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Abstract

High-pressure phase equilibria studies on a high-MgO basalt from the Tortuga ophiolite
complex indicate that olivine + orthopyroxene * clinopyroxene + garnet are its liquidus
phases at 25 kbars. At l0 to 20 kbars, olivine is the liquidus phase and is followed by spinel,
clinopyroxene, and orthopyroxene as temperature decreases. At <10 kbars, the order of
crystalization is olivine, spinel, plagioclase, clinopyroxene, and orthopyroxene.

The high-pressure phase equilibria determined in this study, supplemented with the
results obtained on other tholeiitic basalt compositions, are used to construct pseudo-
liquidus phase diagrams for evaluating and predicting the nature of primary magmas and
melting of the mantle at high pressures. These pseudo-liquidus phase diagrams suggest that
"primitive" oceanic basalts with >9.5Vo MgO are derived from primary oceanic basalts
generated at 15 to 25 kbars.

Models for the origin of oceanic basalts at low pressures (=10 kbars) are considered
incapable of generating the most "primitive" oceanic basalts that have >9.57o MeO. It is
likely that most oceanic basalts with>9.5Vo MgO are ultimately derived from primary high-
MgO basalts with>l4Vo MgO that have been produced by melting at 15 to 25 kbars. High-
MgO basalts of this type are found in numerous oceanic or rifting environments (e.g.,
Baffin Bay, Gorgona Island, Tortuga ophiolite, Betts Cove ophiolite, Lewis Hills ophiolite,
Ungava Peninsula), suggesting that these high-MgO basalts are produced on a world-wide
scale throughout geologic time. Chemical differentiation processes, however, normally
modify these high-MgO basalts into the more common basalts with 7 to lD%MgO. Because
most oceanic basalts with <9.5% MgO have equilibrated to low-pressure cotectics,
determination of the conditions of origin for the primary magmas from which they are
derived is not well constrained. For this reason, melting of the mantle at pressures of =10
kbars could produce primary magmas capable of differentiating to form oceanic basalts that
are similar to many of the evolved oceanic basalts that have <9.5% MgO. Until
crystallization and mixing processes are more fully understood, melting at <10 kbars
cannot be eliminated as a possibility for the origin of some primary oceanic basalts.

Introduction

Numerous models for the origin of oceanic basalts have
been proposed and are being actively debated by petrolo-
gists and geochemists (e.g., O'Hara, 1968; Green et al.,
1979; Presnall et a|.,1979; Stolper, 1980; and references
therein). One ofthe critical questions to be resolved in the
controversy concerning the origin of oceanic basalts is
the nature of primary magmas and their evolution within
the crust and upper mantle. A broad consensus exists
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among petrologists and geochemists that oceanic basalts
are ultimately derived by partial melting of the peridotitic
sub-oceanic mantle. Primary magmas produced by melt-
ing under these conditions would have olivine (OL) +
orthopyroxene (OPx)+clinopyroxene (CPX) and either
garnet (GAR), spinel (SP), or plagioclase (PLAG) as
liquidus phases at the pressure offinal equilibration of the
primary magma with the surrounding mantle. Especially
critical in this regard is the requirement that primary
basalts generated in the sub-oceanic mantle must be
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multiply-saturated with OL + OPX because these two
minerals are known to coexist with the liquid produced by
partial melting of peridotites even at very large incre-
ments of fusion (Mysen and Kushiro,1977; Jaques and
Green, 1980; Scarfe et al.,1979; Harrison, 1981, Elthon,
l98l). As O'Hara (1968) originally proposed, most ocean-
ic basalts do not have olivine as a liquidus phase at
pressures >10 kbars and do not have orthopyroxene as a
liquidus phase at any pressure. These factors, in conjunc-
tion with the observation that the Mg/(Mg + Fe) [the
mg #l of most oceanic basalts is too low for them to have
equilibrated with mantle olivines of Forss composition,
indicate that most oceanic basalts are not primary mag-
mas.

The main controversy, however, surrounding the na-
ture of primary magmas that are generated in the sub-
oceanic mantle is focused on the relatively "primitive"
oceanic basalts that are characterized by high Ni contents
(>200 ppm), high MgO contents (9.5 to ll%MeO), and
generally low incompatible trace element abundances.
These basalts are believed to have undergone the smallest
extent of chemical differentiation prior to eruption, al-
though the actual extent of this differentiation is conten-
tious.

Previous studies of these "primitive" oceanic basalts
by Green et al. (1979) and Bender et al. (1978) have
shown that olivine disappears as a liquidus phase in
"primitive" oceanic basalts at -10 kbars and that ortho-
pyroxene is not a liquidus phase in these basalts at any
pressure that was experimentally investigated, as predict-
ed by O'Hara. In fact, Green et al. (1979) demonstrated
that DSDr basalt 3-18-7-1, one of the most "primitive"
oceanic basalts recovered, was significantly displaced
from the orthopyroxene primary phase volume at 12
kbars, requiring the addition of9Vo orthopyroxene to the
basalt before the basalt became saturated with orthopyr-
oxene. Green et al. (1979) also demonstrated that DSDI
basalt 3-18-7-1 required the addition of 17% olivine before
co-saturation with both olivine and orthopyroxene was
achieved at 20 kbars. On the other hand, Kushiro (1973)
and Fujii and Kushiro (1977) present phase diagrams of
two oceanic basalts that do show multiple saturation of
OL + OPX + CPX + PLAG at the liquidus at 7.5 to 8
kbars. In the Kushiro (1973) and Fujii and Kushiro (1977)
experiments, however, the liquidus orthopyroxenes in
the experimental runs showing OL + OPX + CPX +
PLAG saturation were too iron rich (mg# of 84 and 86,
respectively) to have been in equilibrium with residual
mantle OPX (mg# 88-91.5). In support of the proposal
that some "primitive" oceanic basalts may be primary
magmas, Fujii and Bougault (1983) have shown that OL *
OPX + CPX + PLAG + SPINEL of an appropriate high-
magnesium composition are on or near the liquidus of a
"primitive" basalt from the reuous area at 10 kbars.

One problem with many of these previous experimental
studies is that the basalts chosen as the starting composi-
tions have apparently undergone crystal fractionation

prior to eruption. Attempts to deduce and then to ade-
quately compensate for the pre-eruption history of these
basalts introduced additional ambiguity into the interpre-
tation of the origin of oceanic basalts.

