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ABSTRACT

Major elements can be modelled in ways similar to the quantitative petrogenetic
modelling used for trace elements. In contrast to modelling with trace ele-
ments, however, modelling with major elements is constrained by the stoichi-
-ometry of the solid phases. Within these constraints, the same equations for
partial melting and crystallization which have been used to such advantage for
- trace elements may be used for major elements.

Calculated MgO and FeO abundances in a mantle-melt system are used as an exam-
ple of the modelling technique. Such modelling yields limited fields of per-
missible melts and residues for a given parént composition, but does not give
‘the paths of melting. It does allow the temperature and extent of melting
which gave rise to a melt to be determined from the MgO and FeO abundances of
the melt or residual solid. Applying the results of the modelling to igneous
rocks and ultramafic nodules leads to the following conclusions, which are sub-
ject to the uncertainties in the available distribution coefficients. Least
differentiated basalt glasses from the ocean floor are derived from parent
melts with less than 15.5 weight % MgO and 8.2 wt. % FeO. Komatiites may be
derived by less than 60% melting of a pyrolite source leaving a residue of
olivine and pyroxene. Many nodules from the subcontinental mantle appear to
be residues of large fractions of melting (>30%) at high temperature and pres-
sure, whereas ultramafic nodules from oceanic basalts appear to be residues of
smaller fractions of melting (<30%) at lower temperatures and pressures.

INTRODUCTION

In petrogenetic studies of igneous rocks, major and trace elements have gener-
ally been treated in different ways. Although major elements have been exten-
sively used, they have not received the quantitative treatment which has proven
so valuable for trace elements.

The different approaches towards major and trace elements have been based on

the distinction between elements which follow Henry's Law (trace elements) and
those which make up significant proportions of the sites in the phases con-
sidered. The breakthrough for modelling with trace elements occurred with the
recognition that the distribution of a single trace element between mineral and
melt phases could be represented by a distribution coefficient (K.) over a range
of abundances in the phases involved. This led to the developmeng of equations
describing the distribution of trace elements during partial melting and cry-
stallization (e.g. NEUMANN et al., 1954; SCHILLING, 1966; GAST, 1968; SHAW,
1970; etc.).

The gistribution of major elements during partial melting and crystallization
has been dealt with from other points of view making use of exchange reaction
distribution coefficients (K,), phase diagrams and unmixing of phases during
fractional crystallization. "For example, PRESNALL (1969) showed how phase
diagrams could be used to understand the processes of partial fusion. MORSE
(1976) demonstrated how to extract quantitative information from phase diagrams
and dealt with the relationship between phase diagrams, the distribution co-
efficient (K.) and the Rayleigh fractionation law. Both these workers dealt
with simple gystems which had been well studied experimentally. ROEDER (1975)
showed how to model fractional crystallization of olivine and plagioclase in
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real systems using the exchange reaction distribution coefficient, K

IRVINE (1974) has also worked extensively with modelling major elemeits, par-
ticularly during crystallization, using both phase diagrams and the exchange
reaction distribution coefficient. - WRIGHT and DOHERTY (1970) described an
unmixing method to show how melts evolve during fractional crystallization.

In this paper, major elements are approached from the trace element point of
view ulitizing mineral-melt distribution coefficients (K_.'s) for individual
elements in real systems. We suggest that: (1) major ang‘trace elements need
not be considered separately and that they belong to a continuum of chemical
behavior involving the type of solution and degree of stoichiometric con-
straint on an element's behavior;-(2) within these constraints, the mineral-
melt distribution coefficient (K,) for a single element is equally useful for
major as well as trace elements; and (3) the same quantitative methods which
have been applied to modelling trace element abundances may be applied to major
elements. Symbols and terms used in this paper are defined in Table 1.

Theory

The theoretical basis for the guantitative treatment of. trace elements in
igneous rocks relies on the distribution 1aw, . .

| Ky = C./Cp (a) D=7) X Ky = C./Cp : (b).; (L);n .
where C_ is the concentration of the element in a mineral, C is'the doh¢en¢;:
tration of the element in the total solid, C_. is the concentPfation of the
element. in the melt, X is the fraction of theé mineral in the re51due,‘and D
is the bulk distribution coefficient for.a group of mlnerals.,;;* o o

During batch melting, simple mass balance requlreshthat

Co = FCL + (1 F)Cs‘ ’ ‘ (@)
where F is the fraction of melting and C. is the initial concentration o
element. . This eqguation is also the leve9 rule used with phasé diagrams. .
those elements for which the distribution law holds, SCHILLING (1966) . showed ; .,
that substituting for C_ from eguation 1(b) yields what is referred to “as..the .
batch melting equation for trace elements. . P

CL/CO = 1/(D(1-F) + F) : (3)

Table 1. Definition of symbols and terms used

c- - - Concentration of a given element, i, in .the total system considered

° at the time a given process begins. : -

Ci - Concentration of a given element, i, in the melt.

C;, - Concentration of a given element, i, in the solid phases.

Cgl ; - Concentration of a given element, i, in olivine.

Ci; . - Concentration of a given element, i, in a minéral.

F - The fraction of melt relative to the criginal. .system.

K;/L s - The mineral («)-melt (L) dlstrlbutlon coefficient for a givén ele=~

i ment or oxide, i. It may be expressed in either mole or weight
fractions. K2/L — /C
i

Ky o - The exchange reaction distribution coefficient. It is. the,ratlo d
Kd s for two dlfferent elements for the same phases. .

