1 is that evolved magma 

crystallizing An55 plagioclase was added incrementally to primitive magma crystallizing 

An85 plagioclase, with the mixed magma crystallizing plagioclase of successively lower 

An, from 81 to 78, to 72, to 67, and finally to 63. When primitive magma intruded and 

moved through crystal mush, the incremental addition of interstitial melt to the intruded 

magma could lead to the above mixing scenario. 
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Figure 5-36. Histograms of mineral compositions for Ph55-l. See Figure 5-6 for 
symbols. 
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6. MAJOR ELEMENT CHEMISTRY OF VOLCANIC 

GLASSES FROM THE EASTER SEAMOUNT CHAIN: 

CONSTRAINTS ON MELTING CONDITIONS IN THE 

PLUME CHANNEL 

6.1 Abstract 

Lavas from the Easter Seamount Chain (ESC) between Salas y Gomez Island and 

the Ahu volcanic field are tholeiitic and alkalic basalts showing regular and systematic 

chemical variations with longitude. With progressive distance eastward from the east rift 

of the Easter microplate, the lavas become progressively richer in K20, Na20, FeO, Ti02, 

and P20 5, and have higher K20ffi02 and lower MgO and CaO. These changes reflect 

differences in the total extent of shallow fractionation and differences in the conditions 

under which it occurred. Below the Salas y Gomez ridge, where large isostatically 

compensated volcanoes lead to locally thicker crust, fractionation took place under higher 

pressure and/or conditions of higher H20, compared with lavas of the Easter ridge and 

the east rift. Differences in K20, P20s, and K20ffi02 reflect differences in mantle source 

composition and binary mixing between an enriched plume component and a depleted 

mid-ocean ridge basalt (MORB)-like component, as indicated by Pb isotopic data. 

Mixing along the ESC apparently occurred in the solid state prior to melting, whereas 

mixing below the east rift involved fractionated liquids. We also see evidence for 

differences in the conditions of melting, using oxide abundances corrected for shallow 

fractionation and mantle heterogeneity. Melting below the Salas y Gomez region seems 
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to be initially deeper and more extensive, with progressively shallower and less extensive 

melting toward the east rift. If this model is correct, it implies that some alkali basalts 

may form by larger extents of melting than previously thought on the basis of trace 

element modeling. Since independent evidence suggests the Easter plume has a modest to 

large excess temperature compared with ambient MORB mantle, we conclude the plume 

is under the Salas y Gomez region. 

6.2 Introduction 

The nature of interactions between mantle plumes and active mid-ocean ridges is a 

topic of current interest because the manner in which energy and material are transported 

from one to the other bears on a number of fundamental questions regarding the nature of 

both mantle plumes and ridges, sub lithospheric mantle flow, and the nature and origin of 

chemical reservoirs in the mantle [e.g., Morgan, 1978; Schilling, 1985, 1991; Ribe, 1996; 

Sleep, 1996; Kincaid et al., 1995; Ito and Lin, 1995; Ito et al., 1997; Phipps Morgan et al., 

1995; Haase et al., 1996; Hofmann, 1997]. Strong evidence that material from off-axis 

plumes may be channeled to active ridges comes from both geophysical and geochemical 

data, although there is uncertainty about exactly how this process occurs and how it is 

reflected in the geochemistry of lavas erupted at the surface. 

The Easter plume-East Pacific Rise system is an interesting example of plume-ridge 

interaction because it is one of the few available involving a very fast spreading ridge. It 

has been argued [Kingsley et al., 1994; Schilling et al., 1985; Hanan and Schilling, 1989; 

Fontignie and Schilling, 1991; Poreda et al., 1993a; Kingsley and Schilling, 1998] that the 

Easter plume, rising under Salas y Gomez Island, supplies material to the east rift of the 

Easter microplate via a sublithospheric channel [Schilling, 1991]. However, aspects of this 
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model are controversial for a number of reasons, and several alternatives have been 

proposed for the location of the hotspot and the processes of mantle flow, mixing, and 

melting beneath the region. For example, Haase et al. [1996] argue that the plume is 

located close to Easter Island and suggest bidirectional flow between the plume and the 

east rift of the Easter rnicroplate. In contrast, mostly on the basis of helium isotopes, 

Poreda argues that the plume is located between Salas y Gomez Island and Easter Island 

[Poreda et al., 1993b, personal communication, 1997]. 

In this paper we present and examine the major element compositions of samples 

recovered from the submarine portions of the Easter Seamount Chain (ESC). These data 

shed light on the shallow fractionation processes and melting of lavas erupted in the region. 

Our results support the notion of a plume below the Salas y Gomez region and are 

consistent with a number of scenarios of mixing and melting in a sublithospheric channel 

connecting the plume to the east rift of the Easter rnicroplate. These results have 

implications for the crustal and lithospheric structure of the Nazca plate upon which the 

ESC is built, the thermal structure and melting of mantle plumes, the nature of plume-ridge 

interaction, and the dispersal of plume material near a fast spreading mid-ocean ridge. 

6.3 Results 

We present major element analyses of samples from 35 successful dredges of the 

Easter Seamount Chain (ESC), officially known as the Salas y Gomez ridge [Fisher and 

Norris, 1960; Menard et al., 1964; Bonatti et al., 1977; Pilger and Handschumacher, 

1981], and the seafloor in the vicinity of San Felix Island. Most of the dredges are from the 

ESC in the vicinity of Easter and Salas y Gomez Islands, to the east of the east rift of the 

Easter rnicroplate (Figure 6-1 ). In all, we analyzed 156 samples from six geographic 
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regions. Liu [1996], Z. J. Liu et al. (Evolution of the Southeast Pacific and the Easter 

Seamount Chain, submitted to Journal of Geophysical Research, 1997) (hereinafter 

referred to as Z. J. Liu et al., submitted manuscript, 1997) and Z. J. Liu and D. F. Naar 

(Formation of the Easter Seamount Chain and implications for deep Earth structure, 

submitted to Journal of Geophysical Research, 1997) (hereinafter referred to as Z. J. Liu 

and D. F. Naar, submitted manuscript, 1997) show that the ESC may be comprised of 

several distinct en echelon volcanic ridges, remarkably similar in shape, size, and 

orientation to those near the intersection of the Foundation Seamount chain and the Pacific

Antarctic Ridge [Hekinian et al., 1997]. Accordingly, and for convenience in discussion, 

we group the samples from the ESC into four groups: (1) the Ahu volcanic field [Hagen et 

al., 1990; Staffers et al., 1994; Haase and Devey, 1996], dredges 52-54, 15 samples; (2) the 

Easter ridge, a prominent volcanic ridge that includes Easter Island [Baker et al., 1974; 

Haase et al., 1997], dredges 50, 51, and 55-61, 38 samples; (3) the Salas y Gomez ridge, a 

pair of adjacent volcanic ridges, the northern one of which includes Salas y Gomez Island 

[Clark and Dymond, 1977], dredges 30-46, 60 samples; and (4) a Middle group at the 

western end of the Salas y Gomez ridge representing the longitudinal overlap between the 

en echelon Easter and Salas y Gomez ridges, dredges 47-49, 22 samples. These geographic 

groups are shown on Figure 6-1. 
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Figure 6-1 . Location map of the western part of the Easter Seamount Chain (ESC) showing 
the dredge locations. Inset shows the locations of the ESC study area and San Felix Island 
Contour interval is 1000 m, with contours shallower than 3000 m shown dashed. Different 
symbols for the dredge hauls indicate different geographic groups: the Ahu volcanic field, 
the Easter ridge, the middle group, and the Salas y Gomez ridge. Also shown (bold solid 
lines) are the segments of the east rift of the Easter microplate. PAC, Pacific plate; NZ, 
Nazca plate; SA, South America plate; ANT, Antarctic plate. 
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In addition to the four groups within the ESC, we also have samples from the vicinity of 

San Felix Island (Figure 6-1, inset), and two dredges between this eastern area and the 

ESC. One of these (D 25) is from the vicinity of the failed Mendoza rift (Z. J. Liu et al., 

submitted manuscript, 1997). We have also used published data [Schilling et al., 1985; 

Hekinian et al., 1996; Haase et al., 1996] for the region, including the data of Fretzdorff et 

al. [1996] for lavas of the Umu volcanic field [Staffers et al., 1994]. Table 1 has sample 

locations, some petrographic information, and electron microprobe major element analyses 

of all the samples and gives details of the analytical procedure. All the analyses are of fresh 

glass selected at sea after careful inspection and description of the dredged samples. The 

tectonic history of the area is discussed by Hey et al. [1985], Liu [1996], Z. J. Liu et al. 

(submitted manuscript, 1997), Naar and Hey [1990, 1991], O'Connor et al. [1995], 

Lonsdale [1989], Rushy and Searle [1995], Schouten et al. [1993], and Searle et al. [1989, 

1993]. 
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Table 6-1. Major element anal~ses of Easter Seamount Chain ~lasses 

Depth Vesicles Petrographic 
Sample Latitude Longitude m % Type Si02 Ti02 AI203 FeO MnO MgO Cao Na20 K10 P205 Total Mg# K10ffi02 

Eastern Area 
D20-4g 26.055 78.655 3730 30 4 51.35 2.85 16.8 1 8.35 0.12 2.98 7.19 5.50 3.02 l.18 99.34 41.43 l.06 
D20-6g 26.055 78.655 3730 30 4 51.59 2.81 16.74 8.00 0.14 2.93 7.27 5.35 3.13 l.17 99.12 41.99 1.11 
D20-7g 26.055 78.655 3730 40 1 51.03 2.81 16.43 8.63 0.13 3.58 7.28 5.06 3.30 l.16 99.39 45.08 1.17 
D20-8g 26.055 78.655 3730 30 1 51.08 2.80 16.41 8.67 0.13 3.59 7.37 5.11 3.13 l.14 99.41 45.01 l.12 
D20-9g 26.055 78.655 3730 35 1 51.17 2.84 16.50 8.66 0.12 3.45 7.33 5.14 3.22 1.14 99.56 44.10 1.13 
D21-2g 26.087 79.228 3670 40 2 46.21 3.04 14.44 9.58 0.17 6.04 10.99 4.17 2.65 l.23 98.51 55.49 0.87 
D21 -4g 26.087 79.228 3670 30 1 45.97 3.96 15.23 9.51 0.16 4.51 10.64 4.41 2.86 l.58 98.83 48.43 0.72 
D21-5g 26.087 79.228 3670 10 1 45.58 4.05 14.86 9.64 0.16 5.11 10.15 4.65 2.95 l.70 98.85 51.17 0.73 
D22-lg 25.929 79.648 4100 45 4 42.33 3.75 14.26 11.07 0.20 5.17 12.02 4.27 3.33 l.55 97.94 48.07 0.89 
D22-3g 25.929 79.648 4100 30 4 42.58 3.74 14.29 11.10 0.18 5.20 12.12 4.25 3.36 l.56 98.38 48.12 0.90 
D22-5g 25.929 79.648 4100 2 4 46.97 3.64 16.92 9.87 0.13 3.43 8.23 5.28 4.09 l.58 100.13 40.79 1.12 
D22-10g 25.929 79.648 4100 40 4 42.37 3.73 14.33 11.41 0.18 5.43 12.21 4.39 3.20 l.51 98.75 48.50 0.86 
D22-l lg 25.929 79.648 4100 30 4 42.42 3.70 14.52 11.50 0.17 5.24 12.07 4.41 3.30 l.51 98.83 47.43 0.89 
D23-lg 26.211 80.599 3571 50 1 40.21 4.75 13.21 12.52 0.18 5.95 13.04 4.44 2.50 l.59 98.38 48.48 0.53 
D23-2g 26.211 80.599 3571 40 1 40.35 4.81 13.22 12.66 0.18 6.02 13.03 4.48 2.51 l.56 98.81 48.50 0.52 

Eastern Area, Failed Rift 
D25-lg 24.426 93.386 3481 4 2 50.35 l.90 15.04 10.34 0.18 7.09 11.84 2.87 0.32 0.22 100.15 57.57 0.17 
D25-5g 24.426 93.386 3481 5 3 50.47 l.90 14.96 10.20 0.17 7.13 11.83 2.79 0.31 0.21 99.96 58.06 0.16 
D25-6g 24.426 93.386 3481 4 3 50.56 l.93 14.84 10.14 0.17 6.83 11.86 2.83 0.28 0.22 99.65 57.16 0.15 
D28-lg 25.047 101.109 2931 30 1 47.74 3.09 16.27 10.86 0.16 6.29 9.46 3.59 1.09 0.58 99.10 53.43 0.35 
D28-3g 25.047 101.109 2931 30 1 48.13 3.02 16.38 10.59 0.16 6.17 9.56 3.50 1.03 0.57 99.10 53.58 0.34 
D28sg 25.047 101.109 2931 48.51 3.81 16.01 11 .30 0.16 4.30 8.61 4.25 1.50 0.75 99.20 42.95 0.39 

