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Abstract A new method for modeling fractional crys- .
tallization processes that involve olivine (ol), plagioclasitroduction
(plag) and augite (aug) is presented. This crystallizatidthase diagrams have been used extensively in the investi-
assemblage is the major control on the chemical varigation of the generation and evolution of basalts. Phase
tions in mid-ocean ridge basalts. The compositional adéagrams in the simple systems, such as CaO-MgO-
temperature variations in ol-plag-aug saturated basatts0,-SiO, (CMAS) and CMAS+Na,0, are powerful
over a range of pressures are described using empiribatause the limited variance of equilibria in these sys-
expressions. A data base of 190 experiments in naturains allows the phase boundaries to be depicted in one,
and basalt-analog chemical systems is used to descriwe and three dimensions, and thus easily visualized. For
temperature, Al, Ca and Mg molar fractions as functiorexample, Walter and Presnall (1994) determined the po-
of Si, Fe, Na, Ti and K molar fractions and pressursition of the boundary of olivine-orthopyroxene-
Increases in the abundances of Na and K cause Ca ahdopyroxene-aluminous phase-melt BxT-composi-
Mg abundances to decrease and Al abundance to fion space by parameterizing the divariant equilibrium
crease in ol-plag-aug saturated melts. The equations caelting in the CMAS-Na,0O system from 7 to 35 kbar in
be used to predict pressure and temperature and thersns of pressure and Ma abundance in the melt. Shi
provide a useful thermobarometer. A model is describel@veloped equations to describe the olivine (ol)-plagio-
to calculate ol-plag-aug fractional crystallization as @ase (plag)-augite (aug)-melt (OPAM) boundary from
function of pressure and melt composition, using medkperiments in the CMA$FeO (Shi 1992) and
and augite models developed here, combined with exiStIMAS+FeO+Na,O (Shi 1993) system at 0.001 kbar.
ing models for olivine-melt and plagioclase-melt equiPhase diagrams relevant for natural system crystalliza-
libria. We compare the fractional crystallization setion and melting processes have traditionally been less
guence of ALV-2004-3-1 predicted from the modelsractable due to the higher variance of equilibria in the
presented in this paper, Langmuir et al. (1992) modifigthtural system. The accumulation of relevant experimen-
by Reynolds (1995), Ghiorso and Sack (1995) andl data, however, has made possible the development of
Ariskin et al. (1993) at 0.001 and 4 kbar. As an examphaethods for predicting multi-variant phase boundaries
the model is applied to estimate pressure of crystallizgdegree of freedom greater than three). Kinzler and
tion of glasses from the east flank of the East Pacific Ri§rove (1992), for example, compiled70 experimental
at 1T45'N. data to develop equations to describe the phase
boundaries defined by melts coexisting with ol, aug, low-
Ca pyroxene and an Al phase in both the plagioclase and
spinel stability fields and Longhi (1991) provided a
model for phase boundaries for hypersthene basalts.

In this study, the results of anhydrous experiments

H.-J. Yang: T.L. Grove () carried out at 0.001 kbar on a variety of basaltic compo-
Department of Earth, Atmospheric and Planetary Sciences, Sitions are presented. In order to explore the effects of
Massachusetts Institute of Teasiagy, minor components (Na, Ti, and K) on the OPAM
Cambridge, MA 02139, USA boundary, the data presented here and from the literature
R.J. Kinzler are predicted using equations derived from experiments

Lamont-Doherty Gelogical Observatory of Columbia University, in the system CMAS FeO (Shi 1992)_ Differences be-
Palisades, NY 10964, USA tween observed and predicted compositions are inter-
Editorial responsibility: J. Hoefs preted to be caused by the presence of minor components
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such as NgO, K,O and TiQ in the natural system. We67-032, 64-002 and 61-002, were dredged from-1@N on the

then develop empirical equations constrained by t Rf(f'tfﬁskfscgé%fi;el) in 1984 (TlhodmbPSOA”L\E/’ItNa'd.1982580%198?)-
: H A eTl s - -o-1, was sampie Yy ve a
thermodynamic variance of the_ _SyStem describing tq 45N on the EPR. The sixth, RE-46, which has the highest MgO
OPAM boundary inP-T-composition space, based oRpundance coupled with an unusually low,®aabundance, is an
190 experiments in the natural and simple systems ovexlandic basalt. Table 1 provides chemical analyses of the starting
the pressure range of 0.001 to 10 kbar. These equatidraterial. PROTEA-9-70-002 was analyzed by electron mi-

resolve the individual effects of Na. K and Ti on Ca AFroprobes at both the Smithsonian Institution and the Massachu-
. ! ' © Setts Institute of Tectology (MIT).
and Mg in ol-plag-aug saturated melts. We also demon-

strate how to use these equations as a thermobarometer
to estimate the pressure and temperature at which a giperimental and analytical methods

melt can be saturated with o, plag, and aug. Anhydrous isothermal experiments were carried out at 0.001 kbar

~ Empirical equations for predicting augite Composh'he);reshest parts ofthe%asaltpillows were reduced to powder by
tion as a function of pressure and coexisting melt compgrinding in a SPEX shatter box for 3 minutes. About 0-081 g
sition are also presented. These equations for describafigpowdered sample was pressed into a pellet using elvanol as a
melt and augite compositions are combined with the ginder. The pellet was sintered on a 0.0aGBameter Fe-Pt alloy

. L _ _ vire loop using a natural g@exygen torch. The loop and sample
isting parameterizations for ol-melt and plag-melt equlz, suspended in the hot spot of a Deltech DT31VT quenching

libria to construct a phase-diagram-based model for cC@ilrnace. Temperature was monitored by a PygRh, , thermocou-
culating fractional crystallization paths for a range qgfle which was calibrated against the melting points of NaCl, Au
basaltic compositions. Software for carrying out thand Ptonthe IPTS 1968 temperature scale (Biggar 1972). Oxygen

fractional crystallization calculations discussed in thf§9acity was controlled near the quartz-fayalite-magnetite (QFM)
oxygen buffer using a COH, gas mixture, and monitored by

paper is available from the authors. The model followgo  cao electrolyte cells. Experiments were terminated by
the philosophy of Longhi (1991) and Grove et al. (1992)uenching in water. Experimental conditions are reported in Table
by providing a quantitative prediction of the phase. o _ ‘

boundaries for a given melt composition which are then Volatilization of sodium from the experimental charge and