X~ ) - The mole or weight fraction of a given mlneral,y@; ln the solld

phases.
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D - The bulk solid-melt distribution coefficient for a given element
or oxide at the time of removal of the melt from the solid phases.
It may be expressed in terms of mole or weight fractions.
p, = z x* k/L
i X d,
i i

Fractional Crystallization - The instantaneous equilibrium precipitation of an
infinitismally small amount of crystals which are then completely
removed from the system (BOWEN, 1928).

Batch Melting or Equilibrium Fusion (PRESNALL, 1969) - Melting in which after
a, certain fraction of melting, the melt is removed from the solid
phases and there is no further melting.

Fractional Melting of Fractional Fusion - Melting in which fractions of melt
are continuously and completely removed from the solid phases as
melting proceeds (BOWEN, 1928; PRESNALL, 1969).

Continuous Melting - Melting in which fractions of melt are continuously, but
not completely removed from the solid phases as melting proceeds
(LANGMUIR et al., 1977; LANGMUIR and HANSON, 1975).

For fractional crystallization, elements for which the distribution law applies
follow the Rayleigh fractionation law (NEUMANN et al., 1954)

' _ n(D-1)

C/Co =F (4)

where F in this case is the fraction of melt remaining. These equations, and
their many refinements, should be valid for any element in a mineral-melt
system for which a K; can be defined. Since a K, can be defined for both major
and trace elements, %he so-called "trace element equations" may, with certain
restrictions, also be applied to major elements.

Definitions of Three Types of Elements in Mineral-Melt Systems

The essential distinction between trace elements and major elements when con-
sidering their distribution between solid and liquid phases is that the
abundance of a trace element in a mineral is so small that it is not con-
strained stoichiometrically, but is simply related by a K, to the concentration
of the element in the liquid. Major elements, however, afe constrained to a-
definite range in abundances in a liquid for a given K by the stoichiometry of
the minerals present in the system. For example, if tge K. for MgO between
olivine and liquid is 10, MgC in the liquid would be const¥ained to less than
6.67 mcle %, because MgO in olivine is constrainted to less than 66.7%.

Extreme cases of stoichicmetric constraints apply to elements which are essen-
tial structural constituents (ESC's) in minerals (SUN and HANSON, 1975). An
ESC is an element which completely fills one site in a mineral and for which
there is very little solid solution. FPor example, K in phlogopite would be an
ESC if the substitution of other elements for K were small. Since K has a
fixed abundance in phlogopite, the concentration of K in the melt would be a
direct function of the K ;. as long as phlogopite was a solid phase in the sys-
tem. In contrast to trage elements, the concentration of K in the melt could
change only if K, changed, and would be independent of the fraction of phlog-
opite in the totgl solid.

The presence or absence of stoichiometric constraints and the type of solid
solution lead to the following definitions of elements (Figure 1):

A trace element is an element whose concentration is so low that there is no
stoichicmetric constraint on:its abundance in minerals or liguids. For a given
K3, the trace element may have a wide range of abundances in both minerals and
liquids. A trace element in an ideal solution, follows Henry's Law or the
activity coefficients covary systematically in the phases involved.

An essential structural constituent (ESC) is an. element which totally fills a
site in any mineral in the system. For a given K,, an ESC has a fixed abun-
dance in the liquid in equilibrium with the minergl. For limited solid solu-
tion the ESC will follow Raoult's Law.
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An intermediate element lies between thesge two end members. For a given K
the abundance of the element in both mineral and liquid can vary,, but only
within the limits imposed by stoichiométry. For intermediate elements solid
solution may follow Raocult's or Henry's Law, or be ideal or non-ideal. For
non-ideal solutions, an intermediate element may be of low enough abundance
in a mineral that it is not constrained stoichiometrically, yet it may not
fulfill the solution criteria for trace elements. For such an element, Kd
will vary as the abundance 0of the element varies. e S

Figure 1. Illustration of the classi- . ESSENTIAL ;
. : . ; STRUCTURAL . TRACE
fication of elements in mineral-melt CONSTITUENTS, ELEMENTS

l © ' INTERMEDIATE ELEMENTS

& ioea — |
2

= Rooulfs Law -

systems as a function of the type of

solid solution and extent of stoichio-
metric control. The stoichicmetric . . .
constraints decrease from essehtial i Henry's Law . L -

structural constituents to trace
elements. SiOj, MgO, FeO, Ni and
REE in a forsterite-rich, olivine-melt _EXAMPLES.  Si0p . MgO o0 . . NREE
system are shown as examples. ) o

& non IDEAL | e i ; — [
3

When they are viewed in this way, all elements in mineral-melt systems are
part of a continuous series between ESC's and trace elements. . The two end-
members are approached but not reached, since every mineral site shows. some.
substitution and trace elements in one system may. be abundant enough in
another system to be important to mineral structures.

It is in this context of element behavior that the equatlons for partlal melt—
ing and crystallization can be used. The equations serve no useful purpose

for ESC's because K, immediately specifies the liguid composition with no
further calculation. For trace elements, the equations describe how an ele-
ment's abundance will .change as a function of the degree’ of melting or cry-
stallization.’ For intermediate elements, the equations give the same
information as for trace elements, except that the compositions of the minerals
in the residue must be continuously monltored during modelling to ensure that
no stoichiometric violations occur. o

MODELLING OF MgO AND FeO

In the following sections, as examples of modelling major elements with K

we will model the MgO and FeO abundances in melts and residual solids derived
by partial melting of pyrolite (RINGWOOD, 1975), and in melts undergoing
fractional crystallization of ollv1ne from any melt. in equilibrium with

ollv1ne.

From the outset it should be realized that we cannot determlne the unigue path
of melting for a parent comp051t10n. We can,. however, determine the field of
perm1551ble melts which are consistent with the mineralogy .and the available

For fractional crystallization, it is possible to calculate the path
og the melt if olivine were crystallizing.