In this study, we have chosen an aphyric high-MgO
basalt (sample number NT-23) from the Tortuga ophiolite
complex in southern Chile as our starting composition.
This rock was selected because its high Me/(Me+Fe)
[75.9] indicates equilibration with residual mantle oliv-
ines, the olivine microphenocrysts are appropriate for
primary magmas (ave Fo-ee z), and its composition is
similar to an estimated bulk composition of the oceanic
crust (Elthon, 1979). Basalts from the Tortuga ophiolite
complex (Elthon, 1980) are very similar to the FAMous
basaltic glasses (Bryan and Moore, 1977) and other
oceanic basalt suites (Melson et al., 1977). High-MgO
basalts broadly similar in composition to NT-23 have
been reported from a number of localities (Baffin Bay:
Clarke, 1970; Ungava Peninsula: Francis and Hynes,
1979; Betts Cove ophiolite: Upadhyay 1978; Gorgona
Island: Echeverria, 1980; Lewis Hills Massif of the Bay of
Islands ophiolite: Karson et al., 1983) suggesting that
these high-MgO basalts are produced on a world-wide
scale throughout geological time, and that chemical dif-
ferentiation processes normally modify these high-MgO
basalts into the more abundant basalts with 7 to l0%o
Meo.

This experimental study shows that a high-MgO basal-
tic liquid, similar in composition to NT-23, is multiply
saturated with olivine + orthopyroxene * clinopyroxene
+ garnet at 25 kbars. The preliminary results ofthis study
have been previously described by Elthon and Scarfe
0980).

Experimental procedure

Chips of the fine-grained margin of the rock (Table l)
were powdered in a tungsten--carbide vial of a Spexmill.
The powder was further ground under acetone for 3
hours, then dried for 20 hrs. at -ll00"C at the QFM
oxygen fugacity buffer to decompose secondary alter-
ation products. The powder was stored in a drying oven
at -110'C between runs.

The powder was loaded into graphite containers, heat-
ed until red, and then sealed inside 3mm O.D. platinum
capsules. A pyrex glass sleeve around the heating ele-
ment inhibited water access to the sample region and
minimized hydrogen diffusion into the capsule. The inter-
nal graphite capsules prevented iron loss from the sample
to the platinum capsule and maintained a relatively low
fo2 at the graphite-CO buffer. Because graphite capsules
were used in these experiments, a minor amount of CO
may have dissolved in the melt at high pressures (e.g.,
Green et al.. 19791. The amount of CO in the melt is
presumed to be small because the electron microprobe
analyses of the glasses sum to near l00Vo (see Table 3).

All experiments were conducted with a solid-media,
high-pressure apparatus with a Yz in. diameter furnace
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Table l. Major element composition of NT-23

si0"
Ti.o:
A1,02
FeO "

lrto
CaO
Kr0
re"0
Hnd
Total

-79
13.64
9 . 7 7

1 7 . 6 1
9 . 5 8

.06

.89

. 1 4
99.73
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natural pyroxenes and amphiboles for the pyroxene anal-
yses. All of the samples are corrected for matrix effects
by the method of Bence and Albee (1968) and Albee and
Ray (1970). Clinopyroxene crystals in the experimental
charges are often small and are difficult to analyze with
high-quality because of overlap with the sulrounding
glass. Unless otherwise noted below for a specific run,
this problem was not significant for other minerals.

Results

The high-pressure phase equilibria of high-MgO basalt
NT-23 are shown in Figure l. The pressure, temperature,
duration, and run products of the experiments are listed
in Table 2. Olivine (*spinel) is the liquidus phase at
pressures of <25 kbar, but the temperature interval for
olivine-only (-+spinel) crystallization diminishes with in-
creasing pressure from (150'C at l0 kbars to <10" at 25
kbar. The sequence in which minerals crystallize in NT-
23 changes from OL-SP-PLAG-CPX at I atm to OI-SP-
CPX-OPX at 10-20 kbars. At 25 kbar and 1470'C.
olivine, orthopyroxene, clinopyroxene, and garnet are
co-liquidus phases. This is the only pressure at which a
lherzolite assemblage is on the liquidus of NT-23. The
results of I atmosphere runs, which were done on 0.003
in. diameter Pt wire loops at the QFM oxygen fugacity
buffer, will be reported elsewhere with the I atm experi-
mental phase relationships of other basalts from Tortuga.

10 kbar

Olivine is the liquidus phase at l0 kbars and crystallizes
alone (ta trace of spinel) for -150'C; clinopyroxene
begins to crystallize with olivine + spinel at 1230";

4 7 . 7 3  !  . 2 1
. 8 5  !  . 0 3

13.42  !  .23
9 . 5 8  !  . 2 4

1 6 . 8 9  t  . 1 8
9 . 9 4  I  . 1 4
0 . 0 5  1 . 0 2
1 0 7 1 . 0 3

. 2 0  t  . 0 3
9 9 . 7 3

aFron 
Elthon (1929)

bAv"..g.  
of  Slass cooposit iooa froD rus 304, 306, 313, 320, 328

assembly (Boyd and England, 1960). The piston-out tech-
nique was used with a -4% correction for friction. The
quoted pressures given in Table I are considered accurate
to -+l kbar. Temperatures were monitored with Pttgo-
Pb,oRhtg thermocouples and were automatically con-
trolled (Hadidiacos, 1972) with an accuracy of tl0"C.
Most runs were I hour in duration. The observation that
no change occurred in the phase equilibria between
experiments of I and l0 hrs. duration of 25 kbars and
1470" was taken to indicate that equilibrium was achieved
in the shorter runs.

All phase identifications have been verified with the
electron microprobe. The microprobe analyses reported
here were determined on an ARL-srue nine-channel
microprobe housed at the Department of Mineral Sci-
ences at the Smithsonian Institution using the standard
analytical techniques described by Melson (1978). Stan-
dards of natural basaltic glasses were used for glass
analyses, natural olivines for the olivine analyses, and

o
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Fig. l. Phase diagram for NT-23.
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Table 2. Summary of experimental results

l 0
1 0
l 0
10
10
1 0
10
10
10

Pressure Terp€latu!€ RM Tioe Phases
( (bara)  ( 'C)  I lMber  (h r r .  )  Present

over the interval from lZ-l1Vo crystallization, and OL +
OPX + CPX + SP from 15-17% crvstallization.

