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[1] One of the most persistent questions regarding the phase equilibria of mid-ocean ridge basalts

(MORB) pertains to the petrogenesis of the anorthitic plagioclase phenocrysts (>An90) that are

characteristic of the more primitive members of such suites. Anorthitic phenocrysts are present in many if

not most MORB suites in spite of the fact that no naturally occurring MORB glasses have ever been

discovered to be in equilibrium with plagioclase more calcic than An85. We have addressed this paradox

by attempting to saturate natural basalts with anorthite in a series of 1 atm experiments using three

different natural basaltic starting compositions: an N-MORB, an E-MORB, and a continental high-

alumina basalt. To ensure duplication of the olivine and anorthite saturation observed in natural anorthite-

bearing basalt, the experiments were run in An93-6 capsules with Fo92 olivine added to the starting glass.

The compositions of experimental liquids are generally colinear with the trends observed in the lava

suites used as the source material for the starting glasses. Significantly, aluminous spinel (Al2O3 contents

of 61–68 wt%) was produced at 1290�C in all compositions and chromites (Al2O3 contents of 33–

42 wt%) at lower temperatures in N-MORB-derived liquids despite no spinel having been added to the

starting mixture. In addition, the experiments produced basaltic liquid in equilibrium with both >Fo89
olivine and >An85 feldspar at temperatures of 1230� and 1210�. These liquids have compositions with

Mg# (at% Mg/Mg + FeT*100) that range from 63 to >85. The TiO2-MgO correlation indicates large

(�16–23%) amounts of crystallization for each percent decrease in MgO. These results suggest the

possibility that dry, anorthite-bearing basaltic magmas are the product of the interaction between primary

melt and Al-spinel-bearing upper mantle. In addition, the results indicate that MORB magmas can

undergo a large amount (>50%) of crystallization prior to reaching 8% MgO. Further, although anorthite-

bearing magmas have characteristics consistent with their being a significant volumetric component of

MORB ‘‘parent’’ magmas, the reaction mechanism suggested for their petrogenesis indicates that they are

not necessarily primary magmas.
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1. Introduction

[2] Anorthitic feldspars are present in many mafic

rocks, including arc lavas [Marsh et al., 1990;

Sisson and Grove, 1993; Danyushevsky et al.,

1997], ophiolite sequences [Korenga and Kele-

men, 1997], and mid-ocean ridge basalts (MORB)

[e.g., Muir and Tilley, 1964; Ribbe, 1983; Nat-

land, 1989; Allan et al., 1989; Nielsen et al.,

1995, and references within]. Despite their wide-

spread occurrence, the petrogenesis of anhydrous

anorthite-bearing basaltic magmas (MORB being

the most common example) is not easily

explained. It is generally accepted that the An

content of feldspar can be increased either by

increasing the H2O content of the magma [Sisson

and Grove, 1993] or by raising the Ca/Na or Al

of the melt [Fisk, 1984; Panjasawatwong et al.,

1995]. Increasing pressure decreases the anorthite

content of plagioclase at a rate of 1%An/kbar

[Fram and Longhi, 1992], suggesting that anor-

thite phenocrysts in MORB have a shallow depth

of origin. This depth has been placed as shallow

as <3 kb by Nielsen et al. [1995], while

Maclennan et al. [2001] report highAn feldspar

that appeared to have formed at 8 kb pressure.

While there are a few occurrences of anorthitic

feldspar as quench phases in MORB glass [Nat-

land et al., 1983], high-An (>An88) feldspars have

never been produced experimentally from any

naturally occurring MORB glass under dry con-

ditions. Although synthetic anhydrous magmas

have crystallized equilibrium high-An feldspars,

the compositions of these melts do not resemble

any naturally occurring basaltic lavas [Panjasa-

watwong et al., 1995; Nielsen et al., 1995].

[3] Most anorthitic feldspars in MORB are not in

equilibrium with their host lava [Dungan and

Rhodes, 1978; Natland et al., 1983; Sinton et al.,

1993]. In terms of phase relations, the composition

of melt inclusions hosted in MORB high-An crys-

tals, together with the presence of spinel and olivine

inclusions indicate that the natural anorthite phe-

nocrysts crystallized in primitive (Mg# up to 75)

melts that are three-phase saturated [Nielsen et al.,

1995; Sours-Page et al., 2002]. Significantly,

pyroxene is absent in these lavas. Knowledge of

the phase equilibria of high-An feldspar is required

in order to investigate the source and degree of

melting responsible for the petrogenesis of anor-

thite-bearing MORBs. It is also needed to deter-

mine whether or not parent magmas of these

MORBs are primary in the sense of being an

unmodified product of partial melting, or have

been modified by reaction with the upper mantle

and crust before eruption.

[4] The petrogenesis of anorthite phenocrysts in

MORB lavas has added significance in that they

commonly contain large numbers of melt inclu-

sions [Sinton et al., 1993; Nielsen et al., 1995]. In

order to interpret the composition of melt trapped

in anorthite, it is necessary to establish whether the

anorthite phenocrysts are crystallization products

of primary melting of a high-Ca/Na2O (refractory)

source, primary melting of a high-Al source, or

products of reaction between primitive melts and

the mantle or crust. If either of the first two cases is

valid for anorthite formation, then the crystals may

potentially trap primary melt. If the last case is

valid, then the melt trapped by anorthite may be

primitive and parental to more evolved lavas, but

not technically primary.

[5] Some melt inclusion compositions suggest that

high-An feldspar-bearing MORBs originate from

refractory melts, i.e., those with low Na and Ti

contents [Natland, 1989; Johnson et al., 1995].

However, other examples of melt inclusion data

from high-An feldspars in MORB are not simulta-

neously low in Na and Ti [Nielsen et al., 1995;

Sours-Page et al., 1999, 2002]. In addition, Sours-

Page et al. [2002] report that compositions of

plagioclase-hosted melt inclusions from the East

Pacific Rise are more evolved than inclusions in

coexisting olivine phenocrysts. The compositions

of the feldspar-hosted inclusions overlap those of

the more primitive olivine-hosted inclusions and

more evolved host lava, indicating that the feldspar
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crystallized in a melt that was not primary, yet was

parental to the erupted lava. Although many feld-

spar hosted melt-inclusions show compositional

diversity that may be evidence for magma mixing

between refractory and nonrefractory melts, the

data of Sours-Page et al. [2002] reflect a more

homogenous, nondepleted parent magma.

[6] In addition, derivation of data from anorthite

hosted melt inclusions have several advantages

over olivine hosted melt inclusions. First is the

slow rate of diffusion of major elements compared

to olivine [Grove et al., 1984], which limits the

potential modification by re-equilibration with the

host magma, such as that observed in olivine-

hosted inclusions [Gaetani and Watson, 2000].

The depth of entrapment is also constrained by

the pressure limitations of anorthite formation

noted above. In contrast, because basaltic magmas

are saturated with respect to forsteritic olivine at all

pressures [Elthon, 1989], we have no constraints

on pressure from olivine hosted melt inclusions

unless we obtain CO2 measurements on the inclu-

sions [Cervantes and Wallace, 2000]. Even in that

case, we must assume that the pressure estimates

based on CO2 are maximum values. Anorthite

hosted melt inclusions then provide a means of

sampling melts assumed to be from depths <10 km.

In any case, an understanding of the phase equi-

libria of high-An plagioclase-bearing melts is criti-

cal to interpretation of those melt inclusions.

[7] In this paper, we describe an experimental

investigation of the question regarding the compo-

sition of basaltic liquids in equilibrium with high-

An feldspar. This study is particularly relevant to

the petrogenesis of those large, high-An (>85)

feldspar phenocrysts present in many MORB lavas

[Sinton et al., 1993; Nielsen et al., 1995; Sours-

Page et al., 1999]. Because it has been suggested

that dry basaltic melts may be present in arcs [e.g.,

Nye and Reid, 1986; Sisson and Bronto, 1998], this

study is also relevant to the petrogenesis of pla-

gioclase-bearing arc basalts. We designed the

experiments to produce an anhydrous, primitive

(Mg#of 70–75) basaltic liquid thatwould crystallize

An>80 feldspars as an equilibrium phase. Ideally,

one would start with naturally occurring glasses

for this purpose, but basaltic glasses in equilibrium

with high-An feldspar do not exist outside of melt

inclusions. Instead, we chose to use natural

basaltic glass and modify it by adding anorthitic

components. This was achieved by melting the

glass at high temperature while in contact within

an anorthite capsule. The use of a feldspar capsule

has several advantages over the typical procedure

of doping glass with the desired component (in

this case anorthite) and running in platinum

crucibles. One is that the large crystal/melt ratio

allows multiphase saturation without significantly

affecting the average composition of feldspar that

form as an equilibrium phase at run temperatures,

and the capsule bulk reduces Na loss to furnace

atmosphere. In addition, since the Pt suspension

wire is in contact only with the capsule, Fe loss

from the liquid is greatly reduced. We must

emphasize that these experiments were not

designed to model a natural process where basal-

tic magma reacts with plagioclase, nor should our

results be interpreted in this context. The basaltic

starting materials we used are not meant to

represent a specific location or tectonic setting,

but rather simulate three primitive basaltic mag-

mas types of varying enrichment that are normally

considered to be derived from dry decompression

melting. These experiments used run temperatures

ranging from 1200� to 1290�C.