Easter Seamount Chain, Salas y Gomez Ridge 
D30-lg 26.067 103.690 2820 20 2 48.50 3.79 15.93 11.18 0.17 4.34 8.70 4.14 1.40 0.76 98.91 43.47 0.37 
D30-2g 26.067 103.690 2820 4 2 48.28 3.82 15.81 11.52 0.17 4.37 8.56 4.06 l.41 0.75 98.75 42.86 0.37 
D30-3g 26.067 103.690 2820 6 2 48.16 3.87 15.82 11.47 0.17 4.35 8.50 4.04 1.39 0.77 98.52 42.90 0.36 
D30-4g 26.067 103.690 2820 3 2 48.39 3.88 16.11 11.84 0.17 4.45 8.66 4.01 1.47 0.72 99.69 42.64 0.38 
D31-lg 26.157 104.353 2308 15 5 47.93 3.41 15.79 12.13 0.18 4.68 9.12 3.84 1.18 0.51 98.75 43.28 0.35 
D31-2g 26.157 104.353 2308 5 47.83 3.41 15.72 12.18 0.16 4.65 9.15 3.81 1.18 0.50 98.59 43.06 0.35 
D32-lg 26.353 104.304 2656 10 1 48.02 3.43 15.79 12.24 0.20 4.70 9.23 3.88 1.14 0.52 99.14 43.17 0.33 
D32-2g 26.353 104.304 2656 10 1 48.08 3.44 15.78 12.34 0.18 4.68 9.30 3.86 1.15 0.52 99.32 42.89 0.34 
D32-3g 26.353 104.304 2656 10 l 47.90 3.40 15.84 12.12 0.18 4.60 9.20 3.81 l.20 0.51 98.76 42.91 0.35 
D32-4g 26.353 104.304 2656 10 1 47.81 3.42 15.69 12.14 0.18 4.65 9.18 3.82 1.17 0.51 98.56 43.12 0.34 
D33sg-l 26.335 104.839 2230 0 2 47.89 3.41 15.71 12.12 0.19 4.66 9.17 3.77 1.16 0.50 98.57 43.23 0.34 
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Depth Vesicles Petrographic 
Sample Latitude Longitude m % Type Si02 Ti02 Al203 FeO MnO MgO Cao Na20 K10 P205 Total Mg# K10rri02 

D33sg-2 26.335 104.839 2230 48.75 3.44 16.70 9.99 0.15 4.37 8.58 4.10 1.97 0.80 98.83 46.38 0.57 
D34-lg 26.513 104.928 2595 I 2 60.01 0.73 16.76 7.40 0.20 0.77 2.80 6.40 3.73 0.26 99.06 17.09 5.10 
D34-2g 26.513 104.928 2595 I 2 60.27 0.72 16.72 7.1 9 0.21 0.74 2.73 6.35 3.74 0.27 98.92 16.99 5.17 
D34-3g 26.513 104.928 2595 48.55 2.33 17.28 10.23 0.14 5.75 9.65 3.58 1.10 0.38 98.99 52.66 0.47 
D34-4g 26.513 104.928 2595 48.54 2.32 17.29 10.22 0.15 5.91 9.60 3.55 1.05 0.37 99.00 53.39 0.45 
D34sg-1 26.513 104.928 2595 48.46 2.29 17.28 10.08 0.15 5.91 9.63 3.53 1.06 0.37 98.76 53.73 0.46 
D34sg-2 26.513 104.928 2595 48.70 2.32 17.31 10.21 0.17 5.91 9.54 3.62 1.05 0.37 99.18 53.40 0.45 
D35sg-l 26.370 105.192 1534 49.20 2.58 16.06 10.23 0.14 6.32 10.54 3.10 0.58 0.33 99.06 55.01 0.23 
D35sg-2 26.370 105.192 1534 49.23 2.57 16.05 10.38 0.16 6.30 10.61 3.06 0.58 0.32 99.25 54.57 0.23 
035sg-4 26.370 105.192 1534 49.52 3.59 16.88 10.10 0.17 4.24 7.56 4.51 2.28 0.92 99.78 45.39 0.63 
036sg-l 26.377 105.827 2133 25 2 48.75 2.94 17.01 10.34 0.17 5.02 8.86 3.83 1.40 0.64 98.96 49.04 0.48 

D36sg-2 26.377 105.827 2133 25 2 53.77 2.17 14.47 12.32 0.26 2.63 6.31 4.56 1.82 1.11 99.41 29.73 0.84 
D36-3g 26.377 105.827 2133 25 2 54.78 1.89 15.40 11.21 0.25 2.34 6.48 4.67 1.75 0.97 99.73 29.21 0.92 
037-lg 26.547 106.255 2184 25 3 51.62 2.81 14.98 11.90 0.24 3.21 7.39 3.96 1.78 1.25 99.14 34.80 0.63 
037-2g 26.547 106.255 2184 35 3 51.50 2.79 14.82 12.24 0.26 3.42 7.43 3.91 1.76 1.26 99.39 35.61 0.63 
037-3g 26.547 106.255 2184 25 3 51.64 2.78 15.09 12.02 0.25 3.28 7.56 3.87 1.69 1.24 99.43 35.07 0.61 
037-4g 26.547 106.255 2184 40 3 50.68 2.98 14.79 12.80 0.26 3.66 7.75 3.78 1.58 1.25 99.52 36.16 0.53 
038-lg 26.762 106.149 2045 47.96 2.52 17.19 10.50 0.16 6.48 10.04 3.43 0.76 0.39 99.44 55.00 0.30 
038-2g 26.762 106.149 2045 6 2 47.89 2.53 17.28 10.48 0.18 6.52 10.05 3.45 0.75 0.40 99.53 55.21 0.29 
D38-3g 26.762 106.149 2045 7 2 48.02 2.52 17.22 10.57 0.17 6.51 10.02 3.42 0.76 0.36 99.57 54.93 0.30 
038-4g 26.762 106.149 2045 6 2 47.88 2.52 17.27 10.50 0.16 6.53 10.00 3.45 0.76 0.37 99.44 55.18 0.30 
038-5g 26.762 106.149 2045 6 2 47.91 2.48 17.21 10.46 0.18 6.51 10.03 3.42 0.76 0.38 99.33 55.20 0.31 
039-lg 26.704 105.957 2312 50.82 2.68 15.24 12.72 0.23 3.36 7.22 4.15 1.61 1.03 99.05 34.30 0.60 
D39-2g 26.704 105.957 2312 10 2 50.99 2.70 15.14 12.85 0.27 3.34 7.20 4.27 1.67 1.01 99.42 33.94 0.62 
039-3g 26.704 105.957 2312 50.89 2.69 15.10 12.81 0.26 3.31 7.22 4.31 1.61 1.00 99.20 33.83 0.60 
042-lg 27.185 106.613 2260 30 2 48.83 2.52 17.27 9.97 0.17 5.86 9.43 3.93 1.00 0.48 99.47 53.80 0.40 
042-2g 27.185 106.613 2260 35 2 48.69 2.50 17.33 9.93 0.16 5.95 9.43 3.84 1.09 0.53 99.46 54.27 0.44 
042-3g 27.185 106.613 2260 10 2 48.37 2.52 17.50 9.70 0.18 5.96 9.51 3.85 1.03 0.52 99.13 54.88 0.41 
042-4g 27.185 106.613 2260 35 2 48.48 2.50 17.49 9.85 0.17 6.10 9.48 3.83 1.07 0.51 99.48 55.08 0.43 
043-lg 26.792 107.018 3293 10 1 48.30 2.64 15.99 11.44 0.16 7.01 9.70 3.17 0.72 0.37 99.50 54.80 0.27 
043-2g 26.792 107.018 3293 10 1 48.27 2.66 15.91 11.40 0.17 7.02 9.49 3.86 1.01 0.53 100.31 54.95 0.38 
D43-3g 26.792 107.018 3293 10 1 48.48 2.64 15.85 11.42 0.17 6.99 9.80 3.14 0.70 0.36 99.54 54.76 0.27 
043-4g 26.792 107.018 3293 3 1 48.36 2.67 15.87 11.41 0.16 7.00 9.90 3.13 0.70 0.37 99.56 54.83 0.26 
043-5g 26.792 107.018 3293 4 2 48.48 2.66 16.16 11.21 0.17 6.31 9.65 3.16 0.71 0.35 98.86 52.73 0.27 
043-6g 26.792 107.018 3293 3 1 48.12 2.68 15.97 11.51 0.19 6.98 9.59 3.22 0.73 0.36 99.36 54.56 0.27 
043-7g 26.792 107.018 3293 2 1 48.43 2.63 15.86 11.47 0.17 7.01 9.66 3.16 0.73 0.36 99.47 54.74 0.28 
045-lg 26.392 107.490 3350 2 48.55 2.89 17.68 9.89 0.17 5.55 9.00 4.10 1.24 0.58 99.65 52.63 0.43 
045-2g 26.392 107.490 3350 2 2 48.46 2.94 17.70 9.84 0.17 5.21 8.95 4.00 1.24 0.58 99.09 51.17 0.42 
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Depth Vesicles Petrographic 
Sample Latitude Longitude m % Type Si02 Ti02 AI203 FeO MnO MgO Cao Na20 K10 P205 Total Mg# K10!fi02 

D45-3g 26.392 107.490 3350 2 2 48.51 2.91 17.62 9.74 0.15 5.28 9.32 3.79 1.10 0.56 98.99 51.77 0.38 
D46-lg 26.206 107.710 3367 6 2 48.11 2.92 17.29 9.97 0.16 5.76 9.34 3.75 1.11 0.56 98.96 53.36 0.38 
D46-2g 26.206 107.710 3367 7 2 48.40 2.93 17.20 9.83 0.17 5.77 8.89 4.02 1.26 0.59 99.05 53.72 0.43 
D46-3g 26.206 107.710 3367 48.32 2.99 17.14 10.05 0.18 5.64 9.37 3.81 1.12 0.55 99.15 52.60 0.37 
D46-4g 26.206 107.710 3367 1 2 48.36 3.02 17.19 10.10 0.16 5.67 9.32 3.77 1.08 0.54 99.20 52.63 0.36 
D46-5g 26.206 107.710 3367 0 2 48.26 2.94 17.00 9.98 0.16 5.68 9.32 3.79 1.10 0.56 98.80 52.97 0.38 
D46-6g 26.206 107.710 3367 48.29 2.98 17.28 10.05 0.17 5.67 9.33 3.77 1.12 0.56 99.23 52.77 0.37 
D46-7g 26.206 107.710 3367 1 2 48.28 2.96 17.23 10.10 0.18 5.73 9.36 3.78 1.09 0.54 99.25 52.92 0.37 
D46-8g 26.206 107.710 3367 48.31 2.93 17.30 9.92 0.16 5.66 9.40 3.78 1.16 0.54 99.14 53.03 0.40 
D46sg-A 26.206 107.710 3367 48.25 2.99 17.16 10.17 0.17 5.60 9.34 3.86 1.15 0.54 99.22 52.16 0.38 
D46sg-B 26.206 107.710 3367 48.25 2.91 17.32 9.86 0.15 5.72 9.29 3.80 1.14 0.54 98.97 53.44 0.39 

Easter Seamount Chain, Middle Group 
D47-lg 26.628 108.287 2692 10 2 47.73 2.30 16.79 10.30 0.17 7.26 11.08 2.90 0.72 0.35 99.60 58.24 0.31 
D47-2g 26.628 108.287 2692 2 48.11 2.36 16.74 10.33 0.17 6.85 10.79 3.03 0.69 0.32 99.38 56.75 0.29 
D47-3g 26.628 108.287 2692 4 2 48.16 2.34 16.81 10.41 0.18 6.89 10.78 3.04 0.68 0.35 99.63 56.69 0.29 
D47-4g 26.628 108.287 2692 IO 2 47.74 2.28 16.69 10.35 0.18 7.45 11 .04 2.96 0.71 0.35 99.74 58.75 0.31 
D47-5g 26.628 108.287 2692 10 2 47.69 2.27 16.73 10.33 0.17 7.46 10.97 2.90 0.72 0.35 99.59 58.84 0.32 
D47-6g 26.628 108.287 2692 10 2 47.71 2.28 16.69 10.34 0.17 7.42 11.02 2.94 0.70 0.35 99.61 58.69 0.31 
D47-7g 26.628 108.287 2692 2 2 48.06 2.68 16.76 10.53 0.17 6.10 10.08 3.45 0.89 0.46 99.17 53.43 0.33 
D48-lg 26.425 108.559 3271 5 2 48.38 3.02 15.53 12.61 0.21 5.11 9.12 3.59 0.88 0.53 98.98 44.54 0.29 
D48-2g 26.425 108.559 3271 5 2 48.29 2.86 15.81 12.22 0.21 5.41 9.14 3.60 0.86 0.49 98.88 46.73 0.30 
D48-3g 26.425 108.559 3271 4 2 48.56 2.98 15.81 12.53 0.21 5.30 9.18 3.59 0.89 0.51 99.55 45.55 0.30 
D48-4g 26.425 108.559 3271 3 2 48.29 2.84 15.82 12.25 0.22 5.38 9.13 3.57 0.87 0.50 98.86 46.52 0.31 
D48-5g 26.425 108.559 3271 2 2 48.33 2.93 15.74 12.34 0.21 5.27 9.14 3.59 0.86 0.53 98.94 45.78 0.29 
D49-lg 26.275 108.748 2340 I 2 48.43 2.30 16.90 10.07 0.16 6.86 10.74 3.05 0.62 0.33 99.46 57.42 0.27 

