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ABSTRACT

Solid/liquid distribution coefficients (weight basis) have been experimentally
determined for a number of trace elements for olivine, orthopyroxene, plagioclase
and ilmenite. Values of dié%ibution coefficients measured at 1200°C and f02 of
lO-IBQfor liquids similar in composition to the olivine—opx-plagioclase peritectic

in the pseudoternary system (Fe,Mg)ZSiO4—CaAlZSiZOS—SiO2 are as follows:

olivine; Ce = 0.010 £.007, Sm = 0.015 %.005, Eu = 0.015 +.005, Yb = 0.033 *,002,

It

Cr = 1.2 %,1: orthopyroxene; Ba = 0,011 £,005, Cr = 5,2 %,2: agnorthite; Rb = 0,017 £.008,
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Ba = 0.15 #.,03. Values measured at 1140°C and foz of 10 for liquids similar
in composition to high~Ti mare basalts are as follows: ilmenite; Ce = 0.006 %.003,
Sm = 0.0190 £.002, Eu = 0.007 £.003, ¥b = 0.075 £.005. Cr ‘distribution coefficients
decrease with decreasing oxygen fugacity for both pyroxene and olivine, but are
larger for pyroxene than for olivine at all fugacitiss investigated. The variation
of DCr with oxygen fugacity indicates that a substantial fraction of the Cr

is divalent at lunar oxygen fugacities.

Major and trace element partitioning and relevant phase equilibria are used
to investigate possible parent-daughter relationships hetween a numher of highland
samples and highly evolved KREEP-rich materials. Out of about 80 highland samples
tested, 33 are fouﬁd to be possible parents to the KREEP-rich materials. The
average composition of these 33 samples is very similar to that of the Low-K Fra
Mauro basalt (LKFM). A model is proposed in which LKFM-type material was produced
by fractionation of large amounts of olivine and lesser amounts cf plagioclase
(and possibly other minor phases) from undifferentiated lunar material at v 4.4 fE.
Dyring the same episode of igneous activity, some LKFM material differentiated to

¢

form a2 series of more evolved members of the KREEP suite, including material of
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peritectic bulk composition in the (Mg,Fe)ZSioé—CaAlzsiZOfi—SiO2 pseudoternary
system. In a later igneous event at Vv 3.9 AE, some of this peritectic material
further differentiated, producing more highly evolved KREEP such as sample 15386.

The model is comsistent with phase equilibria, major and trace element partitioning,

and Rb-Sr isotopic data.



INTRODUCTION

There is a large family of lumar highland rocks with marked enrichment in a

number of minor and trace elements (K, P and the rare earth elements, among others)
which are not readily incorporated into the crystal lattices of the major
rock-forming minerals. These KREEP-rich highland rocks are also characterized by
bulk compositions which, when plotted in the (Mg,Fe)28104~Si02—CaA128i208
pseudoternary liquidus diagram, form a continuum extending along the olivine—
plagioclase cotectic line through the olivine-plagioclase-pyroxene peritectic point
and along the plagioclase-pyroxene cotectic line (Fig. 1 and Table 1). A few of
these rocks, such as 15386, have igneous textures. Most of them are breccias, and
many of these are polymict. Most KREEP~rich samples are therefore mechanical mixtures
of fragments of rocks or minerals. As such, they could be considered mixtures of
the "essence of KREEP or the "KREEP component' with other lunar rock types such
that the high overall concentration and the relative abundances of K, REE, P

and associated "incompatible" elements are dominated by the KREEP component, while
the bulk composition is determined by the relative proportions of all the lunar
rock types in the mixture. According to this point of view differences in the major
element composition of KREEP-rich samples are primarily determined by a variable

history of mechanical mixing.

Other interpretations are possible. Walker et al. (1972) pointed out that the
major element compositions of the KREEP-rich rocks cluster along solid-liquid
saturation curves of the pseudoternary phase diagram, suggesting that they had
evolved as a result of liquid separations from equilibrated partially molten phase
assemblages within the pseudoternary system. In approaching the problem of KREEP

L8

we assume that the association of their bulk chemistry with liquid saturation



boundaries is not coincidental. Therefore, even though these rocks have been
subjected to impact fragmentation, recombination and thermal metamorphic effects
on the lunar surface we take the view that their bulk compositions have not been
greatly altered and that the general characteristics of their chemical compositions
can be interpreted mainly in terms of equilibrium crystallization and melting.

It is consistent with the major element compositions of all these rocks that
they are related by the solid~liquid phase equilibria depicted in Fig. 1. Therefore,
it is logical to ask whether such relationships are also compatible with the trace
element chemical data. Using the phase equilibria in Fig. 1 and the solid/liquid
distribution coefficients for a number of key elements it is possible to relate the
proportions of solid and liquid during differentiation to the resulting trace
element fractionation trends. Conversely, given the trace element concentrations
in an assumed parent assemblage and its derivative, we can calculate the proportions
of the major phases involved in the fractiomation process and check for compatibility
with the phase diagram. Using the above approach Weill and McKay (1975) demonstrated
that -it is improbable that the KREEP-rich rocks were derived by igneous fractionation
from what is now estimated to be .the average highlands composition (Taylor and Jakeg,
1974). Weill and McKay (1975) also investigated the possibility of deriving KREEP
liquids by ome-step equilibrium partial melting or crystallization of compositions
similar to those proposed for the whole moon (Ganapathy and Anders, 1974; Taylor
and Jake‘s’, 1974). Tt was concluded that such an origin is consi-stent with the
known constraints of phase equilibria and trace element distribution behavior if
a few percent or less of KREEP liquid/gagilibrated with a mineral assemblage of
olivine, Ca-poor pyroxene and plagioclase. )

We believe these conclusions are still valid, but the resulting model for the
origin of RKREEP-rich rocks is not unique or complete. Our previous calculations

addressed themselves to the derivation of KREEP-rich compositions corresponding



closely to the pseudoternary peritectic and did not attempt to investigate the
possible relationships among the total range of KREEP-rich rocks. Perhaps a
multiple-step origin is equally plausible {(e.g., recent Sm/Nd isotopic data
presented by Lugmair et al. (1976) indicate a minimum of two steps for the origin
of KREEP sample 15382). Hence, it is appropriate in this paper to consider the
possibility of multiple-step derivation of KREEP and the relationships between
the KREEP-rich compositions generated at successive stages of evolution. In this
context we also discuss the effect of the igneous processes involved in the
evolution of KREEP on Rb-Sr isotopes. Finally, we also present some recent

experimental determinations of solid/liquid distribution coefficients for the REE

in olivine and ilmenite and Cr, Ba and Rb in plagioclase and pyroxene.

EXPERIMENTAL METHODS

A set of bulk compositions were prepared so that when they were held at 1200°C
and at oxygen fugacities low enough to maintain the Fe predominantly in the
divalent state they produced several percent of either olivine, orthopyroxene or
plagioclase in equilibrium with liquids of': compositions close to the peritectic
point in Fig. 1. These bulk compositions were then enriched with an additional
1-3 wt Z of one of the large-ion-lithophile elements (or about 0.5 wt Z in the case
of Cr) and held at temperature and oxygen fugacity (H2/002 mixing) in SiC resistance
furnaces for 50-150 hours before quenching. Ilmenite/liquid distribution coefficients
were determined in bulk systems corresponding to high-Ti mare basalts with 1-3 wt %
LIL element added. In order to minimize Fe losses during rumns the charges were held
in PtRh wire loops which had previously been held in contact with similar
compositions at T and f02 similar to run conditions. After quenching,
erystals and glass were analyzed by electron probe. The distribution coefficients
and the details of phase compositions for these experiments are summarized in

Table 2.



EXPERIMENTATI, RESULTS
Values of the solid/liquid distribution coefficients determined in this study
are given in Table 2, along with some previously determined coefficients from Weill
and McKay (1975). These distribution coefficients have been determined specifically
for the range of composition and temperature appropriate to equilibria along the
plagioclase-clivine cotectic and near the plagioclase-olivine-pyroxene peritectic in
the system (Mg,Fe)ZSioé—CaAlzsiZOS—SiOZ- Attempts to apply the coefficients to systems

with substantially different phase chemistry involves an uncertain extrapolation

which should be approached with caution. Only the plagioelase/liquid distribution

-~ arthopyroxene
coefficients for Eu and the A /liquid and olivine/liquid coefficients for Cr show
significant dependence on oxygen fugacity. In Fig. 2 we have plotted Dgzlliq and

c
Doi/liq as a function of oxygen fugacity. As in the case of Eu in plagioclase and

Ca—-pyroxene (Weill and Drake, 1973; Weill et al, 1974), these data can be most
easily interpreted in terms of variations of the fractions of the cation, im this
case Cr, in the divalent and trivalent states. These variations may be expressed as
an overall Cr distribution coefficient, D = D2(Cr+2) + D3(Cr+3). According to this
interpretation the data plotted in Fig. 2 indicate that D3 > D2 both for olivine and
orthopyroxene. The difference is more pronocunced in orthopyroxene. Schreiber and
Haskin (1976) have published some experimental distribution coefficients for Cr in
enstatite;. diopside and forsterite. Their determinations were carried out using
iron-free synthetic compositions including ome (their composition FAS) lying within
the ternary system Mg28104—CaA128i208—5102. Composition FAS has some obvious
gimilarities to the compositions used in this study (near the peritectic point
4—GaA1251208—Si62) although compositions

in the iron-free.system have higher liquidus temperatures than the corresponding Fe-

in the pseudoternary system (Mg,Fe)25i0

bearing liquids lying at the same point in the pseudoternary diagram. Because of the
differences between the compositions investigated by Schreiber and Haskin and
those which we investigated, and because the lowest temperature for which they

determined Cr distribution coefficients (1300°C) is considerably higher than the



temperature at which we determined coefficients (1200°C), their results cannot be
directly compared with ours. Nevertheless, the results of the present study have
several important general features in common with the results of Schreiber and

Haskin for their composition FAS: both studies show Dcr decreasing with decreasing

f02 (at f02 < 10_6) in both orthopyroxene and olivine, with the magnitude

of the decrease being much larger for orthopyroxene; we infer from the variation

of the D's with fo that a substantial fraction of the Cr in our experimental liquids
2

is divalent at 1200°C and fo of 10—13 (we are unable to quantitatively determine
2

the value of this fraction), while Schreiber and Haskin find that more than 75%

e T —— - = =

of the Cr in their liquids (as measured by titration and EPR) is divalent at 1300°C

and f02 of 10-10; we find that for orthopyroxene D3 > 9 at 1200°C, while Schreiber
and Haskin find that D, > 7 at 1300°C. Values of D°%, . , D°%,.. cr
3 pl/1liq’ "px/liq and D .
0l/1iq
appropriate to the lunar range of T—f0 are given in Table 2.
2
DISCUSSION

A highly evolved KREEP sample - 15386

In terms of major element composition, sample 15386 is the most evolved member
of the KREEP suite shown in Fig. 1. Its bulk composition places it along the
plagioclase-pyroxene saturation curve, down-temperature from the olivine—pyroxene-
plagioclase peritectic point. It is one of the relatively few samples of KREEP
with unmistakably igneous texture, and its low Ni content (Nyquist et al, 1975),
implying a low amount of meteoritic contamination, further emhances the likelihood
that its immediate origins were igneous. According to the phase equilibrium diagram
of Fig. 1, a liquid of composition 15386 is an intermediate product of differentiation
(via either partial melting or erystallization) of a parental composition near the

peritectic point. The pseudoternary phase diagram and the distribution coefficient

DFe/Mg

ox/1iq ™2 be combined with the known Mg and Fe contents of 15386 to determine the

major element concentrations in a model parent P (Table 1 and Fig. 5) and the relative



proportions of coexisting plagioclase, pyroxene and 1liquid 15386. Fortunately

15386 is a very well documented Apollo 15 crystalline KREEP sample. In addition to

ifts major element content, there are reliable trace element and whole rock Rb/Sr

data, as well as an internal Rb/Sr isochron age. The known trace element concentrations
in 15386 allow us to calculate the trace element concentrations in parental composition

P according to the mass balance equation for each trace element:

n
D = = - - 1
D izlniwi (c, - ¢, P/ - B)C [1]

where D is the composite solid/liquid distribution coefficient, Di is the

distribution coefficient and Wi is the weight fraction of mineral i
n

(iélwi = 1), while F is the weight fraction of the equilibrated liquid relative to
the total weight of the system. CL is the concentration of the trace element in the

liquid (i.e. 15386) and C0 is the concentration of the trace element in the total
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system (i.e., parental composition P). In Table 1 we have listed the major and trace

element data for 15386 and its model parent composition P. Plagioclase is involved

Sr
pl/liq

, this step also involves an increase of Rb/Sr

in the differentiation step P -+ 15386, and becaise D is very mnearly one

. Rb
hundred times greater than Dpl/liq
from 0.061 in.composition P .to 0.099 in 15386. We will return to this point in

~

discussing the Rb/Sr isotopes.
Poggible relationship between peritectic KREEP and other highland rocks

-The peritectic point of the pseuvdotermary phase diagram is obviously an
important composition. Many of the KREEP rocks plot close to this point, and we
have also just discussed the possibility that such liquids are parental to some
of the more evolved KREEP samples such as 15386. Mineral assemblages of olivine +
plagioclase + pyroxene produce initial melts of the peritectic composition.
Conversely, during crystallization in the "highlands" systems residual liquid

compositions approach the peritectic. Tt is desirable therefore to consider the question

-



of the possible origin of KREEP peritectic liguids and examine whether there are
aﬁy rock compositions in the highlands which could have given rise to KREEP-rich
peritectic liquids via either equilibrium crystallization or partial melting. In
pursuing this question we will use two typical examples of KREEP "peritectic"
compositions; the possible parent of 15386 which we have just calculated (model
composition P) and the soil 14163 which is representative of Apollo 14 KREEP
breccias and plots very close to the peritectic in Fig. 1. Both of these com—
positions are given in Table 1. In keeping with our previous discussion we assume
that the evolution to liquids P and 14163 was governed by liquid-solid differentiation
and' that the trace element partitioning is described by the mass balance of equation
[1]. The refractory solid phase assemblages involved are combinations of plagioclase,
pyroxene and olivine. The peritectic liquid is assumed to be essentially equilibrated
with these mineral assemblages either after partial melting or crystallization of the
parent material. As candidates for parental materials to peritectic liquids we have
considered highland rocks (approximately 80) for which we could find published major
and trace element analyses of the same subsample.