2. Methods

2.1. Experimental Methods

[8] To fabricate experimental capsules, we used

phenocrysts of An93-6 plagioclase from Arenal

Volcano, Costa Rica. The megacrysts were cut

into �5mm cubes and a hole �2 mm in diameter

and 3 mm deep was drilled into each capsule to

hold the starting powder. The capsules were

visually inspected to ensure that they did not have

any glass from the feldspars’ host lava. The

starting powders consisted of ground glass from

N-MORB, E-MORB, and continental high-alumi-

na basalt (HAB). E-MORB starting materials were

the least primitive, with Mg# averaging 59.98 and

HAB materials were the most primitive (Table 1).

HAB materials are also the lowest CaO/NaO2 =

3.79 and were the most enriched, with a K2O/TiO2
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ratio of 0.81 (Table 1). N-MORB starting glass

were the least enriched and most refractory (K2O/

TiO2 = 0.04, CaO/NaO2 = 5.6; Table 1). However,

it must be noted that these were the compositions

of the glasses before being saturated in anorthite.

[9] The N-MORB was sampled from Gorda

Ridge lava (D9-2 [Davis and Clague, 1987]),

the E-MORB from the Endeavour segment of the

Juan de Fuca Ridge (E-32 [Karsten et al., 1990]),

and the high-alumina basalt from Medicine Lake in

California (Giant Crater [Baker et al., 1991; Don-

nelly-Nolan et al., 1991]). Kilbourne Hole olivine

(Fo91–92) was added to ensure olivine saturation.

The rationale behind using whole olivine crystals is

the same as that for using anorthite capsules, i.e., the

bulk ensures allows multiphase saturation without

significantly affecting the average composition of

the olivine that form at equilibration run tempera-

tures. In addition, 0.1 wt% ZrO2 was added to

distinguish the products of our experiments from

any small amount of glass that may have escaped

visual inspection of the capsule material. This was

done in the event that any of our experimental glass

flowed into cracks in the capsules, which had

occurred in earlier experiments using feldspar cap-

sules from a different source. In such circumstances,

it would be necessary to distinguish, via the ZrO2

dopant, the experimental glass from any natural

glass in the cracks. However, with Arenal feldspar

Table 1. Compositions of Starting Glasses and Capsulesa

Glasses

N-MORB E-MORB HAB

Capsule

Arenal
Feldspar

Avg 2s Avg 2s Avg 2s Avg 2s

Starting Materials
SiO2 50.22 0.25 50.32 0.26 51.47 0.15 SiO2 43.61 0.81
TiO2 1.22 0.03 1.87 0.04 0.93 0.03 Al2O3 35.44 0.65
Al2O3 15.4 0.07 15.75 0.11 17.14 0.07 FeO* 0.44 0.05
Cr2O3 0.03 0.02 0.05 0.02 0.02 0.01 MgO 0.06 0.05
FeO* 9.28 0.06 9.21 0.09 7.26 0.36 CaO 19.32 0.47
MnO 0.15 0.03 0.16 0.03 0.15 0.03 Na2O 0.47 0.19
MgO 8.54 0.05 7.43 0.05 7.88 0.17 K2O 0.01 0.01
CaO 12.26 0.11 11.82 0.11 10.49 0.19 total 99.35
Na2O 2.19 0.04 2.73 0.04 2.77 0.06 n 61
K2O 0.05 0.01 0.59 0.01 0.75 0.02
P2O5 0.11 0.03 0.27 0.02 0.16 0.02 An 95.75 1.663
total 99.45 100.2 99.02
n 35 20 20

Mg# 62.11 59.98 0.31 65.93 1.54
CaO/Na2O 5.6 4.53 3.79
K2O/TiO2 0.04 0.32 0.81

Glass Analysis Feldspar Analysis Olivine Analysis Spinel Analysis

± Error 2s ± Error 2s ± Error 2s ± Error 2s

EMP Accuracy and Precision
SiO2 0.8% 0.08 0.6% 0.20 1.3% 0.07
TiO2 3.1% 0.04
Al2O3 1.0% 0.07 0.5% 0.04 0.6% 0.02
FeO* 12.9% 0.12 0.2% 0.10 5.0% 0.13
MgO 2.3% 0.04 0.9 0.07 7.0% 0.04
CaO 1.1% 0.08 1.5% 0.05
Na2O 2.7% 0.04 2.6%
Cr2O3 - - 1.1% 0.08

a
Maximum error reported for significant elements of each analyses routine. ± error calculated for each analysis routine by [(measured)-true/

measured]*100. Precision reported as 2s.
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capsules the experimental liquids remained con-

fined to the hole drilled into the capsule.

[10] The charges were suspended by platinum wire

in a Deltec vertical quench furnace and the oxygen

fugacity was set at the QFM buffer using a mixture

of CO2 and H2. An initial run temperature of

1300�C for two hours was used to saturate the

melt in anorthite and olivine, this temperature will

be referred to as the initial melting temperature.

Re-homogenization experiments of plagioclase-

hosted melt inclusions [Johnson et al., 1995;

Sinton et al., 1993; Nielsen et al., 1995; Sours-

Page et al., 1999] show that most entrapment

temperatures in MORB are below 1260�–1280�.
Since this suggests that many high-An feldspar in

MORB were crystallize at or below these tempera-

tures, we selected 1300� as the point at which we

saturate the melt in anorthitic components (i.e.,

raise the Al and Ca/Na levels). One experiment

for each starting material was held at the melting

temperature for 6 hours, then quenched. The pur-

pose for this experiment was to observe the com-

position of the saturated melt prior to being

lowered to the equilibration temperatures. Other-

wise, after the initial heating to 1300�C, the experi-
mental charge was dropped to run temperature for

24 hours; we will refer to this temperature as the

equilibration temperature. At the end of the run

time, the charges were drop-quenched in water.

[11] The first set of experiments was done using only

N-MORB glass (no forsterite) in anorthite capsules

to provide baseline data melts saturated with feld-

spar only. This is similar to the approach used by

Panjasawatwong et al. [1995]. The second set of

experiments added whole forsterite crystals to the

glass and ran at equilibration temperatures of 1290�,
1260�, 1230�, and 1210�C. A single experiment run

for two hours at 1300� showed no significant dif-

ference compared to the 6-hour run. The experi-

ments in second set successfully produced mafic

liquids that crystallized anorthite and forsterite at

1230�, and 1210� C. We then repeated these experi-

ments using E-MORB and HAB starting powders.

[12] To test the effects of changing the initial

melting temperature and the degree of undercooling

(DT = initial T-equilibration T), we conducted a

third set of experiments. In these, the run tempera-

ture was fixed at 1210� C, which was found from

the results of the second experimental set to be

favorable for high-An feldspar crystallization. Ini-

tial melting temperatures of 1280�, 1250�, and

1220� C were used to reproduce the same amounts

of undercooling as those in the second set of

experiments. These experiments were run using

only the N-MORB starting glass.

2.2. Analytical Methods

[13] Run products were analyzed with the Cameca

SX-50 electron microprobe at Oregon State Uni-

versity using a 15 kV, 30nA, 3 micron diameter

beam for glass and feldspar, and 15 kV, 50 nA, 1

micron diameter beam for olivine. For glass, count

times were 30s for Fe, 20s for Mg, Al, Si, P, K, Ti

and Zr, and 10s for Na, Ca, Cr, and Mn. For

feldspar, count times were 10 seconds for all

elements. For olivine, count times were 20s for

Fe, Si, and Ni, and 10s for Mg, Al, Si, K, Ti, Na,

Ca, Cr, and Mn. To minimize the effects of Na

migration, Na was analyzed first. Precision and

accuracy measurements for the most significant

elements in the glass, feldspar, olivine and spinel

analyses routines are listed in Table 1.