Calculation of the Mg0O and FeO Abundances for Partial Melting of the Mantle

For modelling of MgO and FeO during partial melting of the mantle, it would

be ideal to know K.'s for all mantle minerals as well as how the mineral pro-'
portions change ngh extent of partial. meltlng in order to calculate.-the D's.
Even though these data are not available, it is still possible .to model Mgo
and FeO accurately because of the following relation for D: o

= Cs _ Cs col _ cs ol/L
P=g " c ;. =~ ] % (5
: L ol L ol ) :
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Thus, for any mineralogy and bulk composition, D for MgO and FeO can be deter-
mined if we know the concentration of these elements in the- residue and their
concentration in the olivine in that residue. Inspection of abundant analy-
ses of MgO and FeO for minerals in ultramafic nodules reveals that the
olivine/orthopyroxene K.'s for MgO and FeO are essentially.constant. The pre-
ponderance of olivine agd orthopyroxene in the mantle allows an estimation of-
the olivine composition to with * Fog.s, even though olivine/clinopyroxene and
olivine/garnet Kd's for MgO and FeO vary with T and P (e.g. see RAHEIM and
GREEN, 1976). )

To demonstrate the method, we will use the following equations at one atmo-
sphere (ROEDER and EMSLIE, 1970) for the variation of olivine/melt Kd’s with,
. temperature for MgO and FeO: ) i S

log,, Ky =320 - 1.e7 ~(6)
MgO .

log;, Ky = 3—,?,1i - 2.50 ' (7)
FeO

'In using this technique for a given suite of rocks, it would be necessary to
know the temperature, pressure, and composition dependence of the K.'s for the
suite. The above relations are typical for low K tholeiites at one atmosphere
and temperatures of 1000-1300°C (ROEDER and EMSLIE, 1970; ROEDER, 1974).

For a given mantle composition and temperature, MgO and FeO distributions in
solids and liquids are first calculated for minimum (F=0) and maximum extents
of melting. For the composition of the initial melt (F=0), D is given by

equation (5) where C_ is the original composition of the mantle (i.e. C_ = C_),-
in this case pyrolitg, and the olivine composition is estimated for the °
initial mantle composition (for pyrolite this is Foss.s5). For F=0 equation
(3) when combined with equation (5) becomes
Cc. = SQ = o1 (8)
L D ol/L
Kd :

This relation allows a unigque liquid compositidn to be calculated for each
temperature.

The maximum extent of permissible melting at a given temperature occurs when
olivine is the only residual phase. Then D = K3 /L and

C

N - I
Cp = Ky (1I-F) + F ()
C, = Cp Ky (10)

There are two such equations for MgO and FeO, and there is the additional
equation relating the molar concentration of MgO and FeO in olivine:

MgO + FeO = 66.67% (11)

These five equations relate the five unknowns: F and the abundances of MgO and
FeO in the liquid and solid. The calculation of the maximum extent of partial
melting is not dependent on estimating the olivine composition, and the un-
knowns can be uniquely determined. When these calculations for minimum and
maximum extents of partial melting are carried out over a range of tempera-
tures, fields of permissible melts and residual solids from a given initial,
composition are given (Figure 2).

Calculating the MgO and FeO distributions for F between maximum and minimum
extents of melting is slightly more coﬂplicated. For a given P, there are
eight equations and eight unknowns, so a solution is possible. The eight
equations are (la), (3), and (5) for MgO and FeO, equation (11) and the esti-
mated relation between the total composition of the residue and olivine in the
residue based on the mineral compositions in ultramafic ncdules. The eight
unknowns are the MgO and FeO compositions of the residue; olivine and melt and
the D's for MgO and FeO.
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10
Figure 2. MgO-FeO diagram for the pyrolite-melt .
system at one atmosphere showing the compositions
of pyrolite (solid square) and olivine, and the
fields for melts and residues for batch melting.
The temperature and fraction of melting are con-’
toured in both fields.

%
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For the designated F, a D is selected intermediate between that for minimum
and maximum melting, and C_ (the melt) and C_ (the residue) are calculated for
both Mg0 and FeO using equgtions (1b) and (3¥. The composition of the olivine
is then estimated for that residue. Using this olivine composition, new D's
are calculated using equation (5). These D's are then used in equations (1b)
and (3) and the process is repeated until the melt, residue, and olivine are
compatible with one another. Usually two or three iterations are sufficient
for convergence within 1%. A numerical example of a calculation is given in

appendix 1.

For any of the calculations, MgO and FeO cannot be calculated separately
because the number of unknowns would then exceed the number of equations. The
stoichiometric constraints on MgO and FeO in olivine require knowledge of the
residual olivine composition, but allow determination of the change in MgO and
FeO abundances as a function of the degree of partial: melting without any as-
sumptions about how the mineral proportions in the source are changing.
Furthermore, the stoichiometric constraints allow a determination of the maxi-
mum permissible extent of melting for a given temperature and bulk composition.
Thus, more information is needed to model the major elements, but there is a
compensating increase in information obtained. ‘ :

The stoichiometric constraints for major elements prohibit simple use of the
batch melting equation to calculate C. given simple C_, D and F (as is done
for trace elements), because the melt must always be $n equilibrium with real
(stoichiometric) minerals. The validity of any melting calculation may be
checked by calculating the compositions of the residual minerals to make sure
. they are stoichiometrically valid. :