There are many sets and subsets of abundance criteria which could be used as
filters to select the potential: parents of KREEP-rich
peritectic 1iguids. Qur distribution coefficient data (Table 2) include
typical "excluded" (i.e., trivalent) REE, an atypical REE (Eu) and the important
major elements Mg and Fe. The approach we have employed is first to determine,
for each of the parental candidates, the relative-proportions of each phase which
must be present in the equilibrated assemblage (i.e., peritectic liquid plus solids)
in order that the liquid have the same content of the excluded trace element Sm

as that observed in 14163 or composition P. We then check whether these relative



phase proportions would also yield a liquid with the abundances of Eu and

Mg/ (Mg + Fe) observed in 14163 or composition P. The calculations proceed as follows:
(i) We first assign a value of D = 0 for Sm. This allows an approximate calculation
of F according to equation 1. At this point we arbitrarily reject candidates for
which F > 0.8 since such materials are already so enriched in KREEP components that
they are of littlie interest in considering the parentage of KREEP. For the

remaining candidates, we use the approximate value of F to calculate the approximate

bulk composition (and hence the mode) of the residual solid assemblage according to

the simple mass balance relationship, Cy = FCL + 1 -~ F)CS , where Co

is the observed concentration of a major element in the potential parent, CL

is the concentration in 14163 or P, and CS is the concentration in the
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residual solid assemblage. The approximate mode in turn allows a refined value of
Sém to be calculated (equation 1) using the individual mineral distribution
coefficients for Sm from Table 2. The refined Bgm is in turn used to calculate a
refined value for F, ete., etc. The iterations are terminated when successive solutions
of F differ by less than 107 relative. (2) The final wvalue for F and the corresponding
mode of the refractory solid assemblage are then combined with the d%stribution
coefficients for Eu, Mg and Fe (Table 2) in equation [1] to calculate the Eu and
Mg/ (Mg + Fe) abundances in the liquid.

The calculated abundances of Bu and Mg/(Mg + Fe) for each candidate parent
are plotted in Fig. 3 where they are compared to 14163. The rectangle around 14163
represents estimates of the combiﬁed uncertainties in the distrﬁﬁution coefficients
of Sm, Eu, Fe and Mg. Highland rocks which are potential parental compositions
for 14163 must plot within the rectangle of Fig. 3. Note that the average highland
combosition of Taylor and Jakef (1974) produces a liquid with the appropriate
Sm and Eu content but too little Mg/(Mg + Fe) as pointed out by Weill and McKay (1975).

We next consider whether there is anything distinctive about the bulk compositions
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of samples which qualify as potential parents to 14163. In Fig. 4a we have plotted
a}l candidates tested. The compositions span nearly the entire range of highland rock
types. In Fig 4b we have plotted all candidates that meet the criteria for‘parental
material. The large majority of them are close to the olivine-plagioclase cotectic.
A similar set of calculations was repeated using composition P as the daughter liquid
instead of 14163, and the results were very similar. Since the criteria were com~
pletely independent of the location of the phase saturation boundaries, the results
may be interpreted as independently reinforcing the notion that many of the KREEP suite
of rocks are related by the phase equilibria depicted in Fig. 1.

In 211, 33 highland rock compositions were found to be potential parents
for peritectic liquids P or 14163. The average composition of all these potential .
parents is given as composition C in Table 1. This average is very similar to the
Apollo 15 Low-K Fra Mauro (LKFM) basalt tyre (also shown in Table 1) proposed
by Reid et al.(1972). Taylor and Jake¥ (1974) concluded on the basis of orbiter
data that the LKFM composition is an abundant constituent of the lunar highlands.
Thus, the constraints of low pressure phase equilibria and of major and trace element
partitioning are satisfied by models which relate KREEP peritectic liquids
(and their possible derivatives such as 15386) to an abun@ant crustal

rock type via equilibrium crystallization and partial melting.

Possible origin of KREEP

We have shqwn that it is possible to consider the RREEP-rich rocks as an igneous
suite evolved by solid-liquid differentiation along the crystal saturation boundaries
of the highlands pseudoternary phase equilibrium diagram. The least evolved
members of this suite plot along the olivine~plagioclase cotectic with an average
composition corresponding to point C in Fig. 5. The ultimate origin of such.

liquids is a question which may never be answered and certainly will be extremely
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difficult to answer in any detail. Nevertheless it is tempting to consider that
a liquid which plots near the olivine-plagioclase boundary originated by equilibrium
ptocesses governed by the phase relations of Fig. 1, i.e., by partial melting

or crystallization, at pressures somewhat less than 10 kilobars, of a bulk
uJ-"Hm
system which lies s&th the (Mg,Fe)28104—Si02—CaAl 81208

is assumed to be strictly valid then it is possible to "solve'" the problem with

system. If this medel

an approach described by Weill and McKay (1975). Using distribution coefficients

for Sr and the REE measured for plagioclase and olivine and assuming some initial value
for the concentration of these elements in the parental material, the mass balance
equations [l]/cggrbghggfvggaggre%ﬁgegractlon of liquid C and the proportions

of plagioclase and olivine in the equilibrated solid assemblage. This solid

assemblage, when added to the liquid C, constitutes the parental materiazl. In

the present calculations we have assumed an initial concentration of 5X chondritic
levels for the LIL in the parental material..Crystallization experiments in the
pseudoternary system (Weill and McKay, 1975) indicate that liquid C is

equilibrated with plagioclase and olivine at approximately 1250°C, and we

interpolated the plagioclase distribution coefficients of Table 2 to this temperature.

The temperature dependence of olivine distribution coefficients is not known and

Sr

. was assumed to be similar to D
0l/liq

we -have adopted the wvalues at 1200°C. D 1/11q
under strongly reducing conditions.
The best fit (using least squares criteria applied to solutions of equation [1]

for each of the trace elements) to these data yields a parental composition shown

as C' in Fig. 5. If this material originally had 5% chondritic abundances of LIL, then
approximately 4 wt % of liquid equilibrated with a solid assemblage dominated by
olivine and plagioclase would have an LIL abundance pattern closely approximating

that of KREEP-rich composition C. There are many factors which prevent a rigorous

assessment of such results. Among others, we can list the more obvious ones:!

(1) Modest departures of bulk composition as well as increased pressure can result in
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appreciably different "phase diagrams' such that liquid C is not necessarily

saturated with olivine and plagioclase as we have assumed. (2) The assumption that the
LIL elements in the parental material have a primitive lunar (i.e., flat 5X chondritic)
abundance pattern is somewhat arbitrary. (3) If the source of KREFP was itself

formed as a direct or indirect consequence of fractionmation in a -~ I Junar

magma ocean, then there is always the possibility that the source mineralogy

and bulk composition was dominated by cumulates while the trace element abundances

w}.w
were influenced by wvarying amounts of intercumulus liquid. In.¥¥veof these and

other uncertainties we believe that these calculations simply show that if the
KREEP-rich liquid precursors (e.g., liquid C) to the highly evolved igneous KREEP
samples (e.g., 14163 and 15386) were derived from primitive lunar systems under
conditions approaching equilibrium partitioning of trace elements, then that
source material must have been rich in olivine and contained much smaller amounts
of plagioclase. This is essentially the same general theme that emerged from our
previous modeling (Weill and McKay, 1975) which considered the generation of

evolved KREEP (for instance, near-peritectic liquids) by one-step partial melting

of assemblages resembling the whole moon in bulk composition.
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Rb~-Sr isotopes

The plagioclase/liquid distribution coefficients for Sr and Rb differ by
almost two orders of magnitude (Table 2). Any fractionation step in the evolution
of the KREEP suite which involves plagiocclase and liquid will therefore result in
a change of Rb/Sr. We now consider whether the models we have proposed are consistent
with the Rb/Sr isotopic data. If a closed .system inherited™a radiogenic strontium
content denoted by (SYSr/SGSr)O at some time, TO, before the present, then the

present (87Sr/865r)P and (87Rb/868r)P are given by:

(87Sr/86SI)P - (87Sr/868r)0 - (87Rb/865r)P T - 1) . [2]

where A = 1.39 x 10—11 yr_l is the 87Rb decay constant. Only if a system has

actually remained closed to Rb/Sr fractionation between T0 and the present
does To really correspond to a time in the past when the system inherited
(87Sr/868r)0. However, according to equation [2], if a system is assigned a
value of (87Sr/865r%, 5 8 value of To can always be calculated regardless of
whether the system has actually undergome Rb/Sr fractionation or not. For a
system which has suffered Rb/Sr fractionation, To has no real significance

except to denote the time in the past when
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the system would have inherited (87Sr/868r)0‘had it evolved without
Rb/Sr fractionation. For this reason, Tg is usually referred to as a model
"age" and given the notation Ty or Trg where the s;bscripts signify model
and assigned initial ratio of (87Sr/868r) respectively.

Schoenfeld and Meyer (1972) have shown that if a system actually inherited

(873r/865r)0 at T, and subsequently underwent a Rb/Sr fractionation step at

Ty , then the model age defined by equation [2] is given by

;\To KT]_
EAT}I = e}tTl + _(_e - @ ) [3]
R
(Rb/ST) ., o
vhere Ry = differentiate
{Rblsr)parent

Schoenfeld (1976) extended the same approach to consider” two fractionation steps,

and it can easily be shown that for three fractionation steps

T - M1y (AT My (Moo My,

ATy (4]

e
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We now apply the formalism -e—tline above to the models we have discussed for

the evolution of the various members of the KREEP suite. In the calculations
we have adopted values of T; = 4,60 b.y. and (87Sr/868r)0 = 0.69903 (LUNI of
Ryquist et al., f374 ). Most of the whole-rock isotopic data we use were ‘
determined by Nyquist and coworkers. We have also used data determined by
Papanastassiou and coworkers and have adjusted (87Sr/86Sr) for interlaboratory
bias. None of our arguments.ére significantly affected by changes of *0.5 b.y.
in T, or by adopting (87Sr/868r)0 = 0.69898 (BABI of Papanastassiou et al., 1969).
Composition C (Fig. 5) is the least evolved of the KREEP suite we have
discussed and may be a precursor type for the other members of the suite. In
averages of Pvblished
Table j we have listedj&8s. Rb/Sr isotopic data amerases for a%F ®% rocks that
met the criteria for parental material of 14163 or the calculated P
composition. The details of petrogenesis for liq?ids with compositions close
to C are not known, but for the present discussion we need simply to adopt the
view that compositions of this type were produced in a single differentiation
step from primitive lunar materials. Equation [3] may ﬂe solved for Ty vs. R1:
The solution is shown in Fig. 6. If we adopt the value of (Rb/Sr) = 0.0067

parent

as proposed for the whole moon‘by Taylor and Jakes (1974), the time of the
value
differentiation step is 4.44 b.y. Thisfis essentially equal to the 4.42 b.y.

proposed by Tera and Wasserburg (1974) on the basis of U-Pb isotopes for the

time of large scale differentiation of the moon.

We have seen that liquids of cotectic composition C may be typical of the
kREEP-r'Id‘I more
~KREEPy- precursors offhighly evolved KREEP samples such as 15386. According to

our model, 15386 may be the result of three differentiation steps;
T3 T9 T3
primitive parent ——» C ———>» P ~————2 15386. The internal isochron age of

1
15386 is 3.94 b.y. (Nyquist et al., 1975) and the simplest interpretation is to

equate this with T3, the time of the most recent differentiatiom. (87Rb/865r)

ORIGINAL PAGE IS
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values for the whole moon, compositions C and P and 15386 are all listed in

|
Table ¥, and these values fix Rl’ RZ’ and R3. Furthermore, Tl = 4.44 b.y. and

T3
The solution is shown in Fig. 7. The model age of 15386 (TLUNI) is 4.26 b.y.,

= 3.94 b.f., and we can solve equation [4] for the model age of 15386 vs. T2.

corresponding to T2 = 4,41 b.y., This result is not at all sensitive to variations
in (87Sr/868r)0. It is somewhat sensitive to variations in the last fractionation
step, but it is not possible to place meaningful accuracy limits on R;. However,
-R3 is calculated from data Whichigizhmkmendent of the isotopic data, and we
believe that the result T, = Tl is not fortuitous. The production of liquid C
and the subsequent differentiation to liquid P in a short time is appealing from

in
a physical point of view. It is difficult to store a liquid for long periods e=n the

moon, and the alternative would require a later heat source to remelt C.