D49-2g 26.275 108.748 2340 I 2 48.42 2.28 16.89 10.Q? 0.16 6.79 10.72 3.06 0.66 0.32 99.37 57.16 0.29 
D49-3g 26.275 108.748 2340 2 I 48.73 2.30 16.97 10.23 0.18 6.99 10.82 3.00 0.68 0.31 100.20 57.49 0.29 
D49-4g 26.275 108.748 2340 I 1 48.47 2.30 16.94 10.04 0.17 6.75 10.71 3.16 0.63 0.32 99.49 57.12 0.27 
D49-5g 26.275 108.748 2340 2 2 48.50 2.33 16.86 10.14 0.18 6.70 10.86 3.10 0.65 0.30 99.62 56.68 0.28 
D49-6g 26.275 108.748 2340 2 2 48.33 2.26 16.72 10.00 0.17 6.94 10.61 3.07 0.61 0.32 99.03 57.87 0.27 
D49-7g 26.275 108.748 2340 0 2 48.37 2.31 16.68 10.02 0.18 6.91 10.62 3.11 0.65 0.31 99.16 57.73 0.28 
D49-8g 26.275 108.748 2340 I 2 48.21 2.27 16.74 9.97 0.18 6.96 10.62 3.02 0.65 0.30 98.92 58.01 0.28 
D49-9ag 26.275 108.748 2340 I 2 48.63 2.33 16.83 10.11 0.18 6.89 10.82 3.13 0.64 0.33 99.89 57.43 0.27 
D49-9bg 26.275 108.748 2340 48.70 2.32 16.88 10.27 0.18 6.73 10.93 3.05 0.67 0.29 100.03 56.46 0.29 

Easter Seamount Chain, Easter Ridge 
D50-lag 26.752 109.453 3273 48.71 2.81 16.03 10.88 0.18 5.97 9.85 3.43 0.76 0.40 99.00 52.06 0.27 
D50-lbg 26.752 109.453 3273 0 1 48.76 2.88 15.88 10.93 0.19 5.87 9.82 3.45 0.75 0.41 98.95 51.52 0.26 
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Depth Vesicles Petrographic 
Sample Latitude Longitude m % Type Si02 Ti02 Al203 FeO MnO MgO Cao Na20 K20 P205 Total Mg# K20rfi02 

D50-2g 26.752 109.453 3273 0 1 48.71 2.82 15.98 10.93 0.18 5.94 9.82 3.33 0.74 0.43 98.86 51.83 0.26 
D50-3g 26.752 109.453 3273 0 2 48.69 2.81 15.96 10.91 0.17 5.94 9.85 3.40 0.76 0.42 98.92 51.88 0.27 
D50-4g 26.752 109.453 3273 1 48.71 2.87 15.96 10.91 0.18 5.79 9.87 3.42 0.74 0.44 98.89 51.24 0.26 
D50-5g 26.752 109.453 3273 1 1 48.77 2.95 15.81 11.08 0.18 5.75 9.82 3.41 0.80 0.44 99.00 50.65 0.27 
D50-7g 26.752 109.453 3273 I I 48.66 2.90 15.81 11 .02 0.17 5.80 9.80 3.40 0.77 0.44 98.78 50.99 0.27 
D50-8g 26.752 109.453 3273 1 1 48.28 2.84 15.89 10.74 0.16 5.93 9.84 3.34 0.75 0.37 98.15 52.24 0.26 
D50-9g 26.752 109.453 3273 48.28 2.82 15.89 10.84 0.19 5.99 9.79 3.37 0.73 0.36 98.25 52.23 0.26 
D51-lg 26.738 110.118 3145 0 2 49.54 2.48 14.88 11.06 0.15 6.80 10.58 2.86 0.26 0.22 98.83 54.89 0.11 
D51-2g 26.738 110.118 3145 0 2 49.49 2.46 14.90 11.06 0.17 6.79 10.61 2.81 0.27 0.23 98.77 54.88 0.11 
D51-3g 26.738 110.118 3145 1 2 49.46 2.45 14.90 10.92 0.16 6.79 10.59 2.82 0.26 0.24 98.58 55.15 0.10 
D51-4g 26.738 110.118 3145 0 2 49.47 2.45 14.84 10.98 0.18 6.79 10.61 2.87 0.26 0.22 98.66 55.03 0.11 
D51-5g 26.738 110.118 3145 0 2 49.75 2.48 14.79 11.17 0.16 6.80 10.57 2.81 0.27 0.21 99.02 54.66 0.11 
D51-6g 26.738 110.118 3145 1 2 49.67 2.51 14.78 11.11 0.18 6.77 10.59 2.88 0.26 0.23 98.97 54.68 0.10 
D55-lg 27.039 110.317 2655 1 5 49.35 4.17 12.57 15.10 0.26 4.36 8.83 3.23 0.56 0.47 98.89 36.38 0.14 
D55-2g 27.039 110.317 2655 0 5 49.61 4.21 12.62 15.30 0.28 4.28 8.77 3.24 0.59 0.48 99.37 35.63 0.14 
D56-2g 27.155 109.845 3174 0 2 49.09 2.14 16.14 10.05 0.16 7.12 10.95 3.04 0.48 0.27 99.44 58.38 0.22 
D56-3g 27.155 109.845 3174 I 2 49.87 2.14 16.23 10.12 0.16 7.11 10.80 2.98 0.49 0.26 100.16 58.17 0.23 
D56-4g 27.155 109.845 3174 1 2 49.10 2.13 16.20 10.19 0.14 7.08 10.87 3.02 0.58 0.26 99.57 57.90 0.27 
D57-lg 27.315 108.694 2463 35 2 49.97 2.70 14.87 10.85 0.17 6.09 10.54 3.11 0.55 0.30 99.16 52.64 0.20 
D57-2g 27.315 108.694 2463 1 48.94 2.55 15.80 10.66 0.18 6.50 10.24 3.36 0.51 0.30 99.04 54.71 0.20 
D57-3g 27.315 108.694 2463 3 I 48.92 2.56 15.88 10.85 0.19 6.48 10.22 3.29 0.50 0.32 99.20 54.18 0.19 
D58-lg 27.456 108.306 2841 5 2 48.35 2.22 16.90 10.17 0.17 7.16 10.44 2.99 0.58 0.32 99.30 58.21 0.26 
D58-2g 27.456 108.306 2841 5 2 48.39 2.20 16.95 10.06 0.17 7.29 10.42 2.96 0.55 0.28 99.26 58.93 0.25 
D58-3g 27.456 108.306 2841 6 2 48.33 2.19 16.98 10.12 0.17 7.28 10.44 3.04 0.56 0.29 99.40 58.75 0.26 
D58-4g 27.456 108.306 2841 6 2 48.34 2.20 16.91 10.06 0.16 7.26 10.39 2.97 0.57 0.30 99.16 58.81 0.26 
D58-5g 27.456 108.306 2841 7 2 48.26 2.20 16.98 10.11 0.17 7.23 10.47 3.05 0.57 0.29 99.32 58.60 0.26 
D58-6g 27.456 108.306 2841 9 2 48.19 2.21 16.95 10.02 0.16 7.25 10.40 2.99 0.58 0.28 99.04 58.88 0.26 
D59-lg 27.620 108.030 2891 1 48.14 2.57 16.38 10.55 0.18 6.80 9.96 3.27 0.68 0.39 98.93 56.06 0.26 
D59-2g 27.620 108.030 2891 0 2 48.11 2.58 16.33 10.51 0.19 6.85 9.93 3.27 0.69 0.40 98.85 56.32 0.27 
D59-3g 27.620 108.030 2891 0 I 48.13 2.59 16.36 10.57 0.19 6.85 9.91 3.26 0.67 0.40 98.91 56.19 0.26 
D59-4g 27.620 108.030 2891 0 1 48.28 2.61 16.33 10.62 0.18 6.90 9.90 3.29 0.67 0.39 99.18 56.27 0.26 
D60-lg 27.382 107.991 2945 0 1 47.42 1.04 17.96 9.92 0.19 9.06 11.82 2.56 0.05 0.10 100.12 64.40 0.05 
D60-3g 27.382 107.991 2945 0 2 47.43 1.06 17.97 9.97 0.19 8.81 11 .87 2.62 0.05 0.10 100.06 63.63 0.04 
D60-4g 27.382 107.991 2945 0 2 47.47 1.07 17.93 10.06 0.20 8.73 11.87 2.64 0.05 0.09 100.11 63.22 0.05 
D61-lg 27.265 108.496 1969 10 2 50.58 1.60 14.82 10.15 0.19 7.27 12.15 2.73 0.16 0.14 99.78 58.63 0.10 
D61-2g 27.265 108.496 1969 10 2 50.58 1.65 14.75 10.26 0.20 7.21 12.14 2.73 0.19 0.18 99.87 58.18 0.11 

Easter Seamount Chain, Ahu Volcanic Field 
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Depth Vesicles Petrographic 
Sample Latitude Longitude m % Type Si02 Ti02 AI203 FeO MnO MgO Cao Na20 K10 P205 Total Mg# K10ffi02 

D52-lg 26.702 110.840 2757 0 2 49.07 2.45 15.59 10.48 0.15 6.70 10.42 3.18 0.35 0.26 98.66 55.87 0.14 
D52-2g 26.702 110.840 2757 1 2 49.19 2.50 15.46 10.59 0.17 6.67 10.43 3.22 0.35 0.29 98.88 55.50 0.14 
D52-3g 26.702 110.840 2757 I 2 49.36 2.49 15.61 10.55 0.21 6.72 10.42 3.16 0.38 0.28 99.18 55.79 0.15 
D52-4g 26.702 110.840 2757 0 2 49.17 2.46 15.69 10.47 0.18 6.74 10.46 3.22 0.36 0.28 99.03 56.03 0.15 
D52-5g 26.702 110.840 2757 0 2 48.59 2.67 15.94 10.76 0.16 6.30 10.14 3.34 0.39 0.31 98.60 53.65 0.15 
D52-6g 26.702 110.840 2757 0 2 48.60 2.66 15.90 10.74 0.21 6.34 10.12 3.31 0.39 0.29 98.55 53.87 0.15 
D52-7g 26.702 110.840 2757 0 2 48.64 2.64 15.94 10.83 0.18 6.38 10.18 3.33 0.39 0.29 98.79 53.85 0.15 
D53-lg 26.562 111.268 2751 10 2 48.26 2.79 15.22 11.46 0.20 6.15 10.21 3.27 0.48 0.32 98.35 51.52 0.17 
D53-2g 26.562 111.268 2751 10 2 48.52 2.82 15.29 11.41 0.21 6.26 10.28 3.33 0.48 0.32 98.92 52.06 0.17 
D53-3g 26.562 111.268 2751 10 2 48.22 2.83 15.29 11.44 0.19 6.11 10.10 3.23 0.48 0.32 98.21 51.39 0.17 
D53-4g 26.562 111.268 2751 1 1 49.45 1.92 14.71 11 .30 0.19 7.91 11.00 2.63 0.15 0.17 99.43 58.10 0.08 
D53-5g 26.562 111.268 2751 1 1 49.47 1.92 14.67 11 .43 0.18 7.93 11.00 2.63 0.15 0.19 99.56 57.87 0.08 
D53-6g 26.562 111.268 2751 1 1 49.75 1.91 14.52 11.37 0.19 7.88 10.97 2.68 0.15 0.20 99.61 57.85 0.08 
D53-7g 26.562 111.268 2751 1 1 49.54 1.87 14.53 11.36 0.20 7.83 10.98 2.65 0.15 0.18 99.29 57.71 0.08 
D54g 26.755 111.174 2830 49.10 2.84 15.54 10.84 0.18 6.26 10.00 3.35 0.57 0.33 99.01 53.32 0.20 

