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PROGRESS  REPORT

This report summarizes research carried out at Harvard
University under NASA grant NGL 22-007-247 during the.report
pefiq&s 1 August 1975 through 31 January 1976 and 1 February 1976
through 31 July 1976. During this period eight papers have been
published or accepted for publication; five of these were written
during the previous réportinq period and three papers report new
work completed this year. In addition, nine talks on lunar re-
search were given at professisnal meetings; all but one were
published in abstract form. -

During this report year our research has followed generally
the lines set forth in last year's report and proposal. The cooling
rate studies described in the earlier report have now been applied
to the Apollo 12 mare basalt suite in an attempt to deduce the geometry
of th& flow or flows from which they came. This involved using the
expéerimental data on crystallization history and liguid compositions
to calculate liguid viscosities and densities as a function of time,
then making model calculations of crystal settling during cooling
of a magma body, and comparing the results obtained with observations
on the Apollo 12 samples. We conclude that the samples studied
came from near the bottom of a rather thick flow. This work is
described in paper 7 (preprint attached). .

Study of titaniférous basalt samples 74275 and 70215 revealed
a significant degree of heterogeneity within each of these rocks
in terms of major - as well as minor - element composition. The
reason for this heterogeneity is not yet fully understood, but it
must be taken into ad¢count in discussions of the origin of these

rocks. We have shown that the observed heterogeneity is sufficient



to account for the apparent conflicts between the experimental
crystallization data on these two samples, and that the existence
of this heterogeneity severely limits our ability to determine
tHe depth-of-origin from phase~équilibrium data. See paper 6
{feprint attached) for details. ‘

Our efforts to codify and summarize the very large amount of
chemical data on experimental run products continue. The relation-
ship between Fe and Mg in olivine and cbexisting liquid was
described last year, generally confirming the earlier results of
Roedder and Emslie who uded terrestrial matérials. ’This year ’
John Longhi completéd a lengthy study of Fe and Mg in plagioclase _
and the related problem of stoichiometry in lungr plagioclase.

THe essence of this work with lunar applications is reported in
paper 8 and abstract 6 (preprints endlosed). Further dgtails are
in Longhi's Ph.D. thesis. —

During the course oé the year, Walker designed and bhuilt a
molybdenum strip furnace for the melﬁing of rock samples to
facilitate XRF and microPrdbe_analygis for major and minor ele@ent
bulk ccmpositians. Although this apparatus was not intended to
bé used with lunar samples, some intereéting lunar applications
have been found. For example; it was edsy to show that calcic
plagioclase reédily floats in a synthetic malt with a compésitidn
matching that of the liguid from which luna# crustal plagioclase
is believed to have crystallized. This puts to rest a questign
that has been hotly debated (see ébstraét 9, attached).

Furthermore, with the st;ip furnace it ﬁay be possible to
obtain heats of fusion for luhar rocks or their analogs. Such
data is needed for many purposes, and is almost totally lacking
for terrestrial as weli as lunar rocks. Work is in progress to

develop and prove out the technigue.
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John Ionghi received his Ph.D. degree in June 1976 and is now
a Postdoctoral Research Felldwlat MIT. Edward Stolper has received
his M.Phil. degree from the University of Edinburgh for his thesis
én the experimental petrology and origin of basaltic achondrites

and will return to Earvard in September to rejoin the lunar group

here.
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Lunar igneous rocks and the nature of the lunar interior.
J.¥. Hays and D. Walker. Proc. Soviet-American Conf. on
Cosmochemistry of the Moon and Planets, Moscow. The Lunar

Science Institute (in press).

Origin of titaniferous lunar basalts. D. Walker, J. Longhi,
T.L,. Grove, E.M. Stolper, and J.F. Hays. Geochim. Cosmochim.
Acta, 39, 1219-1235, 1975,
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phase-equilibria and cooling rate studies. D. Walker, R.J.
Kirkpatrick, J. Longhi, and J.F. Hays. Geol. Soc. amer. Bull.,
87, 646-656, 1976. '

Direct determination of the guartz-coesite transition by in-situ
x~ray measurements: a discussion. J.F. Hays. Contrib. Mineral.

petrol., 53, 61-63, 1975.

Heterogeneity in titaniferous lunar basalts. D. Walker, J.

Longhi, and J.F. Hays. Barth Planet. Sci. Letters, 30, 27-36, 1976.



Differentiation of an Apollo 12 picrite magma. D. Walker,
J. Longhi, R.J. Kirkpatrick, and J.F. Hays. Proc. Seventh
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Acceptance speech for F.W. Clarke Medal. D. Walker. Geochim.
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Science Institute, Houston, Texas, 169-173, 1975.

Experimental petrology of mare basalts: an introduction.
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Olivine nucleation in lunar basaltic melts" in iron capsules.
D. Walker, R.J. Kirkpatrick, J. Longhi, and J.F. Hays. Trans.
Am. Geophys. Un. (E$S), 57, 356, 1976.

Crystallization of basalts in the laboratory. J.F. Hays. Geol.
Soc. Amer. 1976 Ann. Meeting Rocky Mountain Section, Abstr.
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HETERGGENEITY IN TITANIFEROUS LUNAR BASALTS

DAVID WALKER, JOBN LONGHI and JAMES F. HAYS

Hoffinan Laboratory; Center for Earth and Planctary Physics, Harvard University,
Cambridge, Muass. {T/SA)

Recewed December 12, 1975
Revised version received January 28, 1976

Small, but seal, chemical differences exist between subsamples of [inc-grined, quench-textured titaniferous Iunar
basalts. The existence of different textural domains with different chenustries is thought-to account for most of s
variation. In addition to the textural domains, 74275 has a papulation of a few percent of Foys, gg olivine “mega- |
crysis™, as well as dumte fragments of Fogg_ga. These materials are thought to be extraneous and to compromuse the

primary nature of 74275,

Recognition of the small chemical variations présent may aid in understanding some discrepanciss 1 the experr
mental petrology literature. However, these small varfations have a distressing petrogenetic significance since they
severely limit resolution In xecognizing the number and depth of origin of prumary magmas.

1. Infroduction

Titaniferous lunar basalts returnéd from the Apollo
11 and 17 landing siies have proved to be a continuing
subject of controversy in hunar petrogenesis. Originally
the Apollo 11 basalts were interpréted on the basis of
experimental petrology either as extreme residues of
fractional crystallization near the lunar surface 1] or
as incipient melts of the primitive lunar interior [2]. An
alternafive interpretation based on trace slement
studies [3} was that the titaniferous basalts represented
the melting products of evolved regions of the lunar
interior, The study of fine-grained, igneous textured
titaniferous basalts from Apolio 17, which could not
be explained as the residue of near-surface fractional
crystaliization, produced experimental evidence that
the parental titaniferous basalts could be produced at
relatively shallow depths (100—150 kin) in the moon
by melting of an ilmenite-bearing source region {4,5].
This evidence supported the interpretation of melting
of cumulates and was consistent with the idea that the
moon had been melted to 2 depth of at least a few
hundred kilometers very early in its history and had
differentiated into a series of floating and sinking
cumulate Iavers [6—9]. In this model the mare basalts

are derived as the melting product of the sunken mafic
cumulates. The principle difference between low- and
high-Ti basalts is that the high-Ti basalts are derived
fram shallower depths by melting of the last formed,
most differentiated cumuiates whereas the low-Ti ba-
salts have their source regions in the deeper, earlier
cumulates.

This interpretation of the high-Ti mare basalts is
based on finding itmenite, oliviné, and clinopyroxene
on the liquidus of 70215, a fine-grained igneous sam-
ple, at between 5 and 7.5 kbar. This interpretation has
been challenged [10] on the basis that 70215 is not the
best representative of parental high-T1 basalt. 74275
with its higher Mg value (100 X Mg{Mg + Fe molar)
and more olivine-normative character was alternatively
proposed [10] as a parental high-Ti magma. Since
74275 had. = higher pressure of olivine and pyroxene
cosaturation {12 Xber} and since iimenite is not also 2
saturating phase, the incentive for generating high- and
low-Ti basalts from different source regions at different
depths was greatly reduced.