3. Results

3.1. Experiment Set 1: Anorthite
Saturated Melt

[14] The first experiments using N-MORB glass

saturated with anorthite only (without added for-

sterite) produced An76.9–79.7 feldspar at tempera-

tures 1230� and 1200�. Feldspar only crystallized at
temperatures below 1250� and feldspar composi-

tions were never higher than An79.7, although the

composition of the reaction zone on the capsule rim

was An84.3 at 1250� equilibration temperature and

An92.7 at the 1300� melting temperature (Table 2,

Figure 1). Predicted values for An content were

calculated using equation (1) of Panjasawatwong et

al. [1995] and the Ca# and An# of our experimental

melts. Except for the 1230� run, neither the An

content of the experimentally produced feldspars

nor the reaction zones on the capsules were

similar to the predicted values. While the An
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content of the feldspars and the MgO of the host

liquid at 1200� and 1230�were similar to An content

of some feldspars and their host glass reported by

Natland [1989,Tables 1 and 5], theAl contents of the

experimental liquids were higher. The liquids had

Mg# (atomic% Mg/Mg + FeT*100) of 62.4–67.5,

1.7–2.31 wt% Na2O and 15.43–19.73 wt% Al2O3

(Figure 2, Tables 2 and 3). No examples of MORB

glass in the precompiled RIDGE petrologic data-

base (available at http://petdb.ldeo.columbia.edu/

readydata/MAR55S-52N_major_probe.csv) (here-

inafter referred to as RIDGE PETDB) had Al2O3

as high as the glasses for these experiments and

TiO2 contents were lower than any glass in the

database with MgO contents similar to the experi-

mental liquids (Table 2, Figure 2). The glass

compositions were similar to some of the refractory

melt inclusions reported by Johnson et al. [1995],

Table 2. Summary of Experimental Resultsa

Equilibration
Temp, �C

Glass
Mg#

Glass
Ca#

Glass
Al#

Capsule
Rim An

Feldspar
An

Experiment Set 1: Anorthite Saturated, N-MORB Starting Material, 1300�C Melting Temperature
1200 67.5 49.1 28.8 84.3 77.6
1230 65.6 75.8 26.9 87.7 79.7
1250 67.5 68.1 28.1 84.3 none
1300 67.1 70.4 31.0 92.7 none

Temp,
�C

Glass
Mg#

Glass
Ca#

Glass
Al#

Capsule
Rim An

Feldspar
An

Added
Ol Rim Fo

Olivine
Fo

Spinel
Cr#

Experiment Set 2: Anorthite and Forsterite Saturated, N-MORB Starting Material, 1300�C Melting Temperature
1210 69.4 81.8 27.0 85.4 84.1 none 89.0 0.34
1230 69.7 84.2 27.8 88.2 87.0 none 90.2 0.38
1260 76.9 89.8 29.9 92.7 none none 92.2 0.31
1290 82.0 88.3 33.7 95.4 none 92.2 none 0.03
1290b 82.2 89.9 34.5 95.3 none 91.7 none 0.05
1300 83.4 94.1 31.7 95.2 none 90.9 none none

Equilibration
Temp, �C

Glass
Mg#

Glass
Ca#

Glass
Al#

Capsule
Rim An

Feldspar
An

Added Ol
Rim Fo

Olivine
Fo

Spinel
Cr#

E-MORB Starting Material, 1300�C Melting Temperature
1210 63.2 81.3 27.2 87.2 86.1 none 86.7 none
1230 67.3 82.0 29.0 87.2 86.6 none 89.4 none
1260 81.3 83.7 31.7 92.3 none none 93.7 none
1290 83.5 87.0 34.0 95.4 none 91.0 none 0.01
1300 85.4 87.7 30.8 95.1 none none none none

Equilibration
Temp, �C

Glass
Mg#

Glass
Ca#

Glass
Al#

Capsule
Rim An

Feldspar
An

Added Ol
Rim Fo

Olivine
Fo

Spinel
Cr#

HAB Starting Material, 1300�C Melting Temperature
1210 63.2 81.2 27.2 84.9 81.5 none 86.9 none
1230 65.9 86.0 28.9 87.6 85.6 none 88.8 0.01
1260 76.2 82.6 32.1 90.4 none none none none
1290 79.0 82.7 33.5 94.8 none 91.4 none 0.01
1300 84.4 90.8 35.3 95.6 none none none none

Melting
Temp, �C

Glass
Mg#

Glass
Ca#

Glass
Al#

Capsule
Rim An

Feldspar
An

Added Ol
Rim Fo

Olivine
Fo

Spinel
Cr#

Experiment Set 3: Variable Melting Temperatures, N-MORB Starting Material, 1210�C Equilibration Temperature
1220 66.9 82.2 25.8 95.6 95.5 none 87.8 0.37
1250 67.4 83.8 25.5 92.3 92.8 none 88.7 0.38
1280 69.4 84.3 25.9 88.3 88.5 none 88.9 0.38

a
Feldspar An-feldspar crystallized in glass, Capsule rim An-An of reaction rim of capsule adjacent to melt, Olivine Fo, Fo of olivine in melt,

Added Olivine Fo, Fo of rim of remnant added olivine. Mg# = at% Mg/(Mg+FeT)*100, Ca# = at% Ca/(Ca+Na)*100, Al# = at% Al/(Al+Si)*100.
b
Four hour equilibration time.
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but the host feldspars in reported in that paper had

higher An contents than our experimental feldspars.

The major element contents of liquids for these

experiments were similar to those of the Panjasa-

watwong et al. [1995] that produced plagioclase

only, except that our glasses had higher Mg# and

�1–3 wt% higher MgO contents.

3.2. Experiment Set 2: Anorthite and
Forsterite Saturated Melt

[15] In the second set of experiments, we added

whole olivine crystals to drive the melt to satura-

tion with forsterite as well as anorthite components

at high temperature (>1260�). As a result, the lower
temperature experiments had melts that nucleated

both feldspar and olivine. In addition, Al-rich

spinel was present in the 1290� runs in this set of

experiments, indicating that at higher temperatures

the melt was in equilibrium with this third phase.

[16] The Mg# of liquids decreased from 83.4 at

1300� to 69.4 at 1210� for N-MORB, from 85.4 to

63.2 for E-MORB, and 84.4 to 63.2 for HAB

starting compositions (Table 2). At 1260�, the

Mg# of glasses approximate those of hypothetical

75

80

85

90

95

7.0 7.5 8.0 8.5 9.0 9.5 10.0

Glass/MI MgO (wt%)

P
la

g
.A

n

In glass

Rim

Sours-Page

Natland

65

70

75

80

85

90

95

1180 1200 1220 1240 1260 1280 1300 1320
Run Temperature OC

P
la

g
.A

n

Rim

In-glass

Predicted An

Avg. An Content of Capsules

Figure 1. (top) An content of feldspars from experiment set 1 versus MgO of host liquid. ‘‘Sours-Page’’ refers to
host feldspar An and melt inclusion MgO from Sours-Page et al. [1999, 2002] and ‘‘Natland’’ refers to feldspar An
and host glass MgO from Natland [1989]. ‘‘Rim’’ refers to capsule rim reaction zone, ‘‘In-glass’’ are feldspars that
crystallized from the melt. (bottom) An content of feldspars and capsule reaction zones from experiment set 1 versus
equilibration temperatures. ‘‘Predicted’’ are the An values of feldspar predicted for the melt composition.
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MORB parent magmas (assumed to be in equilib-

rium with mantle olivine), which range from 70 to

77 [Basaltic Volcanism Study Project (BVSP),

1981]. At 1260�, the N-MORB-derived liquids

Mg# averaged 76.9, E-MORB-derived Mg# were

81.3, and HAB-derived Mg# were 76.2 (Table 2),

and the melts were in equilibrium with high-Fo

olivine, as indicated by the presence of this phase

in the run products. The glass compositions at

1230� were similar to natural, primitive basalts:

the N-MORB-, E-MORB-, and HAB-derived melts

have average Mg# of 69.7, 67.3, and 65.9 respec-

tively (Table 2). Furthermore, the presence of high-

An feldspar and high-Fo olivine indicates that the

melts were in equilibrium with these phases at this

temperature.

[17] At all temperatures, the rims of the anorthite

capsules adjacent to the liquids contained a reac-

tion zone and the An content of these reaction rims

decreased with run temperature (Figure 3). A

reaction rim of �10 mm was present at the cap-

sule/glass interface for N-MORB and HAB starting

materials at 1300�. This rim was An92.6 for

N-MORB and An94.8 for HAB, while the rim in the

E-MORB experiments was unchanged from the
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Figure 2. Al2O3, Na2O, CaO, TiO2 and FeO* versus MgO of glasses for experiment set 1. Numbers refer to
equilibration temperatures. Run times were 18 hrs except where noted. ‘‘Davis and Clague’’ refers to compositions
from the Gorda Ridge from Davis and Clague [1987]. Region outlined in red contains range of Mid-Atlantic Ridge
glass compositions in the pre-compiled RIDGE petrologic database (RIDGE PETDB).
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Table 3. Glass Compositions for Experiments

1300� Melt T 1250� Equil. T 1230� Equil. T 1200� Equil. T.