All samples are electron microprobe analyses of glass done on the Cameca SX-50 microprobe at the University of Hawaii [Garcia 
et al., 1995]. Each analysis is the average of four to seven individual point analyses of several small glass fragments or a single 
large one. In the sample number, "g" is glass, "sg" is station glass (small loose glass pieces), and "A" and "B" distinguishes 
different glass shards. Percent vesicles is a visual estimate of volume percent. Petrographic type refers to phenocryst assemblages 
present: 1, olivine only; 2, olivine + plagioclase; 3, olivine + plagioclase + clinopyroxene, 4: olivine + clinopyroxene; and 5, 
plagioclase only. The calculation of Mg number (Mg#) assumes FeO/Fe203 = 0.9. 
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Samples from the vicinity of San Felix Island are foidites, basanites, and phono-

tephrites using the terminology of Le Maitre [1984] and are mostly differentiates of Si02-

undersaturated and strongly undersaturated basaltic parents (Figure 6-2). These samples 

are chemically similar to suites of basanites and nephelinites commonly found on oceanic 

islands [e.g., Willis and Washington, 1924; Gerlach et al., 1986; Haase, 1996]. O'Connor 

et al. [1995] and Z. J. Liu et al. (submitted manuscript, 1997) show that volcanics from 

the San Felix area were not formed by the same hotspot that formed the Nazca and Salas 

y Gomez (ESC) ridges and since the focus of this paper is the ESC, we do not consider 

these samples further. 
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Figure 6-2. Plot of total alkalies versus silica [Le Maitre, 1984] to show the strongly 
silica-undersaturated and alkalic nature of samples from the vicinity of San Felix 
Island. 
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An interesting aspect of the major element chemistry of the ESC lavas is the 

coherent and systematic chemical variation they display with longitude. Figure 6-3 shows 

plots of K20ffi02 and MgO versus longitude; similar patterns exist for other major 

elements. In general, samples farthest from the east rift of the Easter microplate are 

highest in alkalies, FeO, Ti02, P20 5, and lowest in MgO and Cao. This systematic 

chemical change is reflected in the normative mineralogy of the samples. Lavas from the 

Salas y Gomez ridge (east) are alkali basalts with 1-3 wt % normative nepheline, while 

samples from the Easter ridge (west) are mostly tholeiitic basalts with olivine and 

hypersthene in the norm [Schilling et al., 1985]. At the same time, the samples closest to 

the east rift of the Easter microplate are generally less differentiated, while those to the 

east are generally more differentiated. These plots are similar to, but more scattered than, 

plots of isotopes and trace elements [Kingsley et al., 1994; Kingsley and Schilling, 1998] 

that strongly support the hypothesis of binary mixing. 
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Figure 6-3. Plots of K20ffi02 and MgO versus longitude for our new data (circles) and 
published and unpublished data for the region (see text for data sources). Since we are 
using K20ffi02 as a proxy for mantle source, in the top panel we plot only samples with 
MgO > 3 wt %, because in extreme differentiates, K20ffi02 is affected strongly by 
fractionation. Note the scattered trends of decreasing K20ffi02 and increasing MgO 
westward along the ESC toward the Easter microplate (EMP) boundaries. 
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The ESC data show coherent though scattered trends for alkalies, P20 5, FeO, 

Ti02, and CaO on MgO variation diagrams (Figure 6-4). In contrast, Si02 is scattered 

(-47 to -50 wt %) and shows no trend with MgO for MgO values >4 wt%. For lower 

MgO values, Si02 increases as MgO decreases in differentiated lavas. The samples show 

variable enrichment trends for FeO and Ti02 and no trend for A}z03 (Figure 6-4). In all 

these plots, there is a crude progression from MgO-rich to MgO-poor samples eastward 

from Ahu, to the Easter ridge, and finally to the Salas y Gomez ridge. However, there are 

exceptions to this general trend, such as the occurrence of trachytes and rhyolites on 

Easter Island [Baker et al., 1974; Clark and Dymond, 1977; Haase et al., 1997]. The 

plots of Figure 6-4 show that the trends for the ESC as a whole, and subgroups of ESC 

samples, define distinct trends from those of mid-ocean ridge basalts (MORB) of the east 

and west rifts of the Easter microplate. 
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Figure 6-4. MgO variation diagrams for ESC lavas with fields shown for samples from 
Easter and Salas y Gomez Islands and the east and west rifts of the Easter microplate. See 
text for data sources. There is only one sample for Salas y Gomez Island that has 
analyzed P20s, so this panel has no field for Salas y Gomez Island. Note the large scatter 
on most of the plots, and the fact that lavas from the Easter ridge are generally more MgO 
rich than those of the Salas y Gomez ridge. 
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6.4 Interpretations 

6.4.1 Fractional crystallization 

Most of the ESC samples have MgO < 8 wt % and are fractionated. Some 

samples are highly fractionated, including andesites recovered from the eastern end of the 

Salas y Gomez ridge (D 34 ), and for all of these it is clear that fractional crystallization 

has played a role in their petrogenesis (Figure 6-4). The trends in Figure 6-4 suggest that 

fractionation may have involved a variety of different parents with variable abundances 

of oxides at similar values of MgO. However, fractional crystallization cannot be the only 

process at work, as shown by the trends of K20, and P20 5, which are greatly 

overenriched compared to trends produced by fractional crystallization of a single 

parental composition with low abundances of these elements. This can be seen in Figure 

6-5, showing the ESC data with fractional crystallization trends calculated using the 

MELTS software package [Ghiorso and Sack, 1995]. While from Figure 6-5 it seems 

possible that the ESC lavas might be produced by fractional crystallization of a variety of 

parental compositions with different abundances of K20, Figure 6-6 shows that this 

cannot be the only explanation. Some of the samples from the east rift of the microplate 

may be produced by fractional crystallization alone (Figure 6-6), however, it is clear that 

the ESC trend is very different from the fractional crystallization trend. For the ESC trend 

to be entirely the result of fractional crystallization, and assuming a solid-liquid 

distribution coefficient for K of zero, the distribution coefficient for P must be -0.6, 

clearly much too high to be reasonable [e.g., Green, 1994]. This indicates that at least for 

the incompatible minor elements, Kand P, fractional crystallization alone cannot explain 
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their abundances; some additional process(es) must also have been important. We 

propose that this additional process is binary mixing between an enriched plume 

component (with high K20ffi02) and a depleted MORB-like component, in agreement 

with lead isotopic data [Hanan and Schilling, 1989; Fontignie and Schilling, 1991; 

Kingsley et al., 1994; Kingsley and Schilling, 1998]. 

' 
+ Ahu&Umu 
0 ESC 

0 ',, 1 bar, dry 
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Figure 6-5. Plot of K20 versus MgO with lines indicating liquid line 
of descent calculations using MELTS [Ghiorso and Sack, 1995]. 
This provides strong evidence that the K20 versus MgO trend in 
Figure 6-4 is greatly overenriched over what could be produced by 
fractional crystallization alone. We propose that mixing is an 
additional important process, not only to explain the KzO data, but 
also the data for P20s. 
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Figure 6-6. Plot of K20 versus P20 5 showing the ESC and east rift data and 
calculated paths of fractional crystallization. In this calculation, we assume DK = 
0.008 and Dp = 0.08. (a) All the ESC data, including fractionated ESC samples 

that lie above the linear ESC trend. (b) Blowup (dashed box in Figure 6-6a) 
showing the east rift lavas in greater detail. Primitive (MgO > 7 wt % ) samples 
are shown as solid symbols, whereas relatively fractionated samples (MgO < 7 wt 
%) are open. Note that the ESC trend contains primitive lavas (solid symbols) at 
both high and low values of K20 and P20 5, whereas along the FC trend of the east 
rift, low-P20s samples are mostly primitive and high-P20s samples are 
fractionated. Presumed hybrid lavas lying between the ESC and FC trends at high 
values of P20s and K20 must have involved fractionated east rift lavas, implying 
that mixing follows melting (and in some cases, fractionation also). In contrast, 
lavas along the ESC trend may be the result of solid mixing, in which case mixing 
precedes melting and fractionation. 
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The data of Figure 6-6 suggest that mixing along the ESC was between solid 

mantle components rather than between melts. On Figure 6-6, primitive samples of the 

east rift have low values of K10, and P20s, whereas differentiated samples have higher 

values. The ESC trend is a scattered linear array of relatively primitive samples and some 

fractionated samples lying above the array (a). The ESC trend includes primitive samples 

with very low values of K20 and P20 5. In contrast, the trend for the east rift does not 

extend to such low values. Further, some of the east rift lavas lie on the ESC trend or in 

the space between the two trends, and many of these are fractionated samples. These 

presumed hybrid lavas produced beneath the east rift must have involved fractionated 

lavas along the "FC" trend (). This may indicate that for the east rift, fractionation 

preceded mixing and thus that the mixing was between melts, as expected to occur below 

active ridges like the east rift. In contrast, the absence of ESC samples between the two 

trends, and the primitive nature of some ESC samples along the trend, particularly at high 

values of K20 and P20s, may indicate that mixing occurred prior to fractionation. This 

suggests but does not prove that mixing may have preceded melting also and thus may 

have been between solid mantle sources. 

In contrast with the over-enrichment trends for K20, and P20 5 , the other major 

elements show trends that are much more consistent with those expected for fractional 

crystallization as a dominant process (Figure 6-4). For example, the Na20 and CaO 

trends on MgO variation diagrams can be easily modeled using MELTS at a variety of 

pressures, H20 contents, and fo 2 conditions. This is mostly because variations in the 

abundance of these elements are relatively insensitive to variations in the conditions of 

fractional crystallization. Much more sensitive indicators of fractionation conditions are 
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the oxides Ti02, FeO, A}z03 , and Si02. Figure 6-7 shows a plot of MgO versus A}z03, 

with the data more or less bounded by calculated fractional crystallization paths from 

MELTS at a variety of pressures, for H20 content of 0.3 wt%. MgO plots of FeO and 

Si02 (not shown) yield similar and self-consistent results using a wide variety of parental 

compositions. In all our calculated liquid lines of descent (LLD), we have kept the 

fractionation conditions constant and assumed perfect fractional crystallization. 
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Figure 6-7. Plots of Ah03 versus MgO with several illustrative 
liquid line of descent models using MELTS [Ghiorso and Sack, 
1995]. The three panels show data for (a) the Salas ridge, (b) the 
Easter ridge, and (c) the rifts of the microplate. Note the large 
diversity of parental lavas required for the Easter ridge. Despite 
some overlap, the Salas ridge lavas appear to be produced by 
fractionation at systematically higher pressure and/or higher H10 
contents than the Easter ridge lavas. Similarly, the east rift lavas 
appear to have fractionated at the lowest pressure and/or H20 
content. Similar and self-consistent patterns are observed for plots 
of FeO and Si02 versus MgO (not shown). 
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Although we can model the variation trends for individual elements with 

calculated LLDs very nicely for geographic subsets of the data and the entire ESC data 

set, we cannot do so consistently for all oxides, despite having calculated many hundreds 

of LLDs at a variety of conditions and for a variety of parents. For a given parent, it is not 

possible to consistently model all of the oxides with a unique set of fractional 

crystallization conditions. Furthermore, because of the scatter of the data (Figure 6-4), it 

is difficult to consistently model even small geographic subsets of the data with unique 

conditions. From this exercise we infer that either the number of parental compositions is 

large, consistent with the K20 and P20 5 trends, or that fractionation conditions were 

variable, or both. 

Despite the lack of consistency in attempting to model the conditions of fractional 

crystallization, some general patterns do emerge, particularly in comparing the best fit 

conditions for the Salas y Gomez ridge (east) with those for the Easter ridge lavas (west). 

We find that the best fitting models for the Salas y Gomez ridge consistently require 

higher H20 contents, and/or higher pressure (Figure 6-7). For Salas y Gomez ridge we 

find the best fitting LLDs for the various oxides have pressures in the range 0.1 to 2.5 

kbar and H20 contents in the range 0.5 to 1.0 wt %. In contrast, for the Easter ridge, the 

best fitting conditions are in the range of 0.05-1.5 kbar and 0.2-0.5 wt% H20, withfo2 in 

the range QFM to one log unit below QFM for both. 

This is probably best seen for Ah03 (Figure 6-7), which is sensitive to pressure 

and H20 contents. For a wide range of bulk compositions, high pressure and/or high H20 

. contents inhibit the crystallization of plagioclase [e.g., Housh and Luhr, 1991] leading to 

Al-rich residual liquids. The Salas y Gomez ridge, at a given MgO content shows 
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consistently higher Alz03 than the Easter ridge trend or the trend for the spreading ridges 

of the Easter microplate (Figure 6-7), consistent with delayed crystallization of 

plagioclase for the Salas y Gomez ridge lavas. This inference is also consistent with the 

petrographic characteristics of the lavas, as those from Salas y Gomez ridge in general 

have less plagioclase and are significantly more vesicular (though not dredged from 

systematically shallower depths (Table 6-1)) than Easter ridge lavas. 

From the trends in Figure 6-4 to Figure 6-7 and our modeling results, we conclude 

that the ESC lavas were differentiated from a number of different parents, varying 

especially in their abundance of K20 and P20 5. In addition, it appears that fractionation 

conditions may have been slightly variable, as it is not possible to fit all elements exactly 

with LLDs modeled using constant fractionation conditions. The lavas closest to the east 

rift of the microplate seem to have evolved under dryer and/or shallower conditions 

compared to those located on the older oceanic lithosphere to the east. Overall, there 

seems to be a crude but monotonous progression to wetter and deeper fractionation 

conditions under progressively thicker crust and older lithosphere. As discussed later, it 

appears that fractionation most likely occurred at the base of the crust and within the 

crust. While many of the major elements seem to be satisfactorily explained by fractional 

crystallization as the dominant process in their petrogenesis, the K20 and P20 5 trends are 

not. It is clear that some other process(es) has had a major effect on the incompatible 

minor element abundances. 

