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Abstract-A search of about 1700 analyses of abyssal basalt glasses has produced a set of 40 very
primitive compositions with mg numbers greater than 70. None are picritic. On an olivine-plagioclasequartz normative triangle, the primitive compositions form an array elongated toward the quartz
apex that mimics the array of abyssal basalt glasses in general. Fractional crystallization with or
without magma mixing would produce residual liquids with lower mg numbers and higher concentrations of K20, Ti02, and Na20 than the parental magma. When these changes are used to test the
suitability of various experimentally produced basaltic liquids as parental magmas to the primitive
glasses, we find 9 suitable analyses synthesized at 10 kbar and one at 5 kbar. The compositions of
these parental basalts are either close to those of the primitive glasses or fall within the field of the
primitive MORB glass array. Picritic liquids produced to date at pressures above 15 kbar do not have
sufficiently high mg numbers and sufficiently low Ti02, Na20, and K20 contents to be parental, but
this may indicate only that the appropriate experimental conditions have not yet been found.
Melting relationships from I bar to 20 kbar for simplified lherzolite in the system CaO-MgOAI20TSiOrNa20 indicate that at pressures below 9.6 kbar where plagioclase lherzolite is stable, the
composition of the liquid changes little with degree of melting up to 19 (at 0 kbar) to 32 (at 9.6 kbar)
percent liquid. Above a transition inverval from 9.6 to 10.8 kbar, spinel lherzolite is stable, and the
liquid composition changes more rapidly with percent melting from an alkalic composition below
about 10 to 25% melting (depending on pressures) to a tholeiitic composition at higher melting
percentages. For amounts of melting of simplified lherzolite less than about 5 to 15%, picritic primary
magmas cannot be parental to any of the primitive mid-ocean ridge basalt glasses, and only if the
maximum amount of melting is greatly in excess of 20 to 30% could picritic magmas be parental to
the entire array of primitive MORB glasses. However, these very large amounts of melting exceed
estimates based on trace element considerations. The phase relationships support a model involving
generation of primary non-picritic magmas throughout the pressure interval 5-11 kbar coupled with
polybaric fractional crystallization as the magmas ascend to the earth's surface. The majority of
primary magmas appear to be generated at about 9 to 10 kbar where a low-temperature region
occurs on the simplified lherzolite solidus.
INTRODUCTION

In this paper, we focus on the generation and
crystallization
of the most primitive mid-ocean
ridge basalt (MORB) glasses because they represent
the best candidates for primary magmas that have
reached the earth's surface. The paper is divided
into two main parts. We first compare the compositions of primitive MORB glasses to liquid compositions produced from existing melting experiments on natural starting materials in order to determine which of these experimentally
produced
liquids could represent magmas parental to the
primitive glasses. Then we present new experimental data on melting relationships of simplified lherzolite in the system CaO-MgO-AI203-Si02-Na20
(CMASN) from 1 bar to 20 kbar and discuss the
bearing of these data on the generation and crystallization of primitive MORB glasses.

THE COMPOSITIONand depth of origin of primary
mid-ocean ridge basalts has been a matter of continuing debate. Some have advocated picritic primary magmas generated at pressures of about 1530 kbar (O'HARA, 1968; GREEN et al., 1979; STOLPER, 1980; JAQUES and GREEN, 1980; ELTHON and
SCARFE, 1984; ELTHON, 1986), whereas others have
advocated primary magmas generated at pressures
of about 7-11 kbar that have non-picritic
compositions similar or identical to the most primitive
lavas observed at mid-ocean
spreading centers
(GREEN and RINGWOOD, 1967; KUSHIRO, 1973;
PREsNALLet al., 1979; Fum and BOUGAULT, 1983;
TAKAHASHIand KUSHIRO, 1983; Fum and SCARFE,
1985; PRESNALL and HOOVER, 1984, 1986).
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MORB COMPOSITIONS

As a criterion for a primitive MORB glass, we
require that the mg number [mg = 100 Mg/(Mg
+ Fe2+)] be greater than 70, with the mg number
75
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FIG. 1. Comparison of primitive MORB glass compositions and synthesized picritic liquids. Mineral
proportions in mol percent are calculated according to the CIPW norm conventions. pi = Na2Ai2Si,;OI6
+ CaAhSi20s; 01 = Mg2SiO. + Fe2SiO.; hy = MgSi03 + FeSi03; di = CaMgSi206 + CaFeSi206; q
= Si02. For all compositions
in this and subsequent figures, Fe2+/(Fe2+ + Fe3+) is assigned the value
0.86 (PRESNALL et al., 1979). Numbers without parentheses indicate pressures in kbar. Numbers
enclosed in parentheses are temperatures in "C. The curved line with an arrow indicating the direction
of decreasing temperature indicates the trace of liquids in equilibrium with olivine, clinopyroxene,
and plagioclase (WALKER et al., 1979).

being calculated on the assumption that Fe2+ /(Fe2+
+ Fe3+) = 0.86 (O'DoNNELLand PRESNALL,1980).
This criterion may be so restrictive that we exclude
some lavas with mg < 70 that are, in fact, just as
close to primary magmas as the MORB glasses included in our sample but that are the result of a
smaller degree of melting or are derived from a
slightly less magnesian source. Although these exclusions may result in the loss of some information,
we prefer to minimize the possibility of including
samples with compositions that may be significantly
changed by processes taking place subsequent to
magma generation. Any model capable of explaining abyssal basalts in general must be capable of
explaining our small subset of primitive MORB
glasses.
Presnall and Hoover (1986) searched about 1700
analyses of glassy and aphyric abyssal basalts and

2 The term "picritic" will be used to indicate a basaltic
glass composition that departs significantly from the main
trend of MORB glasses (see, for example, PRESNALL et
al., 1979, Figures 12 and 13) toward the olivine apex on
an olivine-plagioclase-quartz
or olivine-diopside-quartz
normative triangle.
3 "Quartz-poor"
and "quartz-rich"
compositions and
"normative quartz" will refer to each triangle as a whole
as if normative hypersthene were recalculated to equivalent
olivine and quartz.