Avg 2s Avg 2s Avg 2s Avg 2s

Experiment Set 1: Anorthite Saturated
N-MORB starting material, 1300�C melting temp.
SiO2 51.77 0.11 50.65 0.44 50.10 0.55 51.71 0.03
TiO2 0.56 0.03 0.48 0.02 0.54 0.05 0.56 0.05
Al2O3 19.7 0.12 18.58 0.10 18.28 0.09 17.74 0.09
Cr2O3 0.02 0.02 0.01 0.02 0.03 0.02 0.03 0.02
FeO* 7.37 0.02 6.91 0.09 6.71 0.20 6.30 0.04
MnO 0.19 0.05 0.20 0.03 0.20 0.02 0.08 0.04
MgO 8.45 0.07 8.07 0.07 7.70 0.19 7.35 0.05
CaO 9.8 0.09 12.40 0.48 13.87 0.33 12.98 0.13
Na2O 2.27 0.05 2.22 0.03 2.31 0.10 2.72 0.03
K2O 0.07 0.01 0.09 0.01 0.06 0.04 0.07 0.04
P2O5 0.09 0.02 0.07 0.01 0.08 0.04 0.08 0.02
total 100.29 99.68 99.88 99.62
n 10 10 5 10

Ca/Na 4.32 5.59 6.00 4.77
K/Ti 0.13 0.19 0.11 0.13

1300� Equil. T. 1290� Equil. T. 1290� Equil. T.a 1260� Equil. T. 1230� Equil. T. 1210� Equil. T.

Avg 2s Avg 2s Avg 2s Avg 2s Avg 2s Avg 2s

Experiment Set 2: Anorthite and Forsterite Saturated
N-MORB Starting material, 1300� C melting temp.
SiO2 46.83 0.12 46.79 0.20 47 0.28 48.97 0.12 49.32 0.15 50.91 0.14
TiO2 0.38 0.01 0.46 0.01 0.41 0.06 0.75 0.01 0.94 0.03 1.09 0.02
Al2O3 20.91 0.24 20.16 0.20 20.55 0.65 17.75 0.09 16.18 0.08 15.00 0.25
Cr2O3 0.03 0.02 0.02 0.02 0.03 0.02 0.07 0.02 0.08 0.02 0.11 0.04
FeO* 4.77 0.04 5.45 0.10 5.16 0.08 6.41 0.08 7.92 0.10 7.98 0.02
MnO 0.09 0.02 0.09 0.03 0.09 0.02 0.15 0.02 0.16 0.03 0.17 0.04
MgO 13.41 0.29 13.25 0.22 13.21 0.48 11.92 0.07 10.24 0.08 9.76 0.06
CaO 13.76 0.13 13.93 0.31 13.82 0.24 13.87 0.11 14.09 0.22 14.02 0.21
Na2O 0.85 0.02 0.88 0.04 0.99 0.04 0.88 0.04 1.42 0.05 1.40 0.04
K2O 0.02 0.01 0.05 0.01 0.03 0.01 0.07 0.01 0.08 0.01 0.08 0.01
P2O5 0.04 0.02 0.08 0.02 0.04 0.02 0.09 0.03 0.09 0.03 0.11 0.02
total 101.09 101.06 101.33 100.93 100.52 100.63
n 5 15 31 16 22 8

Ca/Na 16.19 15.83 13.96 15.76 9.92 10.01
K/Ti 0.05 0.11 0.07 0.09 0.09 0.07

E-MORB Starting material, 1300� C melting temp.
SiO2 46.56 0.18 47.31 0.18 48.11 0.43 48.11 0.39 48.69 0.35
TiO2 0.73 0.05 0.80 0.02 1.14 0.03 1.62 0.03 1.90 0.05
Al2O3 20.64 0.37 20.71 0.16 18.94 0.10 16.67 0.06 15.41 0.11
Cr2O3 0.02 0.03 0.02 0.03 0.02 0.02 0.03 0.02 0.03 0.03
FeO* 4.55 0.20 4.72 0.08 4.79 0.06 8.43 0.05 9.24 0.10
MnO 0.11 0.03 0.11 0.01 0.12 0.03 0.15 0.03 0.17 0.03
MgO 13.58 0.22 13.02 0.07 11.7 0.09 9.72 0.08 8.89 0.10
CaO 13.2 0.14 12.76 0.09 12.15 0.12 12.39 0.08 12.94 0.36
Na2O 0.98 0.05 1.06 0.05 1.30 0.04 1.50 0.05 1.64 0.04
K2O 0.25 0.01 0.21 0.01 0.31 0.01 0.45 0.01 0.47 0.02
P2O5 0.18 0.03 0.08 0.01 0.15 0.02 0.22 0.03 0.25 0.03
total 100.8 100.8 98.73 99.29 99.63
n 15 16 21 12 13

Ca/Na 1.347 12.04 9.35 8.26 7.89
K/Ti 0.34 0.26 0.27 0.28 0.25
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starting capsule composition (Table 2). At tempera-

tures of 1230� and below the reaction zone included

new overgrowth. This was also the highest tempera-

ture at which plagioclase nucleated in the liquid.

The An value of the reaction rims and liquid MgO

at 1260� were similar to host feldspar An and melt

inclusion MgO reported by Sours-Page et al. [1999,

2002], and somewhat similar to those of inclusions

and feldspars in Natland [1989] (Figure 3). At

1230�, N-MORB-derived liquids crystallized An87
feldspar, E-MORB liquids produced An86.6 feld-

spar, while HAB-derived liquids produced An85.6
feldspar (Tables 2 and 4, Figure 3). The An contents

of the feldspars at low temperatures and the reaction

rims at higher temperatures were generally in good

agreement with the values predicted using Panja-

sawatwong et al. [1995, equation (1)] (Figure 3).

The An contents of the feldspars at 1230� and

1210� and the MgO values of the liquids they

formed in were also similar to those of feldspars

and their melt inclusions reported by Sours-Page et

al. [1999, 2002].

Table 3. (continued)

1300� Equil. T. 1290� Equil. T. 1290� Equil. T.a 1260� Equil. T. 1230� Equil. T. 1210� Equil. T.

Avg 2s Avg 2s Avg 2s Avg 2s Avg 2s Avg 2s

HAB starting material, 1300� C melting temp.
SiO2 46.44 0.53 48.17 0.31 48.25 0.38 50.11 0.05 52.36 0.23
TiO2 0.28 0.02 0.5 0.03 0.063 0.02 0.97 0.02 1.21 0.02
Al2O3 21.65 0.15 20.75 0.11 19.37 0.10 17.29 0.10 16.05 0.07
Cr2O3 0.01 0.02 0.03 0.03 0.03 0.02 0.03 0.02 0.02 0.01
FeO* 4.39 0.10 5.73 0.10 6.34 0.09 8.58 0.11 7.56 0.04
MnO 0.08 0.02 0.11 0.03 0.11 0.02 0.13 0.02 0.16 0.04
MgO 13.34 0.17 12.1 0.09 11.35 0.09 9.31 0.05 8.00 0.06
CaO 13.29 0.12 11.87 0.12 11.62 0.08 11.1 0.08 11.3 0.03
Na2O 0.76 0.03 1.34 0.04 1.33 0.04 1.53 0.04 1.91 0.03
K2O 0.15 0.01 0.35 0.02 0.36 0.01 0.58 0.02 0.80 0.01
P2O5 0.05 0.02 0.08 0.02 0.08 0.02 0.125 0.01 0.15 0.03
total 100.44 101.03 99.47 99.75 99.52
n 18 19 14 6 13

Ca/Na 17.49 8.86 8.74 7.25 5.92
K/Ti 0.54 0.70 0.57 0.60 0.66

1280� Melt T. 1250� Melt T. 1220� Melt T.

Avg 2s Avg 2s Avg 2s

Experiment Set 3: Anorthite and Forsterite Saturated Variable Melting Ts
N-MORB starting material, 1210� C equilibration temp.
SiO2 50.13 0.71 50.87 0.58 51.07 0.73
TiO2 1.19 0.11 1.13 0.03 1.13 0.04
Al2O3 14.87 0.53 14.73 0.24 14.98 0.08
Cr2O3 0.08 0.04 0.09 0.04 0.10 0.03
FeO* 7.66 0.53 8.13 0.12 7.90 0.59
MnO 0.14 0.03 0.13 0.03 0.13 0.02
MgO 9.77 0.77 9.44 0.16 9.38 0.11
CaO 14.75 0.53 14.3 0.22 14.14 0.14
Na2O 1.52 0.05 1.53 0.05 1.68 0.05
K2O 0.07 0.01 0.06 0.01 0.06 0.01
P2O5 0.11 0.03 0.11 0.02 0.11 0.02
total 100.29 100.52 100.68
n 14 16 17

Ca/Na 9.70 9.35 8.42
K/Ti 0.06 0.05 0.05

a
Experiment with 4 hour run time.

Geochemistry
Geophysics
Geosystems G3G3

kohut and nielsen: phase equilibria of mafic magmas 10.1029/2002GC000451

10 of 27



[18] New olivine nucleated in liquids from all

starting compositions at temperatures of 1260� C

and below. Remnants of the Kilbourne Hole

forsterite added to the starting glass were present

in all 1290� melts of experiment set 2, and

at 1210� as well for the HAB composition.

The compositions of olivines that crystallized in

the liquids were consistently greater than Fo86
(Tables 2 and 5). The olivines produced at 1230�
in N-MORB-, E-MORB-, and HAB-derived melts

were Fo90.2, Fo89.4, and Fo88.8 respectively. Equi-

librium FeO/MgO ratios of olivines were pre-

dicted using Roeder and Emslie’s [1970] FeO/

MgO melt-solid partitioning coefficient of 0.3.