The present-day isotopic ratios of P, C and 15386 are shown in Fig. 8 along
these of some of  kprEp-rich

withfApollo 14 and 15 crystalline KREEP samples andjthe EREERy rocks found to
be possible parents for 14163 and composition P. Also shown is the isotopic
composition of the whole moon (M) calculated from the whole moon Rb/Sr of
Taylor and Jakes (1974), the (8781‘/8651')o = LUNI of Nyquist et al. (1974) and
Ty = 4.60 b.y. M, C, and P, as well as the possible parents of P, lie very close to
the .4.44 b.,y. isochron, while the Apollo-14 and 15 crystalline KREEP rocks are part
of the 3.94 b.y. isochron defined by P and 153846,

Another perspective of the Rh/Sr isotope evolution of these samples is shown
in Fig. 9A where we plot the igotopie compositions of the samples 3.94 b.y. ago
calculated on our model assumption that no Rb/Sr fractionation has occurred since
that time. Most of the Apollo 14 and 15 crystalline KREEP samples have the same
(87Sr/868r) as P and 15386 within analytical error limits, céﬁsist%nt with the

production of these evolved KREEP samples 3.94 b.y. ago by an igneous process

which involved variable enrichments of (87Rb/86Sr): The logical candidate for such

18
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a process is partial melting of crystallized P or fractional crystallization of
KREEP-rich
liquid P. The ¥REERy samples that were found to have g¢ompositions that covld be _parental
to peritectic liquids are still on the isochron defined by M, ¢ and P, indicating that
I 4
these samples were not appreciably fractionated 3.94 b.y. ago.
as they weul have been

In Fig. 9B we have plotted the isotopic compesitionsp4.44 b.y ago. The

crystalline Apollo 14 and 15 KREEP samples are not included because they did not
KREEP-rrich

exist as such according to our working model. The EREERy precursors to KREEP
peritectic liquids all have (87Sr/865r) identical to the whole moon and P. The
.SPread of (87Rb/865r) at this time is consistent with derivation of a suite of
liquids from a primitive lunar composition. Note that it would be possible to
generate a range of Rb/Sr values in such liquids by varying the relative propor-
tions of liquid to crystalline material (most importantly, plagioclase). Compo-—
sition P is just one possible member of the suite generated at this time. In general,
compositions close to P would be equilibrated with more residual plagioclase
(and hence undergo greater increases of (87Rb/86Sr) relative to M) than liquids

temperature on
further upAthe olivine-plagioclase cotectic. Also, since it is peossible for a
liquid of peritectic composition to coexist with variable amounts of plagioclase
we could even expect that peritectic liquids (as defined by their major element
composition} derived at this time might havéyariable (87Rb/868r). The composition
P shown in our plot is just ome of the series singled out because of its
calculated parental relationship to 15386. If another member of the series
generated 4.44 b.y. ago subsequently differentiated at 3.94 b.y., its daughters
would have inherited somewhat higher or lower (SYSr/86Sr) at that time (cf: the

<
Apollo 14 and 15 crystalline KREEP in Fig., 94).
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SUMMARY

KREEP-rich
The model which we have presented to account for a range of FREEERy lunar

rocks is summarized i; Fig. 10. It relates much of the KREEP suite in a scheme
of igneous differentiation which is consistent with major and trace element
concentrations, the general features of experimentally determined phase
equilibria and Rb-Sr evolution. The "proto-KREEP" from which more evolved
KREEP is derived strongly rvesembles a common highland rock type, the iBW-K
Fra Mauro basalts. Although the model describes a possible three-step
evolution for the more evolved crystalline KREEP samples such as 15386, the
most probable time scaie according to the isotopic data only allows resclution
of two igneous activity pulses. The formation of the highly evolved 15386
occurred during igneous activity about 3.9 b.y. ago, at a time when the rate
¢f Jmpacts on the lunar surface had slowed down and mare basalt generation was
beginning.
The origin of the KREEP- precursors (LKFM(?) ——= peritectic liquid types)
at 4.4 b.y. is not well delineated but most probably involved liquid differentiation
from a relatively primitive lunar source which contained much clivine and less
. the possibility that
plagioclase. We cannot rule outda limited amount of other refractory mineral phases was
- Many of  KREEP-rich
left behind after this liquid tvpe was generated./l the . A systems derived at

this time do not seem to have been subsequently strongly disturbed in major, trace

or~ isotopic composition.
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Table 1, Major element, trace element and Rb-Sr isotopie compositions of

several members of the XREEP suite.

The average highlands and

whole Moon compositions proposed by Taylor and Jakeb(1974) are

given for comparison. See Figures 3 and 8 for sources of data.

15386 14163 BT ¢ o ST W
wt7
510, 50.8 | 48.0 | 49.1 | 45.8 | 46.6 | 44.9 | 44.0
Ti0, 2.2 1.8 2.3 1.3 1.3 0.6 0.3
AL,0, 14.8 | 17.6 | 15.9 | 19.0 | 18.8 | 24.6 8.2
FeO 10.6 | 10.4 8.2 8.6 9.7 6.6 | 10.5
MgO 8.2 9.2 | 11.8 | 12.7 | 11.0 8.6 | 31.0
Ca0 9.7 | 11.2 | 12.1 | 11.3 | 1i.6 | 14.2 6.0
ppm
Rb 18.5 | 13 11 5.6 2.7 1.7 0.3
Sr 187 180 180 167 140 200 43
Ce 211 200 126 78 81 22. 3.1
Sm 37 32 22 14 13 3.3 0.8
Eu 2.7 2.8 2.2 1.8 1.8 1.7 0.3
b 24 24 15 9.7 9.8 2.3 0.7
875:/8%s:  |0.71640 0.71049 |0.70615
8 rb /805 [0.285 0.180 |0.112
T g (AE) 4126 565 |4.47

1. Peritectic 1iquid which may have been parental to 15386.

Composition calculated from 15386 as explained in text.
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Table 1. {(continued)

2. Average of samples found to be potential parents to P and/or 14163.
3. Apollo 15 Low-K Fra Mauro basalt of Reid et al.(1972). Trace element composition

from Taylor(1973).
4, Proposed average composition of highland crust (Taylor and Jakes, 1974).

5. Proposed composition of whole moon (Taylor and Jakes, 1974).

6. 8752 /80y = 0.69903 (Nyquist et al., 1974).

LUNI
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Table 2. Experimentally determined crystal/liquid distribution coefficients

(wt. basis) for ilmenite, plagiocclase, Ca—-poor pyroxene and olivine.
Values in italics are from Weill and McKay(1975). Other values are
from the present study. The uncertainty generally represents the
standard deviation of the mean of a number of determinations.

Representative compositions of coexisting phases are given in mnotes a-f,

I1m® Plag’ Plag® Pxd Px° . o1f

(1140°C) (1340°C) (1200°C) (1340°C) (1200°C) (1200°c)
St 1.53 *.02 1.63 +.08 009 £.006 | .018 £.003
Ce |.006 £.003 | .062 .002 | .048 £.001 | .006 +.002 | .009 +.002 | .010 £.007
Sm |.010 2.002 | .044 +.002 | .032 .002 ' .013 £.005 | .022 *.001 | .0L5 %.005
Eu |.007 +.003 | 7.18 1.08 .014 +.003 | .022 +.002 | .015 .005
Yb |.075 #.005 | .031 +.002 | .028 +.003 | .056 £.010 | .170 +.010 | .033 +.002
Rb .017 £.008
Ba .15 +.03 .011 *.005
cr 5.2% 1.28
Fe .54 .83 1.32
Mg 2.26 3.19 4.78

a.

Oxide values are in weight %. To facilitate location in the pseudoternary

diagram (Fig. 1), mole % silica (SI), anorthite (AN), and olivine (OL) are

~

given for glasses other than mare basalt.

=0.37, Fe0=34.5, Mg0=7.07, Cr203=l.79

=7.99, Fe0=19.0, Mg0=6.26, Ca0=8.98 » Cr,0y= O.10

Ilmenite: Ti02=55.9, A120

Glass: Sioi=42.4, T10

3

=10.2, A120

2 3


http:CaO=8.98
http:Mg0=6.26
http:MgO=7.07
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Table 2. (continued)

b.

2.

. Pyroxene: SiOz=59.3, Ti0

Plagioclase: SiOZ=44.7, A1203=36.2, Fe0=0.29, Mg0=0.42, Ca0=19.8

: S1i0,=438. 10, =. =23.1, FeD=3, Mg0=10.1, Ca0=11.6
Glass: $10,=48.0, Ti0,=.62, A1,0,=23.1, Fe0=3.50, Mg , Ca (SI AN, OL, )

. Plagioclase: Si02=45.3, Al_0,=34.0, Fe0=0.33, Mg0=0,44, Ca0=18.7

273

Glass: 5i0,=50.2, Ti0,=1.49, A1,0,=17.7, Fe0=8.65, Mg0=9.12, Ca0=9.27 (SI, AN, OL,.)

3 4826 26

2=0.05, A12 3~ 0.53, Fe0=4.34, Mg0=36.9,Ca0=0.26

,=760, A1,0.=10.64, Fe0=6.92, Mg0=15.7, Ca0=5.67 (SI AN, ,OL,/)

=54.2, TiQ2= 0.3, A1203=5.3, Fe0=8.7, Mg0=30.4, Ca0=1.3

Glass: SiOé=57.4, Ti0

Pyroxene: Sigg
¢ 510, =48. i0,=1. =16, =9. =8,90, Ca0=9.23
Glass SJ_O2 48.9, T102 1.10, A1203 16.6, Fe0=9.37, Mg0=8,90 a0=9 (SI4SAN250L27)

Olivine: $10,=40.3, Fe0=13.6, Mg0=46.2, Ca0=0.20

.

2=.93, A1,0,=16.7, ¥Fe0=9.20, Mg0=9.75, Cal= 9.04 (g1, AN, _OL__ )

23 4625729
0% 1200°¢ ana 1074 a¢ 1340°C. See Fig. 2 of this work

Glass: Si02=48.6, Ti0

Values for f =1
%

and Fig. 5 of Wedill and McKay (1975) for oxygen fugacity dependence. All other

distribution coefficients are independent of fo over the range of fugacities
2
studied, log £, = (6.57-27215/T) * 2.
’ 2
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Figure 2,

Figure 3.

Figure 4.
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FIGURE CAPTIONS .
KREEP-rich
Representation’ of bulk compositions of FREEPy materials from Apollo

14-17 within éFe,Mg)ZSiO -510,~-CaAl,51,0, pseudoternary liquidus

4 2 277278

diagram. Average lunar highlands composition of Taylor and Jake$(1974)
is shown for comparisomn.

Variation of Cr distribution coefficients (weight basis) for
olivine/liquid.and orthopyroxene ./liquid with .oxygen fugacity. Error
bars represent twice the standard deviation of the mean of a number of
replicate determinations at each oxygen fugacity.

Calculated Eu contents and Mg/(Mg+Fe) of hypothetical peritectic liquids
having the same Sm content as 14163, Each point represﬁfs the liquid
produced by differentiation of a different highland sample. See text
for details of the calculation. Actual Eu content and Mg/(Mg+Fe)

of 14163 are indicated. Estimated uncertainties (*30% for Eu, *20% for
Mg/(Mg+Fe)) in calculated values for hypothetical liquids are indicated
by the rectangle around 14163. Highland samples which are-gziiﬁégtg
parents to 14163 must produce liquids which plot within this rectangle.
Liquid produced from the average highlands composition of Taylor and
Jakes (1974) is indicated. Sources for data: Drake et al,(1973), Haskin
et al.(1973), Hubbard et al.(1972,1973), Laul et al.(1972), LSPET(1972,
1973) ,Nava(1975), Nakamura et al.(1973), Philpotts et al.(1972,1974),
Rhodes and Hubbard(1973), Rhodes et al.(1974), Rose et al.(1972),_
Taylor et al.(1972,1973), Wanke et al.(1972), and Wiesmann and Hubbard
(1975).

(a) Pseudoternary projection of bulk compositions of highland samples

as polential papreuts

tested for-pessible—paternity- to 14163 in=Figpwre=®. (b) Bulk compositions

po‘)"&q 7"1:14
Ppossible

of a@ﬁples found to be parents to 14163, ie,samples generating

liquids which plot within the rectangle surrounding 14163 in Figure 3.
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Figure 5. Pseudoternary representations of important compositions in our model for

the evolution of KREEP. P is the peritectic composition which differentiated

' Conpas: Fron
to form 15386. 14163 is another example of a KREEP-rich peritectic Jiguid.
P o‘l"e il 7"304’
C is the average composition of all highlands samples which are peossible-

B2 @ possible.
parents to P or 14163. C' is the composition of -thej|parent material to C,

calevlated as explained i #he fexi
. Chat tho 1 1 i 1ibyd 1 1_t} ;

—to—-G had Sx—chondriticTLIE—abundarmces. WM dis the whole .moon composition
proposed by Taylor and Jake& (1974) .

Figure 6. Solution of Equation [3] for T,, the time of formation of composition

15

C (assuming a one-step process),vs. the amount of Rb/Sr fractionation

occurring during its formation. The dotted vertical line is the Rb/Sr
as
fractionation if C was formed from material with Rb/Srfproposed by

Taylor and Jakes(1974) for the bulk moon. The dotted horizontal line is
the resulting value of Tl'
Figure 7. Solution of Equation [4] for T

d,{,(‘e_ren Frfras
29 the time of -fermatiem of composition P
from~C, vs. the model age of 15386. If the bulk moon Rb/Sr of Taylor and

Jake¥(1974) is adopted, R R2, and R, are fixed by the data in Table 1.,

3
is assumed to be 3.94 AE, the

19

FlN
Tl is determined by Figure 6, and T3

internal isochron age of 15386 (Nyquist et al., 1975). The &otted
vertical line indicates the model age of 15386 reported by Nyquist
et al.(1974), and the dotted horizontal line represents the resulting
value of T2' Tl is Indicated for comparison.
Figure 8. Rb-Sr evolution diagram showing presently observéd or calculated
isotopic ratios for 15386, P, C, and the whole moon (M). According to our
2 2 model, M, C, and P define a 4.44AE isochron, while P and 15386 define
E%% a 3.94AE isochron. Isotopic ratios aréﬁziown for a number of highland
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potential
samples which are -pessible parents to P (small p's) and a number of
Apollo 14 and 15 erystalline KREEP samples (x's). Sources of data:
Nyquist et alw~(1973,1974,1975), Papanastassiou and Wasserburg(1971),
and Wasserburg ané Papanastassiou(1971).
Figure 9. Rb-Sr evolution diagrams showing isotopic ratios at time T, assuming

closed system evolution from T until the present. Symbols are the
e 79 crysta £z artiam

same as in Figure 9. (a) T=3.94AE, the time-weprefer—for the-formation
of 15386 -£xem~P< (b) T=4.44AE, the time we calculate for the formation
of C and P from M,

Figure 10, Schematic representation of the model we propose for the origin of
KREEP and the relationship between differentgggggégi;terials. F is

the fraction of liquid resulting from .any differentiation step relative

to the immediate parent material for that step.
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INCREASING DIFFERENTIATION
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A MODEL FOR KREEP PETROGENESIS

UNDIFFERENTIATED MOON

Rb/Sr = .0067
REE = 2-5X
F=.01-06
T = 444 AE
C
Rb/SF = .034
REE = 45-80X
wt =6
T=4,44 AE
F=.4
T =444 AE
P
Rb/Sr =.072
REE = 75-150X
14163
Rb/Sr = 072
REE = 120-225X F=6
T=3.94 AE
15386
Rb/Sr = .099

REE = 120-240X

FORMATION OF C (=LKFM?) FROM PRIMITIVE
MATERIAL THROUGH FRACTIONATION OF LARGE
AMOUNTS OF OLIVINE + LESSER AMOUNTS OF
PLAGIOCLASE + 2~

DIFFERENTIATION OF C DURING THE SAME
IGNEQUS EPISODE IN WHICH 1T WAS FORMED,
PRODUCING A SUITE OF MORE EVOLVED KREEP
ROCKS INCLUDING P AND 14163.