The MgO-FeO Diagram for Partial Melting

Figure 2 shows graphically the results for the batch melting of pyrolite
(RINGWOOD, 1975) using the K, data of ROEDER and EMSLIE (1970). There are two
fields, one for melts and thg other for residual solids, each with contours of
temperature and percent melting. The melt field is bounded on the right by
the 0% melting line. It is bounded on the left by the line where olivine is
the only mineral in the residue at various temperatures. This corresponds to
the upper bound of the residuée field, which is the line of olivine composition.
ThHe upper bound of the melt field occurs at the temperature which intersects
the parent composition. This temperature is the liquidus temperature of the
parent, provided that the K,'s are correct. Extrapolating the K.,'s of ROEDER
and EMSLIE (1970), which were measured up to 1300°C, the liquidus temperature
of pyrolite at one atmosphere would be 1596°C. :

Although the diagram gives a melting field and not a unique path of melting

{which would be a line on the diagram), this does not restrict its usefulness.
When a rock which once was a primary melt is plotted in this field, its posi-
tion gives information on the temperature and the extent of melting which led
to the formation of the melt, assuming a parent composition and provided that

the Ky's are appropriate.



Modelling of major elements 731 -

When a suite of rocks are plotted, they may give information about the path’

of melting. The actual path of melting need not be similar to those determined
by experiments at one pressure and various temperatures such as the experiments
of MYSEN and KUSHIRO (1977). Among other things, the path of melting depends
on the pressure at which melting takes place, the concentration of volatiles,
and whether melting occurs in a rising diapir or a static mantle to which vol-
atiles or heat are added. For example, if melting occurs in a diapir rising
adiabatically, progressive melting may be associated with decreasing tempera-
ture and pressure. : .

Although the diagram as shown in Figure 2 is strictly valid only for one parent
composition at low pressures and uses extrapolated data for temperatures above
1300°C, the following features of the diagram should be generally valid: .

(1) For a given set of K.'s, the melt field is tied to the isotherms, which
are the same as those on the olivine saturation surface of ROEDER and EMSLIE
(1970). The extent of melting increases with a slight increase in MgO and a
larger decrease in FeO for each isotherm. Because the isotherms are fixed in.
position, changing the MgO content of the parent has little or no effect on the
MgO content of the derived melts for a given temperature as long as olivine is
in the residue. Changing the FeO content of the parent simply moves the par-
tial melting field along the isotherms to higher or lower FeO abundances.

(2) The isotherms are straight lines with slopes equal to - K.. Even if K
varies with temperature and pressure, the variation will probaBly not be lafge
enough to change appreciably the slope of the isotherms and hence the shape of
the partial melting field. So the general configuration shown in Figure 2 is
probably valid for a wide range of temperatures, pressures, and parent com-
positions.

The general configuration of the diagram permits certain generalizations about
the MgC and FeO concentration of 1iquidszgenerated by partial melting of the
mantle. The atomic ratio of Mg/(Mg + Fe“ ) or Mg# can vary widely in primary
liquids, and is a function of the temperature and extent of melting. For ex-
ample, a very low percentage melt at 1400°C would have an Mg# of about 0.72,
while a 30% melt would have an Mg# close to 0.80. Higher temperature melts
have a higher Mg# for a given percentage of melting than lower temperature
melts. The residual mineralogy is dependent on both the fraction of melting
and the temperature at which melting occurs. For example, if the path of melt-
ing led to 40% melting at 1400°C, olivine would be alone in the residue. If
instead 40% melting occurred at 1500°C, other minerals would be present in the
residue with olivine. ’

Effect of Continuous Melting

Batch melting, for which the fields in Figure 2 are constructed, is only one
possible model. In batch melting there is no further melting after the melt
is removed from contact with the residue. At the other extreme is fractional

_I_9PO° 1800° I700°  1600° 1500° 1400°C
Y 1 T Y .

10 Figure 3. Plot of K, vs. 1/T for FeO and MgO

i 8 40 Kb ] in olivines and melts at various pressures.

T W 30Kb A The one atmosphere data are extrapolated using

| % ISKb ) the regression equations of ROEDER and EMSLIE’
a4 12.5Kb : - (1970). oOther data are from LONGHI et al., .
o taim (in press) and BICKLE et al. (1977). ¢~ :
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fusion where a fraction of melt is continuously and completely removed from
contact with the residual solids as melting proceeds. Continuous melting
(LANGMUIR et al., 1977; LANGMUIR and HANSON, 1977) is an intermediate process
where melt is continuously but not completely removed, so a portion of the melt
remains behind in the residue.

During batch melting, the bulk composition of the system remains unchanged
until melting is completed. For continuous melting, the bulk composition of
that part of the system where melting is occurring is changing continuously as
melt is removed. This makes the "parent" for later melts progressively more
refractory and depleted in the less compatible trace elements, i.e. those ele-
ments for which D is less than one.

For continuous melting, the 0% melting line of the partial melting field re-
mains the same. At temperatures greater than 1300°C, where the K, for FeC is
less than one, lines of higher extents of partial melting are movgd toward
lower FeO abundances because the bulk composition of the effective parent is
moving to lower FeO and higher MgO abundances as melting proceeds. At temper-
atures less than 1300°C, the parent moves toward higher FeO and MgO abundances.
Continuous melting thus provides a way, at temperatures greater than 1300°C, of
crossing the maximum partial melting line for batch melting and entering the
forbidden zone. At 1525°C, a total melting of 25% fractional fusion of a
pyrolite mantle gives the same MgC and FeO abundances in a melt as 60% batch
melting. Thus melts which plotted at that particular point in the MgO-FeO plot
could be derived from anywhere between 25 and 60% melting depending on whether
continuous or batch melting was taking place.