found 42 very primitive compositions (exclusive of
glass inclusions in minerals) that have mg numbers
greater than 70. We have used this same list of
primitive compositions but have retained only the
glass analyses. This criterion eliminates two analyses
of aphyric basalts reported by FLOWERet al. (1983).
For the remaining 40 analyses (see Appendix 1),
CIPW norms have been calculated, and the resulting
molecular proportions of olivine-plagioclasequartz and olivine-diopside-quartz plotted in Figure!.
These diagrams show several interesting features.
(1) None of the primitive glass compositions are
picritic.? and we are not aware of even a single analysis of a picritic MORB glass. Picritic abyssal basalts
occur but they are always olivine-phyric. (2) The
primitive glassarray shows a pronounced elongation
toward the quartz apex that mimics the trend of
MORB compositions in general (not shown, but
see PRESNALLetal., 1979, Figures 12 and 13). Analytical uncertainties enhance the elongation
(PRESNALLand HOOVER,1984) but account for
only about one quarter of its length. (3) Because
the temperature decreases to the right on the curve
along which olivine, plagioclase, and diopside crystallize (Figure 1), less-fractionated basalts have
commonly been assumed to lie near the quartzpoor' end of the MORB array. This relationship is
supported in a general way by analyses of natural
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samples (for example, see PRESNALLand HOOVER,
1984; Figure 5). However, even though fractionation drives residual liquids toward the quartz apex,
Figure 5 of PRESNALL and HOOVER (1984) and
Figure 1 show that primitive MORB glasses are not
confined to or even concentrated
in the quartzpoor portion of the MORB array. Although the
number of primitive glass samples is limited, there
is a suggestion of a concentration
of compositions
only slightly to the quartz-poor
side of the pl-hy
(Figure 1a) and di-hy (Figure 1b) joins, a position
close to the location of a similar centrally located
concentration
of MORB compositions in general
(WYLLIE et al., 1981, Figure 3.3.34). (4) The distribution of primitive glass compositions does not
follow the l-bar boundary line along which olivine,
plagioclase, and diopside crystallize, but the quartzrich end of the distribution appears to be limited
by this boundary line. This relationship is similar
to that observed for MORB compositions in general
(O'DONNELL and PRESNALL, 1980; GROVE and
BRYAN, 1983; ELTHON and SCARFE, 1984).
EXPERIMENTAL DATA ON
NATURAL COMPOSITIONS
One way of helping to clarify the origin of the
primitive MORB glasses plotted in Figure 1 is to
test the suitability of various experimentally
produced basalts as parental liquids. We test suitability
in two ways. The first method, which has been used
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extensively by others (for example, STOLPER, 1980;
ELTHON and SCARFE, 1984), is to note the relative
positions of presumed parental and derived liquids
on the triangular nonnative diagrams ol-p/-q and
ol-di-q and determine visually if liquids thought to
be derived are capable of being produced by crystal
fractionation from liquids thought to be parental.
For example, in the case of low-pressure crystallization of olivine from picritic liquids generated at
high pressures, the test is accomplished simply by
determining if the experimentally-produced
picritic
compositions lie along joins between primitive basalt compositions and the olivine apex. The second
method involves a comparison of mg numbers and
K20, Ti02, and Na20 contents of the presumed
parental and derived liquids. Fractional crystallization would decrease the mg number and increase
the K20, Ti02, and Na20 percentages in a derived
liquid relative to these values in a parental liquid.
The same changes would be produced by magma
mixing between a parental liquid and another
magma fractionated from an earlier similar parental
liquid.
Application of the first method suggests that
crystallization of olivine from experimentally produced picritic parental liquids (Figure 1) is capable
of producing derivative liquids in the primitive
MORB glass field, as pointed out by O'HARA
(1968), GREEN et al. (1979), JAQUES and GREEN
(1980), STOLPER (1980), ELTHON and SCARFE
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FIG. 2. Comparison of field of primitive MORB glasses (solid outline), 10 kbar liquids in the
CMASN system (dashed line, taken from Figure 7), and 10 kbar liquids in equilibrium with olivine,
orthopyroxene, and clinopyroxene in experiments on natural compositions. Positions of points are
calculated in the same way as explained in the caption for Figure I. In triangle b, the glass of JAQUES
and GREEN (1980) that meets our criteria for a parental magma is the point at 28 mol percent di
and 25 mol percent q (see text).

q
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(1984), and ELTHON (1985). On the other hand,
Figure 2 shows that experimentally produced melts
in equilibrium with olivine, orthopyroxene,
and
clinopyroxene at about 10 kbar lie near the olivinerich border of the primitive MORB glass array.
These 10 kbar liquids would be capable of producing compositions in most of the primitive MORB
glass field by at most only a small amount of olivine
crystallization (GREEN and RiNGWOOD, 1967; KtrSHIRO, 1973; PRESNALL et al., 1979; FuJII and
BOUGAULT, 1983; TAKAHASHIand KUSHIRO, 1983;
PRESNALL and HOOVER, 1984, 1986; FuJII and
SCARFE, 1985). Thus, application of the first method
does not lead to a resolution of the controversy over
the composition and depth of origin of primary
magmas at spreading ridges; both scenarios are
equally viable.
Now consider the second method. Small variations in Ti02, Na20, K20, and mg number are generally of little consequence when the results of
melting experiments on natural compositions are
used for the usual purpose of showing approximate
phase relationships. Typically, the phase relationships show a rough consistency and are useful even
when one or more of these components do not correspond exactly to values found in rocks. In spite
of this, if experimental data could be found that
not only show appropriate phase relationships but
also show consistent mg numbers and minor element concentrations,
a higher level of confidence
could be placed in the results. With this goal in
mind, we have examined the available experimental
melting data on natural compositions to see if any
of the data meet these higher standards.
PRESNALL and HOOVER (1986) pointed out that
mg = 67.7 for the picritic liquid produced experimentally at 20 kbar by STOLPER (1980), is a value
lower than that of any of the 40 primitive glasses.
Also, at least one of the oxides, K20, Ti02, and
Na20, has a smaller percentage in 39 of these glasses
than in STOLPER'S (1980) 20 kbar picritic liquid.
Thus, Stolper's picritic liquid is not a suitable parental magma for these glasses. PRESNALL and
HOOVER (1986) also pointed out that for the 20
and 25 kbar picritic liquids ofELTHON and SCARFE
(1984), the amount of at least one of the oxides,
K20, Ti02, and Na20, is higher than that of most
ofthe primitive glasses. Thus, the picritic liquids of
ELTHON and SCARFE(1984) are also unsuitable parental liquids for most of the primitive glasses.
We have carried out a more general review of
experimental data on natural compositions to determine if picritic liquids produced experimentally
by other investigators could be parental to the
primitive MORB glasses even though these inves-

tigators may not have suggested that their picritic
liquids are parental. Figure 3 shows that the picritic
liquids of MYSEN and KUSHIRO (1977) are eliminated as parental magmas on the basis of their K20
contents. Figure 4 shows that on the basis of their
Ti02 contents, only a small proportion of the primitive glasses could be derived from picritic liquids
reported by other investigators. Thus, if both the
major and minor element concentrations
of the
liquids are considered, not just the positions of the
liquids on triangular normative diagrams, none of
the picritic liquids produced to date in laboratory
experiments is a suitable parent for most of the
primitive glasses.
The same criteria can be used to test possible
parental liquids observed in laboratory experiments
on natural compositions at lower pressures. Those
advocating the generation of primary magmas in
the vicinity of 10 kbar (for example, PRESNALL et
al., 1979) have argued that these primary magmas
occasionally appear at the earth's surface either unmodified or only slightly changed in composition
by such processes as fractional crystallization and
magma mixing. Thus, we consider an experimentally produced liquid to be a suitable model of a
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FIG. 3. Histogram ofK20 content of primitive MORB
glasses (see Appendix I, values normalized to a total analysis of 100 weight percent) and four picritic liquids produced experimentally by MVSEN and KUSHIRO (1977) at
20 kbar (arrows).
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FIG. 4. Histogram of Ti02 content of primitive MORB glasses (see Appendix I, lower case values
normalized to a total analysis of 100 weight percent) and picritic liquids produced experimentally at
pressures from 20 to 35 kbar (arrows).

primary magma parental to the primitive glasses if
its K20, Ti02, and Na20 contents are either within
or below the most commonly observed range of
values for these oxides in the primitive MORB
glasses. On the basis of Figures 3, 4, and 5, we require the K20, Ti02, and Na20 contents to be less
8

6

FIG. 5. Histogram of Na-O content of primitive MORB
glasses (see Appendix I, values normalized to a total analysis of 100 weight percent).