. i . ass transfer of iron between the experimental charge and con-
used to predict crystallization paths. This work repr‘g?]liner(wire loop) can be significant problems in 0.001 kbar exper-

sents an improvement over the method described #ents. in order to minimize the iron exchange between the sili-
Grove et al. (1992), because composition and pressuage charge and Pt wire loop, the loops used to hold the experimen-

effects on both ol-plag-aug saturated melt and augificharge were fabricated to contain about 8 wt% iron. This Fe-Pt

e - oy is in equilibrium with tholeiite at QFM over the temperature
compositions are taken into account. The OPAl terval of 1400 to 110 (Grove 1981). Sodium volatilization is

boundary is especially relevant for mid-ocean ridg@jated to sample size, gas flow rate, oxygen fugacity, experimen-

basalts (MORB) as the dominant geochemical variatiots duration, and experimental temperature (Tormey et al. 1987).

present in MORB are attributed to ol-plag-aug fraction&arger sample size (100 mg), and low gas flow rate (0.As)yere

tion (Walker et al. 1979; Stolper 1980). used to reduce sodium volatilization. Mass balance between the
! bulk composition of starting material and experimental products

was used to evaluate whether iron or sodium had been lost from the

silicate charge. The N® loss was typically 1-5% relative. Iron

Experiments loss was typically less than 1-3%.
Phase compositions were analyzed with MIT 5-spectrometer
Starting material JEOL 733 Superprobe, using 15 keV accelerating voltage and

10 nA beam current. Beam size is Lfn for glass analyses and
The six lavas used in our experiments consist of fresh glassy@am for crystalline phases. Counting times were 20-40 s depend-
aphyric pillow fragments. Four of the lavas, PROTEA-9-70-002ng on elements. The data were reduced using Bence and Albee

Table 1 Starting compositions used in experiments

Composition  SiQ TiO, AlL,O, FeO MgO MnO CaO KO Na,O P,Og Total
67-032 50.2 1.59 15.8 9.50 7.52 - 11.6 0.15 2.88 0.17 99.4
64-002 50.2 1.50 16.1 9.21 7.91 - 11.9 0.12 2.68 0.16 99.8
61-002 50.4 1.84 14.7 10.3 6.96 - 11.7 0.17 2.90 0.18 99.2
70-002 50.2 1.26 16.0 9.04 8.24 - 12.5 0.10 2.50 0.13 100.0
70-002 49.6 (1) 1.20(2) 15.8(2) 8.98(7) 8.66(6) 0.17(3) 11.9(1) 0.10(1) 2.67(6) 0.12(4) 99.2
70-00Z 50.1 1.22 15.9 9.07 8.74 - 12.0 0.10 2.70 0.12 100.0
70-002 49.8 1.25 15.9 8.96 8.75 - 12.4 0.10 2.67 0.13 100.0
2004-3-F 49.1(2) 1.19(2) 16.3(1) 8.65(9) 9.13(5) 0.09(5) 11.7(2) 0.10(1) 2.66(14) 0.04(2) 99.0
RE-46 48.8 0.62 15.4 8.91 10.7 0.16 13.5 0.01 1.55 0.03 99.8

a Determined with the Smithsonian Institution electron micro? 70-002, after the following correction factors were applied:
probe Si0,=0.9944; MgG=1.0686; NgO=1.076, and then renormaliz-

b Average of 368 electron microprobe analyses collected with tleel to 100%; these correction factors were determined by compar-
MIT JEOL electron microprobe, numbers in parentheses represarg analyses of the same set of 8 natural glass chips collected on
1 sigma deviation in terms of least units cited, thus 49.6 (1) shouddch microprobe, and applying corrections for oxides that were 2
be read as 49.60.1 sigma or greater outside of electron microprobe counting statistics
© 70-002 normalized to 100%, excluding MnO ¢ As in b but average of 7 microprobe analyses



Table 2 Experimental condi-

tions and phase assemblages Runno. T°C Logf(O,) Time (hrs) Run products ?ht%/s)e proportion £ R2°
wit%
2004-3-1 50 1223 -8.25 18.6 Gl,plag,ol 97:2:1 0.77
40 1213 -8.36 46.0 Gl,plag,ol 84:12:4 0.70
20 1188 -—8.72 77.8 Gl,plag,ol 70:22:8 1.04
10 1170 —-8.95 164.2 Gl,plag,ol,aug 57:28:13:2 1.11
60 1152 -9.39 170.2 Gl,plag,ol,aug 34:40:14:13 0.94
70 1134 -9.24 166.0 Gl,plag,ol,aug 26:43:14:17 0.69
70-002 110 1160 —8.58 93.5 Gl,plag,ol
120 1152 -9.02 93.5 Gl,plag,ol,aug 48:31:9:12 0.18
130 1140 -9.20 142.3 Gl,plag,ol,aug 41:34:10:15 0.13
140 1128 -9.38 165.0 Gl,plag,ol,aug 25:42:11:22 0.11
67-032 100 1191 -8.52 114.3 Gl,plag,ol
110 1171 -8.58 93.5 Gl,plag,ol,aug 73:20:4:3 0.27
130 1140 -—-9.20 142.3 Gl,plag,ol,aug 48:32:7:13 0.05
140 1128 -9.38 165.0 Gl,plag,ol,aug 40:36:8:16 0.19
150 1110 -—-9.76 269.8 Gl,plag,ol,aug 29:42:9:19 0.51
64-002 100 1190 -8.71 94.5 Gl,plag,ol
110 1160 —-8.95 99.8 Gl,plag,ol,aug 59:28:6:7 0.13
140 1128 -9.40 166.3 Gl,plag,ol,aug 40:36:8:16 0.19
150 1110 -9.66 218.5 Gl,plag,ol,aug 23:47:10:20 0.34
61-002 100 1190 -8.71 94.5 Gl,plag,ol
110 1160 —-8.95 99.8 Gl,plag,ol,aug 80:14:4:2 0.05
130 1140 -9.14 146.5 Gl,plag,ol,aug 64:22:3:11 0.07
140 1128 -9.38 165.0 Gl,plag,ol,aug 48:30:5:15 0.92
150 1110 -9.66 218.5 Gl,plag,ol,aug 35:36:6:22 0.13
@ Abbreviation usedGl glass, RE-46 1150 11225511 _ggg 1366_'52 gl
ol olivin(_a, plag plagioclase, 5 1245 —8.42 6.2 Gl
augaugite . 4 1230 -8.53 23.5 Gl,ol 99:1 1.02
Sum of the residuals 9 1225 -8.44 1215 Gl.plag,ol 93:4:3 0.93
squared for an unweighted 14 1207 —8.48 95.8 Gl,plag,ol 86:8:6 0.19
least squares fit of the run 8 1198 —8.80  164.3 Glplag,ol,aug 71:16:8:4 0.51
product compositions to the 7 1170 -9.31 183.0 Gl,plag,ol,aug 41:31:11:17 0.37

starting composition

(1968) matrix correction with modification of Albee and Rayneous within the precision of the electron microprobe
I(i1?7d0)- ?ﬁ C%mpos'tlons of the phases in the experiments g{falytical technique. Individual augite and plagioclase
stedn fable . analyses often vary outside the practical analytical re-
producibility described above. The presence of sector
zoning and small-scale heterogeneities in composition
are inconsistent with attainment of total equilibrium. To
The experiments described here were all synthesis exp&frieve totally homogeneous phases, the experiments
iments. Reversal experiments were not conducted apg|!d need to have been longer than those carried out
re (up to 270 hours) and this was not practical, because

therefore equilibrium has not been demonstrated wi fact Na | beain t ice th
respect to all possible exchange components. Seve%ner actors (e.g., Na loss) begin to compromise the

lines of observation indicate that the experiments cIos«f(?pe”memal results. Thus, the experiments were run as