The Effect of Pressure on the MgO-FeO Diagram

The K.'s for MgO.and FeO used in Figure 2 (ROEDER and EMSLIE, 1970) were deter-
mirad®at one atmosphere. In order to consider melting at higher pressures it
would be necessary to know the K.'s at the higher pressures, and to calculate
the effect on the MgO-FeO diagram. One known effect is that at higher pressures
the liquidus temperature of the mantle must be greater than at one atmosphere.
The liquidus temperature of the mantle, the upper bound of the melt field, is a
straight line which passes through the parent composition and has a slope of
-K.. Although the slope of this line may change with increased pressure, this
isothermal line must always pass through the parent composition. Thus, in-
creasing pressure increases the temperature for this isothermal line and would
suggest that all the isotherms on the MgO-FeO plot are displaced to lower MgO
values at higher pressures. To lower the isotherms requires increased K.'s

for MgO, which suggests that the Kd's for MgO at a given temperature incYrease
with increasing pressure.

The available experimental data are consistent with this reasoning. Figure 3
presents data for MgO and FeO at one atmosphere (ROEDER and EMSLIE, 1970), 12.5
Kb (LONGHI et al., in press), 15 Kb, 30 Kb and 40 Kb (BICKLE et al., 1977).

The data for both MgO and FeO show a gradual increase in K, with pressure at a
given temperature. K  appears to also increase slightly wgth pressure. Figure
4 shows the melt and Yesidual solid fields calculated for the K.'s at 30 Kb on
the MgO-FeO diagram shown in Figure 2. The striking feature is that the fields
at 30 Kb are similar to the fields at one atmosphere, except that the tempera-
tures are higher. Thus until more data become available, the one atmosphere
data may be a reasonable approximation for extents of partial melting at low or
high pressures.

The high pressure experimental data also allow an estimate to be made of the
relative position of the solidus as a function of pressure. Based on the high
pressure data in Figure 3, the isothermal lines are lowered approximately
4-8°/Kb on the MgO-FeO plot. According to GREEN (1976), the pyrolite solidus
increases approximately 10°/Kb. For a fixed volatile content, the position of
the solidus along the 0% melting line will increase about 5°/Kb with respect
%o the one atmosphere isotherms, and liquids derived by small degrees of par-
tial melting will move towards increasing MgO and FeO content with increasing
pressure. Thus, potentially the MgO and FeO concentrations of primary melts
can be used to tell the pressure at which the melts formed.
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Figure 4. MgO-FeO diagram for bath melting 70
of pyrolite. The shaded fields show the £ .
results for K, data measured at 30 Kb 60 ¥ P e Tos
(BICKLE et al., 1977) which can be compared ] .
to the results for K, data measured at one © [/ /5% Resove Uty
atmosphere (ROEDER and EMSLIE, 1970) in the 5
unshaded fields. A ey
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Figure 5. MgO-FeO diagram for batch melting
of pyrolite from Figure 2 with curves for
fractional crystallization of olivine from
melts at one atmosphere. The marks along the
curves are at intervals of 5% fractional cry-
stallization of olivine and are applicable
starting at any position along a curve.
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MgO-FeQ Distributions During Fractional Crystallization of Olivine

Abundances of MgO and FeO during fractional crystallization of olivine can be
modelled using the K,'s and equation 4. Fractional crystallization has been
modelled in slightly different ways by ROEDER (1975) and IRVINE (1974). as
with partial melting, the stoichiometric constraints required that Mg0 and Fe0O
be modelled together. 0.1% olivine is fractionally crystallized using equation
(4) with the appropriate K.'s for MgO and FeO from equations (6) and (7). The
residual olivine compositidn for the new melt is calculated using the original
K,'s. This residual composition will not have the proper MgO and FeO contents
tg make olivine, so it is necessary to pProportionally change the Mg0 and Fe0
contents of the clivine by renormalizing the sum of the Fe0 plus MgG concen-
tration to 66.67% (in olivine, SiO, is 33.33 mole%). A new K., is calculated
for both Mg0 and FeO based on this olivine composition and thg melt composi-
tion. A further 0.1% fractional crystallization is then calculated using equa-
tion (4). At each new step, a temperature can be calculated from equations (6)
and (7) using the K,'s calculated at each step. This way of modelling differ-
entiation is fundaméntally different from subtracting average phenocryst com-
positions from a liquid composition, because it accounts for the change of
clivine composition with change of liquid composition. This calculation does
not predict whether olivine is crystallizing. It only shows the path of the
melt in the MgO-FeO diagram if olivine were fractionally crystallizing.

In Figure 5 are plotted lines for fractional crystallization of olivine with
5% increments of fractional crystallization marked off. The tangent to the
curve at a given melt composition intersects the composition of the olivine
crystallizing. The subparallel nature of the curves allow an estimate of the
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effect of the fractional crystallization of olivine from any melt. At temper-
atures greater than 1300°C, where the K. for Fe is less than one, FeO is
enriched in the melt while Mg0O is depleged. At temperatures less than 1300°C
both Mg0 and FeO are depleted in the melt. Only at temperatures less than
1100°C is the depletion of FeO severe.

For melts which are in équilibrium with olivine at a given pressure, crystal-
lization of minerals which gives the melt' a higher MgO content is not allowed,
since this would require raising the temperature of the melt. Crystallization
of plagioclase, orthopyroxene, clinopyroxene, and probably garnet all drive
melts to higher FeO content than does olivine. This means that any given melt
which has undergone subtraction of these phases must come from a primary magma
which is less iron rich than the olivine fractionation lines through the point
where the derivative magma plots on the MgO-FeO diagram. The only phases to
cause depletion in Fe would be the oxides.