than 0.15 weight percent, 0.9 weight percent, and
2.4 weight percent, respectively. Also, we require
the mg number to be greater than 70. Any liquid
is considered that is in equilibrium with olivine,
orthopyroxene, and clinopyroxene at pressures between 5 and 15 kbar. FuJII and KUSHIRO(1977)
listed such a liquid composition with an mg number
of only 64.4. Therefore, this liquid could not be a
parental magma, a conclusion reinforced by its high
Ti02 (1.64 weight percent) and Na20 (2.70 weight
percent) contents. TAKAHASHI
and KUSHIRO(1983)
listed 15 liquid compositions produced at pressures
ranging from 5 to 15 kbar. All are eliminated as
parental magmas by various combinations of high
K20, Ti02, and Na20 contents, and all except one
are eliminated by their low mg numbers «68.8).
ELTHONand SCARFE(1984) listed two liquid compositions, one at 10 kbar and another at 15 kbar.
The 10-kbar liquid composition is eliminated as a
parental magma by its high Ti02 content (1.4 weight
percent) and low mg number (64.1). The liquid
produced at 15 kbar is eliminated by its high Ti02
content (1.18 weight percent).
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Three studies gave liquid compositions that meet
all the criteria for a parental basalt. Fum and BouGAULT(1983) gave one such analysis of a glass at
10 kbar (their Table 1, column 1). JAQUESand
GREEN(1980) listed three liquid compositions produced by melting pyrolite, one each at 5, 10, and
15 kbar. The Ti02 (3.0-3.2 weight percent) and
Na20 (2.8-3.1 weight percent) contents of all three
are too high for a parental magma. However, they
also listed four liquids produced by melting Tinaquillo lherzolite, one each at 5 and 15 kbar and two
at 10 kbar. The K20 contents of the 15-kbar liquid
and one of the 10-kbar liquids are too high (0.2
weight percent), but the remaining two liquids at 5
and 10 kbar could be parental (their Table 5, columns 7 and 11). Fum and SCARFE(1985) listed 18
liquid compositions synthesized at 10 kbar. Five
are eliminated as parental liquids by various combinations of high K20, Ti02, and Na20 percentages,
and the remaining thirteen meet our criteria for a
parental magma for abyssal basalts. However, seven
of these thirteen analyses have extremely high mg
numbers of 78 to 82.1, with calculated coexisting
olivine compositions of FOn.2 to F094.1 (ROEDER
and EMSLIE,1970). If DICKand FISHER(1984) are
correct that olivines from abyssal peridotites, which
lie in the composition range F089-Fo91.6 (HAMLYN
and BONATTI,1980; DICK and FISHER,1984), are
residual compositions remaining from partial fusion
of the mantle at spreading centers, the very high
mg numbers of the seven glasses of Fum and
SCARFE(1985) are indeed unrealistic. Six of the glass
compositions remain as suitable parental magmas
produced at 10 kbar. The analyses are listed in columns 4 and 7 of Table 5 and columns 2, 7, 8, and
9 of Table 6 in Fum and SCARFE(1985).
On the basis of the above strict criteria for a parental magma, only a few experiments on natural
compositions have yielded suitable parental magmas at any pressure. These few experiments indicate
that magmas generated at pressures from about 5
to 10 kbar are suitable parents for observed primitive MORB glasses. All of the lO-kbar liquids are
plotted (among others) on Figure 2 and lie either
close to or within the field of primitive MORB
glasses. The 5-kbar liquid (not shown) lies slightly
toward the olivine apex from the silica-rich end of
the primitive MORB field. The lack of similar experimental support for picritic parental magmas
generated at higher pressures does not necessarily
indicate that such magmas cannot be primary; it
may simply indicate that the proper experimental
conditions have not yet been found. For example,
suitable picritic compositions might occur if experiments were carried out at very high melting

percentages or on lherzolite starting materials low
in Ti02, Na20, and K20. However, independent
reasons would be needed for using starting compositions with reduced Ti02, Na20, and K20 to
avoid the criticism that the conclusions were defined
by the initial conditions of the experiment.
Our emphasis on the importance of the mg
number and the minor components Ti02, Na20,
and K20 might seem to be inconsistent with our
use in the second part of the paper of phase relationships in the CMASN system, in which FeO,
Ti02, and K20 are not even present. No inconsistency exists, however, because the type of information obtained from the CMASN system (partial
melt compositions as a function of pressure and
percent melting) would be affected little by the inclusion of small amounts of additional components.
For experiments on natural compositions, we use
the mg number and the concentrations of Ti02,
Na20, and K20 to emphasize the fact that when
the phase relationships (controlled mainly by the
major elements), mg number, and certain minor
elements are all considered, available experimental
data on natural compositions are consistent only
with the generation of non-picritic primary magmas
at about 10 kbar. Scenarios involving picritic primary magmas must rely, at least at present, on supporting experimental data of a lower order of confidence in which the phase relationships are consistent but the mg number and certain minor
element concentrations are not.
MELTING RELATIONSHIPS OF SIMPLIFIED
LHERZOLITE IN THE SYSTEM CaO-MgOAI203-Si02-Na20

The solidus curve and liquid compositions along
the solidus for simplified lherzolite in the 4-component system CaO-MgO-AI203-Si02 (CMAS) have
been determined by PRESNALLet al. (1979) over
the pressure range of 1 bar to 20 kbar. We have
extended this study by determining changes in the
phase relationships for liquids containing up to 4
weight percent Na20. The data in the resulting 5component system (CMASN) cannot be represented visually as a conventional phase diagram.
However, the methods of PRESNALL(1986) can be
used to calculate algebraically the solidus temperature, liquid path, crystal path, and phase proportions during partial fusion at each pressure for any
arbitrarily chosen lherzolite composition within the
5-component system.
We present here preliminary results for equilibrium fusion of two model lherzolite compositions.
The complete data set on which these calculated
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Table 1. Mantle compositions
Model
lherzolite A
Si02
Ti02
Al203
Fe203
FeO
MgO
CaO
Na20

Model
lherzolite B

46.7

46.2

-

-

8.1

6.3

-

-

39.3
5.3
0.54

43.1
4.1
0.36

results are based will be presented elsewhere. Model
lherzolite composition A (Table 1) was calculated
by mixing 70% of an assumed residue from partial
fusion with 30% of our liquid composition in equilibrium with olivine, orthopyroxene, clinopyroxene,
spinel, and plagioclase at 9.6 kbar in the CMASN
system. Mineral proportions used for the residue
are 74% olivine, 21% orthopyroxene,
4% clinopyroxene, and 0.5% spinel. These proportions are the
same, within the stated uncertainties, as the average
proportions of phases in residual periodotites from
the ocean basins given by DICK and FiSHER (1984).
Mixing of 70% of this residue with 30% of the 9.6
kbar liquid composition
yields a source mantle
composition in which plagioclase, clinopyroxene,
and spinel disappear nearly simultaneously
from
the crystalline assemblage during equilibrium partial
melting at 9.6 kbar. This feature of the melting behavior is consistent with the observation of CARTER
(1970) that clinopyroxene and spinel disappear from
residual lherzolite xenoliths from Kilbourne's Hole,
New Mexico, at approximately the same forsterite
content of coexisting olivine. The oxide percentages
of the model lherzolite A (Table 1) are similar to,
but in all cases slightly higher than those of the corresponding oxides in the mantle compositions of
CARTER (1970) and RINGWOOD (1975), a feature
consistent with the absence of iron from the model
composition (see Table 1).
Figures 6 and 7 show melting relationships for
simplified lherzolite composition A. The subsolidus
phase assemblage at pressures less than 9.6 kbar is
01 + en + di + pi (plagioclase lherzolite) and at
pressures above 10.8 kbar is 01 + en + di + sp
(spinel lherzolite). Between 9.6 and 10.8 kbar, both
plagioclase and spinel coexist with olivine, enstatite,
and diopside just below the solidus. At pressures
less than 9.6 kbar, the first crystalline phase to disappear during equilibrium melting is diopside, and
it does so at liquid percentages ranging from 19 at
1 bar to 32 at 9.6 kbar. Exactly at 9.6 kbar, all five
crystalline phases (olivine, orthopyroxene,
clino-