It is the purpose of this paper to show that 70215
and 74275 are not so dissimilar as the previous studies
suggest [4,10]; that the small differences result from
sample heterogeneity coupled with minor olivine accu-
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mulation; and that, while recogrition of the differences
can account for supposed experimental discrepancies,
the differences are not sufficient to require drastic
changes to existing models for the petrogenesis of high-
Ti basalts

2. Textural domains and chemical variations

Rocks 70215 and 74275 are Fne-gramed rocks
with petrographic characteristics indicating rapid erys-
tallization from a silicate liquid. These characteristics
include skeletal microphenocrysts, feathery to spheru-
litic crystal intergrowths, elaborate chernical zonation
in minerals, and preservation of metastable armalcolite

and mesostasis glass in the solidification product. it
was therefore assumed that the chemistries of both
70215 and 74275 represented the chemistrics of lig-
wids which existed at the surface of the moon and
petrogenetic discussion proceeded on that assumption.
Subsequent analytical and experimental work have
cast doubt on this assumption, inasmuch as sigrificant
chemical heterogeneities appear to exist among differ-
ent subsamples of each rock [28,24) Figs. 1 and 2
display the published analyses of subsamples of 70215
and 74275 [10-18]. These projections have proved to
be vseful in discussing the crystalization behavior of
titaniferous lunar basalts [5]. It-is clear that a range of
compositions is present in both 70215 and 74275 and
that the ranges are about the same size in each case.

FmO

ENLARGED SUBPROJECTION

FMO-Px-lILm  COORDINATES

Fig. 1. Projection system for titaniferous basalt compositions used in fig. 2 of Walker et al. {5). Undesrlined minerals are the lig-
uidus phases in that part of composition space. Shaded blob covers compositions of tow-K, high-Ti basalts of Apollo 11 and 17,
Enlarged triangle shows reported compositions of 70215 and 74275 [10-18]. Fuzzy and giainy are compositions of textural do-
mains from Table 1. € and H are compositions of 70215 studied at Canberrs [18] and Harvard {4}, Rosette of arows indicates the
magnitede and direction of displacement of compositions cortesponding to the analytieal precision of each oxide.

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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ENLARGED SUBPROJECTION
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Fig, 2. Projection system for titaniferous basalt composittons from FmTiCs used in fig. 3 of Wdlker et al, {3]. Undexlined minerals
are the hquidus phases in that part of composition space. Shaded blob covers compositiohs of low-K, high-Ti basails of Apollo 11
and 17, Enlarged triangle shows reporied compoditions of 70215 and 74275 {1018}, Fuzzy and grainy are compositions of
textural domaing from Table 1. Rosette of arrows indicates the magnitude and direction of displacement of compositions cosre-
sponding to the analytcal precision of each oxide.

The variations are sctually rather sinall, however, they this liquidus boundary and nof cross it.

are significantly above the analytical precision (about - How, then, do these chemical differences arise?

a factor of 3). This s especially clear since two sub- Fig. 3A shows saction 70215,147 to be texturally
samples of 70215 were analyzed in the samé laboratory heterogeneous. Fig. 3B shows in an enlargement of

by the same technique [16,17}. It is concluded that 70215,147 that the textural domains differ principally
real chemical differences exist between subsamples of in crystal morphology. The more translucent domam
70215 and 74275. Furthermore the differences cannot is characferized by better crystallized, slightly pink,

be the result of simple crystal settling or local fraction- granular pyroxene whereas the darker domain is char-
al crystallization. The chemical variation doés not con- acterized by moré poorly crystallized spherulitic inter-
form to simple olivine or armaleolite fractiohation growths of fuzzy-appearing pyroxene with the other
curves. In Fig_ 1 the cosaturation Hquidus enrve of minerals. These domains are dubbed “fuzzy” and
olivine with armalcolite [4] cuts across the field of “arainy” for convenient reference. Similar domains are
T0215. If the range in 70215 were caused by local found in 74275 as well as in other high-Ti Apello 17

fractional crysiallization, the variation should follow basaits (e.g. 71569, 72155, 72135). Fig. 3C shows



REPRODUCIBILITY OF THE

ORIGINAL PAGE IS POOR

Fig. 3. A. 70215,147; transmitted light, note heterogeneous textural domains. B. 70215,147; enlargement of A. C. 70215,156;
transmitted light. D. 70215,156; enlargement of C, note skeletal olivine microphenocrysts.

TABLE 1

Textural domain and olivine compositions

70215,147 70215,147 7427597 Olivines **
H * f *

S 4 s @ (b) (©)
Si0, 38.0 37.2 38.8 38.8 37.7
TiO, 12.8 13.3 0.13 0.13 0.18
Al,O3 9.2 8.6
Cr03 0.31 0.37 0.28
FeQ 18.7 19.9 15.6 17.6 223
MgO 8.0 8.7 44.0 41.8 384 o
MnO 0.20 0.24 0.28
Ca0 10.8 10.6 0.26 0.25 0.32
NiQ 0.06 0.02 0,05
Zn0Q 0.02 0.17 0.21

97.5 98.3 99.58 99.38 99.72

* Electron microprobe defocused beam partial analyses. Oxide percentages in each domain, after normal matrix correction proce-
dures, were normalized to the average of published 70215 oxide values to correct for abnormal matrix effects inherent in defocused
beam techniques applied to analysis of thin sections. Values used for 70215 average, grainy, and fuzzy are: 8i0,, 37.61,43.2,42.3;
Ti03, 13.05, 11.1, 11.5; A1,03, 8.88, 12.7, 11.9; FeO, 19.34,17.6, 18.7; MgO, 8.35, 7.6, 8.2; Ca0, 10.69, 11.1, 10.9.

** (a) Core of “dunite” xenolith in Fig. 3H. (b) Core of large euhedral phenocryst. (¢) Microphenocryst in groundmass.



Fig. 3 (continued). E. 74275,94 ; transmitted light, crossed polarizers. Olivine “megacryst”. F. 74275,94; transmitted light,
crossed polarizers. Olivine xenolith. G. 74275,97; transmitted light. Large euhedral olivine crystals. H. 74275,97; transmitted
light, crossed polarizers. Dunite xenolith with annealed granular texture.

that these domains are not small in comparison with a
thin section (and therefore a subsample for analytical
or experimental work) since 70215,156 is predomi-
nantly “grainy” domain texture. Defocused beam
microprobe analysis was done on different domains in
70215,147 (see Table 1). The results are indicated in
Figs. 1 and 2. The domains have measurably different
chemistry and vary in the same sense as the range of
compositions reported for the subsamples. Thus the
inclusion of variable proportions of these domains in
the subsamples appears to be capable of causing the
compositional variation among the subsamples of a
given rock. Although the reported subsamples show a
slightly larger range in chemistry, it is thought that the

different textural domains occurring in different pro-
portions explains much of the observed chemical varia-
tion between subsamples.

3. Origin of textural domains and implications

The origin of the textural domains is unknown. It
is possible that the liquid was heterogeneous and that
the different textures result from crystallization of
parts of the liquid with different chemistry. This is
considered to be extremely unlikely because textural
differences appear to be much more strongly control-
led by cooling history than by chemistry (compare
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[19,201) and the chemical differences are small. Fur-
thermore, considering the ease with which these low-
viscosity melts homogenize during laboratory fusion,
it seems unreasonable to expect that heterogeneitiss
could be maintained in the liquid for any appreciable
time prior to solidification. This suggests that the
heterogeneities are introduced during the solidifica-
tion of a homogeneous liquid and requires that the
material transfer rate within the solidifying magrma
exceeded the sofidification rate. The need for some
process to accomplish this objective has been antici
pated in previous discussions of lunar basalt petrogene-
sis [21]. Briefly, the difference between the composi-
tion of plagioclase-saturated residual Hguids and hand
specimen compositions has been argued to result
either from microphenocryst aceumulation in the hand
specimen (for which evidence is poor) or from some
other unrecognized mass transfer process. In the pres-
ent case it has been suggested that the granuiar areas
may represent globules of solidified material-which
sank into material of slightly different composition
which ultimately crystallized as the fuzzy textural do-
main [22]. The mass transfer distance might be ¢har-
acterized as “large™ compared to 2 hand specimen.

Alternatively, it may be that the development of
grainy and fuzzy areas is due to nucleation and growth
effects under conditions of rapid cooling. It has been
proposed [4] that early formed erystals nncleated and
began to grow rapidly in isolated clusters with release
of latent heat which locally reduced the codling rate,
This aliowed pyroxene to nucleate before plagioclase
and to coarsen, and permitted some olivine resorption.
Between these clusters, nucleation of pyroxene was
delayed until greater undercoolings were reached and
the nucleation rate was much higher. As a result, when
nucleation did take place, pyroxene and plagioclase
together with ilmenite formed very fine radiate inter-
growths, which now have a fuzzy appearance, and
there was little opportunity for olivine resorption.
Compositional variation among the domains msuits
from the differential incorporation and exclusion of
material as the clusters grew, Presumably there were
compositional gradients in the melt between the
clusters. In this model the mass transfer distance
might be characternized as “small” compared to a hand
specimen since material exchange occurs only on the
scale of the domains.