Overall, the FeO/MgO ratios of olivines produced

during experiments with E-MORB-derived liquids

were closer to the values predicted than those in

N-MORB- and HAB-derived liquids (Figure 4).

At 1230�, olivines in both the N-MORB- and

HAB-derived melts were further from equilibrium

compared to the 1210� experiments.

[19] In experiments run at 1290�, Al-spinel crys-
tallized in the liquid adjacent to the capsule wall

(Figure 5). At this temperature, the spinels in the

N-MORB liquids had Al2O3 contents of 57-67.8

wt% and Cr# (Cr/Cr+Al) of 0.02–0.11 (Table 6).

Those in the E-MORB liquids had an average
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Figure 3. (top) An content of feldspars from Experiment Set 2 versus MgO of host liquid. ‘‘Sours-Page’’ refers to
host feldspar An and melt inclusion MgO from Sours-Page et al. [1999, 2002] and ‘‘Natland’’ refers to host feldspar
An and MI MgO from Natland [1989]. ‘‘Rim’’ refers to capsule rim reaction zone, ‘‘In-glass’’ are feldspars that
crystallized from the melt. (bottom) An content of feldspars and capsule reaction zones from Experiment Set 2 versus
equilibration temperatures. ‘‘Predicted’’ are the An values of feldspar predicted for the melt composition.
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Al2O3 content of 68.35 wt% and Cr# of 0.01 and

those in HAB liquids had an average Al2O3 content

of 67.21 wt% and Cr# of 0.01 (Table 6). The

formations of Al-spinels in bands suggests the

presence of a compositional gradient in the melt,

but none was observed in EMP traverses across the

glass, even in the experiment with a 4-hour equili-

bration period. This indicates that any gradients or

melt diversity had dissipated within four hours

equilibration time. At the lower equilibration tem-

peratures (1210�, 1230� and 1260�), the N-MORB-

derived liquids produced chromite (Cr# of 0.31–

0.38) with Al2O3 contents of 32.95–41.51 wt%

(Table 6), but this phase was not present in the

E-MORB- and HAB-derived melts. At 1230�, the
HAB-derived melt produced Al-spinel (Al2O3 of

67.97 wt% and Cr# of 0.01) within the An86
feldspar overgrowth on the rim of the capsule; this

was the only occurrence of aluminous spinel noted

at lower temperatures (<1260�C).

[20] The compositions of our lower temperature

spinels from N-MORB experiments were colinear

with chromite compositions reported by Allan et al.

[1989] for the Lamont seamounts (Figure 6). The

spinels at 1260� were comparable in Cr# and Al

content to the most Cr-rich spinels in abyssal

peridotites [Dick and Bullen, 1984; Dick, 1989],

spinel in lherzolite xenoliths [BVSP, 1981] and

Table 4. Compositions of Feldspars Formed in Melt

1230�
Equil. T.

Avg 2s

Experiment Set 1: Anorthite Saturated
N-MORB starting material, 1300�C melting temp
SiO2 48.69 0.00
Al2O3 32.03 0.01
FeO* 0.50 0.00
MgO 0.23 0.02
K2O 0.06 0.01
CaO 15.63 0.07
Na2O 2.21 0.02
Total 99.34
n 3

An 79.74 0.19

1230�
Equil. T.

1210�
Equil. T.

Avg 2s Avg 2s

Experiment Set 2: Anorthite and Forsterite Saturated
N-MORB starting material
SiO2 46.81 0.42 48.12 0.55
Al2O3 33.82 0.22 32.99 0.39
FeO* 0.45 0.08 0.44 0.00
MgO 0.35 0.03 0.44 0.05
K2O 0.01 0.01 0.06 0.01
CaO 17.78 0.17 16.4 0.13
Na2O 1.47 0.07 1.72 0.23
Total 99.22 98.45
n 12 5

An 86.95 0.59 84.05 1.91
E-MORB starting material
SiO2 46.49 0.30 45.54 0.35
Al2O3 33.34 0.42 32.81 0.87
FeO* 0.48 0.20 0.61 0.35
MgO 0.38 0.25 0.48 0.32
K2O 0.08 0.02 0.08 0.02
CaO 17.28 0.13 17.03 0.35
Na2O 1.48 0.09 1.52 0.15
Total 98.05 96.55
n 10 10

An 86.55 0.80 86.07 1.45
HAB starting material
SiO2 47.16 0.47 47.68 0.50
Al2O3 33.47 0.47 32.36 0.27
FeO* 0.50 0.11 0.54 0.08
MgO 0.34 0.15 0.40 0.04
K2O 0.09 0.02 0.13 0.02
CaO 17.39 0.37 16.19 0.25
Na2O 1.62 0.18 2.03 0.13
Total 98.95 97.3
n 7 8

An 85.61 1.59 81.53 1.12

Table 4. (continued)

1280�Melt T. 1250� Melt T. 1220� Melt T.

Avg 2s Avg 2s Avg 2s

Experiment Set 3: Anorthite and Forsterite Saturated Variable
Melting Temperatures

N-MORB starting material, 1210�C equilibration temp.
SiO2 46.25 1.77 42.35 2.92 43.53 0.41
Al2O3 33.51 1.59 36.14 2.54 35.33 0.40
FeO* 0.52 0.16 1.124 0.06 0.48 0.06
MgO 0.35 0.24 0.05 0.03 0.09 0.12
K2O 0.01 0.01 0.00 0.01 0.01 0.01
CaO 18.05 1.19 19.21 1.12 19.3 0.23
Na2O 1.29 0.63 0.93 0.07 0.5 0.10
Total 98.69 98.87 98.74
n 28 17 23

An 88.51 5.62 92.88 0.93 95.55 0.86
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spinel observed as inclusions in MORB anorthite

megacrysts [Fisk et al., 1982; Sinton et al., 1993],

while those produced at 1290� were several wt%

more aluminous than natural examples.

[21] Glass compositions, with the exception of

CaO, follow a liquid line of descent from the

melting temperature of 1300�C through 1210�C
with decreasing MgO (Table 3, Figures 7–11).

These trends were also colinear, i.e., parallel, to

the trends of published data from the source suites

of the starting glasses [Davis and Clague, 1987;

Karsten et al., 1990; Donnelly-Nolan et al., 1991].

Aluminum contents of liquids derived from all

three starting glasses fall along a trend from the

high-temperature to low-temperature compositions

(Figure 7). The increase in the ratio of Al2O3 to

MgO at higher temperature shows that Al-rich

melts were present prior to feldspar crystallization

due to the Al component being added through

reaction with the capsule during saturation. The

Al component decreases with temperature due first

to reaction with the capsule through Al-Si cation

exchange and the formation of Al-spinel, and then

through crystallization of feldspar within the liquid.

[22] For all starting compositions, Na was system-

atically low (Figure 8). This is possibly due to

reaction with the capsule wall, and loss to the

furnace atmosphere, although the amount of melt

exposed to the atmosphere is small. CaO trends

were distinctive for each starting composition and

may in part reflect the effects of differing points of

the onset of plagioclase crystallization. The CaO

Table 5. Compositions of Olivines Formed in Melt

1260�
Equil. T.

1230�
Equil. T.

1210�
Equil. T.

Avg 2s Avg 2s Avg 2s

Experiment Set 2: Anorthite and Forsterite Saturated
N-MORB starting material, 1300�C melting temp.
SiO2 40.3 0.35 39.74 0.30 40.31 0.31
TiO2 0.00 0.00 0.01 0.01 0.05 0.04
Al2O3 0.09 0.03 0.11 0.07 0.60 0.79
Cr 0.04 0.03 - - 0.04 0.02
FeO* 7.6 0.43 9.50 0.45 10.55 0.10
MnO 0.09 0.02 0.14 0.01 0.18 0.01
MgO 50.13 0.55 48.85 0.38 47.69 1.11
NiO 0.35 0.05 0.32 0.04 0.22 0.01
CaO 0.31 0.09 0.40 0.03 0.90 0.58
Na2O 0.01 0.01 0.01 0.01 0.03 0.06
Total 98.92 99.08 100.6
n 18 16 5

Fo 92.16 0.47 90.16 0.46 88.96 0.17
E-MORB starting material, 1300�C melting temp.
SiO2 40.77 0.37 39.91 0.10 40.4 0.40
TiO2 0.02 0.01 0.04 0.01 0.02 0.01
Al2O3 0.18 0.15 0.09 0.02 0.06 0.04
Cr 0.03 0.02 0.02 0.01 0.02 0.01
FeO* 6.13 0.27 11.38 0.17 10.13 1.32
MnO 0.11 0.02 0.19 0.02 0.15 0.03
MgO 51.33 0.47 47.3 0.18 48.69 1.30
NiO 0.17 0.08 0.25 0.01 0.32 0.05
CaO 0.27 0.07 0.32 0.03 0.22 0.20
Na2O 0.01 0.01 0.00 0.00 0.01 0.01
Total 99.03 99.51 100.02
n 15 8 5

Fo 93.7 89.4 86.7
HAB starting material, 1300�C melting temp.
SiO2 40.07 0.31 40 0.40
TiO2 0.00 0.01 0.02 0.01
Al2O3 0.09 0.03 0.07 0.04
Cr 0.02 0.02 0.03 0.01
FeO* 10.84 0.91 12.23 2.19
MnO 0.16 0.02 0.19 0.05
MgO 48.18 0.77 47.56 1.82
NiO 0.31 0.06 0.31 0.04
CaO 0.25 0.06 0.28 0.15
Na2O 0.01 0.01 0.02 0.02
Total 99.92 100.55
n 10 7

Fo 88.79 0.99 86.93 2.37

1280� Melt T. 1250� Melt T. 1220� Melt T.