DIFFERENTIATION OF P TO FORM VERY HIGHLY
EVOLVED COMPOSITIONS IN A LATER IGNEOUS
EVENT,
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by equilibrium partial melting
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Abstract—The solhid/liqud distribution of Mg, Fe, Sr, Ce, Sm, Eu, and Yb have been determined over
crystallization paths n the system (Mg, Fe);S10~510,-CaAl,51,0, Varying degrees (1-3 wi %) of
partial melting of an olivine + orthopyroxene + plagioclase rock yreld liqgmds with large-ron ithophile
(L.IL) and major-element concentrations strikingly simiar to those of some Apollo 15 and 16 KREEP
rocks The parent assemblages from which these KREEP meits can be denved have a bulk composition
similar to that previously proposed for the whole moon Partial melts derived from a source with the same
mineralogy but with a chemical composition corresponding to the average lunar highland do not
simultaneously satisfy the major-element and LIL concentration characteristics of KREEP

INTRODUCTION

THE DIFFERENCES OF CHEMICAL COMPOSITION observed in Junar rocks can either
be attributed to heterogeneities asscciated with the original accretion of the moon
or to subsequent large scale solid-liqud phase separation processes Geochemical
arguments {Brett, 1973, Duncan et al., 1973; Taylor and Jakes, 1974) indicate a
relatively homogeneous accretion. Furthermore, rapid accretion (Mizutani, 1972)
could have resulted 1n an early liquid outer shell extending to a depth of at least
several hundred kilometers. Cooling and crystallization of this inrtial liquad sheil
would result m chemical differentiation that would have characteristics imposed
by solid-liquid partitioning of the clements. Numerous models have been prop-
osed to explam how an initial global igneous complex on the moon might account
directly (or indirectly through subsequent wnternal partial melting) for the main
rock types observed m the lunar sample coilection Volcanism and large impacts
on the lunar surface could have served to bring representative rock types or their
partially molten denivatives to the surface It has also been proposed (Warner et
al., 1974) that surface impacts may themselves cause differentiation of the lunar
crustal material via liguid-solid separation after impact melting.

In one form or another, almost all models for the geochemical evolution of the
moon relate the main lunar rock types to each other via a relatively siumple
sequence of crystallization andfor partial melting processes One of the principal
tests of such models is a vertfication of compositional trends by means of
expermmental crystalhzation studies Since both major- and trace-element con-
centrations in the lunar samples place critical constraints on the models, 1t is
important that experimental verifications include data on both types of con-
strtuents. We have previousiy described some of the important factors to be
considered 1 determining the evolution of elemental distributions during lunar
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igneous differentiation processes (Weill ef al, 1974) and apphed them to the
evolution of Sm (ndicative of “typical” REE) and Eu (“anomalous” REE)
concentrations during various postulated fractional crystallization and partial
méltimg sequences in lunar 1gneous systems.

The solid/liquid distribution coefficients we employed for Sm and Eu (Weill
and Drake, 1973; Sun et al., 1974, Grutzeck et al , 1574; Drake and Weill, 1975)
were necessarily approximate because they had been determined experimentally
1n systems which departed m composttion from the lunar systems to which we
applied them Furthermore, our postulated crystallization sequences were based
entirely on the olivine-plagioclase—silica psendoternary hiquidus diagram (Walker
et al, 1972, 1973) which does not contain any information about the interphase
distribution of the major elements Mg and Fe Nevertheless, within the limits
imposed by the data it was shown that the evolution of liquids with KREEP
characteristics could most easily be accomplished by partial melting and that there
was a rather tight mutual constraint between the assumed Sm and Eu abundances
of the parent rock, the mineralogy of the refractory parent assemblage, and the
degree of partial melting

We have now added to our experimental data base by (a) Directly determining
the crystallization sequences of a molten average highland composition {Taylor
and Jakes, 1974) and a much more ferromagnesian liquid These experiments yield
information on the distribution of the major elements, Mg and Fe, between
olivine, orthopyroxene and coexisting liquids, and thus allow us to combine the
constraints unposed by the evolution of these important major-element indicators
with those imposed by the trace elements. (b) Directly measuring the solid/liquid
distribution coefficients of the trace elements Sr, Ce, Sm, Eu, and Yb for
plagioclase and orthopyroxene over the same crystallization sequences. This
extends our data to five trace elements, including a control on the relative
enrichment of light versus heavy REE Also, since the disiribution coefficients
have now been measured directly in the system to which the modeling will be
apphed, the compositional dependence is no longer a source of uncertainty.

In this paper we report the new experimental data, and we present an analysis
of the possibility of generating KREEP-type liquids by one step partial melting or
crystallization of systems with whole-moon abundances of LIL trace clements
and a subsolidus muneralogy dominated by olivine, orthopyroxene, and plagio-
clase. We also discuss the plausibility of deriving KREEP-type liguids by impact
melting differentiation of the average highland surface.

EXPERIMENTAL METHODS

The average haghland (HL) and ferromagnesian (FMG) crystallization sequences were experimen-
tally determined by holding the appropriate bulk composttions at temperature and oxygen fugacity (H.
and CO, gas mixtures) m SiC resistance furnaces for peniods of 2448 hr Charges were held in Ft-Rh
wire loops formed from 2 5 x 10™-m drameter wire which had been previously held i contact with the
same molten cemposition at 1400°C and the I-W equilibrium oxygen fugacity for 48 hr The runs
themselves were all carried out at oxygen fugacities for which the Fe**/Fe** 1n the hiquid 1s neghgible
Compositions of the mdividual phases are based on a rmummum of 10 pomt analyses per phase The
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modes were determined from the bulk composition and the wmdividual phase compositions by
muitilinear regression analysis After the hgmd and sohd compositions at various stages of the
crystallization sequences were determined as described above, new expermmental charges were
prepared with a bulk composition equal to the hgqud plus a small amount of plagioclase andfor
pyroxene These compositions were doped with an additional 1-3 wt % of one of the LIL “trace”
elements and held at temperature and oxygen fugacily for 100-150 hr After quenching, sohd and glass
were analyzed for the LIL element (distributton coefficient) and major constituents (to check that the
major-element composiions of ali phases were close to those determined previgusly for the
crystallization sequence) In effect, the trace-element distribution coefficients are determined 1n bulk
systems that hie shghtly off the multiple saturation boundaries as depicted, say, 1 the ol-opx—plag
pseudoternary hquidas svstern Each LIL and each solid-liquid pair 1s studied 1n a separate group of
experiments m order to cwcumvent problems ansmg from excessive ennichment in “irace” elements
and from workmg with hquid-poor, multiply-saturated systems Runs used-rto determme LIL trace
element distribution coefficients were performed over a range of oxygen fugaciiies from “ar™ to two
orders of magmtude below the I-W equilibrium curve Only the Eu plagioclasefliguid distribution
coefficient exhibits significant dependence on axygen fugacity

EXPERIMENTAL RESULTS

The results of the experimental crystallization runs are given in Table 1 The
Fe and Mg solid/liquid distribution coefficients for olivine and orthopyroxene are
plotted agamst reciprocal temperature in Fig 1, and the linear regression
coefficients are given in Table 2. Crystallization sequences for new bulk composi-
tions can be calculated from the experimentally determined sequences, effectively
stretching the apphcability of the experimental set. For instance, the addition (or
subtraction) of CaAlLSiOs to bulk composition HL simply results 1n an equivalent
mncrement of plagioclase at each step of the new crystallization sequence The
addition of (Mg, Fe)S10, to bulk composition FMG sinularly results m addrtional
olivine, but because of the Mg-Fe exchange between olivine, hauid, and or-
thopyroxene during equilibriom crystallization the new crystallization sequence
can be approximately calculated only with a knowledge of the Mg and Fe
disttibution coefficients. In Table 3 we list a crystallization sequence calculated
for a iquid with a bulk composition corresponding approximately to the hquid at
1380°C m the original FMG sequence (Table 1) plus 54 wt % of the olivine (Fos;)
with which this liguid 1s in equilibrium This calculated sequence 1s referred to as
“FMG > Various aspects of the crystalhization sequences HL and “FMG” are
shown in Figs 2, 3, and 4

The distribution of Sr, Ce, Eu, Sm, and Yb between plagioclase, orthopyrox-
ene, and liquid is shown in Table 4 These coefficients are valid for the solid-liquid
pairs which approximate in composition the coexisting phases along the crystalli-
zation paths, t.e, near the boundary lines and reaction point of the
olivine—plagioclase-silica pseudoternary system To the extent that their compos:-
tion dependence 1s not pronounced within this ternary system they are roughly
applicable {0 coexisting phases within 1t Nofice that although the coefficients are
given at two temperatures, bath the temperature and composition dependence are
inseparably incorporated in the data. Low-pressure melting of an olivine +
plagioclase + orthopyroxene assemblage begins slightly below 1200°C, and the



1146 D F WEILL and G A McKay

Table 1 Experimental crystallization of average highland (HL) and ferromagnesian (FMG) composi-

tion higinds
T ) Phase (wt %) 510, TI0,. ALO: Cr0O; Fed  MgO Cal
1400 HL hg(100) 452 063 253 010 65 8¢ 142
1320 Iig (77} 457 078 2212 014 83 103 126
plag(23) 44 1 000 360 000 028 037 193
1280 lig(67) 458 " 087 204 011 9.4 117 118
plag(33) 43 6 000 359 ¢ 05 045 0.41 196
1260 hq(38) 46 4 110 189 015 105 118 112
plag(40) 435 002 360 001 (45 037 197
ol(2) 40 5 000 626 010 122 46.4 HEH]
1220 hq(38) 480 164 168 018 128 00 106
plag(53) 442 002 355 002 043 041 194
ol(9) 39.6 002 022 G.16 159 436 052
1200~  lhig+plag+opx+ol
1400 FMG Lqg(100) 511 031 11 85 022 923 211 61
1380  1ig(93) 514 033 129 021 — 190 6.6
ol(M 421 oo 001 0.12 59 516 024
1320 lhiq(79) 523 039 14 8 022 97 151 75
ol{13) 412 000 007 017 87 49 6 0.26
opx(8) 57.1 300 120 032 53 357 044
1280 Lig(72) 52.0 042 161 19 97 134 83
ol(13) 410 000 005  0.15 101 48 4 027
opx(15) 561 003 1.93 045 65 342 0.78
1260 liq(61) 568 048 177 013 9.9 116 93
ol(10) 406 HEHY 008 0.11 113 477 024
opx{29) 549 D06 a7 050 72 326 1.07
1240 Lig(58) 502 050 17.9 010 103 113 98
ol(6) 405 0.00 —_ 009 112 480 021
opx(36} 550 008 40 048 71 323 111
1220 Tra(54) 504 049 182 009 100 104 104
0l{6) 407 000 006 008 124 46 5 028
opx{4Q) 541 012 50 042 77 313 125

1200  liq+ol+plag 4+ opx

* ow-qualty analyses sufficient only for phase 1dentification

Table 2 Solid/hquid (weight basis) distribution coefficients for Mg
and Fe in olivine and orthopyroxene along the crystallrzation paths
FMG and HL Coeflicients in the equation, log.P =A +B/T,
where T 15 10 °K The Fe-Mg exchange coefficient as defined by
Roeder and Emshe (1970), Kp = (X5 )(X i)/ (X 5e) (X ), 15 eQUIV-

alentto DefDy,
Solid Element A B
Qlivine Mg —1451 3138
Ohvine ' Fe — 1960 3067
Orthopyroxene Mg ~1232 2557

Orthopyroxene Fe —2 269 3225
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Fig 1 Fe and Mg distribution coefficients (weight basis) Opern circles represent data
from charges of bulk composition HL, closed circles from composttion FMG Linear
regression coefficients are given i Table 2

-

melt does not vary greatly in composition provided the degree of partial melting is
not larpe Consequently, in considering the partitioming of these trace elements
between a partial melt and a refractory residue containing plagioclase and
orthopyroxene, the coefficient values at 1200°C are representative It can be seen
that plagioclase preferentially incorporates the light versus the heavy REE while
orthopyroxene discriminates even more strongly in favor of the heavy REE
Orthopyroxene displays very httle potential for creating anmomalous Eu
abundances. In Fig 5 we have plotted the variation of the Eu distribution between
plagioclase and hquid as a function of oxygen fugacity, showing the very large
potential for anomalous Eu abundances developed in plagioclase under strongly
reducing conditions. The coefficients corresponding to lunar oxygen fugacihies
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Table 3 Calculated crystallization sequence “FMG.”