Whatever the origin of these textural domains,

their demonstrated existence and chemical variation
has several important implications, First it is fruitless
to argue in detail about differences in experimental
crystallization sequences and liquidus temperatures of
allocated subsamples since these subsamples quite ob-
viously are heterogeneous. In particular in Fig, i, note
that 70215 compositions cross the olivine-armalcolite
liquidus boundary. Some subsamples should crystallize
olivine first and some should crystallize armaleolite
first, in fron capsules in g sealed tube, Composition H
studied at Hagvard [4] crystallizes armalcolite {irst and
C studied at Canberra {10] erystallizes olivine, armal-
cohite {and spinel}, at the liguidus. A synthetic compo-
sition was studied at Stony Brook [23] which crystal-
lized both mirerals simultaneously, although the re-
ported mix did not lie exactly on the olivine-armaleo-
tite curve shown hers. It is thought that ailocation
heterogeneity may explain some of these experimen-
tal discrepancies. It should also be noted here that the
large differences implied to exist between 74275 and
70215 {10] may not be so sipnificant as thought. Such
conclusions are strongly dependent on particular sub-
samples studies. The Mg number appears to be the
major difference between the two samples, as will be
discussed below. .

Clearly subsamples of 70215 or 74275 may not re-
present liquid compositions as such, although they
may have averages which were once Hquids. Pleces of
the same rock can be unrelatable to one another by
normal crystal-liquid processes and might inspire a
conclusion of a separate petrogenesis. Such a conclu- -
sion would be spuricus. 4 similar state of affairs may
also apply to some subsamples on which trace elements
have been measured [24]. On the scale of investigation
irplied in sample allocation there is 2 danger of infer-
1ing more primary magmas than actually existed.

A final implication may be noted about the magni-
tude of chemical variation observed in the textural
domains. They were small and we conclude that they
result from mass trznsfer induced during solidification
of a liquid. The scale of the mass transfer is not resolved
and it could conceivably be large. Even if this is so, it
must be noted that the variations documented are
quite insufficient to explain the difference between
hand specimens and cotectic liquid chemistry. Some
additional mass transfer process would be required to
explain the difference. We prefer to regard the coteetic
Hquids sampled {e.g. 75035) as products of {ractional



crystallization of parental hand specimen composi-

trons such as 70215 or 74275 since there is a continuous
suite of hand specimen samples whose compositions
follow = liguid line of descent from such parental com-
positions [4,5]. The compositional variation of the
whole suite would require some rather improbable
coincidences if they were 10 be interpreted as the prod-
ucts of crystal accumulation.

Note in Fig, 2 that the composition of the lowX,
high-T1 basalt suite shows a non-finegr pattern, It has
been documented §4,5,10] that this *bent” pattemn

"conforms to a liquid line of descent. It is difficult 1o
see how this “bent” pattern could be produced during
crystal accumulation in plagioclase-saturated liquids.
Furthermore the accumulation model involving plagio-
clase-saturated lquids fails because the armalcolites
actually found in the sample's are not stable in pyrox-
cene-plagioclase saturated lignids {4,5,10,23]. We do not
wish to preclude ths possibility that some other mass
transfer process may be operative, but crystal accurnu-
lation is highly improbable and whatever process leads
to textural domain formation is quantitatively insuffi-
clent.

4, 70215 versus 74275 .

An additional feature of the petrography of 74275
needs discussien. Both 74275 and 70215 have skeletal
microphenocrysts which occasionally are as large as
300 um. See Fig. 3D. They arc generally Foo; ot less
magnesian. In contrast to any other high-‘i‘i basali thin
sections we have seen, thin section§ of 74275 have a
distinctive population of ofivine “megacrysts” which
reach 3 mm in size (Fig. 3E). Their very irrepular
morphology suggests that they are not phenocrysts
trapped in a chifled liquid. Furthermor? this popula-
tion has occasional “megacrysts” in which more than
one crystal is present very much as if it were a small
xenolithic fragment of an olivine-rich rock with an-
nealed granuiar texture {(Fig. 3F). It is thought, on
textural grounds, that these “megdcrysts™ do not re-
present phenocrysts grown from 4 74275 melt but
rather are crystal fragments included in 74275. This -
population comprises only a few percent of 74275
and compositionally s relatively mag:nesian Foyzsp.
Section 74275,97 has some special features in addi-
tion o these anhedral “megacrysts™ [29]. It contains
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a few large (up to 1.5 mm) enhedral olivine crystals
with cores as magnesian as Fog; (Fig. 3G). Also pres-
ent i§ a 1-mm polycrystalline ofivine clast with an-
nealed granular texture (Fig. 30}, Crystals m the cen-
ter of the clast are Fog, whereas those on the edge are
as iron-rich as Foqq. This clast is interpreted as a xeno-
1ith of dunité [29] which has suffered some Fe—Mg
exchange with the melt along its margins.

74275 has been claimed to be signtficantly more
primitive (higher Mg-vatue and more normative olivine)
than 70215 {18]. We have noted above that the magni-
tude of the presumed difference between 70215 and
74275 is quite dependent on which subsamples are
examined and that in Figs. 1 and 2 thers is quutea
close approach of some of the subsamples of the two.
Unfortunately these projections suppress Fe-Mg varia-
tion o this must be displayed separately in Fig. 4. The
range of published compositions does not overlap here,
thus showing that 74275 and 70215 arc indeed dis-
tingtiishable on this basis. Also shown 1 Fig. 4 are
curves for oltvine:liquid distnibution coefficents of
Fe—Mg for Kp=0.26 and 0.28, which are thought to
be relevant to the crystallization of these titaniferous

OLIVINE

P R .
LiouiD

Fig. 4. Molar Fe/Fe + Mg of reported analyses of 702135 and
74275 [16-181 Also plotted are Fe/Tie + Mg values of most
magnesian olvines found in each sample. For 74275 this is
taken to include the larze suhedeal olivines with phenooryst
morphology (Fig. 3G) but does not include the Fogq found in
the dunite xenolith (Fig. 3H). Also shown are two olivineflig-
uid distribution coefficient curves for Fe/Mg [25,10].

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS PCOR
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lunar Jiquids [25,10]. It can be seer that within the
precision of the dats, the most magnesian olivines pres-
ent.in 70215 could have grown directly from liquids
of 70213 composition. This does not appear to be
true for 74275, Clearly the Fogy present in the dunite
xenohth could not have grown from liguids of 74275
composition. The Fog; shown in Fig. 4 is for cores of
large (millimeter size) evhedral olivines which have
phenocryst morphology, however, it can be seen that
even these are also 100 magnesian to be interpreted as
the direct crystallization product of liquids of 74275
composition. Furthermore we questioned above on
textural grounds whether the magnesian anhedral mega-
crysts in 74275 really do represent crystailization prod-
ucts of & 74275 liguid. We point out that exclusion of
only 4% of such “megacrysts” from 74275 produces 2
composition with Mg value in the 70215 range. That
is to say if 4% olivine megacrysts aré added to a liquid
with Mg value of 70215, the resultant mixture would
have the higher Mg value and more normative olivine
characteristic of 74275. This would require that the
megacrysts and other peculiar oltvines be xenoerysts
from an unknown source, since olivines of this compo-
sition should not have grown from a hiquid with 70215
Mg value. The xenocryst hypothesis appears to con-
forin to some of the petrographic features of these
peculiar olivines noted above.

We are not trying to prove that [olivine + 70215
= ?42'?5] actually occurred since trace element char-
acteristics seem to rule out such 2 direct redationship
[23]. However, in view of the major element hetero-
geneities beiween subsamples, this hypothesis may not
be impossible. Evaluation may critically depend on the
choice of subsamples,

5. Petrogenetic discussion -

A substantial part of the incentive for interpreting
high-Ti basalt parental liquids (suchi as 70215) as the
fusion product of Ti-enriched cumulates at rélatively
shallow depths within the moon was the discovery
that 70215 was multiply saturated with olwine, pyrox-
ene, and dmenite at the liquidus at between 5and 7.5
kbar [4]. This observation has been challenged [10] on
the basis of experimental work on a different'subsam-
ple of 70215. This work did not show multiple satura-
tion with all three phases at 5 or 8 kbar although ibne-

0 - 100
70215,69

200 KM
|

1200%
"\

o L1Q

¢ OL. .
»4 ARML
=a|lLM
0O PLAG

—FE—
CAPSULES | XPX ¢~
1 : | i
0 . 5 10 KB
Fig. 5. Experimental resuits.on 70215,69 as a function of
pressure and temperature All experiments in high-purity iron
capsules. 70215,69 13 saturated with olivine, pyrexnene, and

ilmenite between & a{nd 7.5 kbar. Low-pressure crystallization
from [4]. H

100
1

nite was close to olivine and pyroxene at 8 kbar. Even -
if the subsamples had the same chemistry, which they
do not, it seems imprudent to us to challenge the ori-
ginal observation without making runs in the suggested

- pressuie range between 5 and 7.5 kbar. We have per-

formed new experiments in high-purity iron capsules

- to check our previous results in molybdenum and

graphite [4] (see Fig. 5) At 1205°C and 7.5 kbar,
7021569 is saturated with pyroxene and ilmemte less
than 10°C from the liquidus; at 1190°C and 5 kbar,
again less than 10°C fror the liquidus, it is saturated
with olivine alone. Sping! does not occur in this mult-
ple saturation asseinblage when Fe capsules are used.
We feel that this confirms our earlier work showing
that 70215,69 is saturated with olivine, pyroxene, and
ilmenite at 6—7 kbar. Therefore, if 70215,69 is repre-
sentative of a melt composition generated in the lunar
interior, it may be-interpreted as the melting product
of an ilmenite-bearing source region at 100150 km.