TRACE ELEMENTS

This section examines how the abundances of trace elements vary in comparison
to the abundances of major elements. For melts derived by partial melting of
pyrolite, the abundances of MgO will be compared with those of Ni (a compatible
element) and with those of incompatible elements, for which D is effectively
zero.

The MgO-Ni Diagram

Figure 6 shows MgO in mole% plotted against Ni in ppm for melts and residues
derived by batch melting of a pyrolite mantle:with 1800 ppm Ni. Fields for
melting at one atmosphere and 30 Kb are shown. :Also plotted are curves for the
fractional crystallization of olivine at one atmosphere. K.'s at one atmo-
sphere for MgO are from ROEDER and EMSLIE (1970) and at 30 Qb are from BICKLE

Figure 6. Ni-MgO diagram for batch melting of 70
a pyrolite mantle with 1800 ppm Ni. The shaded
fields show the results for K, data at 30 Kb
(BICKEL et al., 1977) and the unshaded fields
for K, data at one atmosphere (DAVIS and HART,
1977; ROEDER and EMSLIE, 1970). Curves for 50}
fractional crystallization of clivine at one
atmosphere are shown with marks at intervals
of 5% fractional crystallization of olivine.
The residue and melt fields are contoured for
temperature and fractions of batch melting.
Selected komatiites and ocean floor basalts
are also plotted. -
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et al. (1977) K,'s at one atmosphere for Ni are from DAVIS and HART (1977) who
give X, = (124.1§/Mgo) - 0.897, where Mg0O is in weight percent. K.'s at 30 Kb
for Ni are based on a temperature dependence for K, at one atmosphgre given by
DAVIS and HART (1977), which has been extrapolated to the appropriate tempera-
tures for melting at 30 Kb. This extrapolation is probably valid based on data
for Ni at 30 Kb reported by BICKLE et al. (1977). D,. for the pyrolite residue

was calculated assuming Ni
CMgO 2
s ol/L .
Dy, = ———= K3° (x2)
Ni cMgO dNi

ol
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The basis for this calculation is that CNl/CNi is always smaller than CMgO/CMgO

and yet must vary from about 0.65 to 1.0° aA8‘the Mg0 ratio varies from?abou%l
0.8 to 1, the ratio of MgO in residue to MgQO in olivine squared is probably a
good approximation. .

Fractional crystallization curves for olivine are drawn in Figure 6 with marks
for 5% intervals of fractional crystallization. These were calculated con-
currently with the fractional crystallization curves for olivine for MgC and
FeO. Thus, because of the 0.1% steps for fractional crystallization it was
possible to continuously change the K. 's for Ni as the temperature of the melt
and the composition of the olivine ang melt changed. Due to large K.,'s for
both Ni and Mg0 at lower temperatures, the subparallel curves for frgctional
crystallization show rapid depletion of Ni and MgO with small extents of frac-
tional crystallization of olivine. :

Use of appropriate MgO-Ni and MgO-FeO diagrams together for basaltic or mafic
melts should allow a very good estimate of the temperature and extent of par-
tial melting of a possible parent melt. It also places strong constraints on
the extent of fractional crystallization or accumulation of olivine that a
melt may have undergone.

Incompatible Element-MgO

A plot of Mg0O versus C./C. for incompatible trace elements is shown in Figure
7. Plotted in this wa?, %ery small extents of partial melting plot near the
MgO axis, and the value of C /CL is equal to the extent of partial melting, F.
The lines for constant exten®s 8f partial melting are vertical, since D for the
incompatible element is zero. On this plot, crystal accumulation, fractional
crystallization and incréased melting with increasing temperature all show the
same trends, i.e. MgO increases as C_/C. increases. Consequently, such plots
have limited value for discriminatin8 a%ong such hypotheses. In particular,
linear trends of mafic and ultramafic rocks on.plots of MgO versus incompatible
elements need not intersect the parent composition of the mantle as has been

assumed by various workers.

Figure 7. MgO - Incompatible element
R S diagram for batch melting at one atmo-
2 5 § sphere. The MgO compositionsg are from
6 00" Figure 2 for a mantle of pyrolite com-
" position. The area to the right of the
w o FORBIDDEN melt field is the forbidden zone for
224 melts, which is determined by the max-
= 00° imum extents of partial melting at a
% E oo ZONE given temperature determined from the
12 P—:;:“_ MgO-FeO diagram. It can only be enter-
™ oo/ ed if the incompatible element concentr-
i . . . ation in the source is less than the
° ' o} l &4 l o; [X:} 1.0 assumed value for Co or by continuous

melting.
Co/CL FOR INCOMPATIBLE ELEMENTS

APPLICATIONS

In the following section we will use the MgO-FeO diagram to consider the petro-
genesis of some ocean floor basalts, komatiites and ultramafic nodules. Par-
ticularly in the latter two cases, there is an insufficient amount of K., data
over a range of T,P and composition to make rigorous conclusions, but ig is
still possible to make some significant observations. The K,'s of ROEDER and
EMSLIE (1970) are probably appropriate for considering the oFigin of ocean
ridge basalts, because they were determined using an oceanic basalt at low
pressure.