Undepleted mantle
(Carter, 1970)

Pyrolite 3
(Ringwood, 1975)

42.9
0.3
7.0
0.4
9.0
35.1
4.4
0.45

46.1
0.2
4.3
8.2
37.6
3.1
0.4

pyroxene, plagioclase, spinel) are retained until the
amount of liquid reaches 32%, at which point plagioclase, diopside, and spinel disappear essentially
simultaneously. Between 9.6 and 10.8 kbar, where
the subsolidus assemblage 01 + en + di + pi + sp
exists, plagioclase is the first crystalline phase to be
totally dissolved, and spinel follows at about 32%
melting. From 10.8 to 20 kbar, spinel is the first
crystalline phase to be totally dissolved, which occurs at melt percentages of about 32 at 10.8 kbar
to about 30 at 20 kbar.
When the amount of liquid mixed with the assumed residue is changed from 30% to 20%, the
composition of the model lherzolite composition
changes to that given in column 2 of Table 1 (composition B). In this composition, the concentrations
of Si02, A1203, CaO, and Na20 are closer to the
compositions of CARTER (1970) and RINGWOOD
(1975). If it is considered appropriate to combine
molar MgO and FeO in the real mantle composition
and treat this sum as comparable to molar MgO in
the model mantle, composition B might then be a
preferred model mantle composition. The melting
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FIG. 6. Phase assemblages as a function of pressure and
percent melting for simplified lherzolite in the CMASN
system.

D. C. Presnall and J. D. Hoover

82
pi

di

b

?J

of

hy

q

01

hy

FIG. 7. Compositions of liquids as a function of pressure and weight percent melting for simplified
lherzolite in the CMASN system. Solid lines are contours of constant liquid proportion. Dashed lines
are isobars labeled according to their pressure in kbar. The dash-dot line shows the locus of points
at which diopside disappears on melting at pressures below 9.6 kbar and the locus of points at which
spinel disappears at pressures above 9.6 kbar. The dotted enclosure shows the field of primitive
MORB glasses taken from Figure I.

relationships for this composition would be similar
to those shown in Figure 7 except that the 20%
melting contour would be shifted approximately to
the position of the 30% melting contour in Figwe 7.
We have also calculated a model lherzolite on
the assumption of 10% liquid mixed with the assumed residue. With this assumption, the Na20
content of the model lherzolite is 0.19 weight percent, a value only about half that of the mantle
compositions given by CARTER(1970) and RINGWOOD(1975). Thus, we consider this model composition to be unlikely.
EFFECT OF OTHER COMPONENTS ON
MELTING RELATIONSHIPS IN THE SYSTEM
CaO-MgO-AJ,°3-Si02-Na20

Before applying phase relationships in the
CMASN system to the melting behavior of the
mantle, we consider briefly the probable effect of
additional components on the liquid compositions.
Inclusion of iron oxide, the most important component missing from the CMASN system, would
reduce liquidus temperatures for the olivine and
pyroxene fields but would leave the plagioclase field
relatively unaffected. Thus, in the ol-pl-q triangle
(Figure 7a), boundary lines along which liquid
compositions move during crystallization would be
expected to move slightly away from the plagioclase
apex, but in the ol-di-q triangle (Figure 7b), little
change would occur.

Figure 2 shows a comparison between liquid
compositions produced at 10 kbar in the CMASN
system and those observed in melting experiments
on natural compositions. All liquids are in equilibrium with olivine, orthopyroxene, and clinopyroxene and the CMASN liquids are also in equilibrium
with spinel. As expected, liquid compositions in the
melting experiments on natural compositions are
shifted away from the plagioclase apex in Figure 2a
relative to the CMASN liquids, but the two sets of
data are essentially coincident in Figure 2b. This
comparison supports the contention that missing
components other than iron oxide have only a small
effect on liquid compositions and that the CMASN
phase relationships can be meaningfully applied to
melting processes in the mantle if allowance is made
for the slight shift in liquid compositions that would
be produced by the addition of iron oxide. That is,
liquid compositions in Figure 7a would shift slightly
away from the pi apex but those in Figure 7b would
remain approximately as shown.
VARIABLE VERSUS CONSTANT PRIMARY
MAGMA COMPOSITIONS FROM
THE MANTLE