Since heterogeneities do exist between subsamples
it is necessary to inguire how sensitive the multiple-
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Fig. 6. (FeO/71.8 + Mg0/40.3) is plotted versus the liquidus
cosatusation pressure of ohvine and pyroxens for lunar hasait
compositions. Data taken from references 4. 5, 10, 20, 26 and
27. Differsnt lines with the same slope apply to high and low-
T1 compositions. “Liror bars™ on 70215 and 74275 indicaie
the range in reporied analyses. This variation couses an unger-
tainty of ~73 km i estimating the depth to olivine + pyrox-
enie cosaturation for 70215,

saturation pressure (and hence depth-of-origin estimate) -

is to these smali chemical variations. The pressure of
cosaturation with pyroxene and olivine shows a regular
dependence on the parameter (FeQ/71.8 + Mg0/40.3)
which is 2 measure of olivine abundance. Fig. 6 shows
that different lines having the same slope apply to
hiph-Ti and low-Ti lunar compositions. The variations
in composition discussed above for 70215 and 74275
are indicated by the “*error bars™ in Fig. 6. Clearly the
depth estimate is quite sensitive to these small chemi-
cal variations. The estimate for 70215 may pary by as
much as 75 km based on the differences between sub-
sampies alone! It is to be noted that i 4% “megacrysis”
are removed from 74275 then the inferred depth of
origin becomes the same as that of 70215, i.e. 100~-150
fan.

6. Summary

Perhaps it is pointless to argue in detail about which
subsamples represent primary magmas, at what depth
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they are generated, and how many are necessary. Cer-
tainly the factor of sample heterogeneity must be
neutralized in some way before further progress can be
made. How this is to be done with the present data
base.is unclear. However, at the present state of our
investigations we can probably rule out “parentaf’”
samples such as 70215 as being products of crystal ac-
cumulation into cotectic Hquids. If the “parental”
compositions are in fact “primary” then the shaliow-
melting-of-Ti-rich-cumulates scenario follows. Rejec-
tiort of this scenario, on the basis of results from
74275, is premature.
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Diztribution coafficlents for Fe and Mg between plagloclace
and basaltic liguids have been measured for lunar, terrastrial

. and gynthetle gystems. Observed substitution in plagioclase
Fe AND Mg IN PLAGIOCLASE .
i consistent with a ca(?a,H9181308 component, and Mg is
John Longhi,l David Halkera and James-P. Hayag incorporated into plagicclase more readily than ferrous iron.

Kgfiug = 0,5 for lunar hasalts and synthetic analogs. As

oxygen fugacity increases, ferric iron becomes significant and
K"Fe“-Mg i .
P-L ncreases to an average .

“Fa"~Mg
of 1,4 for terrestrial basalts. The variation of Kp_1, with

the bulk exchange céefflciant

oxygen fugacity provides a orude oxygen barometer. Lower con-
centrations of Fe and My in plagioclase from plutonic rocks

suggast that crydtallizatlon kinetics significantly effect the
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is an indicator of crystallization processes in basaltic magmas,
BJ'Fe/Hg hetercgeneity in plagioclase is a clue to the recognition

of impact melts.
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Introduction

Although X*® { & ﬂagﬁ*ﬁi' in basaltfc plagicclaoe wasg
rocognized as a potentially useful cryatallizatlion Iindex (8.5,
tonghi et al.. 1§72; Crawford, 1973}, the detailed mechanists
of Fe and Mg substitution in plagiorlase are debatable. - Most --
chemical studies of lunar plagiodlase indicate that neariy all
deviations from Ab-Or-an chemistry can be explaingd by the
components, c-:(.FmHgls-i:*Os and usigoa (e.g., Weild et al., 19703
Wenk and Wilde, 1973) where O signifies a Ca-pite vacancy.
Spactral studies {Hafnex gg_gi,. 197} and Appleman 2t al., 19872}
indicate that much of the Fe is not sitvated in tetrahedral
sitgs as would be expected from a Ca{Fa,Hg]Siaos womponant, bat
appears‘tn bs situated in the larger, aix- to eight-coordinuted
Ca~sites, Eurthermoré, Hafner gg,g;. (1971} sugguested that the
¥o apparently in tetrahedral sites may hqaassaciated with
oxygen vasancies. In order to predict the compomitional
dependence of Fe and Mg substitution it is necessary o know
the dominant Fa-Mg component and also to model tha-effects. ol
substitution on two types of sites.

tonghi et al. (1976}, via projections in the system
caﬂslzoﬂ-31381420ﬁ-si403«(re,nga253303, showad that all the
chemical variation in plagiloclase from mare hasalts can be
axplained by mixing tha conventlional plagisclase components
{An, Ab and Or) with ﬁsl4oﬁ,~Ca(Pe.Mg)5130B and tFa,Hg}A12812OG.

The data rule out any significant substitution of componefita
involiving oxygen vac?nciea {e.g., caFm281207), and also show
that no more than about 10X of the Fe and Mg In pilaglociase

from ware bassglbs substitutes in the form of the (Fe,ﬁg}ﬁlzsizog

component. Mudels of the multi-site crystal/single-aite
Tiquid equilibpin (longhi, 1976) based upon the analysis of
trover and Orville (3569) show thnt deviations from one-site/
one-gite equilihria will be obsaured when the proportion of
distiinct sltes in the multi-site phase 1s not 1:1. Thus in
ealelc plagloslase, where the proportion of sites avallabie
to Fe and Mg En 1ikely to be 1{ca):2{4l), Fe and Mg sudstibutionn
may effectively behave as Af plagloclase had only a Piugle type
of available site.

We here axaming the substitublon of Po and Mg in
plaglociane an a functlon of aomposition and temperature,
recognlizing that the dominani component is ca(Fe,Mg)Siaoﬂ.

Poasible pressure and kinetio effsctz will be consldersd.
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Distribution Coefficients - Theory

In order to deal with the compbsitiongl dependence of
the distributicn coefficlents, we will assume that all the
Fe+2 plus Mg forms. a ca(Fe,Mg)Sisoa component in plag;oalaae.

Conslder the reaction:

ca0; + F‘rnOL + 3 8d0, = cam31308P (1)
with equilibrium constant:
KE‘:; = [CaFmS!.aOB]P \ (2).
[GaO]L . [FmO]L ' [SIOéJL

where Fm denctes eithor Fe or Mg, subscripta P and L denote
plagloclase and liquiad respectively, and the brackets indieste

activities,. The conventional molap distribution coefficlent is:

(Fn0)
Pm . P Fm . 3, [FmO
Kely & TFnoys o 0.2 K [Ca0ly « [810)] ¢+ v/

7 yarFmS1s0g ()

where 0.2 18 the approximate stolehlometric factor for calcie
plagloclase that relatea FmO concentration to CaFm81308
concentration when analyses are recalculated in terms of
conventional oxides (t.e., A1;D3) and y 1s an azobivity

coefficlent. Even 1f all the solutions were ideal mixturea of

oxides the distribution toefficient would atill vary as the
concentration product, (caO)L'(Sioz)z. On the other hand,

-Af most Fm substituted for Ca to form a FmA12312oa component

6

¥aa . 2
then K, . would vary inveraely with (A1203)L (sxoz)b. He may

predict that with deereasing Ca/Al in the melt, the proportion
of Fm substitution for Ca will increase.

The direct composition dependance of simple distribution
coefficlents may be circumvented by the use of exchange

distribution coefficlents such as:
. Fe

Fe“MB (FeO)P (MSO)L - E?,:E*
-L 7 ngOthzFeoiL ke

P=L

Pe Fel CaMg3t_0
Eeg Yy, Yp 378

» . (E‘)
KB 'Y,I‘igo vgaiemaﬁs

Here the Aaiviston cancela aut the activity terms in equation
(3). It can be readily shown that:

’ . Fe Fo
Fe-tg , Yo+ (-7 (5
P-L T TFer .Fo >
_ (1-xFe).xFe

where X'° = Fe/(Fe + Mg), Thus 1% ia posaible to relate Xge

to xge by meana of a single coefficlent over a wide range

of lilquid composition. Given the formulation of plagloclase

activities In terms of phase compenents, the actlvity

coefficients ygBF631308 and YgaM331308 will probably vary with

the An/Ab ratio. Because of the division in equation (4}, the

exchange coefficlent, KEEEHS, will be leas sensitive to An/ib

varilation than the aingle element coefficients.