P : . ng as practically possible to achieve homogeneous
approached equilibrium. First, the Fe-Mg bearing cry L
talline phases show generally consistent partitioni oducts, but were limited by Na loss from the sample,

with respect to iron and magnesium. The Fe-Mg e ich has the undesirable effect of changing composi-

change distribution coefficients [ (Xe™ - Xy ')/ 1OMS of solid and melt phases.
(Xug™* Xee')] are 0.28£0.01 for olivine-liquid and
0.24+0.02 for augite-liquid. Similarly, the plagioclase
liquid Ca-Na exchange distribution coefficient&xperimental results

[Ko=(Xc" - Xnya'®)/(Knat - XJ')] range from 0.75 to

1.30. The consistent Kvalues are as expected from othThe crystallization sequence for sample RE-46 is olivine
er phase equilibrium studies and provide evidence for followed by plagioclase then augite in at 128§ Fig. 1).
approach to equilibrium. Second, replicate analyses ®&mple ALV-2004-3-1 has olivine and plagioclase as
glasses and olivines show that these phases are homdiggidus phases followed by augite in at 1220 Augite

Attainment of equilibrium
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2004-3-1] [70-002][67-037][64-002][61-002][RE-46] analog system for studying partial melting and crystal
1250 . : : : : fractionation (Presnall et al. 1978; Libourel et al. 1989).
H liq = In the natural system at least four more components:
B ligol 2! FeO, NgO, TiO, and KO, are required to describe the
= M lig-ol-plag = compositional variations. Shi and Libourel (1991) car-
= B lig-ol-plag-cpx - ried out experiments in the CMASFeO system at
~ 1200} E . 0.001 kbar to investigate the effects of FeO. Shi (1992)
3 - "= m = developed empirical equations to describe the composi-
g r tions of ol-plag-aug saturated melts in the CMABeO
g | | | system at 0.001 kbar (thermodynamic variange;2).
é s [ . He used temperature and Si molar fraction in mxlt;(in
2 psof BB . later discussioiX denotes molar fraction of the oxide) as
. . F two independent variables to describe the molar fractions
B FEF EF F of Al, Ca, Fe and Mg Xy, Xca Xee andXy,,) in melts
saturated with ol-plag-aug. In order to evaluate the ef-
[ | [ | 1 fects of NgO, TiO, and K,O on ol-plag-aug saturated
1100 L . ' . . : melts, we used the equations of Shi (1992) to predict the

Fig. 1 Th lizati ¢ . 0.001 I(bcompositions of melts in experiments in the
'9.1 The crystallization sequence of experiments at 0. EMAS+FeO+Na,0 and natural systems. The data set
used for evaluation is listed in Table 4 and includes exper-
begins to crystallize in addition to olivine and plagiolments performed at 0.001 kbar. The comparisons be-
clase over the temperature interval of 1170-FCs5t tween observed melt compositions and melt composi-
the other four starting compositions. The higher ol-pla#ns predicted from the equations of Shi (1992) are
saturation temperature for RE-46 is a result of its high€Pown in Fig. 2. Predicted melt compositions have higher

CaO/AlLO, ratio. Composition RE-46 also has a higheXre @3NdXc,, and lowerX,, than observed compositions.

ol-plag-aug saturation temperature than the other coftedictions foiX,,, are good for high-Mg melts but more
positions (Fig. 1). scattered for low-Mg melts which contain greater abun-

dances of NgO, TiO, and K,O.
The differences between observed compositions and

Discussion those predicted from the equations of Shi (1992) are at-
tributed to the effects of the minor components present

Prediction of ol-plag-aug saturated melts in the natural system but not in CMAS-eO. Because
Na is the most abundant of the minor components in our

Effects of NgO data set [1.32 8.43 wt%, excluding the experiments on

lunar samples (Grove and Vaniman 1978)], we ploj®a
Since 85~90% of the chemical constituents in basaltwt% against the differences between predicted and ob-
are contained in the CMAS system, it constitutes a gogdrved melt compositions (i.eAAl=predictedX,, - ob-

Table 4 Data used in OPAM

modeling Source System P (kbar) T (°C) No. of experiment
Grove et al. 1992 Natural 0.001 1161 1
2 1126-1163 5
8 1210-1265 10
10 1235-1250 2
Tormey et al. 1987 Natural 0.001 1152-1171 7
Grove and Bryan 1983 Natural 0.001 1137-1193 22
Grove et al. 1990 Natural 0.001 1108-1152 4
8 1189 1
Juster et al. 1989 Natural 0.001 1150-1180 4
Grove and Vaniman 1978  Natural 0.001 1099-1155 4
Baker and Eggler 1987 Natural 0.001 1100-1175 6
8 1200-1250 4
2 1020-1060 3
Walker et al. 1979 Natural 0.001 1085-1235 11
Bender et al. 1978 Natural 8 1250 1
Sack et al. 1987 Natural 0.001 1064-1176 20
This study Natural 0.001 1110-1171 16
Presnall et al. 1978 CMAS 0.001 1266-1272 2
Libourel et al. 1989 CMAS 0.001 1244-1275 24
Shi and Libourel 1991 CMAS$FeO 0.001 1160-1220 27

Shi 1993 CMASHFeO+Na,O 0.001 1100 16
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Fig. 2 Observed ol-plag-aug
saturated melt compositions
versus those predicted from
Shi’s equations (1992). The
solid linesindicate observed
=predicted compositions
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Legend

simple system natural system

O Shi, 1993 % this study Grove et al, 1990

8 Shi and Libourel, 1991 8 Baker and Eggler, 1987 Juster and Grove, 1989
+ Libourel et al., 1989 & Sack etal., 1987 ° Tormey et al., 1987

= Presnall et al., 1979 x Grove and Vaniman, 1978 Grove and Bryan, 1983

Walker et al., 1979

servedX,,). The NgO correlates witi\Al, ACa andAFe is that experiments on alkalic compositions (open trian-
(Fig. 3). Differences increase as Jaabundance in the gles) and tholeiitic compositions (stars and open dia-
melt increases. Based on Fig. 3, the addition of®la monds) do not show the systematic variation as defined
increases Al and decreases Ca and Fe relative to theNaO versusAAl, ACa andAFe. For example, the
Na,O-free system. The behavior is consistent with thdifferences between predicted and observed Al, Ca and
experimental results of Biggar and Humphries (1981Fe increase as N@ abundance increases from tholeiitic
They showed that an increase in the abundance gbNao alkalic compositions. In contrast, there is no systemat-
moves ol-plag-aug saturated melt compositions towaridsNa,O-AMg variation from tholeiitic to alkalic compo-
the plagioclase apex of the forsterite-diopside-plagisitions.