20 kbar

Olivine is the liquidus phase but its crystallization
interval is much smaller (-30'C; -6Vo crystals) than at
lower pressures. The isobaric pseudo-invariant point is
reached after only 8Vo crystallization.

25 kbar

Olivine, orthopyroxene, clinopyroxene and garnet co-
exist with a high-MgO basaltic liquid on the liquidus or
within 10" of it at 25 kbars. Only a trace amount of
crystals (<2Vo) was formed in run 164 at 1470'C. The
olivine (Foas s) and the orthopyroxene (mg = 99.4;
formed crystals that were large enough to easily analyze
with the microprobe. The clinopyroxene and garnet crys-
tals were very small and it is possible that those analyses
include overlap with some of the adjacent glass. At
temperatures below 1465', olivine has not been observed
as a run product. This absence is in agreement with the
OL + LIQ c GAR + OPX + CPX reaction of Kushiro
and Yoder (1974\.

30 kbar

The phase relationships have been determined on a
reconaissance basis at 30 kbars. CPX is the liquidus phase
at 30 kbars and garnet is the second mineral to crystallize.
The extensive development of quench pyroxene over-
growths precluded meaningful analysis of the run prod-
ucts at 30 kbars.

Discussion of results

Spatial location of isobaric pseudo-invariant
points in natural basalt-mantle systems

Coexistence offour mineral phases with a silicate liquid
at a specified pressure defines an isobaric invariant point
in a quaternary system. Presnall et al. (1979) have deter-
mined the chemical compositions of silicate liquids coex-
isting with olivine, orthopyroxene, clinopyroxene, and
either plagioclase (at <9.3 kbar) or spinel (at >9.3 kbar)
for 6 isobaric invariant points at I atm to 20 kbar pressure
in the quaternary CaO-MgO-Al2O3-SiO2 system. Hoo-
ver and Presnall (1981) have extended this earlier work
into the sodium-bearing synthetic system at I atm to 20
kbar.

Stolper (1980) attempted to equilibrate basaltic glass
from the project FAMous area of the Mid-Atlantic Ridge
with an olivine + orthopyroxene I clinopyroxene assem-
blage at 10, 15, and 20 kbar pressure in order to constrain
the compositions of liquids saturated with these minerals
(OL + OPX * CPX) in the natural multicomponent
basalt-mantle system. The glass compositions reported
by Stolper (1980) were not in equilibrium with spinel and,
therefore, they represent compositional points along the
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1290
r260
1230
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l r 7 0

l 4 t 0
1390
1350
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3r7
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25

30
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1425 163
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1460 321

1475 304
1470 328
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1463 314
1450 302
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1500 322
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1
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I
1

I
I
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I
1
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c L + 0 1
c L + 0 L + s P + c P x
c L + o t + s P + c P x + o P x +
quench Pyroxenc6
c L + o L + s P + c P x + o P x
G L + 0 L + S P + C P X + O P X

CL

GL

G L + O L + C P X + O P X + C A R
G T , + 0 t + c P x + o P x + o A R
G l + c P x + o P x + G A R
CPX + OPX + CAR + quench Pyroxeoea
CPX + OPX + CAR + quench Pyroxeoea
CPX + OPX + GAR + Quoch PyloxeDes

CPX + Quelcb Pyroxenes
CgX + Quench Pyroxcned
CPX + GAR + Quench Pyroxeaea +
Cu, Ni,  Fe Sulphide

orthopyroxene, and plagioclase crystallize with olivine,
clinopyroxene and spinel at 1170'C. Using a least squares
mixing program (Bryan et al.,1969), we have calculated
the weight percentages of the various phases in each of
the experimental runs. The results of these calculations
are given at the bottom of Table 3. Spinel was not
included as a mineral in these mass balance calculations
because spinel occurs in only trace amounts of very small
crystals that are generally too small to quantitatively
a\alyze with the electron microprobe.

Olivine (-rspinel) crystallizes alone until -l8Vo olivine
crystals have formed. The composition of the first olivine
to crystallize in the l0 kbar experimental runs is Foes.5
but, by extrapolation of results from lower temperatures,
it is likely that the liquidus olivine is Foeqs_e1.s. The
olivines become more iron-rich during crystallization as
the liquid becomes depleted in MgO and enriched in those
elements that are incompatible in olivine. Notice that the
glass compositions are basaltic in character along the
isobaric OL + CPX + SP + LIQ pseudo-univariant curve
and at rhe oL + opx + cpx + sp + PLAG + LIQ
pseudo-invariant point.

15 kbar

Olivine -+ spinel is the liquidus phase at l5 kbars. CpX
begins to crystallize at -1325"(-100o below the liquidus)
and OPX begins to crystallize at -1300'. Olivine crystal-
lizes alone (-+-spinel) for the first l2Vo, OL + CPX + Sp
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OL + OPX + CPX + LIQ isobaric pseudo-univariant
curyes or the OL + OPX + LIQ isobaric pseudo-
divariant surface. It is uncertain. however. whether this
absence of spinel saturation is of much significance,
because of the low abundance of spinel in the upper,
mantle and its complex solid solution behavior. /

In an effort to evaluate the compositions of liquids at
isobaric pseudoinvariant points in the natural basalt-
mantle system, we use the compositions of glasses from
runs 164 (25 kbar),310A and 309 (20 kbar),330 (15 kbar),
and 333 (10 kbar) as well as the results of high-pressure
experiments on other tholeiitic basalt compositions.
These high-pressure phase equilibria are projected from
clinopyroxene onto the olivine-plagioclase-silica plane
(Fig. 2) and from anorthite onto the olivine-clinopyrox-
ene-silica plane (Fig. 3). For details of the projection
method, see Elthon (1983).