An alternative approach to avolding composition dependence
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i1s to define move complex, single-olement digtribuiion
eoeffiecienta that expliceitly wvary with liguid composition
{Drake and Welll, 1975) such as

Pol = . {?EG}P ’ . (6)

Pk [ca0];- [Fe0d s ([810,1, )7

Seueral optionyg are available for approximating llquid
component aativihies by sassuming ideal Rolutions: 1) 1deal
oxide mixing {activity equals concentration}; 2} mixing of:
ions or oxidea on two separate latblces {(Pemkin, 19&5}. or
n separate mixing among network-forming and nebwork-«modii‘ying
components {Bottinga and Welll, 1972). Although component
activity approzimations b;;eh upon the Battiné&lweill malt
model meem to-haverthe greateat potentini utility, these
approximations can be used only with 2iquids with restricted
ranges of composition because the pigid, norm-iike calculation
of' the proportions of meli spectes 1;ada to unreal disconti-
nuities in the dlstribution coefficlents. For example, in
an alkall-free 11§u1d, if {cad) = (Alaoa}n then [caOJL = O
and ngL =, Therefore, we will adopt the Tenkin -meib méﬁél
as a tentative basis for acpivity approximations and ¢aleulate
activities as follows: ;

large cations (Fe, Mg, Oa, Cr, Ti, Na, K} «w

¥ Fe
[Pel)y * v v = TR S ST oo N

ete., and teétrahedrally coordinated lons (8%, Al)Y —-

* 83 ]
[310,); = (g 3-37h, 0

where W signifies the Témkin model,

Experimental Teshnigues

All analyses uwere made wikh an ARL EMX-8M 120008 elecitren
microprobe .at. 15kv, 0.011 to. 0.015 yA sample cuprrent and a
1-2 pm wide beam., Synthetle, erystalline anorthité was the
masér alement stendard for 'Ca, 84 and Al and zs the background
standard for Na, K, Fe,.Mg and Ti. Pypleally, approximately
1,000 counts were accumulated for Fe and Mg, gilving a counting
errop of $0.03 mole % Pe( and Hgl. TRelative counting efrorad
for Ca, Si-and Al were < X135,

wheéever the point of an analysis on plagioclase was,
cloger thgn 592““ fram a boundary with an iron~bearing phase

& coryectlion was made for secondary flourescence of iron

'according to the empiriecal relation:

/cgg £ 1807058 = 0,011 exp (-0.037%),.

determined by Longhi (1976) where bﬁn ia the apparvent concen—

An

tration of Fe in anorthite, ¥ is x-ray Intenpity, ¢2 refers
te the lron-rich phase at x ym from the point of snaiysis.

Due to the cuble dependence of secondary flourescence upon

" atomic number {Smith, 196%), the effect for magnesium 1s

negligible, HMHost corrections wers in the range 0.95 Lo 9,20
mole £ Ped. Ho analyais wag parformed upen erystals with
minimum diménsions <10 pm.

Pourteen glasses wilth compositions similar to .those of
1uﬁ§r basalbie liguids spbupsted with plagiosizse were
synthesized from reagent grade oxides and Amélia albite by

miitiple fusions in platinum erucibles under a 95%N2 / 5% Hy



atmosphera. After each fuaion the sample was ground to a

fine powder in a tungsten-aarbida ball mill. %The compositions
spanned A range of atomic Peslre + ¥g) feom €.2 to 0.8 ana
Wwere chosen éo that plagloclase was the sole liguldus. phase,.
the liquidus temperaturc was approximstely 1200%G, and the
concontrablon of @xoz waa approximately 1 wtd.

Experinental charées were loaded into high-purlty iren
capsules (Walker et al,, 1976) enclozed in sealed, ovacuated
sildez bubes. The silics itubes were suspended in a8 Deltec
T3l furnace with Modi, elements and dropped into water ot the
end af the experiments. The charges were held A20°C above
the liquidus for 2 minimum-of 38 hours to ensure equilibration
with the iron eapsules, then the temperature was loverad flve
to tuwenty degrees helow the liguidus in one-half heur and
held &t constant temperature for a minimum. of one.weak. . This
technigue Rllows plagicelase erystals to grow with nminlmum
dimensiong > 1G pm and to approach equilibrlug with the melt
(Drake and Welll, 1975),

Experimental producks of the geven compositions containing
alkalles ware plagued by the presence of fIron spherules inelu#ga
in tﬁe plagloelase, Because of the uncertalnties involved in
applying corrections for secondary flourescence, the data for
these experiments {Longhi, 1976) sre not included in the present
discussion, although the diptribution coefiflcilents lor iren and
magnesium are aimtinr %o those obtalned from the alkali-Iree

compositions,

10

A series of five yuns of variabls length were made ay
1230%C with a single composition, DFC.B, in order to test for
pongible iron galn a3 & result of oxygen diffuslion through
the silles glass tubing {Hesson, 2975). Thers wWas spproxi~
mately 0.% wt¥ Ped galn in the fipst 48 hours, but no

“measurable variation.irom 48 to 240 hours. Thus oxygen

diffusion is not & factor In these sxperiments. However,
changes in the composltlion of the melt as it equilibrates
with the ¢epsule are a potentisl apurce of sgrioua error in

short term ciporiments.
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Crystal-Liquid Distributlon

The distribubion of iron and magnesium between piagio;iasa
and 1iquid can be measursd directly by micr?proba analysis of
quenched natural and aynthetic crystaleliquid palra, Indirect
information from crystalline rocks can be obtalned by comparing
Fe and Mg concentrations 1n the corea of the earllest-foymed
plagloclase crystals with the estimated composition of coexisting
Yigquid, If plaglioclase waes a Iiquidus phasa of a gulickly cooled
melt, then the bullt rock compesltlon representa the coexisting
1iquid composition {e.g., 68415, 14310, 12038, 75035), I
plagioclase srystellized late, then the cosxisting liguid
composition mey be estimated from melting experiments if the
rock has cooled alowly {e.g., 15065, 15558 and 70017)}. Finally,
if the rock has homogeneous -minerals {e.g., pink-spinel and
troctolite) then the Fel ang Mg0 concentrations in. the. coexiating
1iguid can be calculabed Ifrom olivine compositions if approximate
temperatures are known {e.g., Roeder and Emslie, 1970}.

Tables 1 and 2 contaln direct data on eleven sets of
synthetdc and elght sebe of natural plagloelase llquid pales.

The natural samplea include submarine basalt glasses and .
glasses from Makaopuhi lava lake (Hawall)}. Estimates of liquid
composition are made for eight Iunar feldapathic and mare
bkasalts, and for three terrestrial and one lunap plutonic rock .

{Tables 3 and ﬂ). The various distribusion coeff{lelents are
listed in Table 5.
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Busaltle Samples B
Figure la shows a close approach to x?EL & 04 for both

1nn§r and terrestrial basalbis somples. Becorded Mgl ranges
up to 0.75 mole . The high-T4 lunar basalts show the great’
dev%ations. fowever, Figure lb showa that terrestrial

piagloslase has significantly higher iron eoncentratlion than

lunar plagloclase gt & given concentratlon of lron in the
ilguid. Given ths similar-values of terrestrial and lunar KgﬁL,

the major cause of the higher Fe concentrations in terrestrial

plagioclase is not 1ikely to be an effact of the lowep

E§"¢'§E'$"W ratios of the terrestrial plagloclase, but rathep

the presence of ferrle Iron in Lerrestrial plagioclase-liquid

pairs.
i) I;lo [} i
For Kp_1, (whers "pe" » #e'? + ve'd) to be grester than
KFﬁ : {Fe*3/?e+2} must exgeed (Fa*3{Fe+2} « Assuming that
Pl 3 P L

values of KgﬁL ere similar for lunar and terrestrial eryatal-

1iquid pairs as are the values for Kgﬁn, between two-thirda
and three-fourihs of Lhe ircem in the terrestriazl plagioclase
is ferrie, ‘

Figure 2 shows the exchange relations of Fe and Mg for -
the naturel plagiociase=liguid pairs. ©The value of ng;ﬂs
(%'0,5) for the lunar low-T1 bBasalts means that at low oxygen -
fugacity xg* will be considerably lower than X ©. K;fgu'ms
increases with inereasing oxygen fugacity and has an sverage
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(] UFat
value of 1.4 for terreatrial basalia, 80 Xy > A .