clase pseudoternary in the forsterite-diopside-anorthite-

albite system. Shifting ol-plag-aug saturated melt com-

positions towards the plagioclase apex causes increa€esmbined effects of Tiland K,O

in the Al and Si abundances and decreases in the Fe, Ca

and Mg abundances in the melt. However, this plagid-he combined effects of other minor components on ol-
clase effect is difficult to reconcile with the lack ofplag-aug saturated melts can be evaluated by comparing
Na,O-AMg correlation for the experiments of Shi (1993ACa, AFe, AMg and AAl between the natural and
for which NgO is the only additional component. The&CMAS+FeO+Na,O systems again using the equations
Shi (1993) experiments were carried out at a constarftShi (1992). In Fig. 3 at a given N@ content, experi-
temperature, 110C, and thus temperature may be exemental melts of natural compositions (symbols other
cising an important control on the Ma-AMg systemat- than open circle) have larger magnitudesAfia, AFe

ics. Another striking feature of th&Mg-Na,O variation andAAlthan melts of CMAS-FeO+Na,O compositions



Fig. 3 Differences between 0.00 5 T T T 0.10 T T —
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the other symbols including Na,O Nay0
experiments in the natural sys-
tem
03 . . T T 0.04 T r T T
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(open circles). These differences can be inferred to rempositions as functions of pressure, and bulk compo-
flect the combined effects of other minor componentsition by multiple regression. This data set (Table 4) cov-
As Ti,0 and KO are the next most abundant componené&s nepheline- and hypersthene-normative compositions,
after NgO, the discrepancies afCa, AFe andAAl be- and its compositional ranges are: MfMg/(Mg+Fe)]
tween the natural and CMASFeO+Na,0 systems are = 0.15~1, NaO: 0~8.43 wit%, SiQ = 38.59
attributed to the combined effects of these two elements 63.41 wt%, TiQ = 0~5.63 wt%, KO = 0~5.45wt%
As Fig. 3 shows, the combined effects of@iand KO and pressure ranges from 0.001 to 10 kbar. Eight compo-
on Ca, Fe and Al abundances in ol-plag-aug saturateents: SiQ, TiO,, Al,O; FeO, MgO, CaO, N® and
melts are similar to those of N@, since the addition of K,O; are sufficient to describe melt compositions. The
TiO, and KO increases the magnitudesAfa,AFe and variance of a 4-phase equilibrium in an 8-component
AAl. This analysis does not, however, allow us to distirsystem is 6 f=C+2-¢=8+2—-4=6; F is the varianceC
guish between the individual effects of Ti@nd K,O. is the number of components ardis the number of
phases). To evaluate the effects of pressure and minor
components on major components, presskge, Xx and
Estimating the compositions X+ are chosen as independent variables. Two more inde-
of ol-plag-aug saturated melts pendent variables are required. Least squares multiple
linear regression analysis was used to obtain equations
As discussed above, variations in the abundances of itfiat combineXg; and X, with Xy, Xk, X1; and pressure to
nor components such as )@ TiO, and KO have sys- predictX,;, Xc» Xug and temperature. Using 190 experi-
tematic effects on the compositions of natural systemental constraints, the coefficients for the independent
melts saturated with ol-plag-aug, relative to melts satuariables listed in Table 5 provide the best fits describing
rated with this same mineral assemblage in compositiods, (Eq. 1), Xz, (Eg. 2), Xug (EQ. 3) and temperature
ally less complex systems. We developed equations bagEd. 4). Pressure is in kbar and temperature ROnThe
on experiments in both the natural and the simple syglues in parentheses are the standard errors of the coef-
tems to describe the compositions of ol-plag-aug saturétients. The ratio of a coefficient and its standard error
ed melts. Data from high pressure experiments (Grove(evalue) gives the degree of significance of its corre-
al. 1992; Grove et al. 1990; Baker and Eggler 1987; Besponding variable. The higher the absoltstalue is, the
der et al. 1978) were also included in the data set toore significant the variable. For example, the absolute
parameterize equations for ol-plag-aug saturated meitalue ofX, in Eq. 1 (Table 5) is 17.3 and removing the
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Table 5 Coefficients of independent variables for describXg, X., Xug andT in ol-plag-aug saturated melt

Eq. no. Constant P Xna X Ko Xeo Xsi (Xsi)? Xs*Xri R
1 Xai 0.236 0.00218 0.109 0.593 -0.350 -0.299 -0.130 0.0 0.0 0.937
(0.005) (0.00016)  (0.014) (0.034) (0.043) (0.008) (0.011)
2 Xca 1.133 -0.00339 -0.569 -0.776 —0.672 —0.214 -3.355 2.830 0.0 0.982
(0.047) (0.00021) (0.018) (0.046) (0.061) (0.010) (0.197) (0.206)
3 Xwg -0.277 0.00114 -0.543 —0.947 -0.117 —0.490 2.086 —2.400 0.0 0.989
(0.031) (0.00014) (0.012) (0.030) (0.040) (0.007) (0.131) (0.137)
4 T 581.7 5.858 —-691.0 —848.9 11492 3114 -574.3 —-3529 25679 0.937
(99.5) (0.436) (39.2) (96.1) (1582) (416) (21.7) (433) (3352)
Fig. 4 Observed compositions ' ' : = 03[ : :
and temperature versus those 5 i L] g I
predicted from Egs. 1-4. Data & % R /C s | 3
source is listed in Table 4. = ) a g L A
Symbols for 0.001 kbar exper- 2 o S o B oaf .
iments are the same as Fig. 2. & , 4| Ry 4 = 7 "
High pressure experiments of 5 n B N ks o
Grove et al. (1992)diamong g o g I s 489
and Baker and Eggler (1987) = & S ik 5 i
(square with slashare includ- < o2} o 1 3 |
ed. Thesolid squareis the = x =
8 kbar experiment of Bender 3 x 3
et al. (1978). Thalashed lines § B [
in temperature plot indicate 0.08 S — 0.0 S——
region wherein the data are fit 0.08 0.12 016 0-20 00 01 02 03
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X, term from Eq. 1 decreases the square of the correlg: on X, Xy andX,, are the same as that ¥f,, and the
tion coefficient %) from 0.937 to 0.835. In our equa-effects ofX;; are to decreask,, andX., The effect of
tions most of the variables have absoltit@lues greater X;; on X,, cannot be predicted from Eq. 3, because the
than 10. The predicted temperatures are withiB0°C  absolutet-value of X;; is 2.925 which means that;; is
of the experimental temperatures for 170 experimentasignificant. Removing;; from Eq. 3 only slightly de-
Fifteen exceed+20°C but are less thant30°C. Five crease$? (from 0.989 to 0.987). In order to better eval-
uate the effect oKy; on Xy,,, we tested combinations of
As Egs. 1-3 (Table 5) are first degree polynomials faither independent variables to predigt, that give more
P, Xya Xk and Xy, the individual effects of these inde-significant t-value &5.8) for X;;. Although these efforts
pendent variables on dependent variables can be prediet to equations with slightly lovi®?, all predict that in-
ed from the sign of the coefficient of that independemtreasingXy; will increaseX,,, if other independent vari-
variable. For example, X, Xy;, Xs;, Xce@andP are fixed, ables are fixed. Therefore, the effect Xf; on X, is
increasingXy, will decreaseX., and X,, but increase opposite to that o, and X.. The overall effects of
Xai- Following this approach, we infer that the effects dhcreasing the abundance ¥f; are to increas, but