Several of the compositions studied show multiple-
saturation involving olivine + orthopyroxene+other
phases at high pressures. In addition to the isobaric
pseudo-invariant points derived from NT-23 (runs 164,
309, 330, and 333) and Fujii and Bongault (1983), the
olivine basalt (O.B.) studied by Green and Ringwood
(1967) crystallized olivine * orthopyroxene + clinopyr-
oxene just below the liquidus at 9 kbar. The oceanic
tholeiite (3954) studied by Fujii and Kushiro (1977) has
olivine + orthopypoxene * clinopyroxene + plagioclase
just below the liquidus at 7.5 kbar. Kushiro (1973) found
that olivine tholeiite T-87 has olivine * orthopyroxene *
clinopyroxene + plagioclase as liquidus phases at 8 kbar.
Basalt 66018 from Skye (Thompson, 1974) has olivine as
the liquidus phase at <16.5 kbars and clinopyroxene at
higher pressures. Slightly below the liquidus in the pres-
sure interval of -14 to 16 kbar, olivine + orthopyroxene
+ clinopyroxene -t spinel(?) are in equilibrium with the
liquid, indicating that the composition of this basalt lies
close to the l5 kbar pseudo-invariant point.

The olivine tholeiite (O.T.) of Green and Ringwood
(1967) has olivine as a liquidus phase up to 13.6 kbar. At
pressures >13.6 kbars and <22.5 kbar, orthopyroxene is
the liquidus phase with clinopyroxene as the second
phase. At pressures of >22.5 kbar, clinopyroxene is the
liquidus phase. These experiments agree with the shift in
phase equilibrium boundaries at high pressures as shown
in Figures 2 and 3.

The picrite of Green and Ringwood (1967) has olivine +
clinopyroxene + garnet within 20" of the liquidus at 22.5
kbar and orthopyroxene + clinopyroxene + garnet just
below the liquidus at 27.5 kbar. These experiments sug-
gest that at -25 kbar olivine + orthopyroxene * clino-
pyroxene + garnet would be on or near the liquidus for
this composition.

The 1840 picrite of Tilley and Yoder (1964) has olivine
as the liquidus phase, orthopyroxene is second, clinopy-
roxene is third and garnet is the fourth phase to crystallize
at 20 kbar. These phase equilibria also agree with the shift
in boundaries as shown in Figure 2 and 3.

The phase equilibria boundaries as shown in Figures 2
and 3 are also supported by the high-pressure experimen-
tal results obtained on two of the most "primitive"
oceanic basalts. Green et al. 0979\ found that olivine is
the liquidius phase of pspp basalt 3-18-7-l up to 10 kbar
and that olivine is replaced by clinopyroxene as the
liquidus phase at higher pressures. Orthopyroxene was
not observed within the P-T interval studied and even
with the addition of 5Vo orthopyroxene to the sample, the
Iiquid did not become saturated with orthopyroxene at l2
kbar. It took the addition of 9Vo orthopyroxene to the
starting basalt in order to saturate the resulting liquid with
orthopyroxene. Green et al. added 9Vo olivine to the
starting basalt and found that at l5 kbar, this mixture had
olivine * clinopyroxene as the liquidus phases and that at
higher pressures, clinopyroxene was the liquidus phase.
Orthopyroxene was not found in any of these experi-
ments. By mixing lTVo olivine with the starting basalt,
Green et a/. found that olivine was the liquidus phase at
20 kbar, but that olivine + orthopyroxene were near
Iiquidus phases.

Bender et al. (1978) determined the phase relationships
for project FAMous basalt 527-l-l at 0 to 15 kbar. Their
data indicate that olivine is the liquidus phase at pressures
sll kbars and clinopyroxene is the liquidus phase at
higher pressures. Even though Bender et al. state that
527-l-l "is multiply saturated at 10.5 kbar with olivine,
c l inopyroxene,  and or thopyroxene",  or thopy-
roxene is not observed as a liquidus phase at any pres-
sure. The 15 kbar results of Bender et a/. show that
clinopyroxene is the liquidus phase but is replaced by
orthopyroxene at lower temperatures. This elimination of
clinopyroxene and its replacement by orthopyroxene
requires a CPX + LIQ = OPX reaction relationship. This
reaction does not occur unless a plane tangential to the
OPX + CPX + LIQ surface intersects the extension of
the OPX,,-CPX", join at the orthopyroxene end. This
tangential plane lies close to natural clinopyroxene com-
positions and it is possible that a reaction eliminating
orthopyroxene but not clinopyroxene will occur. In an
effort to evaluate the proximity of basalt 527-l-l to the
orthopyroxene primary phase volume, Bender (pers.
comm., l98l) has tried orthopyroxene addition experi-
ments similar to those of Green et al. /197D and found
that the 521-l-l liquid at 15 kbar and l3l0' is not in
equilibrium with orthopyroxene. Presumably, the ortho-
pyroxene at 15 kbar reported by Bender et al. (1978)was
a metastable product.

These results from several different laboratories form a
reasonably consistent data set for the locations of upper
mantle phase equilibria boundaries. This arrangement of
phase equilibria boundaries (Figs. 2 and 3) is not very
consistent with the melting relationships of natural peri-
dotites. The results from partial melting of peridotites
(not shown) scatter incoherently across these diagrams, a
feature that we believe is a consequence of the difficulty
in determining the equilibrium composition of the small
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Table 3. Electron microprobe analyses of run products

l0 Kbar Ru Products

Ru Nuber
Phase

3r3 308 308 3r7 317 3r5 3r5 3r6 316
Glass Olivine GIa6s Olivine Glass Olivine Glass OlivioeGlass
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pockets of glass that are produced during melting of
peridotites.