6.4.2 Melting 

The systematic differences in K20!Ti02 with longitude suggest that the lavas 

were derived from different mantle sources [Shen and Forsyth, 1995; Cousens, 1996] or 
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different melting conditions or both and that these differences are geographically 

systematic. Geographic differences in mantle source composition are well documented by 

isotopic data [e.g., Hanan and Schilling, 1989; Fontignie and Schilling, 1991; Kingsley et 

al., 1994; Haase et al., 1996; Kingsley and Schilling, 1998]. In order to examine possible 

differences in melting conditions of these sources, we employ the method of Klein and 

Langmuir [ 1987] to first correct for shallow fractionation processes to a constant value of 

MgO = 8.0 wt %. For this correction to be valid, it is necessary to assume that 

fractionation conditions were constant for individual subgroups of the data. The 

fractionation modeling indicates that this is probably a reasonable assumption (Figure 6-4 

to Figure 6-7). In addition, we must assume that any process in addition to fractional 

crystallization, such as mixing, affected only primitive melts and not fractionated melts. 

Figure 6-6 shows that this assumption is also reasonable for the ESC data. 

For Na20, FeO, CaO, and A}i03 we calculate corresponding Nag, Feg ,Cag, and 

Alg by regressing the oxide variations with MgO. Since shallow fractionation is expected 

to vary locally, even within single volcanic edifices [e.g., Haase et al., 1997], we regress 

separately each of the four ESC subgroups. For some oxides we have combined the 

Middle group and Ahu lavas with the Easter ridge because the smaller number of samples 

in the Ahu and Middle groups did not yield meaningful trends. We considered only 

samples with MgO > 5.5 wt%, except in the case of FeO for the Salas y Gomez ridge 

(MgO >2 wt %). As shown in Table 6-2, the MgO trends for the ESC subgroups are 

reasonably good, although there is more scatter (Figure 6-4) than found for typical trends 

of normal MORB. In addition, the differences in slope of the trends among subgroups are 
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higher than among MORB suites. These differences are due partly to the geographic 

differences in the inferred conditions of fractionation discussed earlier. 

If at this point we proceed to calculate values for the extent of melting (F), 

pressure of initial melting (P 0 ), and other melting parameters using the method of Niu 

and Batiza [ 1991], we obtain the result that the east rift of the microplate represents the 

deepest and most extensive melting, with P 0 continuously shallowing and F decreasing 

to the east. This contrasts with the deepening of Pf suggested by Haase and Devey 

[1996]. These relative differences in melting parameters are robust and not the result of 

using a particular melting model, as shown by Kinzler and Grove [1993]. Since there is 

good evidence that the Easter hotspot is on the Nazca plate, to the east of the east rift of 

the microplate, this result would suggest that the Easter hotspot represents shallower and 

less extensive melting than the east rift of the microplate. While this result cannot be 

summarily ruled out, there is considerable evidence that plumes are hotter than ambient 

mantle and should therefore begin melting at greater depth and melt more extensively 

than ambient mantle below ridges. This perplexing result is perhaps not surprising given 

that Niu and Batiza [1991] assume a constant mantle composition, known to be incorrect 

for the ESC lavas [Hanan and Schilling, 1989; Fontignie and Schilling, 1991; Rubin et 

al., 1992; Rubin and Mahoney, 1993; Poreda et al., 1993a; Kingsley et al., 1994; 

Kingsley and Schilling, 1998]. 
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Table 6-2. Data for element and ratio correlations 

Plot Intercept Slope R Remarks 

Salas y Gomez Ridge 
Na20vs. MgO 6.06 -0.40 0.74 
FeO vs. MgO 13.35 -0.45 0.54 
CaOvs. MgO 7.05 0.41 0.55 
A}z03 VS. MgO 14.04 0.45 0.60 

Feg vs. K10ffi02 12.1g -7.3g 0.6g 

Nag vs. K10ffi02 2.34 1.3g 0.49 

Cag/Alg vs. K10ffi02 0.73 -0.44 0.79 

Nag, 0.1 vs Cag, 0.1/Alg, 0.1 o.g2 -0.04 0.40 

Nag, 0.1 vs. Peg, 0.1 9.05 0.95 0.29 

Cag, 0.1/Alg, 0.1vs.Peg,0.1 g.40 4.29 0.15 

Middle Group 
Na20vs. MgO 5.44 -0.34 0.90 
CaOvs.MgO 6.79 0.57 o.g1 
Al203 VS. MgO 13.01 0.54 o.gg 

Easter Ridge 
Na20vs. MgO 4.92 -0.27 0.79 includes Ahu Area 

PeO vs. MgO 13.25 -0.3g 0.69 includes Ahu and Middle 
CaOvs. MgO 5.gg 0.67 0.7g 
Al203 vs. MgO 1 ug 0.67 0.56 includes Ahu Area 

Peg vs.K20ffi02 10.g9 -3.62 0.69 includes Ahu and Middle 

Nag vs. K10ffi02 2.49 1.65 0.77 includes Ahu and Middle 

Cag/Alg vs. K10ffi02 0.74 -0.43 0.72 includes Ahu and Middle 

Nag, 0.1 vs Cag, 0.1/ Alg, 0.1 1.21 -o.1g 0.6g includes Ahu and Middle 

Nag, O. l vs. Peg, 0.1 11.23 -0.26 0.11 includes Ahu and Middle 

Cag, 0.1/Alg, 0.1vs.Peg,0.1 9.57 1.33 0.15 includes Ahu and Middle 

Ahu Area 
CaOvs.MgO 7.01 0.50 0.97 

Entire Data Set 
Peg vs.K20ffi02 11.05 -4.32 0.72 

Nag vs. K10ffi02 2.6g 0.59 0.37 

Cag/Alg vs. K10ffi02 0.76 -0.45 o.g2 

Nag, 0.1 vs Cag, 0.1/Alg, 0.1 o.gg -0.06 0.34 

Nag, 0.1 vs. Peg, 0.1 13.49 -1.02 0.30 

Cag, 0.1/ Alg, O.l vs.Peg, O. l 11 .gg -1.49 o.og 

Peg, O. l vs. longitude 0.49 

Nag, 0.1 vs. longitude 0.61 

Cag, 0.1/Alg, 0.1 vs. 0.10 
longitude 
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In order to correct for probable chemical differences in the mantle source 

indicated by isotopic and trace element data, we use the method of Shen and Forsyth 

[ 1995]. This method is appropriate for the ESC because like the global data set used in 

their study, we also find a good correlation between Feg and K20ffi02, both individually 

for the Easter and Salas y Gomez ridges, and the ESC data set as a whole (Figure 6-8 and 

Table 6-2). Furthermore, the range of K20ffi02 in the ESC data set (up to values of -

0.5) is similar to the range considered by Shen and Forsyth. Their application of the 

method to lavas from several plume localities gives very reasonable results that are 

consistent with independent constraints for the depth and extent of melting. In addition to 

Feg - K20ffi02 correlation, for the Easter and Salas y Gomez ridges we find reasonably 

good correlations between Cag/Alg and K20ffi02, consistent with the findings of 

Hirschmann et al. [1996], Niu et al. [1996], and Niu and Batiza [1997]. For the Easter 

ridge there is also a reasonably good correlation between Nag and K20ffi02. The 

correlations of Feg and Cag/Alg with K20ffi02 for the entire ESC data set are shown in 

Figure 6-8. The correlation coefficients for these and the other correlations of the 

subgroups are given in Table 6-2. 
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Figure 6-8. Plots of Feg and Cag/Alg versus K10ffi02 for the ESC data. We interpret 
these correlations, plus Nag versus K10ffi02 (Table 6-2) to indicate mantle composition 
effects on these oxide values in ESC melts. 
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Shen and Forsyth [1995] discuss at length the uncertainties and limitations of 

their empirical corrections for mantle heterogeneity based on K20ffi02. Recent 

experiments [see Kinzler, 1997, and references therein] confirm the behavior of Na20, 

FeO, Si02, CaO and Ah03 during melting of fertile and depleted peridotite discussed by 

Shen and Forsyth [1995] and Langmuir et al. [1992, and references therein]. In. 

particular, it is clear that both CaO/ Ah03 and N a20 are affected by both F (extent of 

melting) and mantle composition, with a much smaller effect of pressure. Likewise, FeO 

or Fe0/Si02 are affected by both pressure of melting and composition, with a much 

smaller effect from differences in F. In this study, and after correcting for mantle 

composition, we use Nag and Cag/Alg as proxies for the extent of melting, and Feg as a 

proxy for the depth of melting. 

With the additional correction for mantle source variations, we have values of 

Nag, Feg and Cag/Alg corrected to a common and arbitrary value of K 20ffi02 = 0.1 

(Nag, 0.1, Fes, 0.1, and Cas, 0.1/Alg, 0.1). We also calculate Sis, 0.1/Fes, 0.1· 

Calculated values of Nag, O. l and Cas, 0.1/ Alg, 0.1, both proxies for the extent of 

melting, correlate well for the Easter ridge subgroup and less well for the Salas y Gomez 

ridge subgroup (Table 6-2). Neither of these correlates with Fes, 0.1, indicating that the 

pressure effects on Nas and Cas/Al8 are indeed minor, as are the effects of Fon Fes. 

Also, there is no correlation between any of these values and the depths of the dredge 

hauls, which vary by -2 km from -3500 m to -1500 m, indicating that the chemistry

depth correlations for ridge basalts of Klein and Langmuir [ 1987] are not seen for the 

ESC. 
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Using the work by Niu and Batiza [1991] to calculate melting parameters with 

these doubly corrected values yields results shown in Figure 6-9. This plot of calculated 

initial melting pressure (P 0 ), final melting pressure (Pf) and extent of melting (F) against 

longitude for the ESC shows scattered trends with deeper melting and more extensive 

melting in the eastern ESC than in the western ESC. For the ESC we calculate the 

following east to west ranges of Po (-26 to 20 kbar), Pf (-16 to 14 kbar), and F (-18 to 

16 %). The nominal errors are± 1 kbar and± 1 %, respectively [Niu and Batiza, 1991]; 

however, after correcting for composition, the uncertainties are almost certainly larger. 

This trend continues westward to the east rift of the microplate, for which we calculate 

average Po~ 18 kbar, Pf~ 13 kbar, and F ~ 15.5 wt%. These results suggest the deepest 

and most extensive melting to the east, with the shallowest and least extensive melting 

under the east rift of the microplate. We have tried making similar corrections based on 

KzO/P20s instead of KzOffi02 and get very similar, though more scattered, results (not 

shown). This same relative pattern for depth of melting is confirmed using the Si02 

geobarometer of Haase [1996], which gives an average pressure of (batch) melting of 

-15 kbar for the east rift of the microplate, -18 kbar for the Easter ridge, and -20 kbar for 

the Salas y Gomez ridge. We interpret the deeper and more extensive melting indicated 

below the Salas y Gomez ridge as evidence that the "Easter" mantle plume was located 

below the Salas y Gomez ridge during the period 3 Ma to present, the age range of our 

samples (R. Duncan, personal communication, 1996; Z. J. Liu et al., submitted 

manuscript, 1997). 
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Figure 6-9. Computed values of the initial depth of melting (Po), final depth of melting 
(PfJ, and extent of melting (F) for ESC and averaged east rift lavas using the method of 

Niu and Batiza [ 1991]. Oxide values used in the calculations are corrected for 
fractionation and mantle composition, as described in the text. Plotted values of F were 
calculated using the variations of Nag only and do not differ greatly form values 
calculated using both Nag and Cag/Alg. We also plot calculated values of the average 
depth of (batch) melting using the geobarometer of Haase [1996]. We interpret the large 
and significant differences in the calculated depths of melting as indicating relatively 
large differences in mantle temperature between the Easter plume and the ambient 
mantle. The calculated differences in the extent of melting are smaller than those in the 
depth of melting but vary monotonically along the ESC in a self-consistent manner. 
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6.5 Discussion 

6.5.1 Thermal structure of the crust and lithosphere below the ESC 

The observation that the lavas of the Salas y Gomez ridge are more fractionated 

than those of the Easter ridge, together with the interpretation that the Salas y Gomez 

magmas fractionated under conditions of higher pressure and/or higher H20 content, 

might suggest that if fractionation took place in the crust, then the crust below the Salas y 

Gomez ridge is thicker and perhaps cooler than the crust below the Easter ridge to the 

west. Indeed, thicker crust under the Salas y Gomez ridge is indicated by the findings of 

Z. J. Liu et al. (submitted manuscript, 1997) and Rappaport et al. [1997] who show that 

the Salas y Gomez ridge contains much larger seamounts than the Easter ridge. Since 

these are isostatically compensated [Liu, 1996; Kruse et al., 1997], the crust is, on 

average, thicker below the Salas y Gomez ridge. These findings are consistent with 

fractionation at pressures of 1-3 kbar inferred for the Salas y Gomez ridge using MELTS, 

although this estimate is not well constrained. Greater crustal thicknesses are probably 

only present under the constructional volcanic ridges. As elsewhere in the region, the 

crust appears to have a normal thickness of -6 km [Liu, 1996; Kruse et al., 1997; Woods 

and Okal, 1994]. An alternative explanation for the greater cooling and fractionation of 

the Salas y Gomez lavas might be that the magma supply rate is lower or more episodic 

than that of the Easter ridge [e.g., Haase et al., 1997; Sinton et al., 1983]. However, given 

the much more extensive and larger volcanic edifices of the Salas y Gomez ridge, this 

seems unlikely. 
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In addition to differences in crustal thickness, Kruse et al. [ 1997] find differences 

in effective elastic thickness along the ESC. To the east of Easter Island, the elastic 

thickness is smaller than to the west of Easter Island. Kruse et al. [ 1997] interpret this 

difference as a result of thermal thinning of the lithosphere by a mantle plume located to 

the east of Easter Island, consistent with our petrologic results. Throughout the ESC, Liu 

[1996] and Kruse et al. [1997] find low values of elastic thickness. An important 

implication of the very thin elastic thickness of the lithosphere is that the Easter plume, 

rising below the ESC, is not prevented from melting to high extents by a thick, cool 

lithospheric lid, as predicted for midplate plumes elsewhere [Ribe, 1996; Sleep, 1996; Ito 

et al., 1997]. The very thin, hot, and weak lithosphere present under the ESC may also 

explain the apparent ease with which voluminous magmas penetrate it and the extensive 

nature of the flows [Liu, 1996; Z. J. Liu et al., submitted manuscript, 1997]. 