Avg 2s Avg 2s Avg 2s

Experiment Set 3: Anorthite and Forsterite Saturated Variable
Melting Temperatures

N-MORB starting material, 1210� C equilibration temp.
SiO2 39.00 0.24 39.33 0.24 39.34 0.26
TiO2 0.01 0.01 0.02 0.01 0.02 0.00
Al2O3 0.22 0.52 0.07 0.01 0.09 0.01
Cr 0.08 0.02 0.06 0.03 0.10 0.04

Table 5. (continued)

1280� Melt T. 1250� Melt T. 1220� Melt T.

Avg 2s Avg 2s Avg 2s

FeO* 10.65 0.39 10.89 0.10 11.13 0.13
MnO 0.17 0.01 0.15 0.01 0.15 0.02
MgO 47.63 0.23 47.73 0.40 46.96 0.43
NiO 0.19 0.05 0.24 0.01 0.19 0.01
CaO 0.45 0.16 0.42 0.01 0.44 0.02
Na2O 0.01 0.03 0.00 0.00 0.00 0.00
Total 98.41 98.91 99.1
n 12 3 3

Fo 87.80 0.32 88.65 0.16 87.79 0.67
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content in N-MORB-derived liquids remained

nearly constant with decreasing MgO and tempera-

ture. The E-MORB-derived melts show a parabolic

trend with a minima of 12.15% CaO at 1260� and
11.7% MgO, while the HAB-derived liquids have a

less pronounced parabolic trend with the minima of

11.1% CaO at 1230� and 9.31% MgO (Table 3,

Figure 9). Although CaO trends do not describe

LLDs from the 1300� melt to the starting glass and

starting glasses lava suites, the CaO contents of the

experiments that nucleated plagioclase (1230� and
1210�) do fall within the range of MORB glass

compositions from the RIDGE data set for the

Mid-Atlantic Ridge (Figure 9).

[23] The rate of TiO2 decrease versus increased

MgO was enhanced at higher temperature for

N-MORB compositions (�0.3 to �0.8 between

1300� and 1290�). E-MORB showed the greatest

decrease for each percent increase MgO between

1230� and 1210� C (�0.65), while HAB-derived

liquids had a consistent value of a 0.17% de-

crease in TiO2 for each percent increase in MgO

(Figure 10).TheMg#of theglass remained relatively

constant as a function of temperature (�69–80;

Table 2), which may represent a buffering effect

that was also observed in the linear trends of FeO*

versus MgO (Figure 11). The FeO* content of the

melts increased with falling temperature and MgO;

this trend was linear for N-MORB- and E-MORB-

derived melts, while FeO* was relatively constant
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Figure 5. Backscattered electron image of experi-
mental run with an equilibration temperature of 1290� C
and equilibration time of 4 hours. Bands of Al-spinel
have formed in the melt adjacent to the capsule rim.
Anorthite capsule has separated from glass during
mounting.
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Table 6. Compositions of Spinels Formed in Melta

N-MORB Starting Material

E-MORB
Starting
Material HAB Starting Material

1290�
Equil. T.b

1290�
Equil. T.

1260�
Equil. T.

1230�
Equil. T.

1210�
Equil. T.

1290�
Equil. T.

1290�
Equil. T.

1230�
Equil. T.

Avg 2s Avg 2s Avg 2s Avg 2s Avg 2s Avg 2s Avg 2s Avg 2s

SiO2 0.05 0.12 0.01 0.03 0.08 0.07 0.56 1.22 0.00 0.00 0.00 0.00 0.15 0.07 0.14 0.05
TiO2 0.03 0.04 0.08 0.02 0.22 0.06 0.26 0.11 0.19 0.01 0.06 0.03 0.04 0.02 0.07 0.02
Al2O3 63.50 0.26 61.47 1.90 41.51 4.98 32.95 1.34 31.62 0.39 68.35 0.56 67.21 0.45 67.97 0.26
Cr2O3 5.44 0.25 6.03 1.96 28.1 4.45 30.18 0.66 29.37 0.01 0.66 0.52 0.38 0.39 1.34 0.37
FeO* 5.61 0.25 7.46 0.08 10.5 1.68 16.27 2.06 18.73 0.02 4.94 0.22 7.49 0.77 5.81 0.12
Fe2+ 4.80 0.27 0.03 0.03 7.38 0.87 9.82 2.46 7.30 0.32 4.17 0.34 0.04 0.03 0.05 0.04
Fe3+ 1.07 0.40 7.76 0.08 3.44 0.85 6.77 1.66 14.95 0.02 1.01 0.20 7.83 1.02 5.96 0.13
MnO 0.00 0.00 0.00 0.00 0.04 0.02 0.15 0.02 0.12 0.08 0.00 0.00 0.04 0.02 0.04 0.01
MgO 24.13 0.38 23.98 0.28 20.24 1.01 17.35 0.42 17.19 0.10 25.02 0.32 23.15 0.35 24.62 0.31
ZnO 0.00 0.01 0.03 0.03 0.14 0.14 0.03 0.04 0.05 0.41 0.01 0.02 0.00 0.00 0.00 0.00
V 0.02 0.02 0.04 0.03 0.16 0.06 0.15 0.05 0.12 0.03 0.04 0.03 0.02 0.01 0.05 0.02
Total 99.03 99.43 101.31 98.22 100.91 99.32 98.86 100.24
n 7 12 5 5 3 10 3 11

Cr# 0.05 0.03 0.06 0.02 0.31 0.06 0.38 0.01 0.38 0.00 0.01 0.01 0.01 0.00 0.01 0.00
Mg# 0.90 0.01 0.91 0.01 0.83 0.02 0.76 0.05 0.78 0.00 0.91 0.01 0.86 0.01 0.90 0.01
Fe3+# 0.01 0.00 0.01 0.00 0.04 0.01 0.08 0.02 0.08 0.01 0.01 0.00 0.01 0.00 0.01 0.00

a
Experiment Set 2: Anorthite and Forsterite Saturated.

b
Experiment with 4 hour run time.
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between 1230� and 1210� for HAB-derived liquids

(Figure 11).

3.3. Experiment Set 3: Anorthite and
Forsterite Saturated Melt, Variable Melt T

[24] The third set of experiments separated the

effects of equilibration temperature from potential

effects of undercooling (DT). As described earlier,

this was accomplished by keeping the equilibration

run temperature fixed at 1210� and varying the

initial melting temperatures, which were chosen to

repeat the same amounts of undercooling used in

experiment set 2.

[25] There was diversity among the compositions of

crystallization products. The feldspars from the 70�
undercooling experiments had outer rims (�25 mm
in the largest crystals) that were An81–83 and cores

up to An96. With 40� undercooling, the feldspars

had thin (�10 mm) An91 rims surrounding an

An94–95 core. Although 10 degrees of undercool-
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ing produced the lowest glass Mg# of any forsterite

saturated experiment (Table 2), the feldspars pro-

duced had the highest average An content of any

experiment: An95.5. These also had a �5 mm An88
zone on the surface in contact with the melt.

Figure 12 shows that moving the melting tempera-

ture closer to an equilibration temperature of 1210�
(decreasing DT) increases difference between the

expected and observed An contents of the plagio-

clase in the melts. This indicates that using an

initial melting temperature within the plagioclase

crystallization field can produce feldspars that have

high-An contents, but are out of equilibrium with

the melt. This observation supports our use of a

melting temperature of 1300� in Experiment Set 2.

[26] Although there was some diversity among glass

compositions from Experiment Set 3, the composi-

tions overall were similar to the 1210� compositions

from Experiment Set 2, where the melting tempera-

ture was 1300� and DT was 90� (Figure 13). There
was a systematic variation withMgO content, which

decreased as the melting temperature decreased.

However, even this variation was minor, from

9.77% with 70 degrees of undercooling (1280�C
melting temperature) to 9.38% with 10 degrees

undercooling (Table 3). Melt in this experiment
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also had higher CaO values than other experiments

using N-MORB glass, but this was less than 1%

compared to other experiments with a 1210� equili-
bration temperature. Melts with 10 and 40 degrees

of undercooling had the lowest glass Mg# (66.9 and

67.4; Table 2).