YODERand TiLLEY(1962) suggested that the
mantle melts in a manner analogous to the formation ofliquid at an isobaric invariant point. They
pointed out that this type of melting behavior provides a mechanism for producing a uniform magma
composition at a given pressure from a heteroge-
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neous peridotite mantle in which the proportions
(only the lO-kbar isobaric line is shown in this
of phases vary. Subsequently, PRESNALL(1969, pressure interval), and it continues along this line
1979) showed that if melting occurs at an invariant
until spinel is completely dissolved just as the liquid
point, not only can compositional heterogeneity of path reaches the dash-dot line at about 32% liquid.
the source rock be tolerated without changing the At pressures above 10.8 kbar, initial melt compoinitial melt composition, but a large amount of melt sitions are nepheline-normative (not shown in Figof constant composition can be produced. Of ure 7), and as the percent liquid increases during
course, the mantle cannot melt at a true invariant
isobaric equilibrium fusion, the liquid composition
point because the number of phases is small and moves into the hypersthene-normative field (see
the number of components is large. However, sit- GREENand RiNGWOOD,1967,and TAKAHASHI
and
uations commonly exist with higher variance in KUSHIRO,1983, for similar results on natural comwhich the melting behavior approximates that at positions). A large amount of melting occurs prior
an invariant point. That is, a relatively constant
to the disappearance of the first crystalline phase
liquid composition can be derived from a somewhat (spinel), but in this pressure range the change of
heterogeneous source even when the amount of liquid composition for a given amount of melting
melting varies widely. In other situations with higher is much greater than it is at lower pressures.
variance, changes in liquid composition with perThese data indicate that generalizations applicent melting and with variations in the bulk com- cable to all pressures cannot be made about the
position of the source can be very large (PRESNALL, manner in which the mantle melts. At low pressures,
1979). The problem reduces to a determination of especially near 9 to 10 kbar, the melting behavior
the specific situation relevant to the mantle at var- approximates that at an invariant point; liquid is
ious pressures. Several studies have addressed this produced with a composition that changes only a
issue for both natural compositions and simplified small amount as a function of percent melting. At
model systems but have not reached agreement
higher pressures, the liquid composition changes
(MYSEN and KUSHIRO, 1977; PRESNALLet al., more rapidly as a function of percent melting. The
1978, 1979; JAQUESand GREEN, 1980; STOLPER, transition between these two types of melting be1980; TAKAHASHIand KUSHIRO, 1983; ELTHON havior occurs abruptly in a very narrow pressure
and SCARFE,1984; Fum and SCARFE,1985; KLEIN interval between 9.6 and 10.8 kbar.
and LANGMUIR,1986).
Melting relationships of model lherzolite A in
CONSTRAINTS ON PICRITIC
the CMASN system (Figure 7) show that for presPRIMARY MAGMAS
sures less than 9.6 kbar, the composition of the melt
changes very little with percent melting up to the
For model lherzolite A, the percent melting conpoint of disappearance of the first crystalline phase,
tours in Figure 7 show that if primary mid-ocean
diopside. As pressure increases in the range 8 to 9.6 ridge basalts are produced by less than about 15%
kbar, the magnitude of the change in composition
melting, picritic liquids with compositions lying tofor a given amount of fusion decreases and reaches ward olivine from the primitive MORB array do
zero at 9.6 kbar (point n). At this pressure, the melt
not exist at any pressure up to the 20-kbar limit of
composition remains fixed at n until the amount
our data. Extrapolation of our data to higher presofliquid exceeds 32% (Figures 6 and 7). As pressure
sures is straightforward up to about 22 kbar, the
increases from 9.6 to 10.8 kbar (the pressure range
pressure of first appearance of garnet lherzolite along
in which plagioclase and spinel coexist in the sim- the solidus in the CMAS system (GASPARIK,1984),
plified lherzolite just below the solidus), the melt
and it is clear from Figure 7 that for this small adcomposition remains fixed during isobaric melting
ditional extension of the pressure range, the conuntil plagioclase disappears at melt percentages
straint against picritic magmas at less than about
ranging from 32 at 9.6 kbar to zero at 10.8 kbar
15%fusion oflherzolite A continues to hold. Com(Figure 6). Just as plagioclase completely dissolves, positions of liquids at higher pressures are more
the liquid composition, shown in Figure 7, starts
uncertain, but an indication of the changes to be
to move along the appropriate dashed isobaric line
expected is given by Figures 3.3.15 and 3.3.16 of
WYLLIEet al. (1981). These diagrams show liquid
compositions in equilibrium with simplified lher• See footnote 3.
zolite in the CMAS system including a liquid at 40
5 The estimated transition from spinel lherzolite to garnet lherzolite at the solidus was given in Figures 3.3.15 kbar (DAVISand SCHAIRER,1965) that shows only
a slight shift toward higher normative quartz" in
and 3.3.16 of WYLLIE et al. (1981) as 24 kbar rather than
22 kbar, as used here.
comparison to the 22-kbar Iiquid.' This observa-
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tion, coupled with the fact that the liquid at 15%
fusion in the CMASN system lies deep within the
alkalic (nepheline-normative) basalt field at 22
kbar, indicates that hypersthene-normative liquids
at less than 15%fusion are unlikely to be produced
from model lherzolite A at any pressure up to at
least 40 kbar. If model lherzolite B is preferred, this
conclusion would apply for amounts of fusion less
than about 8%. Thus, although experimental confirmation of the phase relationships at high pressures
is obviously important, present indications are that
if primary magmas at spreading ridges are produced
by less than about 8 to 15% fusion of the mantle
source, these primary magmas are not picritic.
At 20 to 30%fusion of composition A (10 to 20%
fusion for composition B), Figure 7 indicates that
picritic liquids are possible if the pressure is higher
than about 15 kbar. However, the composition
range of these liquids is constrained to the quartzpoor portion of each triangle. Thus, low-pressure
crystallization of olivine from picritic primary
magmas produced by 10-30% fusion would be capable of yielding liquids in the quartz-poor end of
the primitive MORB array but not in the quartzrich end. This difficulty in producing primitive
magma compositions in the quartz-rich end of the
array would not be so constraining if an alternative
mechanism could explain them. However, other
mechanisms are not evident. As discussed below in
the section on crystallization of primitive MORB
glasses, primitive liquids near the quartz-rich end
ofthe array could not be derived by fractional crystallization from primitive liquids near the quartzpoor end. Also, magma mixing with quartz-poor
primitive liquids would be equally ineffective because the quartz-rich liquids would be one of the
end members to be mixed.
The constraint against picritic primary magmas
becomes less severe as the percent fusion increases,
and olivine crystallization from picritic liquids
might be capable of yielding the complete range of
observed primitive liquids if the amount of fusion
is allowed to range up to very high values considerably in excess of 30% for composition A or 20%
for composition B. However, our data do not extend
to these very high fusion percentages.
Because of the need for large amounts of fusion
to produce picritic parental magma compositions,
the amount of fusion responsible for the formation
of mid-ocean ridge basalts is a critical parameter
in determining the viability of picritic parental
magmas. BENDERet al. (1978) estimated that basalts
in the FAMOUS region were produced by about
20% melting of the mantle. For basalts in the Tamayo region, BENDERet al. (1984) concluded that

about 5% melting was required. In a more recent
evaluation of ridge basalts worldwide, KLEINand
LANGMUIR
(1986) concluded from both major- and
trace-element considerations that the average
amount offusion varies between about 8 and 22%.
If these calculations of the amount of partial melting
are correct, magma compositions only in the
quartz-poor end of the primitive MORB array
could be explained as derivatives from picritic parental magmas, and the origin of primitive midocean ridge basalts by fractionation from picritic
parental magmas fails as a general process.
GENERATION OF PRIMITIVE
MORB GLASSES

When allowance is made for the effect of iron
oxide on liquid compositions (Figure 2), it can be
seen in Figure 7 that liquids produced in the pressure range of about 5 to 11 kbar would have compositions that lie near the olivine-rich margin of
the primitive MORB glass array. As pressure decreases, the olivine field enlarges (KUSHIRO,1968;
PRESNALL
et al., 1978; O'DoNNELLand PRESNALL,
1980, Figure 10), so primary magmas produced
along the olivine-rich margin of the primitive
MORB array would lie within the olivine field as
they passed upward to the earth's surface. Thus, the
phase relationships are consistent with a simple
model for the origin of primitive MORB glasses
that involves generation of non-picritic primary
magmas over a range of pressures from about 5 to
11kbar followed by a small amount of olivine crystallization at lower pressures. Alternatively, the
primitive MORB liquids could be direct partial
melts essentially unmodified by fractional crystallization. We feel that existing experimental data are
not precise enough to distinguish between these two
possibilities.
Previously, we argued that primary magmas at
spreading ridges are generated at pressures from
about 7 to 11 kbar (PRESNALL
and HOOVER,1984).
We now believe the lower limit of this range must
be decreased to about 5 kbar to account for the
most silica-rich compositions in the primitive
MORB array (Figure 7). The dashed isobars in Figure 7 show that variations in the amount of melting
could contribute to the elongation of the primitive
MORB array toward the quartz apex, but the elongation is much too large to be due mainly to this
effect.
In the CMAS system, PRESNALLet al. (1979)
emphasized the importance of a cusp on the mantle
solidus at 9 kbar and argued that this cusp controlled
the depth of generation and composition of primary
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mid-ocean ridge basalts. PRESNALLet al. (1979, p.
26) suggested that for mantle peridotite, the cusp
would appear as a low-temperature region spread
over a small pressure interval. For the model mantle
composition used here in the CMASN system, the
cusp appears as a low-temperature region on the
solidus that extends over the pressure interval 9.6
to 10.8 kbar. Comparison of Figures 1 and 7 shows
that the greatest concentration of primitive MORB
glass compositions lies close to liquid compositions
in the CMASN system at about 9 to 10 kbar. Also,
pressures at which the largest amounts ofliquid are
produced with the smallest changes in liquid composition with percent melting cluster around 9.6
kbar. Thus, our data in the CMASN system substantiate the main features of the model proposed
earlier based on the CMAS system (PRESNALLet
al., 1979) and provide a more refined estimate of
the range of pressures over which primary MORB
magmas are generated.
CRYSTALLIZATION OF PRIMITIVE
MORB GLASSES