Melting of the sub-oceanic mantle

These high-pressure phase diagrams can be used for
evaluating melting in the mantle and the production of
primary oceanic basalts. We emphasize that these are
limitations to the application of these pseudo-liquidus
phase diagrams. For example, all of the phase relations
here are for anhydrous systems and are strictly applicable

only to melt production in an anhydrous environment.
For oceanic basalts, this is probably not a major concern
because of the low water contents of oceanic basalts
(Moore, 1970; Delaney et al., 1978). For very small
increments of melting of natural peridotites, where acces-
sory phases such as phlogopite, apatite, amphibole, or
carbonate may be present and the influence of CO2 and
H2O may be important, it is likely that these phase
diagrams do not adequately portray the true variations in
liquid compositions. Finally, it should be noted that there
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15 Kbar Ru Products

Ru l{uber 320
Phase Gless

319 319
Class olivitre

325 326 326
olivine Gless Olivi[e

330 330 330 330
GI6ss oliviE CPX OPX

3r8
Glass

3r8 325
olivine GIaa6

!26
cPx

si02 47,.93

Tio2 .85

r 3 . 7 9

9 . 9 8

r 6 . 8 8

4r203

c.203

Fe0

xro

l'lo

Ni0

Ca0

Na20

P^0-

Kzo

Su

!18-trMber

l{r x of Phase

48.31

. 9 2

r 5 . 0 6

9 . 7 t

13 .50

r 1 . 0 8

l .  l 7

.06

.03

99 9r

7 l . l

90x

47.ar 40.99 4 0 . 1 0  4 8 , 5 7  3 9 . 8 2  4 8 . 6 5  3 9 . 8 7  5 2 . 9 0  4 6 . 5 )  4 0 . 1 4  ) J . o J  ) q ' u r

.95

14.72

9 . 9 7

13.92

09

.09

49.20

. 1 3

44

. 3 r

00

99 72

9 r . 2

8X

.09

. 1 6

9 .  1 6

49.00

, l J

. 3 4

.05

99.47

9 0 . 5

. 9 5

9 1 7

12 -59

1 1  2 9

r . 23

, 1 I

.01

100-14

69.7

88X

. 1 0

- t 2

9 . 4 7

48.93

.40

-34

. 9 5

1 5 . 8 5

9 . 5 7

12.19

. 1 5

I  1 . 6 5

l . l E

.09

.09

r0 .56

48.65

. 1 7

. 3 1

4 . 7 1

. 1 6

6 . t l

l 9  7 8

1 5 . 6 9

. 2 0

1 . 1 9

15 95

.o7

9 . 4 8

r 1 . 9 9

. 1 1

1 r . 7 5

1 . 3 1

.20 .62 -22

. 1 1  4 . 9 3  3 . 1 9

.08  .  l0  .40

1 3 . 4 8  1 . 3 2  1 1 . 7 9

46.22  18 .19  21 .79

. 1 6  . r 9  . 2 r

-29  15 .91  2 .14

.00  .20  .06

9.95  10  92

1 . 1 2  r . 2 3

. 0 9  . 1 0

.04  .05

100.62  99  67

7 5 .  r  7 r . 3

1001 927

.01  .05  .01

99.34  r00  -26  r00 .14

90 2  69 .4  89 . r

r2I 8s1 13X

____L .02 .00

1or .04  100.43  100.58  r00 .49

8 3 . 7  5 9  3  8 5 . 9  8 r . 6

2',, 831 r24 2l

1 0 0 . 4 1

8 0 .  t

31

20 Kbar Rus Products

Ru Nuber 306
Phase Class

307 307 3104
Class olivine class

310A 309 309
oPx Glass ol iv iae

3r0A
Ol iv ine

309 309
cPx oPx

3104
cPx

sio2 47 65 47-42

T i02  .8 r  '  88

AL203 13.42 14.31

3 9 . 9 8  4 8 . 0 2  3 9 . 5 3  5 0 . 5 4 54.53  48 .  l l  40 .U)

.29  97  .  l0

4  61  14 .55  .15

25 21

I  1 2  9  4 0  1 1 . 6 9

28.26 14 50 47.09

.  r 8  1 6  . 1 7

3 10  11 .08  .30

. 0 8  r . 2 7  . 0 0

ct2o3

Fe0

Mto

tln0

I io

Ca0

ila20

Pzos

K20

Su

llt-Duber

9t 1 of Phase

9 . 5 1  9 . 5 5

17.09  14 .85

9 - 7 1  1 0 . 6 7

1 . 0 6  r . 2 3

-  . t 0

.05  .04

9 9 . 5 2  9 9 . 5 5

76.2  73-3

1001 94%

l 6

r6

10 20

47 .99

. 1 2

35

9 2

1 4 . 4 8

. l l

9 . 3 5

. 1 3

10 98

1 -32

. 1 2

14

11 .20

. t 5

33

85

6 . 8 6

. l E

7 . 1 2

1 8 . 0 5

-20

1 5 . 0 7

4v.6J  )J .  Z f ,

. 7 5  . 2 0

7 . 5 9  4 . 8 6

.29  .24

7.2a  8-65

1 8 . 7  r  2 8 . 8 6

. 2 0  .  1 9

15.16  3 .44

. 0 1

9 9 . 4 3

86 1

.02

99.48

8 8 3

. 0 2

9 9 . 3 6

8 9 . 3

67"

. 0 1

9 9 . 9 9

7 3  - 7

92X

.00

9 9 . 1 3

8 r . 9

t race

.03  00  .00  .00

ro0 38 99.55 100-20 99.42

1 3 . 3  8 7 . 8  a 2 . r  8 6 . 6

901 5X trace 51

is a finite, but poorly defined, width of the phase equilibri-
um boundaries in the diagrams as a consequence of
analytical uncertainty and variations in the composition
of the basalts (such as Fe/Mg) that are not compensated
for in the formulation of the end member minerals.

From these pseudo-liquidus phase diagrams it is possi-
ble to obtain information on the nature of primary melts
and the effects of crystallization at high and low pres-
sures. Information on the types of residual ultramafic
rocks in equilibrium with primary magmas can also be
obtained from pseudo-liquidus phase diagrams. In this
manner, melts projecting at the isobaric pseudo-invariant
points would be in equilibrium with an aluminous (garnet/
spineUplagioclase) lherzolite whereas liquids projecting

along an OL + OPX + SP + LIQ isobaric pseudo-
univariant curve would be in equilibrium with a spinel
harzburgite residuum. In principle, the study of these
residual ultramafic rocks will provide critical information
on the nature of primary magmas.