6.5.2 Where is the Easter Plume? 

The present location of the Easter plume is uncertain, leading to uncertainties in 

plate reconstructions of the Easter plume track [Naar and Hey, 1990; O'Connor et al., 

1995]. Nevertheless, these plate reconstructions have tended to favor a present location of 

the plume below Salas y Gomez Island [Pilger and Handschumacher, 1981; Oka! and 

Cazenave, 1985]. In contrast, the criterion of young volcanism to locate the present 

position of the hotspot has led to suggestions that the plume is presently under the Abu 

volcanic field [Hagen et al., 1990] or under Easter Island [Haase et al., 1996]. In 

addition, geochemical criteria, based on the assumption that the lavas most enriched in 

the "plume component" are closest to the present location of the plume, indicate the 

plume is either below Salas y Gomez (based on Pb isotopes and trace elements) [Hanan 
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and Schilling, 1989; Fontignie and Schilling, 1991; Kingsley et al., 1994; Rubin et al., 

1992; Kingsley and Schilling, 1998] or between Easter Island and Salas y Gomez Island 

(based on He isotopes (R. J. Poreda, personal communication, 1997)). One difficulty in 

uniquely applying the criterion of young volcanism is that the entire western part of the 

ESC contains recently erupted lavas between the Abu volcanic field and Salas y Gomez 

Island (R. Duncan, personal communication, 1997; Z. J. Liu et al., submitted manuscript, 

1997). The criterion of most voluminous eruptions is also difficult to apply because it is 

well known that plume output can vary with time. The extensive distribution of young 

volcanism in the ESC region (Z. J. Liu et al., submitted manuscript, 1997) may simply be 

the result of plume-ridge interaction at high spreading rates, with thin and weak 

lithosphere above the plume and between the plume and the ridge. This thin and weak 

lithosphere would be expected to be more vulnerable to penetration by rising magma than 

older, thicker lithosphere. 

Rappaport et al. [ 1997] observed that the seamounts of the ESC exhibit a bimodal 

size distribution with associated systematic differences in shape parameters and suggest 

that these differences may be linked with differences in the origin and provenance of the 

two seamount types. In terms of the major elements, we do not see systematic chemical 

differences between the large (>1200 m) and smaller, more diversely shaped seamounts. 

However, our dredges are dispersed over a wide geographic area, with few individual 

seamounts sampled in detail. More detailed sampling will be needed to test the ideas of 

Rappaport et al. and also the suggestion of Haase et al. [ 1997] that the seamounts of the 

ESC undergo a common evolutionary progression from tholeiitic, to transitional, to 

alkalic lavas. Our sampling so far has not recovered any depleted tholeiitic lavas in the 
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Salas y Gomez ridge, although transitional lavas are found. Further sampling will be 

needed to determine whether the voluminous tholeiitic stage lies buried beneath the Salas 

y Gomez ridge. 

The major element results presented here indicate that the deepest and most 

extensive melting is occurring below the Salas y Gomez ridge (Figure 6-9). If the Easter 

plume is hot (i.e., has an excess temperature relative to ambient mantle), then the deeper 

and more extensive melting would indicate the location of the plume. Studies of mantle 

convection [e.g., Bercovici et al., 1989] and many other lines of evidence indicate that 

plumes are probably hot and rise because of thermal buoyancy [McKenzie, 1984; Sleep, 

1990; Davies, 1988; Schilling, 1991; Langmuir et al., 1992; Forsyth, 1992; Shen and 

Forsyth, 1995; Ito and Lin, 1995; Ito et al., 1996, 1997]. In the case of the Easter plume, 

Ito and Lin [ 1995] and Schilling [ 1991] have shown that the Easter plume is characterized 

by a modest (50°-100°) to large (200°) excess temperature, comparable to the Galapagos 

plume [Hanan and Schilling, 1989; Ito et al., 1997]. If instead plumes rise because of 

chemical (water) buoyancy, as suggested by Bonatti [1990], then the lower solidus 

temperature [e.g., Stolper and Newman, 1994; Hirose and Kawamoto, 1995] should still 

result in deeper and more extensive melting (a caveat on more extensive melting is 

discussed by Hirth and Kohlstedt [1996]). Thus even though the Easter plume may be 

relatively weak, as argued by Haase et al. [1996], Haase [1996], and Sleep [1990], its 

modest thermal buoyancy should still cause deeper and more extensive melting, as we 

observe in this study if the plume is located below the Salas y Gomez ridge. 
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6.5.3 Mantle flow, mixing, and melting below the ESC 

Schilling [1991], Kincaid et al. [1995], and Kingsley and Schilling [1998] 

propose that melting below the ESC is due to melting of a plume rising below the Salas y 

Gomez ridge, with continued melting and mixing occurring in a sublithospheric conduit 

connecting the plume to the east rift of the microplate (Figure 6-10). In the model of 

Schilling [ 1991], the plume channel is formed when a ridge-centered hotspot migrates 

away from the axis, by thermal erosion of the lithosphere. While the Easter plume was a 

ridge-centered plume prior to -25 Ma [O'Connor et al. , 1995; Z. J. Liu et al., submitted 

manuscript, 1997], the ridge system under which it was centered has undergone several 

reorganizations since that time, stranding the plume channel at an inactive ridge [Naar 

and Hey, 1991; Z. J. Liu et al., submitted manuscript, 1997]. The present plume channel 

must therefore have formed since the last plate reorganization. If the plume was not 

ridge-centered at this time, the channel may have formed by thermal erosion as described 

by Sleep [1996] and Ribe [1996]. Without a channel of this type, it is very difficult to 

explain the observed mixing trends of Pb isotopes and the geographically restricted 

along-axis Pb isotope anomaly along the east rift [Hanan and Schilling, 1989; Fontignie 

and Schilling, 1991 Kingsley et al., 1994; Poreda, et al., 1993a; Kingsley and Schilling, 

1998]. 
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Figure 6-10. Cartoon of mantle flow, mixing, and melting, below the ESC and the east 
rift of the microplate. The closely stippled pattern represents the crust (thickness 
exaggerated), and the wider stipple represents the lithosphere. Note the broken depth 
scale on the left. Larger volcanoes, locally thicker crust, and deeper and more extensive 
fractional crystallization for the Salas y Gomez ridge are schematically shown. In this 
model, mixing between the plume material rising below the Salas y Gomez ridge, and 
ambient MORB asthenosphere, takes place at the base and sides of the plume channel. 
Melting of vertically rising mantle occurs both in the plume and in the plume channel, 
with the boxes showing inferred average melting depths and extents (F values) beneath 
the Salas y Gomez ridge, the Easter ridge, and the east rift of the rnicroplate. The plume 
and mixed material supply the east rift of the microplate entirely or almost entirely, at 
least at the latitude of the plume channel. Melting within the plume channel explains the 
distribution of young lavas in the ESC [Z. J. Liu et al., submitted manuscript, 1997]. 
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The mixing of plume and ambient (MORB-like) mantle in the ESC appears to be 

very simple two-component mixing and, for Pb isotopes and trace elements, is very 

coherent geographically [Kingsley and Schilling, 1998]. There are several possible 

origins for the MORB-like component of the mixture. First, it might be due to 

entrainment of MORB mantle into the plume during its ascent in the shallow mantle to 

form a sheath of mixed mantle around the cylindrical plume conduit, as suggested by 

Hauri et al. [1994, 1996]. This model could explain the observations but requires a mixed 

zone with half width of 600-800 km. A second possibility, suggested by Haase et al. 

[1996], is for eastward transport of MORB mantle from the east rift, together with 

westward flow of plume material rising under Easter Island (i.e., bidirectional mantle 

flow). This idea is attractive because it explains the geographically coherent mixing 

pattern observed. 

However, models of off-axis plumes [Ribe, 1996; Sleep, 1996; Kincaid et al., 

1995; Ito et al., 1997] indicate that the flux of plume material to the ridge axis, even 

without additions from mixing, is probably sufficient to supply the ridge axis. In this 

case, no passive upwelling of MORB mantle is needed to supply the axis [Sleep, 1990], at 

least at the location of the plume channel, consistent with the model of Hauri et al. [ 1994, 

1996]. If these models are correct, there is no need for bidirectional mantle flow; the flow 

could be entirely from the plume to the axis, with mixing and entrainment of ambient 

MORB asthenospheric mantle occurring along the base and sides of the flow channel. 

The model presented in Figure 6-10 shows only a single dashed arrow of upward mantle 

flow to the east rift of the microplate to indicate that very little flow is required at the 

latitude of the plume channel. 
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Mixing and entrainment of MORB mantle along the base of the plume channel 

would be expected to yield the observed mixing patterns, as melts derived from mantle 

farthest from the plume would have undergone the greatest amount of mixing and 

dilution of the plume component prior to melting in the channel by decompression 

melting. While bidirectional flow can not be ruled out, we prefer the model of mixing at 

the base of the channel because it is simpler in terms of mantle flow processes. It is worth 

noting that a shortcoming of both the Haase et al. [ 1996] model and the model of Figure 

6-10 is that neither model presently provides a good explanation for the high He isotope 

values below the Ahu volcanic field [Poreda et al., 1993b]. Furthermore, realistic melting 

models should incorporate sequential melting of mantle material as it moves laterally and 

vertically, rather than simple column melting presented in the simple model here. 

The mixing we envision is solid state mixing between plume mantle rising below 

the Salas y Gomez ridge, and solid ambient asthenosphere at the base (and sides?) of the 

plume channel. This is supported by showing that, unlike the east rift of the microplate, 

the ESC shows mixing mostly between primitive components, consistent with mixing of 

solid mantle prior to melting in the channel. This situation is similar to melting of "plum 

pudding" heterogeneous mantle [Hanson, 1977; Prinzhofer et al., 1989; Niu et al., 1996; 

Niu and Batiza, 1997], but the enriched melt component is inferred to be produced by 

larger extents of melting, as inferred by Stolper and Newman [1994] for Marianna trough 

lavas. In the case of the Marianna trough, a good correlation between abundances of H20 

and many trace elements was used to show that the water-rich component was associated 

with larger extents of melting. Analyses of H20 for ESC lavas (J. Dixon, work in 

progress, 1998) should be useful in shedding additional light on the petrogenesis of ESC 
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lavas, including the possibility that the Easter plume is not so much a thermal anomaly as 

a high-H20 anomaly [Stolper and Newman, 1994]. 

A general implication of the model we present is that all alkali basalts may not 

necessarily require small degrees of melting, as commonly inferred from modeling of the 

trace elements [e.g., Haase 1996; Haase and Devey, 1996]. As discussed by Haase 

[ 1996], there appear to be several different types of plumes, potentially with alkalic basalt 

lineages of different origin. Unlike the Easter ridge [Haase et al., 1997], there is no 

evidence at the Salas y Gomez ridge of a precursory, large volume, tholeiitic stage, 

consistent with our suggestion that these alkali basalts are the result of larger extents of 

melting than the less "enriched" lavas. If so, one possibility is that the mantle sources of 

some alkali basalts may be even more enriched than commonly believed in order to 

produce enriched melts by relatively large degrees of melting. 

6.6 Conclusions 

From this study of major element variations in ESC lavas, we conclude the 

following. 

1. Lavas from along the ESC between Salas y Gomez Island and the Ahu volcanic 

field vary from MORB-like in the west near the east rift of the microplate to alkali basalts 

in the east. The major elements show variations with longitude along the ESC reflecting 

these and other chemical differences. 

2. Longitudinal variations of K20, P20s, and KzOffi02 are mostly due to 

differences in the mantle source compositions of the lavas. Observed differences in KzO 

and P20 5 are partly caused by shallow fractionation and cooling and partly by mixing of 

solid plume mantle with ambient MORB-like mantle in the plume channel connecting the 
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Easter plume to the east rift of the microplate. In contrast with solid mixing in the plume 

channel, mixing of plume and MORB compositions below the east rift involves 

fractionated compositions, indicating limited mixing involving liquids. 