The strong divergence of the quartz-poor end of
the primitive MORB array from the l-bar boundary
along which olivine, plagioclase, and clinopyroxene
crystallize (Figure 1) shows that the primitive
MORB glasses have not resided in a crustal magma
chamber long enough for their compositions to be
controlled by crystal fractionation in that chamber.
The compositional trend of the primitive MORB
array conforms instead to the trend expected for
primary magmas generated over the pressure interval of about 5 to 11 kbar with at most only slight
modification by subsequent crystallization of olivine
(Figure 7).
O'DONNELLand PRESNALL(1980) pointed out
that a similar trend observed for more fractionated
MORB glasses is not consistent with fractional
crystallization of olivine, plagioclase, and clinopyroxene at any constant pressure but could be explained by polybaric crystallization of these phases
as the magmas rise to the earth's surface. Therefore,
it is important to examine the possibility that the
quartz-poor end ofthe primitive MORB array may
represent magmas that are parental to compositions
in the quartz-rich end. Because all the primitive
MORB glasses have very high mg numbers, such
an explanation would require the decrease of mg
number with increasing fractionation toward the
quartz-rich end of the primitive MORB array to
be extremely small. The experimental data of
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WALKERet al. (1979), shown in Figure 8, demonstrate that for isobaric crystallization of olivine,
plagioclase, and clinopyroxene, the change of mg
number with percent normative quartz is, in fact,
very large. Note also that the decreasing mgnumber
with increasing normative quartz" is consistent with
the decreasing forsterite content of coexisting olivine
in their experiments. If the change of mg number
for polybaric crystallization of these same phases is
assumed to be similar, a magma at the quartz-rich
end of the primitive MORB array with an mgnumber of 71 would require a parental magma at the
quartz-poor end with an mg number of about 91,
an obviously absurd result. We conclude that crystallization processes cannot explain the extension
of the primitive MORB array toward the quartz
apex. Because the phase relationships suggest that
the compositions of primary magmas lie near the
olivine-rich margin of the primitive MORB array,
the primitive MORB glasses may in some cases be
slightly modified by olivine crystallization. However, crystallization of olivine alone would move
residual liquid compositions away from the olivine
apex at a high angle to the long direction of the
primitive MORB glass array. Thus, the possible existence of a small amount of olivine crystallization
is consistent with our conclusion that the elongation
of the primitive MORB array toward quartz is not
due to crystallization processes.
Many authors have presented evidence for mul-
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as a function of mg numbers
for FAMOUS and AMAR basalt glasses (filled circles,
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plagioclase, and diopside at I bar (open circles, WALKER
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tiple parental magmas in the adjoining FAMOUS
and AMAR areas ofthe Mid-Atlantic Ridge (BouGAULT and HEKlNIAN, 1974; BRYAN and THOMPSON, 1977; LANGMUIR et al., 1977, BRYAN, 1979,
1983; LERoEX et al., 1981; GROVE and BRYAN,
1983; STAKESet al., 1984; PRESNALLand HOOVER,
1984). In Figure 8, glass compositions from the FAMOUS-AMAR
area plot as a very wide band but
with an overall slope close to that determined experimentally by WALKER et al. (1979). The correspondence of the two slopes indicates that crystallization processes were important in producing the
less primitive FAMOUS-AMAR
basalts. However,
because ofthe great width ofthe FAMOUS-AMAR
trend in Figure 8 and the existence of quartz-rich,
very primitive glass compositions,
crystallization
from a single parental magma cannot explain the
entire range of glass compositions. The broad trend
is consistent, however, with the existence of multiple
primary magmas of widely varying normative
quartz content that crystallized olivine, clinopyroxene, and plagioclase under polybaric conditions
as the magmas rose to the earth's surface. The arrows descending from the horizontal line in Figure
8 indicate expected crystallization trends from a
range of primary magma compositions with mg
numbers of about 70-73.
CONCLUSIONS
Future detailed data from a wider range of ridge
segments may reveal differences that obviate a uniform petrogenetic model applicable to all ridges,
but data available at present show sufficient similarities that we believe the following generalizations
are justified.
( 1) Most mid-ocean ridge basalts are not derived
from picritic primary magmas and none require a
picritic parent.
(2) Primitive mid-ocean
ridge basalts are best
explained as products of at most only a small
amount of olivine crystallization
from multiple
primary magmas. These primary magmas are not
picritic and have a wide range of normative quartz
content."
(3) Phase relationships support the generation
of primary magmas beneath spreading ridges over
a pressure range of about 5 to 11 kbar, with the
majority being generated at a low-temperature
region on the solidus at about 9 to 10 kbar.
(4) Generation of multiple primary magmas over
the pressure range of 5 to 11 kbar and polybaric

7

See footnote 3.

fractional crystallization both cause the normative
compositions of MORB magmas to deviate in a
similar way from the I-bar boundary line along
which olivine, plagioclase, and clinopyroxene crystallize.
(5) In agreement with many previous studies, we
concur that data from the FAMOUS-AMAR
area
show that multiple parental magmas are capable of
being produced in the same geographic area.
(6) The compositions of mid-ocean ridge basalts
are best explained as the combined result of generation over a range of pressures followed by polybaric fractional crystallization
as the primary
magmas pass upward to the earth's surface. The
fact that virtually the entire polybaric magma generation and crystallization process is recorded in
the compositions of the lavas implies the existence
of an eruptive mechanism capable of interrupting
and sampling magmas at all depths and stages of
evolution and bringing them rapidly to the earth's
surface in a relatively unmodified condition. In such
a model, magma mixing (DUNGAN et al., 1978;
DUNGAN and RHODES, 1978; RHODES et al., 1979;
WALKER et al., 1979; STAKES et al., 1984) would
also be expected to occur during the sampling process. However, magma mixing, acting alone, could
not explain the elongation of the primitive MORB
array toward the quartz apex. Our model is at variance with certain aspects of some models (for example, PALLISTER and HOPSON, 1981; STAKES et
al., 1984) that emphasize an extended residence
time and consequent fractional crystallization in a
crustal magma chamber. We do not argue against
the existence of a crustal magma chamber, but we
believe that fractional crystallization
in such a
magma chamber is a subordinate process in the
chemical evolution of magmas erupted at the earth's
surface.
thank K. Krafft for a valuable
editorial review. Also, several improvements in the manuscript were made as a result of reviews by B. Mysen and
R. Helz. This work was supported by National Science
Foundation Grants EAR-8018359, EAR-8212889, and
EAR-84 I8685.

Acknowledgements-We

REFERENCES
BENDERJ. F., HOOOESF. N. and BENCEA. E. (1978)
Petrogenesis of basalts from the project FAMOUS area:
Experimental study from 0 to 15 kbars. Earth Planet.
Sci. Lett. 41, 277-302.
BENDERJ.F., LANGMUIRC.H. and HANSONG.N. (1984)
Petrogenesis of basalt glasses from the Tamayo region,
East Pacific Rise. J. Petrol. 25,213-254.
BOUGAULT
H. and HEKINIANR. (1974) Rift valley in the
Atlantic Ocean near 36°50'N, Petrology and geochemistry of basaltic rocks. Earth Planet. Sci. Lett. 24,249261.