Prepumably, 1f we could correc¢t for all the fopric iron in the
analyses of the terrestrial plagioclase and glasaes we would

pbsepye an average value of Kgfzﬁg‘eloae to 0.5. The.

7 ?elr_Mg
variation of Ky o with oxygen fugacity provides & eprude
oxygen 'barometar: in environments more oxldiaing'than these
* o*

of tefrestrial hasalts, Kpfg“-ug would have values highey than
1.4,

Sgnthetic'Piagioeiésenhiguih Pairs

Figure 3a shows the simple Mg distributlon between.
synthetle plagicelase and coexlsting liguld. Even though the
pemperaturos of equilibration spanned s limited range {1218°0~
1189°¢) as opposed to the range of 1425°C to 1050°C for the
natural samples, there 1s a good deal less coherenca to the
gistribubion botwesn synthetie eryatai-liqﬁid pairs: the
relative error (2 +1o/K, ,) for the terrestrial KE%L 18 £22%,
whepreaa ror the synthetie palrs 1t is £30%. In Flgure 3b we
have plotted the Mg concentration in plagiccisse versug th?
Temkin acyivity product [Ca0ls- [MgOlP ([510,1¢)3, Tne
velative eyror of the average H?Ez 1o now £15%, Thus much of
the variability of KgfL in PFigure 3a is dQus to compositlonal
effects, The plagloclase~liquid dlstribution of Fe shous &
similay compositional dependence although the reduction of the
relative error 13 nob as great: K;fL = 4.033 ¢ 0.000 {+30%),
whereas Kgﬁg 2 0.072 +.0.017 (+20%). Errors from inacsurate

application of the Fa secondary flourescence correction at
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inciined plagiociase~glass boundaries may cause higher relative

al Mg
errors in Kﬁ_n than KP-L'

Bestdes .luok of complete equilibration and multi-gite

substitution, ‘another factor which may affect the- inferred
magnitude of the single element distribublon cocfficlents ia the
dgiffusion controlled bulldup of rejected elements marginal to
growing crystals (Albarede and Bottlinga, 1972). BDecause the
plagioslasc~-liguid distribution coefficienta of Fe and Mg ave
much less than one, they are pawticularly susceptible to errors
Anduced by the under-estimation of FeO and MgO contents in the
1iquid. Longhl {1978) reported negligible enrichments of Mg0
marginal to plaeglioelase from Makaopuhi lava lake, so relatively
slovwly cooled natural plagloclase apparently does not yleld
ervoneouaiy high distribubtion coefficients. However, Kirkpatrick
et al. {1376} report more thaﬁ twe orders of magnitude differ-
ence in the growth rate of anorthits 2t 59 to 20°C undercooling.
Thus 1t is reasonsble Lo expect some variabliity in the magnl-
tudes of the aingle element distridbution coefflelents among
nynthetic opystal-liguid pairs grown at different undercoolings,
and sinee these undercoolings are probably imrger than those of
tha mave slowly cooled natural llguids we can axpect syathetie,
single element dilstribution coefflolents Lo be somewhat larger
than those determined from the more nlowly cooled natural
samples {Tabla 5). Since, however, K?EL and Kgfg have similar
magnitudesa, there will be little kinetie rragtionation of Pe

and Mg, and thus matural and synthetic values of Kgfgﬁs sught

to be aimilar {Tahle RY.
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Pigure § shous the Fe-Mg exchange relations for the
synthetic plagloclase~liquid pairs. Huch of the sproad in
data polnts 15 probably due to errors in applving the covrestion
for Fe sedondary Ilourescence. Tae relative counting errora do
not éxceed 2108 of (FE'?"EE)P' The average value of ng“ﬂg
of the natural Jow-Ti basalts (.49) is.well within the error
range of the synthetlc KgB'ME (.51 ¢ ,13), However, the
average X Pe- &g for high-Ti basalis of .33 is signiffcantly
lower., - Longhb et al. {1979) noted a simflar effect of Ti upon
gi’mg. Alse shown in Pigure 4 13 the curve of constant

ﬁg§_§5 .33 'determined by Longhi et al. {1875} for lunar

bagaltie ligulda. Ve sea by compayison that at low oxygen
fugaclity and Jow total pressure the iron fo magnesium ratip

of plagloclase will be lower bthan that of coexisting low-T1

liguid but higher than that of coexisting olivine and

probably orihopyroxene. Plagloclase ecexlating with a high-Ti
liquid will have JCW'B aimilar to coexlsting olivine and
arthopyroxene,

The abgence of any 1érga, agitematzo deviations of ths
data’ points in Pigure 4 from the average value of KFB"ME
indlcates that effects dus to the two-albe substitution of Fe
and Wg are small in the range of (jpliyg)y, from .2 to .7

Plutonie Samples

The 1imited analysls, of plutontc plagloclase~ligquid palrs
13 based upon three terrestrisl samplea (two from the Skaergaard
- ¥

intrusion-~lovwer zone, one from the Ardnanmurchan eucprlte} and
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one lunar--pink spinel troctolite (Prinz et al., 1973). Liquid

concentrations of FeO and Mgd are calculated from the compositiona

of coexisting ollivines by the equations of Roeder and Bmuslie
{1972) and Longhd gt al. (1975) by estimating temperatures of
equilibration. For the terrostrial liqulds Pel is converted
to "FeQ" {a Fel + Feol_sj by assuming (Fe+3/Fe+2)b = 9,2
(tonghi, 1976}, Plutonic plagioclase~-liquid pairs have N
aensiderably lower values of single alement aistribution

coefficients, but higher values of K L et-Mg than do thelr low

presgure gounberparys (Table 5). The firast cobservation ia the
result of lower soncentrations of Fel and MpO in plutonic
plagioclase than in basaltie plagicclase. As noted above, the
absence of signifizant MpO gradients in the melt marginal to |
lavp laite plagloclase precludea 8 kinetic/diffusion explanation
for the difference in 5? , and K§3L between lava~lake basalts
and plutonic rocka. In order for the {differences in distribuy-
tion. eoafficients to ba dna*entirely to a pressure effeet, the

partial melar volumes of {aFeSi QB and CaM3513 3 mast not oniy

be considerably larger than thai of ancrthite, but also be
approximately squal to opne ancther. The latter iz doubtflul,
An alternative egxplanation of the differences in
distributlon coelficients lies in the ﬁep?nd&nce of* the
diatribution coefficients upon liguid undercooling {or super-
saturation). liopper and Uhlmann (1974) show that the kinetie
arystal-ilgquid distribution coefficlent Ter a growlng crystal

iz 8 lunction of undercooi&ng, and that for lasothermal growth
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the compositiona of erystal and liguid eve cloaser togsther than
the equilibyium compositlions. Lofsrén {2473) has demonatrated
Lhia effect for plagloclase. The amalle? the undercooling .
the closer the approach to the equilibriam gompositions. Thus
plagioclase growing under conditions of alow ¢ooting and hence
relatively small underconling is able to excinde lron and
magnesium more effectively. More rapidiy cooled basaltic
plsgloclase shows-the kinetle effects of larger undercooling
with a consequently enhanced lncorvporation of iron and
magneaiam,

Whether this kinetie effect or the pressure effect can.
adequately explain the differences in oboerved distribution
coéfricieata among plutonic and volcanie yooks is not known.
It seems best, hohaver. to treat distribution coefficients

Irom these two types of rocks separately at this tlme.