Information on residual ultramafic mantle rocks related
to oceanic basalt petrogenesis is obtained from ophiolites
and oceanic fracture zones. Bonatti and Hamlyn (1981)
conclude, in a survey of oceanic ultramafic rocks, that
harzburgite is slightly more common than lherzolite in the
rift zones of the Indian Ocean Ridge (Dmitriev, 1969) and
within fracture zones of the equatorial Atlantic Ocean
(Bonatti et al., 1970; Melson and Thompson, l97l). In
some of the major fracture zones of the western Indian
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Ocean (Engel and Fisher, 1975; Bonatti and Hamlyn,
1978; Hamlyn and Bonatti, 1980) lherzolites are more
common than harzburgites. In the major ophiolite bodies,
residual mantle harzburgite is much more abundant than
lherzolite (Samail: Boudier and Coleman, l98l; Bay of
Islands: Casey et al., l98l; Papua-New Guinea: Davies,
l97l; Troodos: Wilson 1959; Vourinos: Jackson e/ a/..
1975) although residual mantle lherzolites are reported
from some alpine ophiolites.

Although published mineral chemistry data on oceanic
or ophiolitic residual mantle rocks are limited, these data
indicate that there are only minor diferences in the
mineral compositions in orthopyroxenes and olivines
from harzburgites and lherzolites (Hamlyn and Bonatti,
1980; H. Dick, pers. comm.). During progressive melting
of mantle assemblages, the Mg/(Mg+Fe) of residual min-
erals should gradually increase (e.g., Jaques and Green,
l9E0). Because of the similarity of olivine and orthopyr-
oxene compositions in harzburgites and lherzolites, it is
likely that many of the harzburgites are the residuum of a
partial melting event in which the degree of melting
progressed just slightly beyond the disappearance of the
final residual clinopyroxene crystals.

The above data on residual mantle rocks from ophio-
lites and oceanic fracture zones would suggest that a
range of melting conditions probably occurs within the
suboceanic mantle, in some cases leaving a lherzolite
residuum and in other instances, a harzburgite residuum.
For the genesis of oceanic basalts, a continuum of models
ranging from a lherzolite to a harzburgite residuum should
be considered.

Pressure of origin for primary oceanic basalts

O'Hara (1968) and Walker et al. (1979) have shown that
most oceanic basalts cluster near the I atm olivine *
plagioclase * clinopyroxene + liquid pseudo-univariant
curve and presumably have been afected by low-pres-
sure crystal fractionation. As noted above, however, the
main controversy in the origin of primary oceanic basalts
concerns those rare relatively "primitive" basalts with
>9.5% MgO, which are interpreted to have undergone
the least amount of differentiation prior to eruption.

In the discussion that follows it is assumed that the
majority of oceanic basalts, those with <9.5% MgO, are
ultimately derived by crystallization and magma mixing
processes from parental liquids whose major element
compositions are very similar to these "primitive" ocean-
ic basalts shown in Figures 2 and 3. This type of assump-
tion, that the basaltic liquids with the highest Mgo
contents (or Mg number) are parental to the more evolved
basaltic liquids with lower MgO contents (or Mg number),
is very commonly made in modeling crystal fractionation
and other evolutionary processes in oceanic basalt petro-
genesis. Because we believe that this assumption is valid
in most suites of oceanic basalts, we initially discuss our
data within this context. In the final section, we note that
this assumption may not always be valid, but that some
oceanic basalts might be derived from "primitive" mag-
mas that are distinctly diferent from those with >9.5%
MgO that are shown in Figures 2 and 3.

Figure 4, which is a plot of the MgO content of basaltic
glasses versus the amount of normative silica (data from
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OLIVINE SILICA
Fig. 2. PseudoJiquidus phase diagram projected from clinopyroxene. See text for discussion. The apices ofthe triangle are: (top)

AN6sOLroSIL2s (left) OLeoAN,sSILzs (right) SIL75ANr5OLr6. Details of the projection method are given in Elthon (1983). I atm phase

equilibria are from Walker et al. (1979).
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Fig. 3. Pseudo-liquidus phase diagram projected from anorthite.

cPX6oOLroSIL3o (left) OL6oCPXroSIL3o (right) sILsocPXloOLro. I

slLlcA
See text for discussion. The apices of the triangle are: (top)

atm phase equilibria are from Walker et al. (1979).
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Fig. 4. MgO content of oceanic basalt glasses versus the
percentage of normative silica in the olivine-<linopyroxene-
silica plane. Sources of data are listed in the text. Note the
decrease of MgO with increasing normative silica.

In order to avoid biasing the data to those locations that are
heavily represented in the listing by Melson et al. (1977), only
one sample per location is included on these plots and
projections unless there was a significant variation in
compositions at a site.

Melson e t al., 1977 ; Bryan and Moore, 1977 ; W ood e t al.,
1979 and others) within the olivine-clinopyroxenFsilica
plane, shows that the most "primitive" oceanic basalts
(i.e., those basalts with >9.5Vo MgO) lie at the silica-poor
end ofthe basalt cluster. The MgO content decreases and
the normative silica content increases during differentia-
tion. For this reason, it is critical to look at the silica-poor
(least diferentiated) end ofthe basalt cluster when evalu-
ating the compositions of primary oceanic basalts.

The processes of melt production, magma ascent,
crystallization diferentiation, and magma mixing proba-
bly operate in a very complex manner to produce efects
that are, at present, difficult to distinguish from each
other in oceanic basalt petrogenesis. In order to evaluate
the ditrerent models for the genesis of primary oceanic
basalts, first consider melting of the mantle at - l0 kbar to
produce primary oceanic basalts as suggested by Kushiro
(1973), Fujii and Kushiro (1977), Presnall et al. (1979) and
Fujii and Bougault (1983). The primary melt in equilibri-
um with oL + oPX + cPX + SP/PLAG at l0kbarwould
project at or near the l0 kbar pseudo-invariant point
shown in Figures 5 and 6.