exceed+ 30°C (Fig. 4).
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decreaseX,, and X, These effects tend to move melimelt may have coexisted with olivine, plagioclase and
compositions away from the plagioclase apex. In suraugite from the melt composition. Sample VG-360, in-
mary, the effects 0Xy, andX, counterbalance the effectferred to have been on the ol-plag-aug cotectic at 4 kbar
of Xy; onXyg. This may explain the success of the simpléGataeni et al. 1995), is taken as an example. XheX,,
system equation (Shi 1992) in predictiXg, (Fig. 2) for andX,,, predicted for VG-360 from Eqgs. 1-3 at various
natural system data even though they did not consider ghressures were combined with other observed compo-
effects ofXy, Xk andXq,. nents and recalculated into normative oxygen unit com-
ponents (Grove etal. 1993). A series of “predicted” com-
positions were projected from plagioclase onto the ol-
cpx-qtz plane. Comparison between the observed com-
position and the predicted melts indicates that the best fit

In applying the technique described below for therm is at 4 kbar (Fig. 5). Projections from ol, cpx and qtz also

. , ive best fits at 4 kbar implying that VG-360 may have
barometric purposes or to model MORB fractional crys:
tallization, it is necessary to correct basalt compositio en ol-plag-aug saturated at 4 kbar. Thus, the method

formerlaboratory analyca diferences. Anaycal i s e 'S SUES & Smirresut ot otained by
abortoies tat commorly provide anayses o NORBL1S 11518 MEIE 1T el 1 00, 40 Aoy
2 merisboratorycompatison s been made (ReinofiborC (Gactani et 1958) Another example shown
Washington, Lamont iDoherty and University of HawaiiF'g' 5is RE-46, a starting composition in this study. Our

Itis the practice in our laboratory to correct microprob :Zg;ﬂgg 'If] fﬁgsgﬂedm \)lvvf:tl?:hthsel’l Oe\;/(ﬂﬁra'[nggtﬂg?: l;\lgst
data obtained elsewhere to an MIT reference bef y

making thermobarometric or modeling analyses (s -plag-aug saturated at 0.001 kbar. The third example is

.Ihe composition of the glassy matrix of SU-46-66, a

Table :Ih) Althougrr]]Gg)vg ﬁt aI._ (1932) nde_glecteddtq di dgedptholeiite from gt;he eyast rift of Mauna Kea
cuss this issue, the Smithsonian data discussed in t - : . ¢

' . : . aii. Predicted and observed normative oxygen unit
paper was corrected before plotting and estimation 19 mponents match very well at 0.001 kbar Sa>|ir?ple SU-
crystallization pressure. Failure to do so can result 66 contains crvstals of oIiv'ine la 'ioclase and
significant errors, and is most commonly evident as a ite y » Plag
discrepancy in the pressures estimated from the differéitd"e:
equations.

The equations presented in Table 5 can be usedaF; — . N

estimate the temperature and pressure at which a bas It?i)(édICtIng fractional crystallization paths

Melt composition as a thermobarometer

[

The equations presented in Table 5 track the position of
the OPAM boundary in pressure, temperature and com-
position space as fractional crystallization of a basaltic
magma proceeds and therefore provide the basis for a
predicted model of fractional crystallization. Grove et al. (1992)
0B kbas predicted the ol-plag-aug-low Ca pyroxene-melt
(OPALM) point with the equations of Kinzler and Grove
(1992), and then extended a straight line from the pre-
dicted OPALM point towards the OI-Cpx sideline in the
olivine-clinopyroxene-quartz  (OI-Cpx-Qtz) pseu-
doternary with a slope parallel to the experimentally de-
termined OPAM boundary of ALV-1690-20 at
0.001 kbar. This was a simplification of more complex
relations that are sensitive to both composition and pres-
sure. In this paper the OPAM boundary is modeled as a
01(0.7) 0tz (0.5) function of both bulk composition and pressure. Miner-
_ o _ o al-melt equilibrium expressions for ol, plag and aug are
Fig. 5 Prediction of pressures at which melts coexist with °|'pIaQ’equired in order to calculate fractionation paths for

aug.Solid symbolsare observed composition®pen symbolsre . . S
compositions predicted from Eqs. 1-3 at various pressures. ForGFItS that will saturate with some combinations of these

three samples the first predicted composition is at 0.001 kbaRineral phases. As both pressure and system composi-
then, 1 kbar, 2 kbar, 3 kbar and so on. The best fits betwetion may change as fractionation proceeds, these miner-

Cs’bAsig’%%ar\‘/degeedc;Cte%Cg’g%%smo”s are atlo-%%l’ Aé' and 9 kbardprmelt equilibrium expressions need to incorporate the
-40- s - an - , respectively. e sigma errqr e
ellipse EMP error) is calculated as standard deviation of the mea&omrOIS of both pressure and system composition on the

of replicate electron microprobe analyses of ALV-1690-20 star@omeSitionS of ol, plag and aug that crystallize from
ing composition (Grove et al. 1992) basaltic melts.

Cpx (0.8)
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Based on experimental results, the geometric relation Cpx
between the OPALM, OPAM and ol-plag-melt (OPM) A
boundaries was simplified by Grove et al. (1992) in the
following way. For a given pressure and bulk composi-
tion, the OPAM boundary projects as a line terminated by
the OPALM point in the OI-Cpx-Qtz pseudoternary
(Fig. 6a). In the olivine-plagioclase-clinopyroxene (Ol-
Plag-Cpx) pseudoternary, the OPAM line collapses as a
point overlapping with the OPALM point forming the end
point of the OPM boundary (Fig. 6b). The OPM
boundary projects as a line perpendicular to the Ol-Plag
sideline (Fig. 6b). We will use these geometric relations ol Qtz
to predict fractionation paths. The OI-Cpx-Qtz pseu-
doternary is chosen to demonstrate the OPAM boundary
since the OPAM boundary appears as a prominent fea- Cpx
ture in this projection. In the following section we pro- B
vide a method for predicting ol-plag-aug fractionation
paths as functions of pressure and system composition.