D F WEILL and G A McKay

T (°C) Phase (wt %) 510:; ALO, FeQ MgO Ca0
7 1:q(100) 48 8 86 84 300 44
? Lig(80) 505 107 90 24 4 54
ol(20) 415 00 58 525 03
1380 11g(65) 527 132 91 184 66
ol(33) 413 00 71 514 03
1320 1q(55) 528 155 89 151 78
ol(38) 411 o0 82 3505 03
opx(7) 375 12 51 358 04
1280 ligf50) 525 167 86 138 34
ol(37) 409 00 90 499 03
opx(13) 56.8 19 56 350 08
1260 ho(43) 521 183 86 11.6 93
ol(37) 40 8 00 935 494 03
opx(20) 355 35 60 340 19
1240 liq(40) 519 192 83 105 101
ol{36) 407 00 99 491 03
opx(24) 552 38 63 33.7 11
1220 lig{38) 523 194 80 99 105
0l{36) 407 00 102 489 03
opx(26) 545 47 635 331 12
~ 1190 ol+opx +plag
e ”
FMG HL
P %00 P o wt e C
ol ol |
Pl
M
=
g er T
Lo
o Px
[T
el Ol
= Lig Lig
~r Pl | Px l
I L] ] I ] 1 | )
8 6 4 2 0 2 4 o 8

F (Wt Fraction Residual Liquid)

Fig 2 Phase assemblages (weight fractions) durning equilibrmim crystalhization sequ-
ences HL and “FMG » Assemblages at FF = { correspond to the normative proportions
for the bulk composttions, with Fe and Mg partitioned between olivine and orthopyrox-
ene according to the distribntion coefficients m Fig 1



The partitioning of Mg, Fe, Sr, Ce, Sm, Eu, and Yb 1n lunar 1gneous systems 1149

Si0O;

HL Sequence
(*C, mg, Fo, En)

mole %

(1218-1190,56-38.83-69,80-6%)

(1220,58,83)

w—(1260",67,87) .
— (1320, 69)

(1280,69)

(1400769

Ol Pl

Fig 3 Equhbrmim crystalization path m the pseudoternary system
(Mg, Fe),510.-810,-CaAlS.Cy for bulk compositron HL Multiple-saturation curves of
Walker et al (1973) are given for refererice For each data point the temperature, mg
valte of the liquid, and the Fo and En contents of any coexisting olivine and
orthopyroxene are given Crystallization below 1220°C leads the hquid to the four-phase
peritectic “pomnt,” where crystallization proceeds (along with dissolution of ohvine) to
completion The exact location of the end point varies with the mg value and the
minor-¢clement content of the bulk composition, but hes within the indicated envelope
The mg, Fo, and En at the end of crystallization were calculated using the distribution
coefficients in F1g 1

Table 4 Plamoclasefliquid and orthopyroxenef/hiquud distribution coefficients for Sr, Ce, Sm, Eu, and

Yb
Plagioclase Crthopyroxene
1340°C 1200°C 1340°C 1200°C .
D S n D Sa n D Sm n D Sim 1
Sr 153 02 6 163 06 4 0009 006 2 o018 003 3
Ce 0062 002 5 048 001 3 G 006 002 3 000 002 5
Sm 0044 002 10 032 002 10 G013 003 2 0022 o0 9
En | O L — — 10~ — —  0Oo14 003 3 0022 o002 7
Yb 0031 a2 10 0028 003 6 0056 010 2 0170 010 i3

~

¥ef Fig 5
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5'02

“FMG" Sequence

('C, mg, Fo,En)
mole %

(1280°,74,91,90)
E(‘IZIS—]l90°.69—64.90-87.87—85)

(1380",78.93;&

L(~1450“.83.94)

Z(«-1500",8(5)

Ol Pl

TFig 4 Calculated equilibrium crystalhzation path for bulk composition “FMG ™ Sym-
bols same as1n Fig 3

(Weill et al , 1974) have been incorporated in Table 4. The differences between the
present set of plagioclasefhiquid distribution coefficients and those determimed by
Drake and Weill (1975) are illustrated in Fig 6 These differences are indicative of
the variation in the coefficients to be expected as a result of compositional
variations m the two host phases (lunar *olivine-plagioclase—silica” liquids versus
terrestrial andesites and andesitic basalts, and An, g versus Anas—Angs plagioclase).

DiscussionN

The crystallization of HL. and FMG hquds are seen in Figs. 3 and 4 to conform
quite closely to the predictions based on the olivine—plagioclase-sihica pseudoter-
nary This may be interpreted as one more confirmation that the pseudoternary
diagram 1s a realistic approximation in the sense that the primary crystalhization
‘“fields,”” three-phase “boundaries,” and four-phase “‘points™ are useful references
for approximating phase proportions and compositions (with the exception of
MgO and FeQ) These exceptions turn out to be of interest in discussing the
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1.0 1340°C

T T1TT7T

LI L

1200°C Luner foz

2 4 3 g 10 12 14

-log, fo,
Fig 5 Vanation of Dg, for plagioclase/hquid with oxyegen fugacity

possible origins of KREEP compositions by either partial melting or near-
equilibrinm crystallization. The major-element compositions of KREEP rocks
typically plot in the area around the reaction “point’” where the hiquid is multiply
saturated with olrvine, orthopyroxene, and plagiociase This is compatible with an
origin of KREEP by relatively low degrees of partial melfing as pomted out by
Walker et al (1972). KREEP has relatively “primtive’™ mg values (mg =



1152 I F WEILL and G A McKay

i 1200°C -

(= 7

- PL ]

D 3 E
E THIS STUDY

01 = OPX O DRAKE & WEILL (1975)—5

- | | L1 1 | | .

Sr Ce Sm Eu Gd Er Yb

Fig 6 Plagioclasefliquid and orthopyroxenefhiquid distribution coefficients Coefficients
determimmed by Drake and Weill {1975) 1n terrestrial basaltic andesites are shown for
cOompanson

100 Mgf(Mg + Fe), atomic basis). The relatively primitive mg and the highly
differentiated LIL abundances are part of the puzzle of KREEP. The extensive
fractional crystallization or very low degree of partial melting required to achieve
the LIL enrichment have been considered likely to produce mg values oo low to
be compatible with XKREEP In Table 5 we list analytical data for three Apollo 16
(mg = 69, 65, 66) and one Apollo 15 (mg = 58) KREEP-type rocks Referring to
Figs. 2 and 3 we see that for the HI. sequence this range of mg values is
encountered only with a relatively large fraction of melt (> 30 wt %) such that the
resuiting enrichment {liquid/average hightand) in the LIL elements would be far
short of those typical of KREEP. This seems to be a problem in interpreting
KREEP as the product of impact melting induced differentiation of the highland
surface (Warner et al., 1974) Referring to Figs. 2 and 4 we see that the partial
melting of a more mafic material as typified by “FMG” would produce the correct
major element concentrations (i e in the vicimity of the pseudo reaction point and
with suitably high mg values) at low degrees of partial melting Some of the
problems associated with producing KREEP by partial melting of plagioclase-rich
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Table 5 Partial analyses of KREEP rocks Sources Hubbard et al (1973),
Rhodes and Hubbard (1973), Hubbard et al (1974), Wiesmann and

Hubbard (1975)

Wt % 64813 62235 650135 15386
510, 470 471 472 508
ALO; 176 189 232 1438
¥eO 93 24 87 106
Mg0 116 100 95 82
Ca0 119 115 101 97
ppm
Sr 144 161 164 187
Ce 937 153 125 211
Sm 176 271 222 375
Eu 168 203 191 27
Yhb iz6 87 153 244
mg 69 a5 66 58

rocks were previously discussed m terms of Sm and Eu abundances (Weill ef al.,
1974) Briefly, it was poinfed out that a high concentration of plagioclase in the
refractory residue (e g as in the highland surface) results in excessive Eu
depletion relative to the overall entichment m REE (e g Sm} found in KREEP
The results discussed above tend to confirm the unsuitability of HL as a parent
material m terms of some of the major-element requirements of KREEP.

In the last analysis (no doomsday pun intended) all geochemical tests of
models for the origin of lunar rock types such as KREEP reduce to plausiblity
arguments It must be admitted, however, that there is some arbitrariness about
the selection of an ad hoc “FMG” composition which then “turns out” to be
compatible with a KREEP partial melt Consequently, we must reframn from
claiming too much for it, and simply be content to say that, i«f KREEP was formed
by a one-step, near-equilibrium partial melting process, a parent material similar
to “FMG” is not ruled out, while one such as HL 1s.

With a knowledge of the distribution coefficients for five trace elements (and a
few assumptions) it turns out that we can approach the problem m a more
systematic way. If we assume that partial melting of a mineral assemblage
dominantly composed of olivine, orthopyroxene, and plagioclase 1s the origin of
KREEP, the distribution coefficients can be used to test whether this 1s possible
and, if s0, to calculate the refractory assemblage in terms of the proportions of the
nunerals Obviously, we must also assume that melfing occurs at sufficiently
modest pressures so that the experimental distribution coefficients, obtained at
atmospheric pressure, are representative. Rough estimates of the differences
partial molar volumes (solid versus liguid) for the trace elements in question do
not indicate any unusually strong pressure dependence. It would be nice to know
the pressure dependence of the distribution coefficients, but, in the meantime, 1t
seems reasonable to assume that they will not change greatly at a few kilobars.
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The relative values (even more crtical) should hold to even higher pressures

The problem is best approached by considering the simple mass-balance for a
trace-clement partitioned between a partial melt and olivine, orthopyroxene, and
plagioclase:

D = DaWa+ DopWopx + DaWa= (Co— CLF)(1— F)Cy,

where D 1s the composite sohd/liquid distribution coefficient, C, is the bulk
system concentration, Cy, 1s the concentration i the melt (KREEP), F 1s the mass
fraction of liguid, and Wy, W, and Wiy are the mass fractions of the minerals
normahized to a sum of unity. The models we present assume C, to be equal to 7 X
chondritic abundances, and Cy is set equal to the concentration in a particular
KREEP rock. We consider that partial melting occurs at a temperature of
approximately 1190°C and Dy~ and D are taken from the data in Table 4
extrapolated slightly from 1200°C to 1190°C. D, for all the LIL elements 1n
question 1s assumed to be neghgible (< 0.01) At any selected degree of partial
melting (F) the above equation is linear in two independent variables (2 out of the
3W’s). With five constraining trace elements we can obtain the best solution with a
multilinear regression analysis at each selected value of F. A typical resuit of this
procedure is shown in Fig. 7 where we plot the quality of the solution (r.m.s.d.
between calculated and assumed D) against F' A best-fit for rock 64815 is clearly
mdicated at F = 05. An element-by-element comparison of the calculated partial
melt with 648135 1s illustrated 1in Fig 9 on the familiar abundance pattern plot The
mode of the refractory residue (i.e. Wa, Won, and Wy,) is plotted in Fig 8. The
best selutiens for other Apolle 16 KREEP-rich rocks, 62235 and 65015, are very
similar, and, for these, we show only the calculated refractory modes m Fig 8.
Apollo 15 rock 15386 is another, and perhaps better candidate for igneous
KREEP, and the best solution for this rock (F = .01) is shown in Figs. § and 9. The
refractory modes (approximately equivalent to the parent material for low degrees
of partial melting) cluster rather tightly, indicating that these four KREEP partial
melts could be produced by different degrees of partial melting of essentially the
same parent rock type The proportions of plagroclase in the preferred parents
(20-30 wt.%) 1s shightly greater than that previously deduced solely on the basis of
Sm and Eu abundances (Welill ¢t al., 1974). The difference is in part due to the use
of somewhat different distribution coefficients As previously discussed, the
present set is more appropriate

The above approach can also be used assuming that the LIL concentrations mn
the KREEP source are equal to those of the average highlands (Taylor and Jakes,
1974) As expected from our previous discussion of the HL composition, the
resulting solutrons yvield parent materials that differ substantiaily from the average
highlands in mg values.

We have assumed LIL concentrations in the KREEP source that are not
greatly different from recent estimates for the whole moon (Taylor and Jakes,
1974), but we have assumed nothing about the relative proportions of minerals m
the source Therefore, 1t 1s interesting, and not a product of circular reasoning,
that this mineralogy results in a major-element composition that resembles some
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Fig 7 Quahty of fit (root mean square of the percent difference between calculated and
assumed D for five trace elements) of the calculated refractory mineral assemblages
equilibnum with a hquid of KREEF composition 64813 at varying degrees of melting

Table 6 The bulk composifions of olvine + orthopyroxene-plagioclase assemblages
(7 X chondmitic LIL abundances) which form partial melts corresponding to various KREEP
samples For comparison, two estimates of the composition of the whole moon are also Listed.

64815 62235 65015 15386 Whole Whole

F=05 F=02 F=03 F=01 moon(l) moon{2)
S10, 462 451 460 439 441 42 6
ALO, 103 90 92 70 82 82
FeO 75 85 82 120 105 109
MgO 317 32 4 116 332 312 306
Ca0(3) 58 50 50 39 60 76
mg 88 87 87 83 84 83

{1) Taylor and Jake$ (1974) (2} Ganapathy and Anders (1974) All normahzed to 100 wt %
(3) In converting from the mineral assembiages shown in Fig. 8 to the bulk compositions listed
here it was assumed that the pyroxene did not contain any Ca The low values of CaQ

- relative to whole Moon esfimates are partly atinbutable to this procedure
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Opx

64815 ©
65015 A
62235 O
15386 ¢
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Ql Pl

Fizg 8 Refractory residual assemblages in equihbriom with four KREEP ligmds LIL of

bulk system 18 assumed to be 7 X chondritic

100

ppm /Chond

10

64815 15386

Sr C]e Sm E'u Yi: Slr C'e S:I'n éu

Fig 9 Companson of calculated trace-element abundances (lines) with measured
abundances (pomts) for KREEP samples 64815 and 15386 Liqueds are mn equilibrium
with refractory residues whose modes are shewn in Fig 8 Abundances were calculated

as discussed 1 text, using the preferred F values mdicated 1n Table 6
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recent estimates for the whole moon In Table 6 we hist the bulk composttion of
the parent matenal (refractory mineral residue plus the small fraction of KREEP
melt) for each of the four preferred solutions. These are compared with two
recent eshimates of the whole-moon bulk composition. The agreement 1s not
perfect, but, m view of the total range of compositions possible in the
olivine-orthopyroxene-plagioclase system, we will adopt the classic stance and
**stress the similarities rather than the differences > It might also be stressed that if
the whole-moon composition was ever a hiquid as implied in the primitive ligud
shell model, then a mineral assemblage corresponding approximately to the
undifferentiated composition might well be expected to occur near the surface

We have presented experimental data on phase equilibria and the partrtioning
of two major elements (Mg and Fe) and five trace elements (Sr, Ce, Sm, En, and
Yb) in lunar igneous systems and have attempted to show how such a combination
of data provide a powerful constraint on geochemical modeling Obviously, each
element and phase added to the list will provide much greater credibility to the
decreasing number of models that remain plausible. There are many elements and
phases left, and we can close on an upbeat note* more work can certainly be done
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The effects of temperature, o, and composttion on the electrical conductty of silicate liquids have been ex-
perimentally determined from 1200 to 1550°C under a range of fo, conditions sufficient to change the oxidation
state of Fe from predominantly Fe?™ to Fe*¥ Oxidation of ferrous to fernic rron 1n the melt has no measurable ef-
fect on the conductivity of melts with relatively low ratios of divalent to univaient cations. Under strongly oxidizing
conditigns a minor decrease of conductvity 15 detected in melts with high M2 EMY ratios. It is concluded that
for purposes of estimating the conductivity of magmatic hquids, fo, may be 1gnored to a first approximation Both
umvalent and divalent cation transport 15 involved in electrical conduction Melts relying heavily on divalent cations
for conduction, 1 ¢ melts with relatively large TM?*/EM* 1atios, show strong deparfures from Arthenus tempera-
ture dependence with the apparent activation energies decreasing steadily as the temperature increases Conductive
ties dominated by the univalent cations, i melts with relatively smail ZM* Y/ EMY ratios, show classical Arrhenus
temperature dependence. These observations are discussed in terms of the general characteristics of the melt struc-
ture.