A primary magma generated at l0 kbar and subsequent-

1 2

1 1

o
o 8

7

6

5

< 9 . 5 %

> 9 . 5 %
Mso
Mso

OLIVINE SILICA
Fig. 5. Projection of oceanic basalt glasses from anorthite onto a part of the olivine-clinopyroxene-silica plane. phase equilibria

boundaries and triangle apices are from Fig. 3.
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OLIVINE SIL ICA
Fig. 6. Projection of oceanic basalt glasses from clinopyroxene onto the olivine-plagioclase-silica plane. Phase equilibria

boundaries and triangle apices are from Fig. 2.

l l

ly transported to a near-surface magma chamber will
undergo olivine fractionation followed by olivine + pla-
gioclase, olivine + plagioclase * clinopyroxene, and
finally olivine + plagioclase * clinopyroxene * orthopyr-
oxene as the liquid composition changes from the l0-kbar
pseudoinvariant point to points a and b (Fig. 5) during
crystallization. Even with open-system fractionation
(O'Hara, 1977; Rhodes and Dungan, 1979) in which the
crustal magma chamber is periodically refilled with an
aliquot of primary magma, periodic injection of the pri-
mary magma generated at l0 kbar into the fractionating
magma chamber (a-b) will produce mixed basaltic compo-
sitions that project to the silica-rich (right-hand) side of
the olivine subtraction line drawn from the l0-kbar pseu-
do-invariant point (Fig. 5). Similarly, fractionation at high
pressures within the mantle will produce basalts that lie
further to the silica-rich side of this olivine subtraction
line because combinations of the fractionating phases
(OL, OPX, CPX, GAR, SP) lie to the silica-poor side of
the pseudo-invariant point.

More advanced melting of the mantle at l0 kbar to
leave a spinel harzburgite residuum rather than the spinel
lherzolite residuum model discussed above would result
in even higher normative silica in the derivative basalts
than in the lherzolite residuum model. If melting of the
mantle at l0 kbar proceeds until a spinel harzburgite

residuum remains, producing a primary liquid such as
"2" (Fie.S), the basalts derived from"Z" would crystal-
lize orthopyroxene before clinopyroxene and would be
unlike most oceanic basalts.

It is unlikely that melting at such low pressures (10 kbar
or less) is a major process in the production of "primi-
tive" oceanic basalts with >9.5Vo MgO because the vast
majority of these basalts lie significantly to the silica poor
(lefrhand) side of the olivine subtraction line drawn from
the l0 kbar pseudo-invariant point. If it is assumed that
those basalts with <9.5% MgO are derived from the
"primitive" basalts shown in Figs. 5 and 6 with >9.5%
MgO by crystallization and mixing processes, then melt-
ing at =10 kbar is considered less preferable than models
involving primary magma generation at higher pressures
(15 to 25 kbar).

O'Hara (1968) has suggested that the primary magmas
from which most oceanic basalts are ultimately derived
are high-MgO basalts generated at 25 to 30 kbar. The
experimental data on NT-23, which has olivine + ortho-
pyroxene + clinopyroxene + garnet on the liquidus at 25
kbar, agrees with O'Hara's proposal. In fact, if the
simplest model involving only olivine fractionation be-
tween genesis and eruption is considered, the majority of
oceanic basalts with >9 .5Vo MgO lie on or near the olivine
subtraction line drawn from the 25 kbar pseudo-invariant

PLAG

.  Basa l t s  w i t h  <  9 .5% MgO
6Basa l t s  w i t h  >9 .5% MgO
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point. Open-system fractionation within the crust, in
which pulses of a high-MgO basalt similar to the composi-
tion of the 25 kbar pseudo-invariant point glass are
periodically injected into a magma chamber (O'Hara,
1977) will generate complex mixing-fractionation cycles
similar to those shown in Fig. 5 that result in a spectrum
of oceanic basalt compositions that cluster near the I atm
olivine + plagioclase * clinopyroxene cotectics. An
additional process that needs to be considered, the high
pressure fractionation of wehrlite or clinopyroxenite from
primary oceanic basalts (Bender et al.,1978;Bence et al.,
1979; Elthon et al., 1982), will also result in increasing
normative silica in the derivative basalts, driving the
compositions of basalts towards the right-hand (silica-
rich) side of the basalt cluster. Thus, magma mixing or
crystal fractionation processes will clearly have the ten-
dency to produce evolved basalts whose compositions
are displaced toward normative silica enrichment relative
to the primary basalt from which they are derived. In
examining the petrogenesis of a suite of cogenetic oceanic
basalts derived from a primary liquid by these processes,
those basalts that lie at the left-hand (silica-poor) end ofa
given suite would be the most indicative of the conditions
of origin of the primary magma. We interpret the observa-
tion that most of the "primitive" oceanic basalts with
>9.5% MgO are close to olivine-controlled liquid lines of
descent from the 15 to 25 kbar isobaric pseudo-invariant
points to indicate that those basalts have been derived
from primary magmas generated within this pressure
interval.

Other types of evidence from oceanic rocks may indi-
cate that the final pressure of equilibration for some
primary oceanic basalts with the upper mantle may be at
>20 kbar pressure. Hamlyn and Bonatti (1980) describe
equant pyroxene + spinel clusters in the Owen F. Z.
ultramafics that, because of the high proportion of spinel
to pyroxene, they attributed to the breakdown of garnet
via the reaction: olivine + garnet €r pyroxene * spinel.
The presence of garnet in these peridotites would imply a
pressure of =25 kbar. Further evidence on the equilibra-
tion of some of the Owen F. Z. ultramafics with a primary
magma at high pressures is indicated by the comparative-
ly high abundances of Al2O3 in orthopyroxenes from the
harzburgites. Elthon (1981) determined the melting rela-
tionships of two oceanic peridotites, one from the Owen
F. Z. and the other from the Atlantic Ocean, at high
pressure and found that the Al2O3 content ofboth ortho-
pyroxenes and clinopyroxenes decreases with increasing
degree ofmelting at l0 and 20 kbar. At any percentage of
melting, the aluminum content of both clinopyroxene and
orthopyroxene increases with increasing pressure. Ortho-
pyroxenes in the Owen F. Z. harzburgite contain 4.8-
5.2Vo Al2O1 The data of Elthon (1981 and in prep.) and
Jaques and Green (1980) indicate that at <20 kbar, -3.5Vo
Al2O3 is found in harzburgite orthopyroxenes, compared
to the 5.0+0.2Vo Al2O3 in the Owens F. Z. harzburgite
orthopyroxenes. Because these harzburgites contain 50

to 100 times as much orthopyroxene as spinel, it is
unlikely that the Al2O3 contents of the harzburgite ortho-
pyroxenes have been significantly changed due to subso-
lidus equilibration with the spinels, even though the
spinels may have changed significantly. These features
suggest that the final equilibration of a melt with these
orthopyroxenes was at pressures greater than 20 kbar.