7

Predicted
OPAM

\

Predicted
OPALM

Predicted

Olivine fractionation OPALM and OPAM

For MORB the most common fractionation sequence at
low pressure is olivine followed by olivine-plagioclase
then olivine-plagioclase-augite. A typical primitive
MORB composition lies in the olivine primary phase lig-
uidus volume. Therefore, olivine is the liquidus phase. In
each fractionation step, the olivine composition can b®y. 6 A B Simplified geometric relation between the OPALM,
calculated from the melt composition and the olivine-lig@PAM and OPM boundaries by Grove et al. (1992). The OPALM

i - iatri i irian#S predicted with the equations of Kinzler and Grove (1992). In
uid Fe-Mg _exchange distribution CoeffICIeniOI-Cpx-Qtz pseudoternaryA), OPAM is a line extended from

[KD=0'30i0'03]'_Th'S exchange Kis ConStar_]t over t,he OPALM towards OI-Cpx sideline with a slope parallel to the ex-
range of compositions and pressures considered in thigimentally determined OPAM of ALV-1690-20 at 0.001 kbar.
study (Roeder and Emslie 1970; Gee and Sack 1988;0l-Cpx-Plag pseudoternaryB], OPAM plots as a point and
Ulmer 1989). Fractionation of olivine alone proceeds ui§verlaps with OPALM. The OPM is a line extended from OPAM
til the melt composition reaches the ol-plag boundary. /S0 OPALM) perpendicular to Ol-Plag sideline

Predicted OPM

Ol Plag

Olivine-plagioclase fractionation (Table 5), combined with other components and recalcu-

. . - . lated to form a “predicted path” of ol-plag-aug saturated
Plagioclase joins olivine as a crystallizing phase whepg|t compositions in the OI-Cpx-Qtz pseudoternary.

the melt composition reaches the OPM boundary. In thgnhen the “predicted” composition for the ol-plag-aug
Ol-Plag-Cpx pseudoternary the OPM boundary is €Xatyrated melt matches the “modeled” composition of
tended from the OPALM point, which is predicted frompe o|-plag saturated melt (i.e., the intersection of “mod-
the equations of Kinzler and Grove (1992). The intersegpe - ol-plag fractionation path and “predicted path”,
tion of the OI-Plag sideline and the OPM boundary givesy 7)"augite joins the fractionating assemblage of the
the relative proportions of olivine and plagioclase in thg,qgejed melt. Henceforth, the fractionation assemblage
fractionating assemblage. The predicted OPM boundatyntains three phases: ol, plag and aug. As an example,
shifts slightly as melt composition changes and thge first ol-plag-aug saturated melts at various pressures
_boundary is recalcu_lated ateach increment b_y recalculg];—e shown in Fig. 7 along with “modeled” and “predict-
ing the OPALM point for the fractionated liquid. Thegq» haths using the most primitive glass recovered from

result is that the o_Ii_vin_e propor_tions vary in arar_]gefror{he east flank of the overlapping spreading center at
30~ 26 wt%. Equilibrium plagioclase compositions arg 1o45'N on the EPR. ALV-2004-3-1.

calculated using the composition and pressure dependent
expressions for plag-melt equilibrium of Grove et al.

(1992). Predicting augite compositions

Determining melt composition for augite saturation ~Augite composition is required in order to model crystal-
lization along the OPAM boundary. We have chosen to

For each increment in the “modeled” ol-plag fractionanodel experimentally produced augite compositions
tion path,X., X, andXy, were predicted by Egs. 1-3empirically, because none of the published models ade-
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Fig. 7 Prediction of the first ol-plag-aug saturated melt evolving
from sample ALV-2004-3-1 at 0.001, 2 and 5 kbar. Modeled resid-
ual fractionation path and predicted path are described in text. The
intersections of modeled residual fractionation path and predicted
path indicate melt compositions first saturated with ol-plag-aug at
various pressures. THeMP error ellipseis described in Fig. 5

quately reproduce natural system augites (Nielsen et al.
1988; Sack and Carmichael 1984; Shi 1993). We limited
our calibration data set to include only augite composi-
tions that coexist with ol-plag-aug saturated melts. The
data set for regression includes experiments on natural
samples over the pressure range from 0.001 to 10 kbar
(Table 4). Augite composition was parameterized in
terms of the composition of its coexisting melt, tempera-
ture and pressure. Combinations of independent vari-
ables that yield the best fits to 102 experimental augites
are provided in Table 6. Thé-. andXy,, were combined

as one dependent variabkse v, for regression. Thi.,
andXy, were then determined from the augite-melt Fe-
Mg exchange K. The experimentally determined,Ks
0.24 at 0.001 kbar (this study) and 0.27 at B0 kbar
(Grove etal. 1992). ThX¥,, in augite (Eq. 10) is calculat-

ed from the other components in augite.

Olivine-plagioclase-augite fractionation

In addition to mineral compositions, phase proportions
are also required to constrain crystallization along the
OPAM boundary. Recognizing that the OPAM boundary,
as simplified by Grove et al. (1992), projects to a point in
the OI-Plag-Cpx pseudoternary and assuming that the
OPAM boundary is linear in composition space, one ap-
proach is to obtain the proportions of ol-plag-aug in the
crystallizing assemblage from the position of this point,
relative to the projected positions of the three crystalliz-
ing phases in an oxygen-normalized projection. The pre-
dicted first ol-plag-aug saturated melt gives the ol-plag-
aug proportions for the first increment of ol-plag-aug
fractionation. After removing this increment, the residu-
al melt composition is projected again onto the OI-Plag-
Cpx pseudoternary, the composition of the coexisting
augite is determined and the proportions of crystallizing

Table 6 Coefficients of independent variables for describing augite compositions coexisting with olivine, plagioclase and a basaltic melt. Independent variables in Eqs. 5-9 are melt

components whereas those in Eg. 10 are augite components calculated from Eqs. 5-9. The values in parentheses are the standard errors of the coefficients.

XFe ng XCa XNa

Xai

P

Constant

Eqg. no.