Mid-ocean

ridge basalt genesis

BRYAN W. B. (1979) Regional variation and petrogenesis
of basalt glasses from the FAMOUS area, Mid-Atlantic
Ridge. J. Petrol. 20, 293-325.
BRYAN W. B. (1983) Systematics of modal phenocryst assemblages in submarine basalts: Petrologic implications.
Contrib. Mineral. Petrol. 83, 62-74.
BRYAN W. B. and MOORE J. G. (1977) Compositional
variations of young basalts in the Mid-Atlantic
Ridge
rift valley near lat. 36°49'N. Bull. Geol. Soc. Amer. 88,
556-570.
BRYAN W. B. and THOMPSON G. (1977) Basalts from
DSDP leg 37 and the FAMOUS area: Compositional
and petrogenetic comparisons. Can. J. Earth Sci. 14,
875-885.
CARTER J. L. (1970) Mineralogy and chemistry of the
earth's upper mantle based on the partial fusion-partial
crystallization model. Bull. Geol. Soc. Amer. 81, 20212034.
DAVISB. T. C. and SCHAIRERJ. F. (1965) Melting relations
in the join diopside-forsterite-pyrope
at 40 kilobars and
at one atmosphere.
Carnegie Inst. Wash. Yearb. 64,
123-126.
DICK H. J. B. and FISHER R. L. (1984) Mineralogic studies
of the residues of mantle melting: Abyssal and alpinetype peridotites. In Kimberlites II: The Mantle and
Crust-Mantle
Relationships, (ed. J. KORNPROBST), pp.
295- 308 Elsevier.
DUNGAN M. A., LONG P. E. and RHODES J. M. (1978)
Magma mixing at mid-ocean ridges: Evidence from legs
45 and 46-DSDP. Geophys. Res. Lett. 5, 423-425.
DUNGANM. A. and RHODESJ. M. (1978) Residual glasses
and melt inclusions in basalts from DSDP legs 45 and
46: Evidence for magma mixing. Contrib. Mineral. Petrol. 67, 417-431.
ELTHON D. (1986) Comments on "Composition and depth
of origin of primary mid-ocean ridge basalts: by D. C.
Presnall and J. D. Hoover." Contrib. Mineral. Petrol.
(in press).
ELTHON D. and SCARFEC. M. (1984) High-pressure phase
equilibria of a high-magnesia
basalt and the genesis of
primary oceanic basalts. Amer. Mineral. 69, 1-15.
FLOWER M. F. J., PRITCHARD R. G., SCHMINCKE H. U.
and ROBINSON P. T. (1983) Geochemistry
of basalts:
Deep Sea Drilling Project sites 482, 483, and 485 near
the Tamayo Fracture Zone, Gulf of California. Init.
Rept. DSDP 65, 559-578.
FREY F. A., BRYAN W. B. and THOMPSON G. (1974) Atlantic Ocean floor: geochemistry and petrology of basalts
from legs 2 and 3 of the Deep Sea Drilling Project. J.
Geophys. Res. 79, 5507-5527.
fuJII T. and BOUGAULT H. (1983) Melting relations of a
magnesian abyssal tholeiite and the origin of MORBs.
Earth Planet. Sci. Lett. 62, 283-295.
FUJII T. and KUSHIRO I. (1977) Melting relations and viscosity of an abyssal tholeiite. Carnegie Inst. Wash.
Yearb. 76,461-465.
FuJlIT. and SCARFEC. M. (1985) Composition ofliquids
coexisting with spinel lherzolite at 10 kbar and the genesis of MORBs. Contrib. Mineral. Petrol. 90, 18-28.
GASPARIK T. (1984) Two-pyroxene
thermobarometry
with new experimental data in the system CaO-MgOAI20rSi02•
Contrib. Mineral. Petrol. 87, 87-97.
GREEN D. H., HIBBERSONW. O. and JAQUES A. L. (1979)
Petrogenesis of mid-ocean ridge basalts. In The Earth:
Its Origin, Structure and Evolution, (ed. M. W. McELHINNY), pp. 265-299 Academic Press.
GREEN D. H. and RINGWOOD A. E. (1967) The genesis

of basaltic magmas.
190.

87
Contrib. Mineral. Petrol. 15, 1031:

GROVE T. L. and BRYAN W. B. (1983) Fractionation
of
pyroxene-phyric
MORB at low pressure: An experimental study. Contrib. Mineral. Petrol. 84, 293-309.
HAMLYN P. R. and BONAITI E. (1980) Petrology of mantle-derived ultramafics from the Owen Fracture Zone,
northwest Indian Ocean: implications for the nature of
the oceanic upper mantle. Earth Planet. Sci. Lett. 48,
65-79.
JAQUESA. L. and GREEN D. H. (1980) Anhydrous melting
of peridotite at 0-15 kb pressure and the genesis of tholeiitic basalts. Contrib. Mineral. Petrol. 73,287-310.
KLEIN E. M. and LANGMUIR C. H. (1986) Ocean ridge
basalt chemistry, axial depth, crustal thickness and
temperature variations in the mantle. J. Geophys. Res.
(In press).
KUSHIRO I. (1968) Compositions
of magmas formed by
partial zone melting of the earth's upper mantle. J. Geophys. Res. 73, 619-634.
KUSHIROI. (1973) Origin of some magmas in oceanic and
circumoceanic regions. Tectonophys. 17,211-222.
LANGMUIR C. H., BENDER J. F., BENCE A. E., HANSON
G. N. and TAYLOR S. R. (1977) Petrogenesis of basalts
from the FAMOUS area, Mid-Atlantic
Ridge. Earth
Planet. Sci. Lett. 36, 133-156.
LERoEXA. P., ERLANKA. J. andNEEDHAMH. D. (1981)
Geochemical and mineralogical
evidence for the occurrence of at least three distinct magma types in the
FAMOUS region. Contrib. Mineral. Petrol. 77,24-37.
MELSON W. G., VALLIER T. L., WRIGHT T. L., BYERLY
G. and NELEN J. (1976a) Chemical diversity of abyssal
volcanic glass erupted along Pacific, Atlantic, and Indian
Ocean sea-floor spreading centers. In The Geophysics
of the Pacific Ocean Basin and its Margin, (eds. G. H.
SUITON, M. H. MANGHNANI and R. MOBERLY), Mon.
19, pp. 351-367 American Geophysical Union.
MELSON W. G., BYERLY G. R., NELEN J. A., O'HEARN
T., WRIGHT T. L. and VALLIER T. (1976b) A catalog
of the major element chemistry of abyssal volcanic
glasses. In Mineral Sciences Investigations, 1974-1975,
(ed. B. MASON), Smithsonian Contrib. Earth Sciences
19,31-60.
MYSEN B. O. and KUSHIRO I. (1977) Compositional
variations of coexisting phases with degree of melting of
peridotite in the upper mantle. Amer. Mineral. 62, 843865.
NATLANDJ. H. and MELSONW. G. (1980) Compositions
of basaltic glasses from the East Pacific Rise and Siqueiros Fracture Zone, near 9°N. Init. Rept. DSDP 54,
705-723.
O'DoNNELL T. H. and PRESNALL D. C. (1980) Chemical
variations of the glass and mineral phases in basalts
dredged from 25°_30oN along the Mid-Atlantic Ridge.
Amer. J. Sci. 2BO-A, 845-868.
O'HARA M. J. (1968) Are ocean floor basalts primary
magma? Nature 220, 683-686.
PALLISTERJ. S. and HOPSON C. A. (1981) Samail ophiolite
plutonic suite: field relations, phase variation, cryptic
variation and layering, and a model of a spreading ridge
magma chamber. J. Geophys. Res. 86,2593-2644.
PERFIT M. R., BATIZA R., ALLEN J., SMITH T. and FORNARI D. J. (1985) Geochemistry of basalts from a seamount group at 09 53'N near the East Pacific Rise: Possible implications for off-axis magma chambers. EOS
66, 1079.