Compositional vanations within the magmatic range account for much less than an order of magnitude varlation
1 electrical conductivity at a fixed temperature This observation, combinted wath previous measurements of the con-
ductivity of olvine (A, Duba, H.C Heard and R Schock, 1974) make if possibie to state with reasonable confidence
that melts occurning wathin the mantle will be more conductive by 3-4 orders of magnitude than their refractory
residues. Potential applications to geothermometry are discussed

1. Introduction of a more conductive sulicate liguid phase. Waff [2]

considered the problem of modeling the bulk eleciri-
Experimental measurements of electrical conduc- cal conductivity of a solid + liquid mantle. A general

tion in silicate liquids are of interest to the geoscien- resuit of this study was that 1f there is neaily total

tist for several reasons. High electrical conductivity liquid bndging along grain boundanes or edges and if

anomahes in the mantle associated with a low seismic the conductivity of the liquid 15 much greater than

velocity zone are not compatible with the much lower that of the solid phases, the bulk conductmty is deter-

conductivities of olhvine recently measured by Duba muned by the concentration of the hquid and 1its con-

et al. [1], and are likely to be related to the presence ‘ ductivity. Since the composition, temperature pres-
sure and oxidation state of parfial melts can be ex-

* Present address: Department of Geology and Geophysics, pected to vary considerably, the effect of these vari-

Yale Unsersity, New Haven, Connecticut 06520. ables must;be established before 1t can be assumed
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that Oy,4 > Gsouq under all probable mantle condi-
tions, Such measurements also provide a direct means
of studying the kinetics of 1ome transport.and inter-
preting them in terms of melt structure under con-
trolled (T, X, foz) conditions Conductivity measure-
ments can be made with high precision and are there-
fore potentially sensitive to physical and chemical
changes in the melt

Measurements of electrical conductivity of molten
and partially molten rock systems were first reported
by Barus and Iddings in 1882 [3] and have been con-
tinued until recently [4—7], among others Anal-
ogous measurements under high confining pressure
have also been reported [8—11] None of the con-
ductivity measurements to date have studied the ef-
fects of the oxygen fugacity or of a systematic varia-
tion of the chemical composition These variables are
known to have a strong influence on the conductivi-
ties of munerals. For example, Duba et al. [1] and
Duba and Ito {12] have shown that the conductivity

TABLL i
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of olivine varies over several decades with changing
Fe?*/Fe** and total Fe content We present here the
results of an experumental investigation of the elfects
of oxygen fugacity, temperature and composition on
electrical conduction 1 magmatic hquids

2. Expenimental technique

The rock samples Iisted 1n Table 1 were fused,
quenched and ground several times to provide homo-
geneous starting matenials Runs were carried out
while the liquids were suspended in a furnace on Pt-
Rh wire circular loops bent to approximately 3 5 mm
radu The loop assemblies provided maximum surface
exposure to the ambient furnace atmosphere while
mmmizing reaction with the contamer. Furnace
temperature was measured with two alununa-sheathed
Pt-Rh thermocouples peniodically calibrated against
an N B 8. calibrated reference thermocouple and. the

Electron probe analyses (wt.%) of glasses quenched from post-run melts of tholente basalt (70-15, PG16), alkal olivine basalt
(BCR2}, latite (V-31) and andesite (HA) Compositions HA(2N), HA(3N), HA(3F), HA(6I) and HA(10T) correspond to basc
composttion HA with addittons of 2 1% Na; 0, 3 2%'Na, 0, 3 0% FeQ, 6 0% FeO and 10% FeO respectively Total Fe 15 arbitranily

given as [Fe0
70-15 PGl16 BCR2 V-31 HA HA(2ZN) HA(3N) HA(3F) HA(6F) BA(10F)
810, 471 475 539 618 57.9 576 570 571 554 534
TIO, 303 154 258 079 063 063 062 062 060 058
Al O3 152 151 133 142 190 189 186 187 182 175
FeO 122 14.6 13.3 91 4.99 496 4,90 783 10.4 137
MnO 0.21 0.13 002 0.15 009 0.09 009 009 009 008
MgO 758 691 357 0.38 310 308 305 3.05 297 286
Ca0 95 98 75 350 77 16 75 75 733- 706
Na, O 259 2.95 344 462 " 415 618 718 409 397 383°
K:0 0.74 060 174 446 106 105 104 104 101 098
Atoms (per 100 oxygens)
S 294 296 328 365 33.7 333 33.1 332 327 321
Ti 142 072 118 035 027 0.27 027 027 027 026
Al 112 11 96 99 130 128 128 128 126 124
Fe 633 762 675 449 242 240 238 381 515 688
Mn 011 0.07 0.01 008 004 004 004 004 0.04 004
Mg 7.04 642 324 034 269 265 264 265 261 256
Ca 634 657 490 221 477 471 468 4.70 4 64 455
Na 313 357 4,06 5.29 4.67 693 808 461 454 446
K 039 048 135 336 079 077 077 0.77 076 075
S1+T1+ Al 420 41 4 43.6 46.7 469 46 4 461 46 3 45.6 44 8
M2t 198 20.7 149 712 9.9 98 9.7 112 124 140
Mt 3.72 405 541 87 5.46 770 89 5.38 530 521
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melting point of gold Uncertainties in the reported
temperatures are less than +1°C. The furnace at-
mosphere was controlled by mixing COz and H;
and periodically checked agamst a solid electrolyte
oxygen cell Uncertainties m the reported oxygen
fugacities are less than +0.1 log;o umts

For measuring resistance, the confaining wire loops
formed one electrode, and a centered vertical wire
formed the second. Upon fuston, the sample adhered
to the loop and assumed an approximately sphencal
shape due to surface tenston. The sphertcal symmetry
of the sample arrangement munumized the effect of
volume changes when the temperature was vanad and
facilitated the resistance to conductivity conversion
The conversion was obtamned by geometnc scale
modeling of each sample with a liguid of known con-
ductivity. The precision of the resistance measure-
ments relative to each other 1s better than £0.1%
Resstance was measured with an AC phase-sensitive
lock-m amphfier This maximized signal-to-noise ratio
and elimnated unwanted polarization effects Ress-
tances were measured from 14 to 40,000 Hz and
found to be constant within +2% over this frequency
range. The vaiues reported were taken at 2000 Hz.

3. Results

Electrical conductivities measured at 1400°C over
the range of O, fugacities 10— 7 to 10~° 7 atmosphere
are shown n Figs. 1 and 2. The chemical composi-
tions of the liquids are given in Table 1. Since the
microprobe analyses yield only total Fe concentra-
tions we have used wet chemistry to determune Fe?+
n glasses of comparable composifions that were
quenched after equilibration at various temperatures
and Q, fugacities. These supporting runs indicate
that at 1400°C the range of fugacities, 10~ 7 to
10~° 7 atmosphere, results mn a range of Fe?*/
(Fe?* + Fe®*) of approxumately 0.9 to 0.2 The re-
sultsin Figs ! and 2 clearly demonstrate that the
conductivity 1s relatively insensitive to the oxidation
state of Fe 11 the melt, and that it estimating the
conductivity of liquids mn the magmatic range, fo,
may be ignored to a first approximation The slight
decrease 1n conductmty observed at relatively hugh
Jo, 10~ 3 atmosphere) for compositrons PG16
and BCR2 1s real and 15 related to the higher total
Fe content of these melts

I 2 T T T T T T T
T=1400°C
T PG 16
= 10
)
£
T - BCR2 ~
b —— T ———
2 8¢ val 4
- B
HA |
6 Y 1 1 i 1 1 L 1,
-8 -4 -2 0

Log ng

Fig 1 Electrical conductivaty of melts as a function of fg

at T=1400°C Although 1 detail the oxidation state of i“e 1n
the hqud depends on the composifion, 1t is mote strongly
dependent on temperature and fg_  As a rough guide, te??/
(Fe2+ + Fe3+) assumes values close fo 0 906 075,050 and
020 atf02 =10=",10~%,10—" and 10— 7 respectively

for the range of compositions represented in this figure and
m Fig 2. Compositions are indicated 1n Table 1

The temperature dependence of conductivity for
the various melts 1s shownin Figs. 3,4 and 5 In
view of the relative msenativity of the conductivity
to the oxidation state of Fe, these measurements
were performed by varying the temperature while

2 f T=1400°¢
HA (3N}
__.__-—-—'_"'_-F s |
E o} o . HA(2N)
£
§
|
g B8} .
- HA
5 L 1 1 1 1 1 i
-8 -6 -4 -2 0

L.og foz

Fig 2 Electrical conductivity of andesitic mell (HA) wath
additions of Na; O as a function of f02 at 7 =1400°C. Com-
positions are 1ndicated 1n Table 1
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Fig 5 Electrical conductivity of andesitic melt (HA) with
additions of Fe( as a function of reciprocal temperature

the CO, /(CO, + H,) ges mixture flowing mto the
furnace was held constant at 87 6% CO, . This value
of the tmtial composition of gas flowing into the
furnace results in 7~fq, conditions of 1500°—
10-%°,1400°-10-7 °, 1300°-10-8, 1200°—
10-?2, and 1s sufficiently reducing to mantain
Fe?*/(Fe*t + Fe**) > 0 90 over the entire-range of
temperature During the up-down temperature cycles
(50°C increments) resistance was momtored on a
chart recorder and stable values were obtamed within
15 minutes at each temperature Reproducibility of
the data obtamed during temperature cycling 1s excel-
lent, typically within 1%, and the measurement and re-
producibility errors in il cases are too small to dis-
play m Figs. 3,4 and 5.

4. Discussion

Based on the following observations, we assume
the electrical conductivities:of these melts to be
1onic 1n character.

{(a) The measured conductivities of Na-doped an-
desitic meits of this study show marked and reguiar
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mcreases with increasing Na concentration, a corres- reducing conditions and which contain large amounts
pondence generally associated with 1onic conductivity of heavy-metal tons-[14]

(b) Presnall 2t al [7] have demonstrated-that 1t should be noted that neglect of the 1/T depen-
basalt shows a rapid decrease in conductivity duning dence of the pre-exponential term in the conductivity
the hquid-solid transttion, also charactenstic of 10n1c does not alter the slopes of the log o versus 1/T curves
conduction. sigmificantly over the temperature raiige of this study

(c) It has been shown that Faraday’s law 1s obeyed Resulting shufts in the apparent activation energes are
in a vaniety of sihcate glasses (¢f. {13, 14]). In fact, less than 0 01 eV Thus lmearity, of log o 1n reciprocal
the only reported observations of electronic conduc- temperature can be properly iterpreted as Arrhentus
tion tn glasses were for those which were fused under behavior.

14 T 14 [ gere %’
HA{IOF) .
12 + % 2
s T ¢ s ¢ 4
2 0 } 210 ¢
W L %) HA o - +
JCIR IR IR DR IR
[+ L ] 1 1 1 1 1 G L 1 t 1 1 !
1800, 1700 1600 1500 I18CO 1700 1800
T (°K) ' T (°K)
20 F T0-15 (%
Jf
I [ PG-16 <}>
16 r 16 T .
> I > i
3; 14 | <4t C%J
L ! Jf Wy 5 (%)
12 r 12 r
10 + I ot % %’
8 t!f 8 I %)

1800 1700 800 1500 1800 I700 1600
. T {*K) T (°K)

Fig. 6 Apparent activation energies for electrical conduction as a function of temperature These values were determined using
conductivities measured at successive tetnperatures, neglecting the pre-exponential temperature dependence (scc text)



Inspection of Figs 3, 4 and 5 reveals that some of
the liquids show large departures from Arrhentus tem-
perature dependence. Vartations in the apparent activa-
tion energies for representative compositions are shown
in Fig. 6. Compositions 70—15, PG16, BCR2 and
HA(10F) show an appreciable drop m activation energy
as temperature mcreases. 3imilar behavior was also
found in the conductivity measurements of Presnall et
al, [7] and Khtarov et al, [10]. These composttions
are charactenzed (Table 1) by relatively high ratios
of TM**/EM* Melts V31, HA, HA(2N) and HA(3N),
with much lower ZM?Y/ZMT ratios, all have Arthenus
temperature dependence Silicate liquids with a high
IM2*{EM* ratio presumably depend more strongly
on the divalent cations for conduction (it 1s assumed
i this discussion that the large anionic polyier spe-
ctes of the silicate melt, made up mostly of 8:0, and
AlQ,4 sub-units, do not contribute significantly to the
conductivity) Due to their lngher 10nic potential
(charge/radius) the divalent cations polarize the oxygens
of the surrounding polymernized umts mn the melt
structure to a greater depree than the monovalent cat-
1ons. The resulting “polarization cloud™ surrounding
the cation must be transported along with the ion in
an applied electnic field This amounts to a large “ef-
fective mass™ and a low mobility through the large
polymerized units of the hquid structure. The diva-
lent cations are therefore thought to be more mobile
in the regions between the polymerized unts than
mside them. At lower temperatures the greater poly-
merization forces the divalent cations to migrate
around the polymer species i long, tortuous paths.
Hence, they are subject to increased collisions and
molecular complexing probabilities per unit distance
traveled paratlel to the applied electric field. As the
temperature 15 increased, thermal dissociation de-
creases the average size of the polymers and the volume
between them increases. As a result the divalent 1ons
can migrate along more direct paths with a consequent
reduction in the apparent activation energy. Thus, the
apparent activatton energy for electrical conduction
is expected to drop with increasing temperature in
melts that have relatively lugh EM*t/ZM™ ratios.