0.873

0.446
(0.057)

0.446
(0.057)

(0.086)

1.624

~0.953
(0.075)

—0.832
(0.047)

-0.617
(0.077)

0

25.043
(1.473)

Xca“9

5

0.878

0

1.171 —1.058
(0.100)

1.089
(0.067) (0.071)

0.385
(0.103)

0

0.504
(0.044)

-11.051
(4.304)

XMgFerus

0.904
(0.0114)

0.0426

0.0426
(0.0114)

0.0225
(0.0149)

0

0.0339
(0.0064)

0.108
(0.021)

0.320
(0.023)

0

0.001052
(0.00043)

(0.0059)

—0.0217

~3.612
(0.557)

XTiave

0.826

0 0.082 0
- (0.007) -

~0.0202
(0.0092)

0

0.00221
(0.00040)

0

—2.296
(0.384)

XNa*o

0.803

~0.418 0
(0.190)  (0.136)

—0.706

0

-1.374 -1.582 -0.533
(0.144)  (0.253)  (0.210)  (0.120)

-0.310

~0.0111
(0.005)

0.204
(0.046)

116.08
(17.78)

XSipue

-0.799 0 -1.022 —0.998 -1.015 —0.932 0 0.998

98.236 0 —0.964

XAlau9

10

(0.017)  (0.014)  (0.059)

(0.016)

(0.045)

(0.015)

(0.690)

13
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phases are estimated for the next fractionation incremenhen it coincides with the OPALM point. The OPAM
In each fractionation incremerX., X, and Xy, of boundary modeled from an experimentally produced ol-
residual melt are predicted by Egs. 1-3, then combinpthg-aug saturated melt, ALV-2004-3-1-10, is shown in
with other modeled components to recalculate into prBig. 8 with that predicted from the method of Grove et al.
dicted compositions. The “predicted” and “residual{1992). Our new model provides a better fit to the exper-
compositions should match well for a self-consistemnientally determined OPAM boundary than the previous
model of ol-plag-aug crystallization along the OPAMnodel (Grove et al. 1992).

boundary, however, this was not always the case. The

difference arises because the tangent of a point on the

OPAM curve in the OI-Plag-Cpx-Qtz pseudoquaternai§omparison of predicted fractional crystallization

does not intersect the Ol-Plag-Cpx pseudoternary in teequences (FCS)

same place as the projection of that point and the posi-

tions of tangent intersection changes as melts progr&ds carried out fractional crystallization models using
along the OPAM boundary. In other words the OPAMomposition ALV-2004-3-1, a high-MgO glass from
boundary is curved. Therefore, to obtain the proportiofsast Pacific Rise (EPR). This composition was used for
of ol-plag-aug crystallizing along the OPAM boundary

we used an iterative technique. An initial estimate of

ol-plag-aug proportions is chosen using the estimates of ~ 0.001kb ExP  YKG LR COMAG  MELTS

Grove et al. (1992). The compositions of residual melts g5 7 675 86 ge '78 85 ' 78
. . . 569 30570 26574
are compared to predicted melts that are obtained using 9.0 26m™ % mmld 1
this first estimate of phase proportions. The proportions o 7
of ol, plag and aug are then varied until the difference %E?% 15546
between the predicted and residual compositions is mini- 8.0 46 .
mized. The OPALM pointis also predicted for each frac- o o B2 D1
tionation increment. The OPAM boundary terminates % T g0 U oS
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Fig. 8 Predicting OPAM boundary from an experimentally pro- 68 28
duced ol-plag-aug saturated melt, ALV-2004-3-1-10 at " . 48
0.001 kbar. Each increment is 1 wt% fractionation. Methods for 43 65 56 =}
h . . VIS > 14 gg50 1021
modeling are described in texdpen squareform the “residual 50t N . 2 22 4
ol-plag-aug fractionation pathCrossesform the “predicted” 36

OPAM path andpen circleform the predicted OPALM path (see

text for discussion)Open diamondsire the augite compositionsFig. 9 Comparison of predicted phase appearances with observed
predicted from the coexisting residual ol-plag-aug saturated melphase appearance for ALV-2004-3-1. Data for ALV-2004-3-1 are
Solid trianglesandsquaresare experimentally produced ol-plag-derived from Tables 2 and 3 and inferred from an 8 kbar experi-
aug saturated melts and coexisting augites. The proportionsnoént in Grove et al. (1992). For models and experiments the satu-
ol-plag-aug in fractionating assemblage are 0.08-0.45-0.47 whigtting phases are shown using the same symbols used in Fig. 1 with
minimize the difference between the residual and predicted patkise exception ofower right boxesn MELTS (opx) and COMAG
Arrows indicate the directions of fractionation. The Ol-plag-augspinel).Numbersnext to each phase are the composition {op
fractionation terminates when the difference between residuab of ol, An content of plag or MgO wt% of pyroxene) and the
melt and predicted OPALM is minimum. THEMP error ellipseis  weight fraction in crystallizing assemblagee{ow). The MgO on
described in Fig. 5. Théashed lineis the OPAM boundary pre- vertical axis represents the MgO content of the experimental or
dicted by the method of Grove et al. (1992) predicted liquid
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Fig. 10 Fractional crystalliza- SLS T T T RGO
tion sequences starting from NG L
ALV-2004-3-1 calculated by [ DD““DDE,D I :,E]I{(_Go' 301?]?{,3,

the models of YKG (this pa- stof o, 1 o LR - 4 kbar

per), LR (Langmuir et al. )" N — COMAG - 0.001 kbar
1992, modified by Reynolds - 2 I 2, —COMAG- 4 kbar
1995), COMAG (Ariskin et al. S sosk AAA A ]l 2 Fo~%y, 0% A MELTS - 0.001 kbar
1993) and MELTS (Ghiorso % o “ =

and Sack 1995). In YKG each
increment is 1 wt% while in
LR, COMAG and MELTS each
increment is 2C

CaO
AL,

TiO,
Na20

the experimental study, and some aspects of thesents on ALV-2004-3-1 are not comparable, and only
isothermal experiments can directly be compared withe models will be compared.

the FCS models. The models were calculated at 0.001The 0.001 kbar crystallization sequences predicted
and 4 kbar, and include: the model presented in this gaem YKG, LR, COMAG and MELTS are illustrated in
per (YKG), Langmuir et al. (1992) (with modificationsFig. 9. Sample ALV-2004-3-1 has bplag on the lig-