[27] With 70� of undercooling, euhedral prisms and

laths of zoned feldspars were produced. Melt

inclusions were common, as were large embay-

ments on the prisms and hollow cores on the laths,

with some resorbed faces (Figure 14). The experi-

ment using 40� undercooling crystallized feldspars

that were near equant prisms with rounded corners.

The feldspars with 10� undercooling had disequi-

librium textures, with resorbed faces and corners

that resulted in anhedral crystals.

[28] If the trends produced by Experiment Set 3

were over the same range of compositions as Ex-

periment Set 2, then any conclusions we reached

about the control equilibration temperature has on

composition would be questionable. Instead, the

glass compositions from the results of Experiment

Set 3 were similar only to the 1210� experiment of

set 2. Although decreasing the melting temperature

did decrease the MgO content, this variation was

minor. This confirms that equilibration temperature

has a greater influence on melt composition than the

amount of undercooling. However, the disequilibri-

um textures and zoning of the feldspars indicate that

with low melting and saturation temperatures, the

24-hour run timewe usedwas insufficient to achieve

feldspar-melt equilibrium. In comparison, when an

equilibration temperature of 1290� and a melting

temperature of 1300�were used in Experiment Set 2

(which is the same amount of DT as the experiment

with 1220� melt and 1210� run temperatures), four

hours equilibration time was sufficient to produce

the same results as 24 hours (Table 3). This indicates

that the run temperature is a controlling factor in the

speed of equilibration as well.

4. Discussion

[29] The primary goal of these experiments was to

determine the composition of anhydrous mafic

liquids in equilibrium with high-An feldspar. We

must again emphasize that the design of our

experimental apparatus should not be mistaken as

an attempt to simulate a natural process where

primitive melt reacts with plagioclase and we do

not intend to propose such a model. Rather, our

experiments were designed to saturate melts in

anorthitic components at high temperatures, ob-

serve the composition of the melts and the phases

that crystallize in the melt at lower run tempera-

tures, and compare the results to natural examples.

Only then do we propose a model.

[30] In our initial runs (Experiment Set 1), we

observed that anorthite saturation alone was not

sufficient for producing >An85 feldspar or melts

that resembled natural lava suites in composition
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(Figures 1 and 2). The experimental liquids did

resemble refractory melt inclusions observed by

Johnson et al. [1995], but these natural examples

occurred in feldspars with An > 85.

[31] However, the results of our second set of

experiments show that basaltic melt that is in equi-

librium with both high-An feldspar and high-Fo

olivine is generally similar to natural basalt glasses

and melt inclusions hosted by high-anorthite feld-

spar. The composition of the starting materials

(Table 1) may have had some effect in the ability

to achieve equilibrium, but it is important to note

that the compositions of all liquids once saturated

with anorthite and forsterite during the melting

period (1300�) were very similar despite the differ-

ent starting glasses (Tables 1, 2, and 3). The

saturated liquids all had high CaO/Na2O values,

and Al# above 30. E-MORB-derived liquids that

crystallized plagioclase (i.e., those at 1210� and

1230�) were closest to natural glasses in composi-

tion for all major elements, while the olivines that

crystallized in E-MORB-derived melts were closest

to their predicted equilibrium values (Figure 4). It is

possible that the modified HAB and N-MORB

compositions would produce better equilibrium

results using time-temperature profiles different

from those of our experiments. The issues relating

to the effects of cooling rate and the length of the

equilibration period have been addressed in another

group of experiments that also dealt with melt

inclusion formation [Nielsen and Kohut, 2000;

Kohut and Nielsen, 2002] and will be reported in

full in a separate paper (E. J. Kohut and R. L.

Nielsen, Melt inclusion formation mechanisms and

compositional effects in high-An feldspar and high-

Fo olivine in anhydrous mafic silicate liquids,

submitted to Contributions to Mineralogy and

Petrology, 2003).

[32] The similarity of the compositions our glasses

that crystallized high-An feldspar from experiment

sets 2 and 3 to the relevant starting glasses [Kars-

ten et al., 1990; Donnelly-Nolan et al., 1991; Davis

and Clague, 1987] and natural basalt arrays

(RIDGE PETDB), is an important difference be-

tween our experiments and those of Panjasawat-

wong et al. [1995]. While they also produced

liquids in equilibrium with high-An feldspar, their

glass compositions did not resemble natural basalt

suites and due to their lower MgO contents do not

fall within the limits of the data we present on

Figures 7–11. However, while Panjasawatwong et

al. [1995] did raise the Al content and Ca/Na ratio
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of their melts, they did not saturate their liquids

with forsterite. We observed that the melt saturated

in forsterite as well as anorthite at high temperature

when cooled produced An81.5–87 feldspar in equi-

librium with the melt; as noted earlier, the initial

experiments saturated in only anorthite crystallized

An76–79 feldspars. The additional phase, high-Fo

olivine, may limit the degrees of freedom in the

system and constrain the phases to those on the

forsterite-anorthite cotectic, which would favor

plagioclase with a high-An content (Figure 15). It

is significant that the liquids are constrained to this

cotectic, as high-An and high-Fo olivine are the

first crystallizing phases in most primitive MORB

lavas [Sinton et al., 1993; Nielsen et al., 1995].

However, no liquids with such high Mg# that

follow this cotectic have been produced experi-

mentally prior to now. In addition, the host glass

MgO and plagioclase An contents of Experiment

Set 2 are similar to feldspar An content and melt

inclusion compositions described by Sours-Page et

al. [1999, 2002]. These similarities to natural

systems suggest that our experiments are valid

analogs for some magmas parental to anorthite-

bearing anhydrous basalts.

[33] The mineralogy and composition of experi-

mental run products at 1230� and 1210� are also

similar to primitive lavas of the Sasha Seamount of

the Lamont Seamounts. The significance of this is

that the Lamont Seamounts occur off-axis and

the similarity to our compositions indicates that
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the experiments are also applicable to anhydrous

melts that do not originate at mid-ocean spreading

centers. The Sasha Seamount lavas have MgO

contents up to 9.7%, Mg# up to 72, and contain

Fo85–91 olivine, An70–91 plagioclase phenocrysts

and Cr-rich spinel [Allan et al., 1989]. The calcu-

lated normative phase relations of the most primi-

tive Lamont Seamount lavas were reported by Allan

et al. [1989] to be consistent with formation at

shallow pressures (below 10 kb) and at temperatures

of 1200�–1240� C. These suggested conditions of

formation correlate well with our experimental

parameters.

[34] The observation of Al-spinel at 1290�, (anor-
thite/forsterite saturated experiments) despite no

spinel having been added to the starting mixtures

indicates that liquids that are in equilibrium with

anorthite and forsterite at lower temperatures are in

Figure 14. Backscattered electron image of run products of experiment with a melting temperature of 1280� and
equilibration temperature of 1210� (DT = 70�). Dark gray is feldspar, light gray is quenched melt. Note zoning of the
feldspars and disequilibrium texture of some faces on the crystals.
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Figure 15. atm An-Fo-Di ternary with spinel field
(modified from Osborn and Tait [1952]). Aluminous
spinel reacting with liquid at reaction point R produces
highAn plagioclase and highFo olivine. Crystallization
then proceeds along the olivineplagioclase cotectic.
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equilibrium with Al-spinel at this temperature. This

is what the An-Fo-Di ternary diagram (Figure 15)

would predict, and we suggest that our 1290�
experiments fall within the spinel field of the

ternary. As the run temperatures decrease, our

experiments progress along the olivine-plagioclase

cotectic of the ternary diagram with decreasing

temperature. To reach the olivine-plagiclase cotec-

tic, the liquid composition must pass first through

point R (Figure 15), where Al-spinel will react with

the remaining liquid to produce high-An plagio-

clase and high-Fo olivine. For our experiments, a

ternary diagram with a larger spinel field may be

appropriate, as the starting compositions contain

small amounts of Cr (Table 3). Trace amounts

of Cr will stabilize a larger Al-spinel field in

ternary space at the expense of anorthite, and can

move the reaction point to a lower temperature,

e.g., �1275�C [Onuma and Tohara, 1983]. The

An-Fo-Di ternary diagram of Osborn and Tait

[1952], upon which Figure 15 is based, has the

reaction point at a higher temperature (�1320�)
than those used in our experiments.

[35] The compositions of spinel and olivine in the

run products are similar to those in natural, primi-

tive mafic lavas. The compositions of olivines that

crystallized in the liquids at run temperatures of

1260� (Table 2) demonstrate that our experiments

were in equilibrium with high-Fo olivine, similar to

mantle olivine [Dick and Fisher, 1983]. The spinel

compositions are a function of experimental tem-

perature, with Al content decreasing and Cr/Al

content increasing, with decreasing temperature

(Figure 6). While, the high-Al spinels formed in

bands, the chromites at lower temperatures in

the N-MORB experiments formed throughout

the liquid. This provides evidence that the liquid

assimilates the Al-spinel with decreasing tempera-

ture, and the lack of Al-spinel at lower tempera-

tures indicates that the system has proceeded past

the reaction point. The Al-spinel observed at 1230�
for the HAB-derived melts may indicate that par-

ticular system is still at the reaction point at lower

temperatures, or it may indicate that with the HAB

starting composition, our time-temperature profile

was not suitable for achieving true equilibrium

results at 1230� run temperature and 70� DT.