‘ H0
govad TYNEOL
Eﬁﬁ‘;(’g{)ﬂg JeNaosasd

ia

Tharpal Dependence of the Disteibution Coeffiaients

The similarity of valuegs of K§§L for natural plagioclase-~
liguid pairs that span a rangs of itemperaturs of mors than
300°C is an indication that the tempevature dependence is
smpll. ‘The temperatures of the submarine basalt 1llguids have
been caloulated from ollvine~liquld equilibria by Frey et al.
{1574}; the temperatures of the lava lake samples are cbialned
by divest measurensnt and arve listed by Kirkpatrick {1976}).
Log K?EL and log ng; for tha terrestirial basaltic samples are
assumed to be linear functions of 1/7%K. Regression equationa
in the forn log K = A/T°K + B are listed in Table § along with
similar eguations for olivine detvrmined by Longhl ef al. {1975},
The. olivine~liquid diatribution cosfficlents, K53 . and KIS |
show similar temperature dependences; it 1a llkely that the
temperature dependenciea of_ﬁﬁfL and K§3; wiil bhe simllsr to
K§§L and xg%: reapoctively. The plagioclsse-liquid pairs have
amaller valuea of A indicating a weaker thermal dependence than
the olivine equiiibria; also the linear plots are relatively
poor fita to the plagioolase data. Therefore, nelther log Kgfb
nop log K??i is a uvaeful geothermomater; on the contrary, alnklu
vaines of the plaglociase-liguld distribution cosfficients may
be employed throughout the erystallization interval with 1ittle
thérmal error. We can expect the temperature dependencée of

Fe~fg g
Kp_y, = to be even smaller than that of KpZy.
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Applications

Since Fe and Mg substitute in a aystematie, predictable
manney in pliagioclase we may’employ the congentratlons of
these elements in plagfoclasze to caleulate liquid compositions
and ap & cpystallization index, A crude, but potentially
usaful applicatlon-to oxygen barometry-has heen noted above:
ind now that distyibution cosfficients are known it may become
posaible to caloulate fron the models of Smith et al. (1955)
and Hopper-knd Uhlmann'(197u)‘ﬁhe crystal growth rate of
piagtoclase in quenchad melts by measuring the diffusion
controlled gradient of Mgd in the melt marginal to plagloslasn.
Theye aye thrae sinple appllcations to 1un§r petrology.

inorthosites

The presence of plagtoclase in the anorthosites. with
relatively hlgh anorthite contents (Angs_ga) coupled with
pyroxenes of intermediate xFe {0.3~0,8) poses & thorny
interpretive problem. Smith and Steels {1974}, noting that
mueh of the pyroxene in these rocks in the form of rods and
stringers a few microns wide sppears to be exsolved from the

plagloclase, suggested thut xe

of these pyroxene crystals
peprasented the original 1¥® 5r the plagioclase and that,
therefore, the X'° of the iiquld fpom which the anorthosites
crystailized could be caleuleted from Kgfimg. They
shtained a value of K§f£ﬂg = 2 from thres publlished

piagloclase-1iquid pairs and Were thus able Lo salculate
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vaiuves of xi“ leas than 0.2, uhieh in tura led them to the
conelunion that the anorthosites had cpystallized from a
pelatively primitive iiquld. In vieu of the distribution data
pregented shave onch an ordigin d4s unlikely.

Since no sorrections for Fe secondary flourescence were
made ip the original work, we are certain that the value of

Kﬁfiﬁg # 2 is errvoneously high, Given the measured values-of

Kﬁfgﬁg ¢ 1 for lunar basaltie and plutonie roecks, we may con-
=lude that if the small rods and étringers of pyrpoxene avre in
faot the result of the complete sxsolublon of Pe and Mg in
plapgloclane, then the anovrthoaltes crystalllzed liguids with
intermediate X' °,

The spplicntlon of distribution data to anorthosites is
by no means simple, however, because Walker et al. (3973} snd
Dixon and Papike (1975) bave shown that plagioclase in the
anorthosites {e.g., 60025} may retnln measurable amounts of
Fe and Mg in tho presence of {hese smeil pyroxsnea, If these
small pyroxenes &re exsolubtions then neither the xFe af
pyroxenza nor plagloclase may represent the originagl xge. It
the small pyrexenes ave peimary incluslona then some metamorphic
exchangs of Fa and Mg between plagloclase and pyroxene may
have aliered the original xpe of both pyroxene gnd plagloclase,
Regardleas of which of these ponsibilitiles 1s sorrect the
original X?E in 60025 must be greater bhan oF equal o the

+ present xg: = .35~ 8.45 and less than or equal toc the presenst
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X5° > 0.5 (Valker ef al., 1973). Application of a lunar Ko;"®
{6.5 — 0.7) then leads us to the conclusion that 50025
erystallized from & ligulid with Fe/(Fe + Mg) = 0,6 ~ 0.7,

Zonation

There sre many published reporis of Fa and Mz zonation in
basaltic plagioclase, h&@aver, some workers have been skeptical
aof the conclusions reached because the secondary Tlourestenss
effect alone will preduce an apparent Fe zonatlion., Ve,
therefore, present several patterns of flourescence-sorvected
plagicelase zonatlon to demonstrate the utility of Xga .
variatlon, '

In Figurs 5a, "anorthite conbent {Uﬁ'i'gg“;“ﬁ) is plottad

ag s function of xg

¢ ror plagloclase cores, mantles and rimi in
tuo slowly cooled mare basalts, 15555 and 1506%, with plaglo-

clasg poikilitlc Lexture. As xge increases, anorthite conbtent
decreases much as expeated. Zoning in most individusl aerystala

follows the general pattern--cores have the highest 35'?"%§_$;K

Pe Ca
the lowest ¥ =, whereas the vims have the loweat T TE

and highest Xyevwan indication of ocutward growth, However, note

that one of the crystals in 15065 has its higheat EE“;?%%ﬁ;’E

and lowest x?e

at ite rime, This apparent reversed zoning is
consisbant with nuclestion of the plagioclase upon separate
pyroxene eryatals and subsequent growth inward into the volume
between the pyroxene crysktals.

In Pigure 5b are mimilay plote of plagioclase zonhation for
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tuo-finar grained mere basalts, 12002 and 12021, in which ’
plaglociase laths commonly have hollow gores: In contrast

to Figure Ga there is n small, oversall increase in ancorthite
content with increasing KFG in the plagloclase, Orawford
€1973) has previously obsewved this phenomenon in 12021, This
sort of reversed zoning 1b conalstent witﬁ geleyed nucleation

of plagicelase, followed by plaplociase sryatallizakion at

" progresaively decreasing under-ecoling at near isothermal

conditions {Hopper and Uhlmann, 1574; Lofgren, 1973).

Impachk Malts .
Vapiation of lron and megneafudm in plagloclase may help

1dentdily ohemdeel heterogeneiby in 1gneous rocks, a clue to
an impact orlpin (Simonds, 1975}, Pigure G fa & plot of

T ﬁ: rar N Feyi g TOr the gores of the larger, texturally

primitive blocky cryatals and lsbthe in rock 14310, a feld-
ap;thic hasalt. The varistion of g—i-iB— at constant
§;~f§;§§ is nearly twice as great as that in the mare basalts
(Pigure 5)., Further, there 13 a strusture to the variablonge.
cores with Eg“;“%%‘;"g < 0.9 have concentratlons of K0 > .10
mole % {generally groater than .15 # with & maximum of .25 £);
VU ¢ - S -
cores with oo ﬁa T°E > 8.9 have concentratlons of K0 < .10

male % {generally less than .05 7). Such variation of

oa } g: e ﬁepf Mg and Kao is not ohserved ln plagloclage

. sarea In the mare basalts which are traly volecanic. Although

thia rock was completely or nearly completély molten at one éime.
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15310 eryatallized from a melt that was inhomogensous. Horgan
et ak., (1972) identified vock 14310 as 2 probably fmpact melt
oen the basis of high, non-lunar siderophile element abundancen.
Schonf'ield and Mayer {1972) shawed tﬂat the bulk eheﬁistrv of
this rock can bo explained largely es & mixture of KREEP and
anorthositic’ ¢omponents. I¢ seems logieal to conolude, there-
fore, that the plagloclase gores with low EE—;*%E-;“K and
nigh-X are-ghosts of KREEP waterials incompletely homogenized
during the melting process.

Acknowledgements

The authors wish to thank W. B. Bryan, T, L. Grove, R. J.
Kirkpatrick, J« R. Smyth and P, W, Weiblen for providing tha
natural samples. We also wish to thank W. B. Bryan, J. V.
Smith and D. F. Welll for helpful discussions, 7This work was
supported by NASA Grant NGL 22-007-247 and the Commlttee on
Experimental Geology and Jeophysics at Harvard Univeraity.

24

REFERENCES

Albareds F. and Bottinga Y. {1972) Hinetiec disequilibrium
in trace elament partitloning betwren phenocryots and
host lava. Ggochim, Qopmachim, Aata 36, 143158,

dppleman D.B., Nizsen H.U., Stewart D.B., Clark J.RH.,
Dowty E. and Huebner 5.J, (1971) Studlies of lunar
plagicciase, sridymite and eristobalite. Ppac. Lunap
Sci. Conf, 2pd, p. 117-133.

Biggar (.M., O'Hara M.J., Pechett A. snd Humphries D.J,
(1971) Lunar lavas and the achondrites: petrogenesis
of protohypersthene basalts. Ppros. Lunar Sai. Canfa
2nd, p. 617-603.

Bottinga ¥. and Welll D.F¥., {1972) The viscoaity of magmetle
siileate Mquids: a model for calewlabion. fm. J. Sei,
212, 438-475,

Compaton W., Berry H., Vernon m;i., Chappell B.¥; and Kaye M.J
{1971} Rubidlum~atrontium obronology and chemiptry of Inw
maberial from the Ccean of Storma, Proe. Lunar Sci.
conf, 2ng, p. 1471-1485, o

Orauford M. L. {1873) Cryotallization of plagtoolsae in mave
basalbs. Free, Lunap Sef, Conf. dth, p. 708-717.