88

D. C. Presnall and J. D. Hoover

PRESNALLD. C. (1969) The geometrical analysis of partial
fusion. Amer. J. Sci. 267, 1178-1194.
PRESNALLD. C. (1979) Fractional crystallization and partial fusion. In The Evolution of the Igneous RocksFiftieth Anniversary Perspectives, (ed. H. S. YODER, JR.),
pp. 59-75 Princeton Univ. Press.
PRESNALL D. C. (1986) An algebraic method for determining equilibrium crystallization and fusion paths in
multicomponent
systems. Amer. Mineral. 71, 10611070.
PRESNALL D. C. and HOOVER J. D. (1984) Composition
and depth of origin of primary mid-ocean ridge basalts.
Contrib. Mineral. Petrol. 87, 170-178.
PRESNALL D. C. and HOOVER J. D. (1986) Composition
and depth of origin of primary mid-ocean
ridge basalts-reply
to D. Elthon. Contrib. Mineral. Petrol., (in
press).
PRESNALL D. C., DIXON J. R., O'DoNNELL T. H. and
DIXON S. A. (1979) Generation of mid-ocean
ridge
tholeiites. J. Petrol. 20, 3-35.
PRESNALL D. c., DIXON S. A., DIXON J. R., O'DONNELL
T. H., BRENNER N. L., SCHROCK R. L. and Dycus
D. W. (1978) Liquidus phase relations on the join diopside-forsterite-anorthite
from I atm to 20 kbar: Their
bearing on the generation and crystallization of basaltic
magma. Contrib. Mineral. Petrol. 66, 203-220.
RHODES J. M., DUNGAN M. A., BLANCHARD D. P. and
LoNG P. E. (1979) Magma mixing at mid-ocean ridges:
Evidence from basalts drilled near 22°N on the MidAtlantic Ridge. Tectonophys. 55, 35-61.
RINGWOOD A. E. (1975) Composition and Petrology of
the Earth's Mantle. 618 pp. McGraw-Hill.
ROEDER P. L. and EMSLIE R. F. (1970) Olivine-liquid
equilibrium. Contrib. Mineral. Petrol. 29, 275-289.
SIGURDSSON H. (1981) First-order major element variation in basalt glasses from the Mid-Atlantic Ridge: 29°N
to 73°N. J. Geophys. Res. 86, 9483-9502.
STAKES D. S., SHERVAISJ. W. and HOPSON C. A. (1984)
The volcanic-tectonic
cycle of the FAMOUS
and
AMAR Valleys, Mid-Atlantic
Ridge (36°47'N): Evidence from basalt glass and phenocryst compositional
variations for a steady state magma chamber beneath
the valley midsections, AMAR 3. J. Geophys. Res. 89,
6995-7028.
STOLPER E. (1980) A phase diagram for mid-ocean ridge
basalts: preliminary results and implications for petrogenesis. Contrib. Mineral. Petrol. 74, 13-27.
TAKAHASHI E. and KUSHIRO I. (1983) Melting of a dry
peridotite at high pressures and basalt magma genesis.
Amer. Mineral. 68, 859-879.
TAKAHASHI E. and SCARFE C. M. (1985) Melting of peridotite to 14 GPa and the genesis ofkomatiite.
Nature
315, 566-568.
WALKER D., SHIBATAT. andDELoNGS. E. (1979) Abyssal
tholeiites from the Oceanographer
Fracture Zone II,
Phase equilibria and mixing. Contrib. Mineral Petrol.
70, 111-125.
WYLLIE P. J., DONALDSON C. H., IRVING A. H., KESSON
S. E., MERRILL R. B., PRESNALLD. c, STOLPER E. M.,
USSELMANT. M. and WALKER D. (1981) Experimental
petrology of basalts and their source rocks. In Basaltic
Volcanism Study Project, Chap. 3, pp. 493-630 National
Aeronautics and Space Adm., Houston.
YODER H. S. JR. and TILLEY C. E. (1962) Origin of basalt
magmas: An experimental study of natural and synthetic
rock systems. J. Petrol. 3, 342-532.

'VI..OONf""'l'V-VOOO-o\N'V'o::t-N

ddci~_;oodd_;oddMcio
r-r-r-r-r-r-r-r-r-r-r-r-r-r-r-rO\ONOO(V)V)r-r-("t')r-OO(V)--.::tV)N
MOO'VOOr-Ot-(V)V)\OV)V')r'I'")V)V)O\

~~~~~~ooo~~~do~~~
0\0\0\0\0\0\0\~0\0\0\~30\0\0\

;;,,;,,;,,;,,;,,;,,;,,;,,;,,;,,;,,;,,;,,;,,;,,;

================
o
~

r-r-O\O\O\-o'VV')\Or-O\O\-ooO\

00000--00-000-00

0000000000000000
('f')V)V')V)-t--.::tOO\OO('f')\OOOMO\r-

__

N("'t')'VO"IOOO\f""'lN

__

-VOOo\

~NNNN~NN_;NNNNN""":_;

tnNN-O\O"I-\OOOOO--NONV)

_("t')oo'V-vt-aoor-M_O\oor-O_

~~~SS~~~~~S~~®~~
....;

o
~

~~~::!:~=:g~~~:::~~~~~
0000000000000000
\oo\N'VlIlN\O\Ot--OOr-r-ooV')
oooor-r-r-V'lOOt-MO\\Ot-V'lO\O\O

00 00 00 00 00 00 "r-: 00 00

o~

r-: 00

00 00 00

r-: oci

(V)'V\OooO\oo--oo\OoooO\ooor000000--00000000

0000000000000000

U

'V("f")t-V)'VNOO\ONNt-'V'VV)'VM
r-r-oooooooor-\Ot-O\r-OOOOQOOOO

0000000000000"";00
r--VlO\("'f')\O\OOMNOOOrOOOI..O-O\O\r'I")tr)O\OOO\('f')("f')\oN"¢

~oO~o\ocioO""":a\a\cio\odd""':""":
d'V'V'V'o::t'VVV')vvV')'VV)V')V')V)V')
0:1

1:l

o

Mid-ocean ridge basalt genesis

89

88
00 00
o- o-

-~N~O~~M~-~OOM~M-~

N("'f")t-'V\OO
""';d""';""';""';C"i

~O~NNOO~OMNdoo~oo

~~~~~~~~~~~~~~~~~

r-r-r-r-r-r----

~~~~oo~oo~oo~d~o~oo
~~SSSS~~~~~S~SSSS

~-~~OO~~~~~~~OMO-~M~-~O~~~~M-OOM~OOO

o
00
0\
e-

~~N-NN~~~~~~OO~~-O
OOOOOONON--NNOOOO

00
N

00000000000000000

VV("I"')N",,"N

000000

o

000000

~OOOON-~-~~-~~-OO~~

OOMt-trl'Vtr)

MMNO~~~M~~-~O~~~~

t"""'lVV--O

NNNN~~~NN~N~N~~~~

NNNNNN

\oNMN--O\V'l-MNM

~OOO\NO\-MNON-NMOMO\N

NNN~N~~NNNN~~~~N~

-----------------

OOO\-O\o\\.OMVo\o\V-V
-o\OONOOVN-M\.O\.OMOV'lOOVl_

OON('f"')OV"lO
to - 00 00 00 0\

~~~~~~~~OO~~~~~~~~

0\0\0\0\0\0

-ONo\~N\.O~-V'lOO~V'lV'lNo\_

-r-MN-O

V'lV'lNO\O\-O\\.OM-No\o\NNMO\

00\0--00

OOOOOO~~OO~~~OOOO~~OOOOOO~

~o~~~~~~~~~~~~~~~
~O~~~~~~~OO~~~~~~

ocir---:ociociocioO

+'

~
+

"Ci

t:l

f

MNV'lOOM\O-V-OO\OO\

Oo\'V\o-o\\o~'VNN\O\OOOOONN

~~~~~~~~~~~~~~~~~

-----------------Oo\Mo\-N\oo\NV'lNNVMMo\

\Or-oo\OMr-

V'lV'l~~~~O\OONOOOOO\O\~~~\O

0'\ 0'\ 00 00 00

OOOOOOOO~OOOOOOOO

r-.

000000

\O[""-OO\Or-r-M-VMr-tn
NNOMVOOV)\oMVVlt-V-t-O\O\

I./')~r-I./')\O

ooooodd~d~~~~dddd~~
vVV)V)V)Vv)'VV'l'VvV)V)V)V)'Vv

o\o\oOo\o\r---:

~N"d"ooVN

""""""""""""
~

t
8