The monovalent cations, on the other hand, polarize
the neighboring oxygens to a lesser degree and are
more mobile through the polymerized units of the
melt. Consequently, their path through the melt in an
applied field will be less dependent upon the size and
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distribution of the polymerized units, and the apparent
activation energies should show much Iess temperature
dependence. Thus explanation 18 consistent with the
data of Figs. 3 and 4 In addition, Hakin and Uhlmann
[157, Otto and Milberg [16] and Haven and-Verkerk
[17] also obtaned comparable activation energles
down to much lower temperatures in alkah siheate
glasses.

Melts with refatively large concentrations of Fe
and high EM**/ZM* ratios (hence appreciably depen-
dent upon divalent cations for conduction) show a
decrease of conductivity as the Fe**/Fe* ratio de-
creases (cf Fig, 1). Several reasons can be offered to
explam this observation. First, 2 melt with more Fe3*
contains fewer Fe 1ons free to participate in condue-
tion. This 1s simply related to the Boltzmann distribu-
tion of free charge carriers i the meit. lron-oxygen
binding energes are greater for Fe®* than for Fe?*
Boon and Fyfe [18] and Waff et al [19] find that
Fe?* occurs only m six-fold oxygen coordination
while Fe* Mossbauer spectra show isomer shifts char-
acteristic of tetrahedral coordination in glasses
quenched from natural silicate iquids. The 2+ charge
on the ferrous 1on 18 shared among six nearest-neighbor
oxygens. Ferrc iron, on the other hand, shares a charge
of 3+ among exther four or six oxvgens and therefore
has from 1/6 to 5/12 greater charge per Fe—0 bond.
A smaller fraction of ferric 10ns will be disassociated
at any given temperature than ferrous 1ons Second,
an increase of Fe>t 1ons 1n FeQ, tetrahedral sites
may reduce the effective number of univalent and di-
valent cations that can participate in conduction
The main polymerizing sub-umts of the melt, $107*
can be replaced by AlO7 % or FeOgz * only if M* or
M?* cations are available to locally offset the charge
imbalance from substituting AI3* or Fe3* for §14*
This charge balancing role for M* and M** 1ons (anal-
ogous to their role m the feldspar structures) ties up
a fraction of these 10ns and effectively reduces thesr
overall mobulity

Perhaps the most obvious and sigraficant result of
these measurements is that the total range of magmat-
1c compositions and temperatures (approximately
1200—1550°C) studed here accounts for less than an
order of magnitude change in the conductrvity. This
means that the conductivity differences to be expected
between liquids of magmatic compositional extremes
will always be much less than those between solids
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(e g., ohvine) and liquud sitheates In the melting range
of temperatures postulated for the mantle, the partial
melt wili always be more conductive by a factor of
2—4 decades. As discussed by Waff [2], it 1s probable
that under these conditions a relatwely small amount
of partial melt can domnate the bulk conductivity
Furthermeore, a comparison of conductivities among
the less differentiated compositons studied here (e.g.,
70--15 and PG16) and comparable compositions
under very different condrtions of confining pressure,
and H, 0 and O, fugacities n earlier studies [7,8,10,11]
strongly suggests that withun this compositional
grouping the temperature dependence 15 dominant. If
50, 1t should be possible to convert geomagnetic depth-
soundmgs to gecthermomstry of deep-seated magma
sources Conduchwvity profiles should at the very

least be able to teli us whether we are dezling essential-
ly with a solid or partially melted matenal, 1.e,
whether or not we are in the temperature range above
the solidus If we can make a reasonable assumption
about the gross composittonal charactenstics of the
partial melt, it may additionally be possible to estimate
temperatures more precisely
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ABSTRACTS

McKAY, G. A, and D. F. Weill (1976) Petrogenesis of KREEP. Proc. Lunar Sci.

Conf. 7th, in press.

Abstract - Solid/liquid distribution coefficients (weight basis) have been experimen-—
tally determined for a number of trace elements for olivine, orthopyroxene, plagio-
CIéfﬁ Bnd ilmenite. Values of distribution coefficients measured at 1200°C and fo of
10 "7 for liquids similar in composition to the olivine~opx-plagloclase 2
peritectic in the pseudoternary system (Fe,Mg)2810 ~CaAl 5120 —SiOZ are as follows:
olivine: Ce = 0.010+.007, Sm = 0.015+.005, Eu = 0. lsi.OGS, Yg = (07033%.002,
Cr = 1.2%.1; orthopyroxene: Ba = 0.011*.005, Cr = 5.2%.2; anorthite: Rb = 0,017,008,
Ba = 0,15%.03, Values measured at 1140°C and £. of 10—12.8 for liquids similar in
composition to high-Ti mare basalts are as 2 follows: ilmenite:
Ce = 0.006%.003, Sm = 0,010%.002, Yb = 0.075%.005. .Cr distribution coefficients
decrease with decreasing oxygen fugacity for both pyroxene and olivine, but are
larger for pyroxene than for olivine at all fugacitles investigated. The variation
of DC with oxygen fugacity indicates that a substantial fraction of the Cr

T
is divalent at lunar oxygen fugacities.

Major and trace element partitioning and relevant phase equilibria are used
to investigate possible parent-daughter relationships between a number of highland
samples and highly evolved KREEP-rich materials. Out of about 80 highland samples
tested, 33 are found to be possible parents to the KREEP-rich materials. The
average composition of these 33 samples is very similar to that of the Low-K
Fra Mauro basalt (LKFM). A model is proposed in which LKFM-type material was produced
by fractionation of large amounts of olivine and lesser amounts of plagioclase
(and possibly other minor phases) from undifferentiated lunar material at 4.4 AE.
During the same episode of igneous activity, some LKFM material differentilated to
form a series of more evolved members of the KREEP suite, including material of
peritectic bulk composition in the (Mg,Fe) SiOQ-CaAlZSi OB—SiO pseudoternary
system. In a later igneous event at 3.9 Aﬁ, some of th%s peritectic material
further differentiated, producing more highly evolved KREEP such as sample 15386.
The model 1s consistent with phase equilibria, major and trace element partitioning,
and Rb-Sr i1sotopilc data.

LINDSTROM, D. J. (1976) Experimental Study of the Partitioning of the Transition '
Metals Between Clinopyroxzene and Coexisting Silicate Liquids. Ph.D. thesis,
University of Oregon.

Abstract - This study describes the partitioning of the transition elements Sc, Ti,
Vv, Cr, Mn, Fe, Co, and Ni between silicate liquids and coexdisting crystalline phases
(emphasizing clinopyroxene but also including low-Ca pyroxene, olivine, plagioclase,
magnetite, and pseudobrookite).

Equilibration experiments were preformed at one atmosphere total pressure, mix-
tures of H2 and 802 being used to control oxygen fugacity. Temperatures ranged from
1110 to 1340°C, Bulk compositions were largely chosen from the system MgCaSiZO -
Nall8i 0 ~CaAl _81,0,. Aliquants were doped with a few percent transition metal oxige.
Experiments were 21so run on a natural basaltic composition. Quenched phases were
analyzed with the electron microprobe.

The crystal/liquid distribution coefficients are independent of the transition
metal content. Analyses of pyroxenes grown from liquids with varying concentrations
of transition metal iomns presenE+indicat2$ the types of cation substitutions on the
pyroxene lattice. Except for Mn~ and Ti , all species studied appear to substitute
primarily in the MI (Mg) site of clinopyroxene.

Weight ratio distribution coefficients, D,, exhibit considerable compositional

dependence, particularly between the synthetic compositions chosen and the basalt.
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When equilibrium constants are caleculated according to the model of Bottinga and
Weill (1972), the compositional dependence disappears. Activities of cations in the
liquid are approximated by their concentrations relative to the silicate melt
network forming or network modifying components, e.g.,

\ ey = N1
51 ST Ng * N F N FN_ o F 2NCaA12
N
i i TR F @M. - W N§ F Ry F N T ...
Ni Ca = "CaAl, g " “Fe

These mole fractions are combined in the equilibrium constant for the reaction forming

the pyroxene component, e.g.,
Nioliq + CaOliq +£§i102 1liq = (NiCaSizo6)Pyx

PyX _ iCaSi206 _
i liq ,liq , 1ig.2

i fea (Kgp)

where the aetivity of NiCaSi_ 0, is taken to be the mole fraction of Ni on the M1 site.

Values for D, for clinopyroxene are in the order 3+ o3t 2y 2+> 3+§ 2+>
24 3 9 5+(2) Cr™ >V7 >Ni~ >Mg~ >8c¢” >Co

Fe” “Fe +NMn +>Ti%+>v

When Sc™ enters the M1 site of glinopyr3¥ene, the charge balangg is maiziained
by the simultaneous replacement of Na for Ca” in the M2 site or Al” for Si  in
a tetrahedral site. The existence of the two independent reactions precludes the use of
a simple equilibrium constant to describe the partitioming.

romium enters pyroxene in a similar fashion, but the very limited solubility
of Cr”™ in the liquid presents serious experimental difficulties so that the D values
are only approximate. 34

Vanadium exists In at least two oxidation states. V' predominates at low
oxygen fugaclties near the iron/wustite buffer. In air, the 8 served D drops by +
two orders of magnitude to as low as 0.04, suggesting that V' may be present. V
is by ng means ruled out, however.

Ti  enters both tetrahedral and octahedral sites in the pyroxeme, octahedral
sites bﬁing somewhat favored.

Mn  enters both the M1 and M2 sites, apparently in near equal amounts. Detailed
modeling requires data on intracrystalline distributions not available from microprobe
analyses. ' n 34+

At the low doping levels (usually 2% Fe) used in these experiments, Fe~ and Fe
enter c%$popyrox§$e with equal ease.

Co™ and Ni~ behave similarly; both can be described by the equilibrium
constants discussed above.

A few data on low-Ca pyroxenes are reported. Observed D's for the divalent ions
are higher than those of clinopyroxenes while D's for trivalent and quadrivalent
ions are lower.

Similar trends are apparent in the olivine data. Partitioning of the divalent ions
is adequagily described as Nioliq + 1/2 SiO2 liq = (NiSiO.SO2)olivine

0.5%

Xyisi
1iq,1/2

liq
Xos o Ky
A few data on plagioclases show that the transition elements are rather strongly
excluded except for Fe™ .,
Fe~Ti oxide minerals strongly take up the transition elements, Sc and the quad-
rivalent ions being preferentially incorporated in pseudobrookite while the other
ions discriminate in favor of magnetite.

K



WAFF, H. 8. and D. F. WEILL (1975) Electrical Conductivity of Magmatic Liquids:

Effects of Temperature, Oxygen Fugacity and Composition. Barth Planet. Sci. Lett.,

28, 254-260.

Abstract - The effects of temperature, £. and composition on the electrical con-
ductivity of silicate liquids have been 2 experimentally determined from 1200
to 1550°C under a range of fo cond§$ions sgificient to change the oxidation state
of Fe from predominantly 2 Fe” to Fe” . Oxidation of ferrous to ferric iron
in the melt has no measurable effect on the conductivity of melts with relatively
low ratios of divalent to univalent cations. Under strongly oxidiﬁing gonditions
a minor decrease of conductivity is detected in melts with high IM" /IM ratios.
It is concluded that for purposes of estimating the conductivity of magmatic liquids,
f. may be dignored to a first approximation. Both unlvalent and divalent cation
2 transport is dnvolved in electrical conduction. Melts rg%ying heavily on divalent
cations for conduction, i.e. melts with relatively large IZM /IM ratios, show strong
departures from Arrhenius temperature dependence with the apparent activation
energles decreasing steadily as the temperature increases. Egndggtivities dominated
by the univalent cations, in melts with relatively small IM  /IM ratios, show
classical Arrhenius temperature dependence. These observations are discussed in terms
of the general characteristics of the melt structure.

Compositional variations within the magmatic range account for much less than
an order of magnitude variation in electrical conductivity at a fized temperature.
This observation, combined with previous measurements of the conductivity of olivine
(A.Duba, H.C.Heard and R.Schock, 1974)make it possible to state with reasonable
confidence that melts occurring within the mantle will be more conductive by 3-4
orders of magnitude than their refractory residues. Potential applications to
geothermometxry are discusaed.

LEEMAN, W. P. (1974) Experimental Determination of Partitioning of Divalent

Cations Baetween Olivine and Basaltic Liquid, Ph.D. thesis, University

of Oregon.

Abstract - The distribution of divalent Ni, Mg, Co, Fe, Mn, and Ca between
olivine and natural basaltic liquid was investigated between 1070°C and
1400°C. Relative magnitudes of the distribution coefficients decrease in
the oxder listed asbove. Distribution coefficients defined as the ratio of
weight fractious (D) or the theoretical equilibrium constant (K) are stroagly
temperature dependent for all of these elements. Compound distribution
coefficients (e.g., KNi/M ) are less temperature dependent. Linear regress-
ion equations, 1mn D Ag (or K) = A/T + B, are given for each element.
These equations may be used as geothermometers to obtain olivime crystalliz-
ation temperatures. Applications to eXperimental runs and natural volcanic
rocks suggest that under optimum conditions temperatures can be estimated
with an accuracy of better tham $30°. Simple D values are apparently not
very sensitive to differences in bulk composition within the range of
terrestrial basalt. Temperature calibrations of D may be useful in construct-
ing detailed erystallization or melting models involving olivine.