[36] One possible mechanism for producing the

observed compositional trends is to buffer an

evolving magma with Al-spinel, similar to those

characteristic of the most primitive MORB and

depleted seamount lavas and some abyssal perido-

tites [Dick and Bullen, 1984; Allan et al., 1989].

The reaction of a primitive magma with the spinel

would maintain high Al2O3 and MgO contents at

the reaction point (R in Figure 15), where the melt is

three-phase (anorthite-fosterite-spinel) saturated.

As the Al-spinel is consumed, the reaction proceeds

along the fosterite-anorthite cotectic (Figure 15).

This would result in the reaction Al-sp + liquid !
pl + ol ± chromite with decreasing temperature.

[37] The third set of experiments illustrate that

while moving the initial melting temperature

close to the equilibration run temperature does

not greatly effect the liquid composition, it does

effect the chemistry of the crystallizing feldspars,

and these are further from equilibrium with the

melts as DT decreases (Figure 12). This indicates

that the smaller the difference between the melt and

equilibration temperature, the greater the amount of

time required to achieve equilibrium. We suggest

that the feldspars that formed early during the

equilibration period may have had higher-An val-

ues and were out of equilibrium with the host

liquid. As the equilibration period progresses, rims

form on the early formed feldspars that have An

contents closer to equilibrium with the melt and

eventually the entire feldspar would equilibrate

with the melt. Later formed feldspars would be in

equilibrium with the melt. The length of the re-

quired equilibration period though, depends on

both undercooling and the temperature of equili-

bration; the experiment with an equilibration tem-

perature of 1230� from Set 2 also had a DT of 70�,
yet the feldspars were in equilibrium with the melt.

This indicates that while at any run temperature

decreasing DT may require an increase in the length

of the time required to achieve melt/crystallizing

mineral equilibrium, this effect becomes more

pronounced at lower equilibration temperatures.

With regards to the Al-spinel/liquid reaction just

described, we suggest that the lower the tempera-

ture of the liquid reacting with the spinel, the longer

the period of time needed for the liquid to react.
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[38] The amount of crystallization in our experi-

ments as a function of temperature was estimated

using the trend of TiO2 versus MgO. For systems

saturated with Al-spinel, plagioclase and olivine,

Ti can be considered an almost completely

incompatible element (D = 0). For any completely

incompatible element, the Rayleigh distillation

equation simplifies to F ffi Co
l /Cl (where F is

the amount of liquid remaining, and Co
l and Cl are

the initial and current concentration of the trace

element in the liquid respectively). If one then

assumes a bulk DTi of 0 for this assemblage, the

Ti content in the glass will vary only by the ratio

of the liquid/solid fraction. Using the TiO2 con-

tent correlated with MgO, we can calculate the

percent crystallization for each percent decrease in

MgO and correlate that with the temperature in

our experiments.

[39] The results of our calculations (Table 7) indi-

cate large amounts of crystallization would occur

for each percent decrease in MgO: these average

�27% for N-MORB-derived, �16% for E-MORB-

derived, and �24% for HAB-derived melts. How-

ever, these averages cannot be extrapolated linearly,

as the HAB- and N-MORB-derived liquids had

higher calculated rates of crystallization per %

decrease MgO at 1260� and 1290� (28–35% and

35–37% respectively) than at 1230� and 1210�
(Figure 16). If our 1230� and 1210� experiments

are valid analogs of natural primitive basalts (�8%

MgO), then even primitive MORB lavas may have

undergone a large amount, 62–77%, of crystalliza-

tion prior to eruption (Table 7). These amounts

however, must be examined in the context of the

buffering effect the added olivine crystal and anor-

thite capsule.

[40] We attempted to produce numerical models

for our data using the MELTS [Ghiorso and

Sack, 1995] and MIXNFRAC [Nielsen, 1990]

algorithms. Although neither program was able

to produce a model that accurately reflected our
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Figure 16. TiO2 content and % crystallization as functions of MgO content of experiments using EMORB starting
compositions. Labels of points in plot refer to equilibration temperature.

Table 7. Crystallization as a Function MgO and
Temperature Based on Change in TiO2

T Change N-MORB E-MORB HAB

% Crystallization Based on TiO2Change
1300-1290 7.32 8.75 44.00
1300–1260 49.33 35.96 55.56
1300–1230 59.57 54.94 71.13
1300–1210 63.11 61.58 76.86

T Change N-MORB E-MORB HAB

% Crystallization per MgO% Decrease
1300–1290 36.59 15.63 35.48
1300–1260 32.89 19.13 27.92
1300–1230 18.79 14.23 17.65
1300–1210 17.34 14.34 14.39

Average 26.4 15.83 23.86
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results, the assimilation model provided trends

that were similar to the experimental data. The

predicted phase assemblages also concurred with

our lack of pyroxene saturation in the experi-

ments. Nevertheless, the results were even

more illustrative of our need to recalibrate our

models to these melt compositions. Currently,

we are clearly not in a position where we can

adequately simulate magmatic processes for this

abundant, very primitive precursor class of basaltic

magmas.

[41] While we do not discount the fact that anor-

thite in MORB can originate from the primary

melting of refractory material [Natland, 1989;

Johnson et al., 1995], we propose that our results

indicate that other mechanisms for producing

high–An feldspar may also exist that explain other,

more recent melt inclusion data [e.g., Sours-Page

et al., 2002]. We suggest that the evidence outlined

above is consistent with a model wherein anorthite

in MORB may result from primitive, olivine satu-

rated melt reacting with spinel in depleted material
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Figure 17. Possible scenario for the petrogenesis of anorthitebearing MORB. 1) Mantle upwelling leads to partial
melting of lherzolite, producing a primitive melt. 2) Rising melts percolate through upper mantle, including
spinelbearing residual mantle that is displaced into plagioclase stability field by upwelling. Melt reacts with Alspinel
and is driven toward plagioclase saturation. This can occur anywhere below the base of the crust, including fracture
channels in harzburgite 3) Melt (now Alrich due to reaction with spinel) accumulates prior to eruption in crystal mush
zone/conduit system below ridge. HighAn phenocrysts form as crystallization proceeds along anorthite/fosterite
cotectic. 4) Anorthitebearing MORB is erupted.
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in the uppermost mantle prior to transport into the

crustal magma system. As conceived here, this

would take place above the melting regime, but

below the crust (Figure 17) and would therefore

not require primary melting of refractory material

at depth. Percolation of magma through this spinel-

bearing upper mantle (displaced into the plagio-

clase stability field in the upwelling asthenosphere)

would result in the melt being driven to plagioclase

saturation and away from pyroxene saturation

(addition of Al, buffered Mg, Ca). Melt could react

with spinel-bearing depleted material anywhere in

the asthenospheric diapir, and could also react with

spinel as it moved through fractures in harzburgite

at the base of the crust. This process is similar to

the one described by Dick and Natland [1996] for

the origin of high alumina and calcic melts capable

of producing the An99 feldspars they observed in

gabbros ODP Site 895. The major difference was

that high-magnesium diopside is also present in

the gabbroic segregations they examined, which

indicates that those magmas were driven toward

pyroxene saturation. Nonetheless, their observa-

tions do provide field evidence of a melt reaction

at low pressure capable of producing melts that will

crystallize high-An feldspar. We suggest that our

hypothesis can be tested experimentally. Such

experiments could be designed to react primitive

liquids with Al-spinel over a range of temperatures,

pressures and time. In this way the role of primary

refractory melts versus reaction with refractory

spinel in anorthite-bearing anhydrous basalts can

be examined.

5. Conclusions

[42] The results of our experiments indicate that it

is possible to experimentally produce anorthite

and Fo90 saturated primitive basaltic liquids close

in composition to naturally occurring lavas. The

experimental liquids are also saturated with Al-rich

spinel that is similar in composition to spinels

observed in naturally occurring anorthite mega-

crysts [Fisk et al., 1982; Allan et al., 1989; Dick,

1989; Sinton et al., 1993]. This association sug-

gests the possibility that primitive MORB basalts

are high-An plagioclase saturated due to continued

reaction with the upper mantle above the melting

regime. Such a reaction of the rising basaltic

magma with the spinel in the depleted upper

mantle at depths less than 10 kb would drive the

magma toward saturation with feldspar. In essence,

high-An feldspar in MORB may be produced by a

buffering reaction at the Sp + liquid ! Fo + An

reaction point. Our experiments also indicate that

this buffering reaction will result in an average of

�16–26 % crystallization for each percent de-

crease in MgO. These data suggest primitive

MORB lavas (>8% MgO) have undergone �62–

77% fractionation and reaction with the uppermost

mantle and lower crust before eruption.
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