by Reynolds 1995, referred as LR), Ariskin et al. (1993iidus and YKG and COMAG also predict these as lig-
COMAG) and Ghiorso and Sack (1995, MELTS). In eachidus phases. The models MELTS (not shown in Fig. 9,
model fractional crystallization began at the liquidus arsecause temperature interval is small) and LR predict ol
ceased at 5.00 wt% MgO. Results are summarizedads a liquidus phase. Models YKG, LR and COMAG pre-
Figs. 9, 10 and Table 7. First we compare the phase alict that augite joins the fractionating assemblage when
pearance sequence and proportions of near liquidesidual melt evolves to 7.24, 7.46 and 7.16 wt% MgO,
phases. In the case of basalt melts that are near muléspectively. However, MELTS predicts that augite crys-
phase saturation on their liquidi (ol-plag and ol-plag-augllizes at 8.39 wt% MgO and orthopyroxene crystallizes
in the case of ALV-2004-3-1) the differences betweeat 6.07 wt% MgO. In contrast to the prediction of
isothermal mineral phase appearance compositions aBELTS, orthopyroxene is not observed in the experi-
proportions and those that occur during fractional crysients, nor is it a stable phase on the FCS calculated by
tallization are small, so a comparison with the exper¥KG, LR and COMAG. Similarly, magnetite is not sta-
mental data is justified. Second, we compare experimebie, but is predicted by COMAG. In summary, the early
tally produced mineral compositions in an ol-plag-augrystallization sequence predicted by MELTS, YKG, LR
saturated melt with the phase compositions predicted fond COMAG are generally similar to the experimentally
that liquid by the models. Third, we compare the liquidetermined crystallization sequence, but there are some
compositional variations followed during the fractionadlifferences in later phase appearances. At 4 kbar, YKG
crystallization. In this instance, the isothermal experpredicts that ol and plag are liquidus phases, and the
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Table 7 Predicted mineral compositions in equilibrium with aflMELTS) (Table 7). Compared to those predicted by

experimentally produced ol-plag-aug saturated melt, ALV-2004¢K G and LR, the augite composition at 0.001 kbar mod-
3-1-60. YKG, LR and MELTS indicate compositions predlcte%

from the method presented in this study and those of Langm l.ed by. MELTS has higher AD, and.FeO’ and Iower.

etal. (1992) (with modification by Reynolds, 1995), and Ghiors®1Oz TiO,, and CaO (Table 7). Plagioclase and augite
and Sack (1995 XPindicates experimentally determined minercompositions calculated by YKG fall between those pre-
al composition in equilibrium with ALV-2004-3-1-60 at 0.001djcted by LR and MELTS and are closer to experimental

kbar (this study) results (Table 7).

EXP YKG LR MELTS The FCS predicted from YKG, LR, COMAG and

MELTS at 0.001 and 4 kbar are compared in Fig. 10. The
Fo 75.2 74.1 74.1 different slopes defined by ol-plag saturated melts in the
2” , 66.1 67.8 71.3 62.0 MgO-Al,O, and MgO-SiQ plot reflect the slight differ-
S%"te 518 52 02 52 52 51.06 ences in the ol-plag proportions predicted by the four
Tio., 0.94 0.99 1.00 0.72 models. More significant differences exist between the
AlLO, 2.46 2.78 2.59 4.15 ol-plag-aug saturated compositions predicted by each
FeO 7.94 8.00 7.61 10.05 model. The early appearance of augite in the FCS pre-
'\C"go 16.4 16.77 15.30 16.76 dicted by MELTS causes low CaO in residual melts
a0 19.8 19.17 20.67 16.98 , . .

Na,0 0.26 0.25 0.31 0.28 (Fig. 10). The high TiQin ol-plag-aug saturated melts

modeled by MELTS is due to the low Tiontents in
augite predicted by MELTS. In general, the FCS calcu-
lated from MELTS at 0.001 kbar differs significantly
residual liquid becomes augite saturated at 8.20 wi¥om those calculated from YKG, LR and COMAG. Ata
MgO. Model LR predicts olivine as the liquidus phasgiven MgO content YKG, COMAG and LR predict lower
(not shown in Fig. 9) followed by plagioclase after’®€4 SiO, and CaO, and higher FeO at 4 kbar relative to their
interval and augite appears at 8.39 wt% MgO. Modeéspective 0.001 kbar FCS. The V-shaped pattern pro-
COMAG predicts ol+plag as the liquidus assemblagejuced by COMAG at 0.001 and 4 kbar is caused by the
augite crystallizes at 7.9 wt% MgO and magnetite apppearance of magnetite as a crystallizing phase. Model
pears at 6.29% MgO. The crystallization sequenddr predicts higher NgD contents in augite at 4 kbar
predicted by MELTS at 4 kbar is awguugtplag— causing NgO in residual melts to increase less steeply
augtplagt+opx—augt+plagt+opx+sp. From the experi- (Fig. 10) relative to YKG and COMAG.
ments of Grove et al. (1992), ALV-2004-3-1 is inferred
to saturate with otplag+aug on its 8 kbar liquidus.
Thus, MELTS predictions that augite is on the liquidu ]
and that olivine is absent as a crystallizing phase ara2sses from EPR:
incorrect. For this reason, the FCS modeled by MELTS &f €xample of fractionation at 2 kbar
4 kbar is not considered in the following discussion. In
summary, the crystallization sequences at 4 kbar prediG@lasses were collected with the submersible ALVIN
ed by YKG, LR and COMAG are generally similar androm the east limb of the overlapping spreading center at
they differ from that predicted by MELTS. 11°45'N on the EPR. Most of the samples have MgO
The ol:plag proportions predicted from the four modranging from 6~ 7%. Detailed sampling localities and
els are slightly different, but close to the proportionsajor element chemistry are described by Thompson et
measured in ALV-2004-3-1 (Fig. 9). The MELTS estial. (1989). The data presented in Fig. 11 are from the
mate is identical to that in the experiment, and the LRIT electron microprobe (Kinzler 1991), and therefore
estimate is 6 wt% higher in olivine. The ol:plag:aug praare not corrected for interlaboratory bias. In the OI-Cpx-
portions at the first appearance of aug in ALV-2004-3-Qtz pseudoternary most of the dredged glasses form a
are 4:50:46. The COMAG estimate (6:50:44) comeaherent trend parallel to but offset towards olivine from
closest at 0.001 kbar to the values measured in tthe 0.001 kbar OPAM boundary defined by experimental
isothermal experiment. data. Some glasses deviate from the coherent trend and
To compare the compositions of minerals that eagtot even farther towards the olivine corner. These are
model predicts as crystallizing phases we chose an @otential parental compositions for glasses that fall on
perimental liquid, ALV-2004-3-1-60, produced athe trend paralleling the 0.001 kbar OPAM boundary.
0.001 kbar and saturated with ol, plag and aug (Table 3he first ol-plag-aug saturated melts predicted from 4
Models YKG and LR predict ol, plag and aug as saturapotential parental compositions at 2 kbar lie on the trend
ing phases. The MELTS and COMAG do not prediaefined by most glasses (solid squares, Fig. 11). There-
olivine as one of the saturating phases for the ALMere, the trend defined by most of the glasses can be
2004-3-1-60 liquid. The model MELTS predicts atg explained by magmas evolving from different parents to
plag and COMAG predicts orthopyroxene as the saturalfie onset of ol-plag-aug crystallization at 2 kbar, and
ing phase. Models YKG and LR predict the same olivingaus imply significant evolution by crystallization pro-
compositions (Table 7). Predicted anorthite (An) corcesses at the base of the oceanic crust on this segment of
tents in plagioclase are 0.68 (YKG), 0.71 (LR) and 0.6the EPR.
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