It is not known whether the measured ferric-ferrous ratio in a rock represents
that ratio during partial melting or fractional crystallization. 1In general,
it appears that the analyzed ferric iron content makes up 10% of the total iron
in ocean ridge basalts, 15% in alkali basalts and 5% in komatiites and ultra-
mafic nodules. These may well be maximum values for the ferric contents of
melts due to dehydrogenation of evolving melts and oxidation under surface
conditions.
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Ocean Floor Basalts

MgO and FeO contents of some of the least differentiated basalt glasses fr n
the ocean floor (FREY et al., 1974; BRYAN and MOORE, 1977) with Mg/Mg + Fe
atomic ratios of about 0.70 are plotted in Figure 8. All -these glasses lie

on or below the 0% melting line at temperatures less than 1300°C, suggesting
that they do not represent primary melts from a pyrolite mantle. Because
crystallization would drive the melt to ‘higher FeO contents, primary magmas
from which the glasses could-be derived must fall on the FeO poorer side of
qlivine fractionation lines. through the data points. This restricts possible
primary magmas for these ocean flocr basalts, if the parent is pyrolite, to
less than 21.5 mole% MgO (15.5 weight %) and 6.4 mole% FeO (8.2 weight %)

The constraint on FeO is independent of the parent composition, because it
relies on the position of the olivine fractionation line. The constraint on
MgO abundances could be raised only if the parent composition contained less
FeO than pyrolite. Thus, it appears that although least differentiated

ocean floor basalts may not be primary, they have undergcone at most 5-10%
fractional crystallization. This conclusion is substantiated for these samples
on the MgO-Ni diagram (Figure 6), as they plot near the field for primary melts.

70

60
Figure 8, MgO~FeO diagram from Figure 5
with data from selected ocean floor basalts 50|
and Archean komatiites.
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Komatiites

Figure 8 shows Archean komatiites ranging from 10 to 32 wt. % MgC (14 to 46
mole%) on the MgO-FeO plot. The data are from NESBITT and SUN (1976), BICKLE
et al. (1975), NESBITT et al (1975), ARTH et al. (19'27) , ARNDT et al. (1977)
and GREEN et al. (1975). Since komatiites may be high pressure melts, the
temperatures shown in Figure 8 are not appropriate while the extents of melt-
ing probably are because of the small effect of pressure on the shape of the
melt field.
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The low magnesia content of rocks of the tholeiitic suite associated with
komatiites (ARNDT et al., 1977) would be consistent with their derivation by
lower extents of melting than komatiites. The iron-rich composition of these
rocks relative to ocean ridge basalts suggests that if they were derived from
pyrolite, then the partial melting took place at higher pressures and tempera-
tures than for more recent tholeiites.

GREEN et al. (1975) reported experiments on oné of the most magnesian komatiites
(44 mole% Mg0O) and found only olivine on the liguidus. SUN and NESBITT (1977)
have taken this and other data to conclude that komatiites are derived by

. 60-80% partial melting of the mantle leaving only olivine of Fos, in the res-
idue. 1If this is true, the trend of the data in the MgO-FeO plot shows that
the parent compositions for the unmelted mantle would have had to be signif-
icantly more FeO-rich than pyrolite. Alternatively, it may be that 60-80%
melting is .not necessary to form komatiites. Based on the positions of the
data on the MgO-FeO diagram, most could be derived by 30~50% melting, with the
most magnesian by less than 70% melting. Furthermore, it appears that both
olivine and pyroxene could be residual minerals for all komatiites.

The above arguments apply to batch melting. For continuous melting of pyrolite,
the most magnesian komatiites could be derived by 25 to 60% melting depending
on the proportion of melt continuously removed from the residue. Continuous
melting would also account for the low Ca0, Al,03 and incompatible element
abundances and the depleted REE patterns in the most magnesian komatiites.

This is because continuous melting can progressively deplete the less compat-
ible elements compared to the more compatible elements in melts relative to

the original parent.

Untramafic Nodules

If the parent composition is known, the MgO and FeO contents of ultramafic
nodules representing residues of batch melting can give the temperature and
extent of melting at the time a mafic or basic liquid was separated from the
nodule. Because of the pressure dependence of the K.'s, the temperatures

given in Figure 9 are minimum while the extents” of mglting may be approximately
correct (compare with Figure 4). Nodules are preferable to basalts for ob-
taining information on the conditions of melting, in that there is no uncer-
tainty with respect to the extent of fractional crystallization. However, they
have the disadvantage that they may contain resorbed residual melt, which would
give the residue a composition closer to that of the parent and suggest lower
extents of melting.

Figure 9 shows the MgO and FeO contents of St. Paul's Rock (MELSON et al.,
1967; TILLEY, 1947) and of nodules from basalts from Hawaii (KUNO, 1969) and
‘Itinomegata (KUNO and AOKI, 1970). All compositions have been recalculated as
volatile free and Fe,0; has been chosen arbitrarily as 4% of total iron. The
data points fall in a field trending from a composition slightly more iron
rich than pyrolite almost up to the composition of pure olivine. These nodules
are consistent with extraction of a tholeiite derived by less than 30% melting
at temperatures around 1300° from a mantle with MgO and FeO contents similar
to pyrolite.

Figure 9 also shows nodules from kimberlites (KUNO and AOKI, 1970; O'HARA et
al., 1975); and the Lashaine volcano (RHODES and DAWSON, 1975). These nodules,
which group together, are poorer in iron than the nodules mentioned above. If
they are derived from a parent similar to pyrolite, they reflect up to 50%
melting at high temperatures and pressures. Alternatively, they may reflect
continuous melting of more limited extents. They are appropriate residual com-
positions for melts of the komatiite suite derived from a pyrolite mantle.