The olivine composition in equilibrium with the pseu-
do-invariant point liquid at 25 kbar (run 164) is Fose.5
which falls within the range (Fose.e-e6.a) reported from the
Owen Fracture Zone ultramafics (Hamlyn and Bonatti,
1980). This agreement between the liquidus olivine com-
positions in our experiments at 25 kbar and the olivine
compositions in the Owen F. Z. ultramafics, when cou-
pled with the Al2O3 contents of orthopyroxenes in harz-
burgites, supports our inferences based on the projection
of oceanic basalts onto high-pressure pseudo-liquidus
phase diagrams that many of the "primitive" oceanic
basalts are ultimately derived from primary high-MgO
basalts generated at pressures >15 kbar.

Concluding remarks

The model described above, in which prirnary oceanic
basalts are generated by partial melting at 15 to 25 kbar, is
in agreement with previous models by O'Hara (1968),
Green et al. (1979), and Stolper (1980), who propose that
most oceanic basalts are derived from primary magmas
that are generated at 15 to 30 kbar pressure. These
previous pressure estimates are derived, for the most
part, by assuming that simple olivine fractionation has
been the process that has occurred between melting and
eruption. If it is assumed that only olivine fractionation
occurs between melting and eruption, olivine addition
lines drawn from primitive oceanic basalts (>9.5%MgO)
in an effort to reconstruct the composition of the primary
magma prior to olivine fractionation result in intersec-
tions with the isobaric pseudoinvariant points at 15 to 25
kbar (see Figs. 5 and 6). This indicates the general
agreement between the models of O'Hara, Green et al.,
Stolper, and Elthon and Scarfe, in which primary oceanic
basalts are generated between 15 and 25 kbar.

We consider it likely that the evolutionary processes
involved in oceanic basalt genesis are considerably more
complex than these simple olivine fractionation models
may imply. For example, evidence on the role of high-
pressure crystal fractionation in the evolution of oceanic
basalts is obtained from Elthon et al. (1982) who interpret
the basal ultramafic cumulates from the North Arm
Mountain massif of the Bay of Islands to have formed by
high-pressure crystallization. On the basis ofother ophio-
Iite massifs that have similar cumulate ultramafic mineral
assemblages and mineral compositions, as well as data
from oceanic basalts, Elthon et al. propose that high-
pressure crystal fractionation may be a common process
in the evolution of oceanic basalts.

Mineral assemblages within the ultramafic cumulates of
North Arm Mountain indicate that basaltic liquids have a
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strong tendency to fractionate to lower pressure isobaric
pseudoinvariant points during magma ascent (Elthon et
al.,1982). As an example, a primary magma generated in
equilibrium with a harzburgite residuum at 20 kbar that
subsequently undergoes high-pressure crystallization (du-
nite --+ wehrlite + lherzolite) at 10 kbar until the liquid is
in equilibrium with OL + OPX + CPX + SP would
project at the l0 kbar pseudo-invariant point and might
appear (erroneously) to represent a primary magma gen-
erated at 10 kbar. If high-pressure fractionation of this
type occurs within the sub-oceanic mantle, estimates of
the pressure of melting in the mantle based on pseudo-
liquidus phase diagrams must represent minimum pres-
sures. It is possible that the oceanic basalts studied
experimentally by Kushiro (1973) and Fujii and Kushiro
(1977), which crystallize a comparatively Fe-rich plagio-
clase lherzolite assemblage at 7 .5 to 8 kbar, have experi-
enced a similar high-pressure crystallization history in
which the liquid has been modified to the 7.5 to 8 kbar
pseudo-invariant point.

It is also interesting to note that most "primitive"
oceanic basalts (>9.5% MgO) lie along or adjacent to the
l0 kbar OL + CPX + SP + LIQ isobaric pseudounivar-
iant curve (see Figs. 5 and 6). One possible cause of this
alignment of "primitive" oceanic basalts along the iso-
baric pseudo-univariant curve is that these basalts may
have undergone crystal fractionation at high pressures,
with those basalts that project closest to the isobaric
pseudo-invariant point having undergone the greatest
degree of crystal fractionation.

On the basis of the above discussion, we believe that
oceanic basalts may commonly undergo high-pressure
crystallization prior to eruption. As briefly noted above,
the efiect of high-pressure crystal fractionation on these
pseudo-liquidus phase diagrams is to drive residual liq-
uids towards silica enrichmeflt, i.e., towards the right on
Figures 5 and 6. Because of the difficulty in quantitatively
evaluating the magnitude of the effect that high-pressure
fractionation has had on individual "primitive" oceanic
basalts, the extent of enrichment in normative silica as a
consequence of this process is uncertain.

In evaluating overall scenarios for the petrogenesis of
oceanic basalts, it is considered likely that a combination
of high pressure fractionation and/or magma mixing pro-
cesses may be important, even in those primitive basalts
with >9.5Vo MgO. Recognizing that both of these pro-
cesses tend to produce an increase in normative silica
within the melt, we prefer a model for the origin of
primary oceanic basalts at 15 to 25 kbar: In this model,
these primary magmas are modified by a combination of
high-pressure crystal fractionation and magma mixing to
produce the more abundant oceanic basalts with 7.5 to
95%MgO.

The discussion above has been based on the assump-
tion that the majority of oceanic basalts with <9.5Vo MgO
are diferentiates of the "primitive" basalts with >9.5%
MgO, which are shown in Figures 5 and 6. It should be

noted that for many of these basalts, which have equili-

brated to the low-pressure cotectics, this lineage is not

readily constrained. In fact, it is possible that basalts that
project to the center of the group with <9.5Vo MgO are

derived by the crystallization of a primary magma that, by
virtue of having been produced at 5 to 10 kbar was

chemically different from those basalts with >9.5% MgO

shown in Figures 5 and 6. Until the processes of crystalli-
zation and magma mixing are more adequately quantified,

it will not be possible to unambiguously ascertain the
pressure of origin for the primary magmas related to

many of the evolved oceanic basalts with <9.5% MgO.

For this reason, we do not propose a lower-most pressure

limitation for the production of primary oceanic basalts.

Rather, we suggest that if primary oceanic basalts are
produced at slO kbar, these basalts would not be like

most of those basalts with>9.5Vo MgO that are recovered

from the present-day oceanic basins.
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