3. With the exception of K20 and P20 5, variations of other major element 

variations can be adequately explained by shallow fractionation from a variety of parental 

basalt magmas. Lavas from the eastern part of the ESC (the Salas y Gomez ridge) are 

more fractionated than those of the western ESC (the Easter ridge). Conditions of shallow 

fractionation vary from low pressure and dry in the west, to higher pressure and/or higher 

H20 in the east, below the Salas y Gomez ridge. These differences are consistent with 

petrographic observations, and with geophysical evidence indicating locally thicker crust 

below the Salas y Gomez ridge. 

4. Correcting ESC lava compositions for shallow fractionation processes to a 

value of 8 wt % MgO does not eliminate longitudinal chemical differences in ESC lavas. 

Plots of Feg, Cag/Alg, and Nag with K20/Ti02 show correlations that we interpret to be 

the result of mantle heterogeneity. 

5. Calculated melting parameters usmg values corrected for both shallow 

fractionation and mantle composition (Nas, O.L Fes, O.L Cas, 0.1/Als, O.L and Sis, 

0.1/Fes, O. l) show systematic variations, consistent with the expectation that the Easter 

plume is hotter and melts more extensively than ambient MORB mantle. We cannot 

presently rule out the possibility that enhanced melting is caused by higher H20 content 

rather than higher temperature. 

6. Our results are consistent with a plume below the Salas y Gomez ridge and 

with solid state mixing between the plume and ambient MORB asthenosphere occurring 
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at the base of the plume channel connecting the plume and the east rift. In this model, 

decompression melting of the mixtures, containing progressively less plume component 

toward the east rift, occurs in the plume channel. 

7. These results indicate that some suites of oceanic alkali basalts may be 

produced by higher extents of melting than previously inferred. This may indicate that 

some mantle sources of alkali basalts are more enriched than previously thought, 

independent of the style of melting. 
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7. VELOCITIES OF A NATURAL MID-OCEAN RIDGE 

BASALT GLASS 

7.1 Abstract 

We report, for the first time, ultrasonic velocity values for a pure (>95% ), natural, 

submarine basalt glass of Mid-ocean ridge basalt composition, from 10 to 1000 MPa at 

room temperature. These new data show that basalt glass, abundant in the upper oceanic 

crust, has the lowest velocity of any primary solid component of the oceanic crust. In 

addition, natural basalt glass has a steeper pressure-dependence of velocity than 

previously measured in more crystalline samples, indicating that cracks in natural basalt 

glass are weaker than in more crystalline rocks. To obtain values for the pure glass phase, 

we correct the natural glass data for the low-pressure closure of cracks, and the presence 

of minor mineralogic components and vesicles. These new data provide a baseline for 

evaluating the effect of abundant basalt glass and glassy mesostasis in oceanic upper 

crust on in situ seismic velocities. In addition, data on the elastic and seismic properties 

of natural glasses is useful for a better understanding of glass structure, and glass 

relaxation, with potential applications to submarine volcanology. 

7.2 Introduction 

Laboratory measurements of the ultrasonic velocity of rocks from the oceanic 

crust have provided important constraints on the classic layered models of oceanic crustal 

structure (e.g. Raitt, 1963; Cann, 1970; Christensen 1970a). In addition to the layered 

seismic structure, the seismic thickness of oceanic crust is an important variable, and has 
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been used to evaluate melting models for its origin (e.g. Klein and Langmuir, 1987; 

White et al., 1992; Forsyth, 1992). Recent studies of oceanic crustal structure and 

lithology (e.g. Mutter and Mutter, 1993; Cannat, 1996) underscore the importance of 

continued laboratory measurements of abyssal rocks for understanding the origin and 

evolution of oceanic crust using remote seismic techniques. 

It is known that the seismic structure of the uppermost oceanic crust changes as it 

ages and moves away from the ridge crest (e.g. Jacobson, 1992; Carlson and Jacobson, 

1994; Shaw, 1994) and most of these changes can be ascribed to decreasing porosity with 

age of extruded basalt lavas (e.g. Wilkens et al., 1991). Another potentially important 

variable in determining the seismic velocity of upper crustal rocks is the morphology of 

the extruded basalt lavas (Moos and Marion, 1994 ). 

For young oceanic crust at the East Pacific Rise, there is good evidence that 

seismic layer 2A corresponds to extrusive basalt flows, while layer 2B consists of basalt 

dikes (Christeson et al., 1996 and references therein). High-resolution seismic techniques 

can now resolve in great detail the seismic velocity structure of layers 2A and 2B, and 

since both layers are essentially all basaltic in composition, it is reasonable that the 

differences in their velocity is due to differing porosity and small-scale differences in 

morphology. However, another potentially important factor is the large difference in the 

bulk crystallinity between dikes and extruded basalt. While slowly-cooled dikes consist 

mostly of crystallized silicate minerals (plagioclase, clinopyroxene, and olivine), erupted 

basalts contain a large proportion of basalt glass and glassy groundmass between 

quenched silicate crystals. Consideration of the textures of typical submarine pillows and 

sheet lavas (e.g. Natland, 1979, 1980), average pillow sizes, and variable proportions of 
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pillows and sheet flows, suggests that layer 2A could contain up to 20-50% glass and 

glassy mesostasis. Evaluating this possibility, and understanding the effects of variable 

glass content on the velocity structure of the ocean crust, requires data on the seismic 

properties of natural basalt glass. 

Glassy substances have very unusual elastic and seismic properties. For example, 

the ultrasonic velocities of obsidian decrease with increasing pressure below -650°C 

(Meister et al., 1980; Matsushima, 1981). At room temperature, basalt glass Vp shows a 

slight increase with increasing pressure, but Vs has a slight decrease with increasing 

pressure (Matsushima, 1981). Further, the elastic and seismic properties of glass are 

complicated by the fact that glasses at low temperature are not structurally in equilibrium. 

One manifestation of this phenomenon is the "pressure memory" effect seen in the 

velocity-temperature relations of glasses (Matsushima, 1981). Another interesting effect 

is that the kinetics of glass relaxation can be used to determine the cooling rates of natural 

glasses (e.g. Wilding et al., 1995, 1996; Zhang, 1994). More data on the physical and 

elastic properties of glasses, including ultrasonic velocities, will be helpful in better 

understanding the structure of silicate glasses, the kinetics of the transition from liquid to 

glass, and the kinetics of glass relaxation. 

While there have been many measurements of the ultrasonic velocities of 

crystalline and mostly-crystalline basalts (e.g. Birch, 1960, 1961; Christensen, 1968, 

1970b, 1972, 1977; Christensen et al., 1979; Hyndman, 1974, 1977; Johnston et al., 1995; 

Kem and Richter, 1979; Newmark and Moos, 1986; Salisbury and Christensen, 1976; 

Schreiber and Fox, 1976; Wilkens and Salisbury, 1996), there are very few measurements 

for natural glasses. Manghnani and Woollard (1965, 1968) reported very low (Vp: 2 -
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3.8 km/s) seismic velocities for glassy tholeiitic basalts (glass < 65%) and regarded 

basaltic glass as an extremely low-velocity component. Matthews (1979) determined a 

value of Vp =5.3 km/s at one atmosphere for a glassy pillow margin, and Warren and 

Rosendahl (1980) reported Vp = 5.68 km/s for a basalt with 72% (by volume) glass 

under atmospheric pressure. Christensen et al. (1989) studied glass from the glassy 

margin of a dike. 

Much of the early work on the elastic properties of rock glasses was motivated by 

the suggestion of Daly (1933) for the existence of an earth-encircling layer of vitreous 

basalt and more recently, the possibility of glass in the low-velocity zone (e.g., Birch and 

Bancroft, 1942; Birch, 1960; Meister et al., 1980; Matsushima, 1981). Because it is very 

difficult to obtain suitable natural basalt glass samples, these studies used synthetic basalt 

glasses. 

In this study, we present data on the ultrasonic velocities and elastic properties of 

a well-characterized natural basalt glass of mid-ocean ridge basalt (MORB) composition 

from 10 to 1000 MPa pressure. The sample is almost pure (-95%) glass. To our 

knowledge, this is the first determination of the seismic velocities of a natural basalt glass 

and is thus useful in providing a baseline for further studies to evaluate the effects of a 

large proportion of glass on the seismic structure of oceanic crust. 

7.3 Results 

The sample we studied was a grape-size piece of almost pure glass selected from 

a bag of loose station glass in dredge F-10 of the East Pacific Rise axis at -9°55'N (Allan 

et al., 1989). Chemically, the sample resembles samples F-10-3, F-10-6, and Fl0-7 given 

by Allen et al. (1989) from the same dredge (Table 7-1). The sample used for the velocity 
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measurements was cylindrical, with a diameter of 1.5 cm and a length of -1.3 cm. After 

the velocity measurements were completed, the cylinder was impregnated with epoxy 

resin and thin-sectioned. Thin sections were made from the top and bottom, and for four 

equally spaced, parallel, lateral sections of the cylinder (6 sections total). Each of the 

sections was examined petrographically, point counted, and the compositions of the glass 

and rare plagioclase microphenocrysts were determined by electron microprobe. Table 

7-1 gives the area-weighted mean point count data (-5000 points total) and microprobe 

data. 

The sample is almost pure, chemically homogeneous glass, but does contain rare 

plagioclase (An72) microphenocrysts and microlites (Figure 7-1). Olivine is present only 

as tiny quench microlites. The glass contains cracks, and tiny spherical vesicles lined 

with the typical "fly-eye" pattern of tiny sulfide blebs, which also occur within the glass. 

While the glass is extremely fresh, there is a tiny amount of clay present in cracks. The 

sample exhibits a slight gradient in crystallinity from -97 to -94 volume % glass, 

accompanied by progressive increase in the abundance of dark brown variolites and 

quench microlites of plagioclase and olivine. The variolitic and microlitic patches exhibit 

typical weak birefringence and contain <<1 % crystalline material. In Table 7-1, we refer 

to these mostly-glassy patches as "fuzz", and distinguish between olivine and plagioclase 

"fuzz" on the basis of the relief and extinction angles of microlites. Figure 7-1 shows 

photomicrographs of the glass to show its texture, mineral components, cracks, and 

vesicles. 
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Table 7-1. Results of point counts and probe analysis 
Point count data 

Glass Plag!oclase (An72) Olivine Vesicle Crack Sulfide Clay Sum 
Phenocryst Microlite "Fuzz" 

1 Microlite "Fuzz" 

Volume% 95.31 .27 .23 (7.33)
2 1.02 (5 .95) 1.39 1.08 .41 .29 100.()( 

Glass composition 

Si02 Ti02 A1203 FeO MnO MgO Cao Na20 K20 P20s Sum 

Weight% 50.16 1.75 14.44 11.22 .20 7.34 11.78 2.83 .12 .16 99.99 

(.21)3 (.04) (.08) (.18) (.03) (.05) (.08) (.05) (.02) (.02) 

Plagioclase composition 

SiOi Ti02 A1203 FeO MnO MgO Cao Na20 K20 P20s Sum 

Weight% 49.99 n.a 31.23 .93 .02 .42 14.77 2.99 .02 n.a 100.3~ 

(.64)4 (1.85) (l.16) (.02) (.68) (.53) (.27) (.01) 

Plagioclase fonnula
5

: Nao.26±o.02 Cao:n±o.02 Feo.04±o.os Miw.o3±o.os A11.68±o.09 Si2.2s±om Os 

Point count data are area-weighted averages of -800 points on each of 6 thin 
section. 

1- "Fuzz" refers to very weakly-birefringent variolitic patches consisting of << 
1 % acicular rnicrolites of olivine or plagioclase. 

2- Numbers in parentheses are not counted because the actual amount of 
crystalline material is<< 1 %. 