Clearly the two sets of nodules represent different melting conditions, but the
initial parent compositions may have been similar. Since the effect of pressure
will be to move residual compositions to lower FeO at a given MgO, the con-
tinental nodules may reflect high pressure, high temperature melting, while
those from basalts may represent lower pressure, lower temperature melting.
These conditions are probably reflecting the respective tectonic environments,
and the heterogeneity in the MgO and FeO contents of the nodules need not

result from heterogeneity in the original mantle.
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CONCLUDING REMARKS

We have presented a method for the quantitative modelling of major elements,
which combines the use of major element K.'s for individual elements with the
theoretical equations for partial melting and fractional crystallization
which have been used for modelling trace elements. In contrast to trace ele-
ments, modelling major elements requires monitoring the composition of the
minerals involved. Thus, simply using K.'s for major elements in the trace
element equations will lead to erroneous results. The stoichiometric con-
straints of the minerals make modelling more difficult, but give additional
information regarding the change in the composition of the minerals as melting
or crystallization. proceeds. As an example we have chosen Mg0O and FeO in the
mantle-melt system. It should be possible to apply the same methods to other
elements. Such modelling will require knowledge of the variation of the K 's
for major elements as a function of T,P and - composition and these data -are
presently not available.

We emphasize finally that for precise petrogenetic modelling, K, data should
be given in mole fractions. K. 's for both major and trace elemgnts given as
weight fractions vary with the atomic weight of the phases in the systemn,
which can lead to significant errors over a range of compositions such as
basalt to komatiite. In addition, mole fractions are needed in order to re-
late Kd's to thermodynamic parameters.
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Appendix 1

As an example of how the compositions of melts between minimum and maximum
mélting are calculated, detailed calculations for determining Mg0 and FeO for
30% melting (F=0.8) of pyrolite at 1400°C for the MgO-FeO plot in Figure 2 are
given here. Maximum melting at 1400°C is 41%.

For pyrolite, the parent composition, Co’ is:

MgO = 47.8 moleg FeO = 5.35 molex
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From equations (6) and (7)
Kc'>l/L

ol/L
a K

= 2.32 v 4
MgO ) FeO

0.688

It is possible to start with any D, but quicker to start with a D interpolated
between the minimum and maximum extents ofoT9£ting. D's for the maximum extent
of melting at 1400°C for Mg0 and FeO are K i.e. 2.32 and 0.688 respec-
tively. At the minimum extent of melting gor D's for MgO and FeO are 1.86 and
0.513 respectively. We will select a D about three-fourths way between these
values i.e.

PMgO = 2.20 DFeo = 0.65

A melt is then calculated using equation (3)

C
CL =5 + F
90 = (47.8)/((2.20) (0.7) + 0.3) = 25.98%
cFe0 = (5.35)/((0.65) (0.7) + 0.3) = 6.832

L

A residue is then calculated using equation (1):

CS = DCL
c§9° = (2.20) (25.98) = 57.16%
cgeo = (0.65) (6.83) = 4.44%

This residue is then plotted on the MgO-FeO diagram (Figure A-1). Figure A-1
contains the lines of olivine, orthopyroxene and clinopyroxene compositions,
and several sets of coexisting minerals from ultramafic nodules. From the
position of the residue on the plot (pt. A in Figure A-1l), the composition of
the olivine in the residue can be estimated as Fog3, i.e.

MgO _ ' FeO _
Col = 62.0% C°1 = 4,67%
Figure A-1. - Plot of MgO-FeO with lines of 7

olivine, orthopyroxene and clinopyroxene
compositions. Mineral data from ultramafic
nodules. are also.plotted. The composition 60F
of an olivine in any total solid composition

. near the olivine lifie can be estimated using

the mineral data. “Note, for example that for 50
the two nodules with:olivine near Fogg, al-

._though the ‘6livine/orthopyroxene K_'s differ,

" estimated olivines for the same bu?k composi- i4°
tions would:be very similar. We suggest that a
olivine compositions may be estimated to with- =
in Fop.s5. Point A is the calculated residue @301
referred to in the text. -The solid square is =
the composition of pyrolite. )

: 20

% % o) 5
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New D's are then calculated using equation (5)

cMg0 ;
- 8 ol/L _ 57.16 _
Pugo = g0 Xa = sz.0 (2-32) = 2.14
ol
_ 4.44 _
Dpeo = 77 (0.69) = 0.657

These D's are then used in equation (3)

MgO

CL = 26.59%
FeO _
CL = 7.05%

A new residue is calculated.using equation (1)

cM90 = 56.90% cFeo

s s 4.62%

The residue is plotted on the MgO~FeO diagram and a new olivine estimated,;
Fogo.7 i.e.

MgO FeO
Col = 61.8% Co1 4.87%

Then, using the same methods as above:

DMgo = 2.14 DFeo = 0,653 . Cs = 56.99%
MgO _ MgO _ FeO _

C.” = 26.63 Coy = 61.8% Cg 4.62%
FeQO _ FeO _ )

CL = 7.07 Col = 4,87%

Recalculating new D's leads to identical results as the last iteration, so the
solution has converged. We can now check the results by making sure the liquid
is in equilibrium with olivine by the relation:

_ ol/L
Col - cLKd

This yields

FeO _

cM90 - 61.8% cFe0 - 4.87%

ol ol

which sums to 66.67%, showing that stoichiometrically the mineral is olivine.
Since this olivine is the same as the estimated olivine the results are inter-
nally consistent and we have arrived at the unique solution with olivine, res-
idue and melt all in equilibrium with one another.

Note Added in Proof

The K.'s used in this paper were calculated using the equations of ROEDER and
EMSLIR (1970). It has been brought to our attention by M. Fisk (oral communi-
cation, 1978) that their K.'s were calculated using the mole% of oxide (mole-
cular weight is based on S§O§, Al,03, Nap0 etc.). Whereas we have used mole$
of cations (molecular weight is based on 5102, AlO;.s5, NaOg.s etc.). This
means that the K.'s we have used are about 10% lower than those of ROEDER and
EMSLIE (1970). Qhe values for Kd used in this paper are .very similar to those
determined by BENDER, HODGES and“BENCE (in prep.) on ocean floor basalts from
the FAMOUS area.