WEILL, DP. F. and G. A. McKAY (1975) The partitioning of Mg, Fe, Sr, Ce, Sm, Eu,
and Yb in Lunar Igneous Systems and a Possible Origin of KREEP by

Equilibrium Partial Melting. Proc. Lunar Seci. Conf. 6th, 1143-1158.

Abstract - The solid/liquid distribution of Mg, Fe, Sr, Ce, Sm, Eu, and Yb have
been determined over crystallization paths in the system (Mg,Fe),51i0,~-CaAl_Si O,-
810, . Varying degrees (1-5 wt.%) of partial melting of an oliviné + ~orthopyroxene
+ “plagioclase rock yield liquids with large-ion lithophile (LIL) and major-element
concentrations strikingly similar to those of some Apollo 15 and 16 KREEP rocks.

The parent assemblages from which these KREEP melts can be derived have a bulk
composition similar to that previously proposed for the whole moon. Partial

melts derived from a source with the same mineralogy but with a chemical

composition corresponding to the average lunar highlands do not simultaneously
satisfy the major-element and LIL concentration characteristics of KREEP.



WEILL, D. F., MCKAY, G. A., KRIDELBAUGH, 5. J. and M. GRUTZECK (1974)
Modsling the Evolution of Sm and Eu Abundances During Lumar Igneous

Differentiation. Geochim. Cosmochim, Acta,Suppl. 5, vol, 2, 1337~

1352.

Abatract - Models are presented for the evolution of Eu and Sm abundances
during lunar igneous processes. The effect of probable variations in
lunar temperature and oxygen fugacity, mineral~liquid distribution coeffi-
cients, and the crystallization or meiting progression are considered in
the model calculations. Changes in the proportioms of crystallizing phases
strongly influence the evolution of trace element abundances during frac-
tional crystailization, and models must include realistic estimates of the
major phase equilibria during crystallization.

The results are applied to evaluate the possibility of gemerating
KREEP-rich materials by lunar igneous processes. Fractional crystalliza-
tion of 4 primordigl liquid shell 1s a very unlikely origin because the
characterigtic 5m and Sm/Eu gbundances of KREEP are achieved only after a
very high degree of fractionation involving separation of mostly ferro-~
magnesian minerals. The low Fe/Mg found in KREEP is incompatible with
such a history., All fractional crystallization sequences involving
appreciable separation of plagioclase produce negative Eu anomalies that
are much too large.

Partial melting of olivine~orthopyroxene~clinopyroxene~plagioclase
s#ssenmblages can produce KREEP abundances of $m and Sm/Eu. The most
probable parent agsemblages are (1). dominantly olivine plus orthopyroxene
(<20%Z plagiloclase and a few percent clinopyroxene) with bulk Sm and Sm/Eu
concentrations comparable to those estimated for the whole moon; i.e.
enriched approximately tenfold or leas relative to chondrites, with no Eu
anomaly, or (2) a rock with more plagioclase, enriched in both "Sm and Eu
(no negative Eu anomaly) relative to the whole moon. An origin for either
of these parental bulk compositions via fractional crystallization implies
a lov concentration of plagioclase constituent relative to ferromagnesian
constituents in the moon's primordial liquid shell.

Although the range of Sm and Sm/Eu abundances may be related to vary-
ing degrees of partial melting of these parental assemblages, it is also
possible that the variation may simply reflect different amounts of olivine
plus orthopyrozene relative to plagioclase plus clinopyroxene in the parent
material.

DRAKE, M. J. (1975) The oxidation state of europium as an indicator of

oxygen fugacity. Geochim. Cosmochim. Acta, 39, 55~64.

Abstract ~ The distribution of Eu between plagioclase feldspar and magmatic
liquid has been determined experimentally for basaltic and andesitic systems
as a function of temperature and oxygen fugacity at one aigoapgspe total
pressure. Using the approach of Philpotts, the ratios Eu™ /Eu™ in plagio-
clage and coexisting magmatic liquid have been calculated, These ratios



appear to be simply related to oxygen fugacity for the bulk compositions
studied here. Using published trace element distribution data for natural
rocks, oxygen fugacities may be calculated from these axperimental results.
For terrestrial basalts, calculated oxygen fugacities avera%e 10-7 with
1ittle dispersion from this value., Andesites average 10~8.! with consider~
sble dispersion, while dacites and thyodacites average 10~9.1, also with
considerable dispersion. Oxygen fugacities for lunar ferrobasalts cluster
tightly around 10~12.7, Data on achondritic meteorites are limited, but
calculations indicate oxygen fugacities of two-to-five orders of magnitude

lower than lunar ferrobasalts.

DUNCAN, A. R., GRIEVE, R. A. and D. F. WEILL (1975) The life and times of

Big Bertha: 1lumar polymict breccia 14321. Geochim. Cosmochim. Acta,

39 » 265“‘273 L]

Abatract - The lithic units of polymict breccia 14321 (Big Bertha) have been
grouped according to composition, texture, degree of metamorphism, and addi-
tional criteria based on a systematic study of the interrelationshipa of all
clast-wmatrix pairs. From this information it has been possible to reconstruct
the assewbly and metamorphic history of this breccia. The earliest formsd
fragmentsl component of 14321 (microbreccia-l) is dominated by KREEP-rich
norite, extruded and subsequently brecclated and lithified in an ejecta blan-
ket at approximately 1000°C in the general region of Mare Imbrium after the
Serenitatis impact but prior to the Imbrium impact. This early microbreccia
component and lesser amounts of mare-type basalt, microgranite, rhyclite
glass, anorthosite and olivine microbreccia were assembled at the Apolle 14
gite ag part of the Fra Mauro ejecta blanket from the Imbrium impact. The
vesulting microbreccia=~3 incorporates all the lithic types above and accre-
tionary lapilli structures (microbreccia-2) in a dark matrix annealed at
approximately 700°C. A later impact on the Fra Mauro excavated and mutually
abraded microbreccia~3 and a local, 14321-type, basalt which were assembled
into polymict breccia 14321. Final placement of 14321 at its sampling
location was accomplished during the winor Cone Crater impact event.

GRIEVE, R., MCKAY, G., SMITH H. and D. F. WEILL (1975) Lunar polymict

breccia 14321: a petrographic study. Geochim. Cosmochim., Acta, 39,

Abstract - The lithic units of polymict breccia 14321 (Big Bertha) have been
grouped according to composition, texture, degree of metamorphism, and addi-
tional criteria based on a systematic study of the interrclationships of all
clagt-matrix pairs. From this information it has been possible to recomstruct
the assembly and metamorphic history of this breccia. The earliest formed
fragmental component of 14321 (microbreccia-l) is dominated by KREEP-rich
norite, extruded and subsequently brecciated and lithified in an ejecta blan~
ket at approximately 1000°C in the general region of Mare Imbrium after the
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Serenitactis impact but prior to the Imbrium impact. This early microbreccia
component and lesser amounts of mare~type basalt, microgramnite, rhyolite
gleas, anorthosite and olivine microbreccia were assembled at the Apollo 14
site as part of the Fra Mauro ejecta blanket from the Imbrium impact., The
rasulting microbreccia~3d incorporates all the lithic types above and accre~
tionary lapilli structures (microbreccia-2) in a dark matrix annealed at
approximately 700°C. A later impact on the Fra Mauro excavated and mutually
abraded microbreccia-3 and a local, 14321-type, basalt which were assembled
into polymict breccia 14321, Final placement of 14321 at its sampliog loca~-
tion was accomplished during the minor Cone Crater impact event.

DRAKE, M., J. and D. F. WEILL (1975) Partition of Sr, Ba, Ca, Y, Eu2+ and

Eu3+ and other REE between plagioclase faldspar and magmatic liquid: an

expetimental study. Geochim. Cosmochim. Acta, in press.

Abstract - Plagioclase feldspar/magmatic liquid partition coefficients for Sr,
Ba, Ca, Y, Eu2t, Eud+ and other REE have beendetermined ekxperimentally at
one atmosphere total pressure in the tempersture range 1150-1400°C. Natural
and synthetic melts representative of basaltic and andesitic bulk compositions
were used, crystallizing plagioclase feldspar in the composition range Anjg

to Angs. Partition coefficlents for Sr are greater than unity at all geologi-
cally reasonable temperatures, and for Ba are less than unity sbove approxi-
mately 1060°C. Both are strongly dependent upon temperature. Partition
coefficients for the trivalent REE are relatively insensitive to temperature.
At fixed temperature they decrease monotonically from La to lu, The parti-
tion of Eu is a strong function of oxygen fugacity. Under extreme reducing

conditions DEu approaches the value of DSr'

GRUTZECK, M., KRIDELBAUGH, S. and D." F. WEILL (1974) The distribution of

Sr and REE between diopside and silicate liquid., Geophys. Res.

Letters, 1, 273~-275.

Abstract - Distribution coefficients (weight concentration in the solid
dividedty concentration in the 1iquid) have been determined experimentally
in diopside-liquid pairs. Experiments were carried out in air at 1265°C in
the system NaAlSi305-CaAl,Si,0g-CaMg8is0g at the two bulk compositions;
5-30-65 and 32-11-57 (weight percentage of components in the order given
above). Small differences are observed in the distribution coefficients
between the two compositions. Mean values of the coefficients in the first
system are: Sx=.078, La=.069, Ce=.098, Nd=,21, Sm=.26, Fu=,31, Gd=.30
Dy=.33, Er=.30 and Lu=.28. At low oxygen fugacities of L0"2+% and 10~12.5
ﬁtmospheres the distribution of Eu between diopside and liquid develops a
negative Eu-anomaly™ with coefficients of .23 and .12 reaspectively.
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S8MITH, H. D. (1973) An Experimental Study of the Diffusion of Na, K, and
Rb {ia Magmatic Silicate Liquids. Ph.D. thesis, University of Oregon.

Abstract - In this study an experimental method was developed for the
determination of diffusion coefficients in multicomponent silicate melts.
This method was then applied to the study of the diffusion of Na*, kt, and
Rbt in three silicate melts which were modeled compositionally after a
basalt, an andesite, and a rhyeolite.
Piffusion in z multicomponent system is described generally by 2
"diffusion matrix" [see Onsager (1945), Cooper (1965)}. However, subject
to certain limitations, a single coefficient can be used to describe the
diffusion of a single component through a liquid of given composition.
This coefficient is the LEffective Binary Diffusion Coefficient, EBDC,
described by Cooper (1968).
In this study the EBDCs for Nat, K¥, and RbT were determined by setting
up diffusion couples in which concentration gradients were present only
for the alkalies. Cylinders of melt with the same base melt composition
but containing different alkalies were joined end-to-end and diffusion
allowed to take place. After quenching, each couple was sectioned length~
wise and sn electron microprobe was employeéd to determine the concentfation
profiles that developed for each alkali. From these concentration profiles
it was possible to determine the EBDC at regular intervals along the profile
by graphical application of the Boltzmann-Matano analysis. The D.s (EBDC)
so determined cover a wide range of temperature (1128°C to 1535°C) and
compositional variables.
The findings of this experimental study can be summarized as follows:
1) Stromgelectrical coupling between ionic fluxes is indicated by the near
equality of opposed alkali fluxes in most couples. A measurable amount of
"uphill diffusion"” of calcium in some couples of basaltic and andesitic
(calcium-rich) compositions also demonstrates the ability of other relatively
mobile ions to participzte in ionic exchange diffusion within silicate melt
structures. 2) D, varies with position along the concentration profile of
1 (conveniently répresented by the ratio w, £ C,~C)/C,-C; in which C, is the
concentration of 1 and €} and C; are the concenfrations at the ends df the
effectively infinite couple). For example, there is a factor of 20 variation
for DRb and D, between w = 0 and w = 1 in Rb-Na~rhyolite couples. In con-
~trast, D angaD exhibit very little variation across the Rb~K~basalt .
couples. These §wo examples represent the extreme cases found in this study.
Comparisons of the diffusion coefficients of the alkalies for the purpose of
evaluating the effects of temperatures or matrix composition must be made
at comparable w values (w = ¥ in this study). 3) The D, (EBDC) values are
Arrhenius functions within the range of temperature used in this study. The
apparent activation energies, Ei’ vary from 26 Kcal/mole for DN in K-Na-
rhyolite to 48 Kcal/mole for DRb in Rb~-K-basalt systems. 4) E Bvaries
systematically with the liquid“matrix composition. A linear rélatiouship
was found between E, and the percentage of silicate network forming (NWF)
units in the liquid“for each ion pair (Rb~Na, K~Na, Rb-K). E, decreases with
increasing NWF percentage. 5) Analysis of E, and D! via abgolute rate theory
suggests that rhyolite compogitions form open struc%ured melts while basalt
compositions form relatively compact-structured melts. The concurrent
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variation of E, and D} (the “Compensation" effect) is in full agreement with
that shown by 31ffuaidn data in other silicate systems [see Winchell (1969)].
6) Basalt-andesite mixed couples demonstrate that the D s for the alkalles
are much larger (about 30 times) when exchange between &ifferent alkalies
can occur, When only one alkall is present in a4 couple, the Dis for all the
elements are about the same magnitude.

In the final section, three cases of diffusion in natural systems are
analysed, two of lunar and one of terreéstrial origin.

WEILL, P. F. and M. J. DRAKE (1973) Europium Anomaly in Plagioclase: Experi-
mental Results and Semiquantitative Model, Science, 180, 1059-1060.

Abstract ~ The partition of europium between plagioclase feldspar and magmatic
liquid is considered in terms of the distribution coefficients for divalent
and trivalent europium. A model equation is derived giving the europium
anomaly in plagiloclase as a function of temperature and oxygen fugacity. The
model explains europium anomalies in plagioclase synthesized under controlled
laboratory conditions as well as the variations of the anomaly observed in
natural terrestrial Aad extraterrastrial igneous rocks.