3- Standard deviation from 30 analyses in 3 different thin sections. 
4- Standard deviation from 30 analyses in 2 different thin sections. 
5- Normalized to 8-oxygens. Numbers following" <=>" are one standard deviation 

for the 30 analyses. 
Probe data were collected on the CAMECA SX-50 rnicroprobe at the University 

of Hawaii (Garcia et al., 1995) 
n.a. = not analyzed. 
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For the velocity measurements, the core ends were ground flat and parallel to 

within 0.008 cm of one another. Travel times of compressional and shear waves through 

the sample were measured using the pulse transmission technique (Birch, 1960) and 

transducers with resonant frequencies of 1 MHz. The velocity determinations were made 

at hydrostatic confining pressures up to 1 GPa on a jacketed sample, with a low viscosity 

oil as the confining medium. Velocities measured using this method are considered to be 

accurate to within 1 % (Birch, 1960). The raw data for ultrasonic velocities at pressures 

from 10 to 1000 MPa (100 bars to 10 Kb) pressure are given in Table 7-2. Figure 7-2 

shows that our glass sample has the lowest elastic wave velocities measured for natural 

samples containing fresh glass. It should be noted however that many natural crystalline 

basalt samples have lower measured velocities because of cracks, alteration minerals, and 

other effects. The Poisson's ratio of the glass is -0.28, similar to the values of 0.28 and 

0.29 for diabase and basalt, respectively, reported by Christensen (1996). 
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Figure 7-2. Uncorrected P and S wave velocities vs. confining pressure for our sample 
(F-10 SG) compared with data for a pillow rim (sample 148-896A-6R-2, Wilkens and 
Salisbury, 1996), dike rim (sample 152R-l) and dike (sample 142R-2) from Christensen 
et al. (1989), a gabbro (sample 334-24-1) from Hyndman (1977), and an altered basalt 
(sample 395A-26-l) from Hyndman et al. (1984). The regression curves for Vp are 
obtained by equation (23) of Carlson and Gangi (1985); the regression curves for Vs are 
obtained by the method of Wepfer and Christensen (1991). Note the steeper increase of 
Vp and Vs with pressure for our sample, indicating weaker cracks than the more 
crystalline samples. Also note that for Vp at higher pressure, all the samples have very 
similar slopes, indicating similar intrinsic pressure dependence of velocity and similar 
populations of pores. 
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Table 7-2. Experiment results at 25°C for the glass cylinder and corrected elastic 
velocities and constants for Eure glass 
Pressure Glass cylinder data Calculated values for pure glass 

.p Vp Vs Poisson's Density Vp Vs Bulk Rigidity Poisson's Density 
ratio (g/cc) modulus modulus ratio (g/cc) 

(MPa) (km's) (km's) (km's) (km's) (GPa) (GPa) 

10 5.60 3.26 .243 2.908 6.16 3.46 64.7 35.2 .269 2.938 
20 5.86 3.33 .261 2.909 6.24 3.48 66.8 35.7 .273 2.939 

30 6.02 3.38 .270 2.910 6.28 3.50 68.1 36.0 .275 2.940 

40 6.13 3.42 .275 2.911 6.31 3.51 69.0 36.l .277 2.941 

50 6.21 3.44 .277 2.912 6.34 3.51 69.7 36.3 .278 2.942 

60 6.26 3.46 .279 2.912 6.36 3.52 70.3 36.4 .279 2.942 

70 6.29 3.48 .280 2.913 6.37 3.52 70.8 36.5 .280 2.943 

80 6.32 3.49 .280 2.914 6.39 3.53 71.2 36.6 .281 2.944 

90 6.34 3.50 .281 2.915 6.340 3.53 71.6 36.7 .281 2.945 

100 6.360 3.51 .281 2.916 6.41 3.53 72.0 36.8 .282 2.946 

200 6.44 3.54 .283 2.925 6.48 3.55 74.4 37.3 .285 2.955 

300 6.48 3.55 .285 2.932 6.53 3.57 76.0 37.7 .287 2.963 

400 6.50 3.56 .286 2.941 6.56 3.57 77.l 38.0 .288 2.972 

500 6.53 3.57 .287 2.950 6.58 3.58 78.l 38.3 .289 2.981 

600 6.54 3.57 .288 2.958 6.60 3.59 78.9 38.5 .290 2.989 

700 6.56 3.58 .288 2.966 6.62 3.59 79.7 38.7 .291 2.998 

800 6.57 3.58 .289 2.974 6.63 3.60 80.3 38.9 .292 3.006 

900 6.59 3.59 .289 2.982 6.64 3.60 80.9 39.1 .292 3.014 

1000 6.60 3.59 .290 2.990 6.65 3.60 81.5 39.2 .293 3.022 
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7.4 Interpretation and discussion 

In order to determine the ultrasonic velocity of the pure glass phase, we first 

correct the raw data for the presence of cracks, and then remove the effects of 

mineralogic components. 

It is well known that at low pressure, the seismic velocity of rocks increases 

rapidly with increasing pressure due to the closure of low-aspect ratio cracks (e.g. Birch 

and Bancroft, 1938; Birch, 1960, 1961; Manghnani and Woollard, 1968; Christensen, 

1974; Hyndman, 1974; Wilkens, et al., 1991). Petrographically, the cracks we observe at 

up to 400x magnification have aspect ratios of 0.002 or less, but we have not made 

detailed measurements of the variation of aspect ratios. Because the lowest aspect ratio 

cracks are the easiest to close, they should close at the lowest pressure. 

Figure 7-3 shows a plot of the measured ultrasonic velocities vs. log pressure (P), 

and its kinked shape is typical for a wide variety of crustal rocks. The low pressure, steep 

curve represents the progressive closure of low aspect ratio cracks. The high pressure 

curve of gentler slope represents the progressive closure of higher aspect ratio "pores" 

and the intrinsic increase in seismic velocities of the glass with increasing pressure. In 

Figure 7-3, we see a range of closure pressure (Pc), appropriate for a population of low 

aspect ratio cracks with some variation in aspect ratio. According to Walsh (1965), the 

closure pressure Pc can be approximated by Pc= Ea, where Eis the Young's modulus 

and a is the aspect ratio of the crack or pore. If so, and using the Young's modulus at 10 

MPa (77.0 GPa, from observed velocity), then the range of closure pressures we see 

(-60-200 MPa, Figure 7-3), is consistent with a range of aspect ratios from -0.001 to 

0.002, consistent with petrographic observations. Using the empirical model of 
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Greenfield and Graham (1996) to fit our data, we obtain an estimate of Pc (150-200 

MPa) in agreement with the range seen in Figure 7-3. Applying the "bed of nails" crack 

model to our data (Carlson and Gangi, 1985) indicates that the cracks in our sample are 

very weak, consistent with the relatively low range of Pc we observe. 
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Figure 7-3. Seismic velocities vs. log pressure (MPa) for our sample. Filled circles are 
high-pressure experimental data and unfilled circles are low-pressure experimental data. 
The solid and dashed lines are the respective regression lines. Note the kinked data array 
and the range of crack closure pressures (Pc) (Greenfield and Graham, 1996). Vs 
requires slightly higher closure pressure than Vp probably because Vs is more sensitive 
to low-aspect ratio cracks filled with air or liquid than Vp. 
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As shown in Figure 7-4, at pressures above Pc, our velocity data vs. pressure (P) 

are not linear. This is consistent with closure of additional small low aspect ratio pores 

present in the glass (Christensen, 1974). At the highest pressure (1000 MPa), 8Vp/8P is 

0.1024 m/s/MPa which is close to the inferred intrinsic pressure dependence of Vp for 

solid silicate substances without pores (Christensen, 1974). However, the velocity values 

in Figure 7-4 are still not corrected for the presence of minerals and vesicles in the natural 

glass sample. 
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Figure 7-4. Vp and Vs vs. pressure at high pressures. The dashed line indicates the 
probable intrinsic pressure-dependent velocity, based on its slope (without pores) and the 
solid line is a regression to the raw data (with pores). Velocity values of the pure glass 
phase, corrected for crack closure and the minor crystalline components and vesicles are 
slightly higher (but plot within the dots) than the values shown and are listed in Table 
7-2. 
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To remove these effects, we consider the elastic properties of the minerals and air

filled vesicles. The P wave velocity of plagioclase with composition An = x% at 1000 

MPa is given by the reduced major axis line (Kermack and Haldane, 1950; Till, 1974) for 

the anorthosite data given by Birch (1961): Vp (km/s) =0.00683x + 6.53. Combining the 

high pressure data in Birch (1960, 1961) and Simmons (1964), we used the following 

relations for plagioclase of composition An70 at pressure P (MPa): Vp = 6.91+10-4p and 

Vs = 3.70+ (8.5) x 10-5P. We use the method of Niu and Batiza (1991) to calculate 

plagioclase densities at different pressures. Because of their tiny size, we were unable to 

directly analyze olivine microlites. However, the composition of olivine in equilibrium 

with F-10 SG glass is Fogo, using a value of 0.30 for the Mg/Fe partition coefficient 

between olivine and glass (Roeder and Emslie, 1970). From the data summarized by Bass 

(1995), Fogo has Vp = 8.20 km/s, Vs= 4.68 km/s, K = 131.0 GPa, µ. = 75.6 GPa, and P. = 

3.452 glee at one atmospheric pressure and 8K/8P = 4.5, oµJoP = 1.77. The density 

calculated by the method of Niu and Batiza (1991) for Fogo is 3.458 glee at one 

atmosphere and room temperature, close to the estimated density of 3.452 glee. In our 

calculations, we use the density of olivine obtained from Niu and Batiza (1991) at 

different pressures. The data we use for air, sulfide blebs (pyrite) and clay (slate) are 

listed in Table 7-3. 
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Table 7-3. Elastic data used for air, sulfide bleb and clay 

Vp Vs Bulk Rigidity Density Poisson's 
modulus modulus (glee) ratio 

krn/s krn/s (GPa) (GPa) 

Air 0.34 0 lE-04 0 0.0001 
Pyrite (bleb) 6.39 4.01 93.8 78.0 4.85 0.175 
Slate (clay) 4.85 3.19 26.4 27.2 2.67 0.117 

Data for air from Toksoz et al. (1976); data for pyrite and slate from 
Birch (1966) recalculated for P = 400 MPa with Poisson's ratio assumed 
to be the same as that at 0.1 MPa. 

Hall and Al-Haddad (1979) and Liebermann and Ringwood (1976) used a simple 

weighted mean for the velocities of an isotropic aggregate: 

n 

V= IwjVj Eq. 7-1 
j=I 

Where V is the effective velocity of the aggregate, Vj is the effective velocity of 

the jth component, and Wj is the fractional volume of jth component. This calculation 

thus considers only velocities and does not involve density nor other elastic constants. 

The velocities (in krn/s) of pure basalt glass (with pores) corrected for other components 

by Eq. 7-1. can be fully expressed (R = 1.0000) with pressure (in MPa) by: Vp = 0.244 

log(P) + 5.943, Vs= 0.0708 log(P) + 3.415. 

Alternatives to this simple velocity model include the multi-component model of 

Kuster and Toksoz (1974) and the model of Berryman (1980a, b), both of which utilize 

the elastic properties of the components. For the model of Kuster and Toksoz (1974) we 

have (Berryman, 1980a): 
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n 

l/(K*+1µm)= LicJ(K; +1 µm) Eq. 7-2 
i=l 

n 

l/(µ*+Fm)= LicJ(µ;+ FJ Eq. 7-3 
i=l 

And for the model of Berryman ( 1980a, b ), we have: 

n 

l/(K*+1µ*)= LcJ(K;+1µ*) Eq. 7-4 
i=l 

n 

l/(µ *+F*)= LicJ(µ; +F *) Eq. 7-5 
i=l 

where K* and µ * are the composite bulk modulus and composite rigidity 

modulus; µm is the rigidity modulus of the solid matrix, in this case glass, Ci is the 

volume fraction of the ith component (i = 1 to 6, including glass (except for Eq. 7-2. and 

Eq. 7-3), olivine, plagioclase, vesicles, sulfide, and clay), and F is defined by Eq. 7-6 

where j is the matrix (m) or the composite aggregate(*): 

Eq. 7-6 

The velocities from the Kuster and Toksoz model can be fully described (r = 

1.000) by: Vp = 0.244 log(P) + 5.919, Vs = 0.0695 log(P) + 3.394. The velocities from 

Berryman's model can be fully described (r = 1.000) by: Vp = 0.244 log(P) + 5.943, Vs 

= 0.0708 log(P) + 3.415. The difference between the two models is less than 0.02% for 

Vp and Vs. In contrast, the difference between Hall and Al-Haddad's simple weighted 

mean and Berryman's model is less than 0.4% for Vp and less than 0.7% for Vs. These 

differences are not significant and any model could be used for the correction. We 

calculate corrected values for the pure glass using Berryman (1980a). The velocity values 

of Figure 7-4, corrected in this manner and extrapolated to lower pressure, are given in 
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Table 7-2. The values of the pure glass corrected for the closure of cracks (but not pores) 

and mineral components are slightly higher than the uncorrected values. This slight 

overall increase in velocity at higher pressures is due to removing the effect of vesicles 

(with very low velocity), which more than compensates for removing the effects of the 

higher velocity mineral components. 

7.5 Summary and conclusions 

Our new data confirm that basalt glass has the lowest velocity of any of the 

primary solid components in the oceanic crust. Our corrected values for the pure glass 

component provide a useful baseline for future studies of the effects of abundant glass on 

the seismic structure of oceanic crust. At the same time, future work relating the elastic 

and seismic properties of basalt glass to composition, temperature, pressure, and 

relaxation state have the potential to advance our understanding of glass structure, with 

potentially important applications to submarine volcanology. While the increasing 

velocity of oceanic layer 2A with age is due mostly to decreasing porosity (e.g. Jacobson, 

1992), it is interesting to speculate on the role of glass alteration in the seismic aging of 

ocean crust. Even though drilling has recovered glass from the upper ocean crust as old as 

Cretaceous, most basalt glass probably weathers or is hydrothermally altered to mineral 

assemblages rich in clay and zeolites (Alt et al., 1986; Gillis and Robinson, 1990). Given 

the low seismic velocities of these phases, it is possible that the amount of porosity 

decrease needed to account for the observed seismic aging is even larger than presently 

thought. 
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