Dixon J.R. and Papike J.J. (1975) Petrology of anorthosites
from the Descartes reglon of the moon: Apollo 1,
" Pros. Lurer Sei. Conf. 6th, p. 263-291.
Drake M.J. and Welll D.F. (1975) Partition of Sr, Ba, Ca, Y,




+2 3

Eu and Eu+

25

and other REE elements between plagioclase

feldaparx aﬁd magmatic liquid: an exporimental study.

Geochim. Cosmochim. Acta 38, 689-712,

Fray F.A., Bryan W.B. and Thompson G. (1974} Atlantic Gcean

floor: Geochemistry and petrology of basalts from legs

2 and 3 of the Deep Sea Drilling Project. J. Geophys.

Res. 79, 5507-5528,

Grovex J.E. and Orville P.M. (1969) The partioning of cations

between coexisting Pingle— and multi-site phases with

application to the aszemblages orthopyroxene-clinopyroxen%

and orthopyroxene-olivinal

205-226,

Geochim. Cosmochim Acta 33,

Hafnexr $.S., Virgo D. and WarbErton b. {1971) oxidation state.

of iron in plagloclase from lunar bagalts. Earth Planet,

Sci, Lett. 12, 159-166.

Hopper R.W. and Uhlmann D.R. (1974) Solute redistxibution

during crystallization at

temperature, J. Cryst. Gr

congtant veloclty and constant

owth 21, 203-213,

Kegson S.E. (1975) Mare basalt
Origins Mare Basalts, 81-{

Kirkpatrick R.J. (1976).Nuclea!
in the Hawaiian lava lakees
Geol, Soc., Am, Submitted

Kirkpatrick R.J., Robinson G.R

of crystal growth for silj

petrogenesia. Prog. Conf,

4.

ion and growth of plagloclase
Hakaopuhi and Alae. Bull.

and Hays J.F. {1576} Kinetics

cate melts: anorthite and

26

diopside.| J., Qecphyn. Res. Submitted.
Lofgren G. (1973) Temperature induced zoning in synthetic plagio-

clane feldspar, In Proceedings of NATO Conference on Feld-

gpars. W,S. McKenzie and J, Zussman, Eds.

Longhl J. (197 ) Iron, magnesium and sildea in plagioclase,
Unpublished Ph.D. thesis, Harvard University.

Longhi 3., Walker D., Grove T.L., Stolper E,N. and Hays J.P.
(1974) The petrology of the Apollo 17 mare basalts,
Prog, Lugjr Sel, Conf, Sth, p. Lb7-469,

Longht J., Walker D, and Hays J.P. (1976} Fe, Mg and silica

in lunar plagloclase (abstract)., In Lunar Science VIX,
p. 501~503. The Lunar Sclence Institute Houston,
Longht J., Wallker D, and Hays J,F. (1975) The distribution of
Fe and Mg hetween olivine and lunar basaltic melta
(abotract), EOS 56, 471,
Longht J., Walker D, and Hays J.¥. (1972) Petrography and
erystallization history of basalts 14310 |and 14072,
Prog. Lunay Sci, Conf, 3rd, p. 131134,

L3PET (1971) Preliminary examination of lunap samples from
Apollo 14,| Selence 173, 681-683.

Horgan J.W., Laul J.C., Krdhenbuhl V., Ganapathy R. and
Anders E. {(1972) Major 1ﬁpacta on the moon: characterl-
zation from trace elementa in Apolle 12 and 14 samples,

Proc. Iunay Sel, Conf, Ird, p. 1377-13905,

Prinz M., Dowty E., Keil X. and Bunch .E, (1973) Spinel

troctolite

Salence 179,. T4-76.

Roeder P.L. and

and anorthosite in Apolle 16 s

gmples.

Emslie R.F¥. (1970) Olivine-1iq

Pid equilidbrium,



27 28

Contr, Mineral. and Petrol. 25, 2715-249, . Cosmochim. Acta 39, 1219-12135, .

Schonfeld E. and Meyer C. Jr, (1972) The abundances of Walker D., Longhi J., Grove T.L., Stolper E.N. and Hays J.¥.
components of the lunar goils by a 1ea;t squares mixing {1973) Experimental patrology and origin of rocks from
model and the formation age of XREEP. Proc. Lunar the Descartes Highlands. Proc. Lunar Sei. Conf. 4th,
Sci. Conf, 3rd, p. 1397-1420. p. 1013-1032,

Simonds €.H, (1975} Thermal regimes in impact melts and the | Walker D., Longhi J. and Hays J.F, (1972) Experimental
petrology of the Apolle 17 Station 6 boulder. Proc, . petrology and origin of Prau Mauro rocks and soil.
Lunar Sci. Conf. 6th, p. 641-672, ' Proc, Lunar Sei. Conf. 3rd, p. 797-817. .

Smith J.v. (1965) X-ray emission micro~analysls of rock- -Weill D.F., McCallum I.5., Bottinga Y., Drake M.J. and McKay
formirng minerals. I, FxperimantQI techniques. J. Geol. ‘G.A, (1970) Mine:ﬁlogy and petrology of some Apollo 1l
73, 830-864. : ‘ igneous rocks. Prog. Apolla 1l Lunar Sci, Conf.,

Smith J.V, and Steela I.M. ({1974) Intergrowths in lunar and p. 937-956. .
terrestrial anorthosites with'implications for lunar Wenk #1.R. and Wilde W.R. {(1973) Chemical anomalies of lunax
differentiation. Amer, Mineral. 53, 673-680. . plagloclase, described by aubstituticn vectors and their

Smith V.G., Tiller W.A. and Rutter J.W, (1955%) A mathematical relation to optical and structural properties, Contr.
analysis of solute redistribution during solidification. Mineral. and Petrol. 41, B9~104.,

Can. J. Phys. 33, 723~7M45.
Temkin M, {1945) Mixtures of fused salts as ionilc soluticnsz, .

Acta Physiochemica, U.S.S_R. 20, 413-420.

HWalker D., Kirkpatrick R.J., Longhi J. and Hays J.F. (L976)
Crystallization history of lunar picéite basalt sample
12002: Phase equilibria and cooling rate studies.
Bull. Geol. Soc, Am. In Preas.

Walker D,, Longhi J., Stolper E:M., Grgve T.5L. and Hays J.F..
{1975) Origin of titaniferous lunar basalts. Geochim.



Figure Captiong ' 29
Figure la. Simple molar Mg0 distribution between calcig

Plagioclaso and natural basaltic liquids. Lunaxr liquid com-
pogitions are ;11 estimated;

l1b. Simple molar "Feo™ dlstribution hotween calolc
plagioclase and natural basaltic l@quidﬂy vhere "Fe0* ia total
ircn as ?eo. Symbols same as in la,
Figure 2, Exchange relations of Fe and Mg between plagioclase
and patural basa%tic liguida. Symhols same as in Figure 1,
Figure 3a. Siﬁple molar Mgo diatribntion between synthetic
plagloclase~liquid paira. Temperature range is 1189* to 1238°C.
P = pyroxene prasent, .

3b. 490 concentration in synthetic plagioclasa as a
function of Temkin model activity product;

Figure 4. Exchange relations of Fe and Mg-between synthatia

Fa-Mg
01-L

Figure 5a. Plagioclase zonation in coarse grained.mare. basalts,

plagloclase and liquid, K from Longhi et al. (1975).
15555 and 15065 with plagioclase poikilltic texture., € = core,
R = rim,

Sh. Plagioclase zonation in fine-grained mare basalts,
12002 and 1202}, with hollow plagioclase laths.
Figure 6. Ancorthite content versus (Fe/Fe + Hg)p in plagioclasc
cores from lunar feldspathic basalt, 14310. High X "mole &
K20 > .10,
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Table 2.

Plagioclase~liquid distribution data

Syanthetie¢ Alkali-Free Compoesitions) Fa Capaules

wtd Siez
Tio2
Al,0,4
62203
Fed
HgQ
Cao
320
Na.,0

2
Sum

re
ALOMLC B5-Y g
Pemp (°C}
“fime (hra)

Other phases

avg. moled

‘Fﬁoip

plag. analyzed

RFC.2~18 RFC.3-~14

54.18

L 90
15,59
8.0
7.68
§.32
11.75
0.00
g.08

98.42

+340

54.77
87
14,81
+13
7.68
7.94
12.27
.00
.87

98.53

«35

57.78
1.07
16.13
<14
4.87
5,24
11.98
+01
8.00

101.1%

2 + 228

56,15
1,1%
15.05
n.d.
6.19
8.58
11.75
n.d,

n.d.

98,82

+288

PPC.4-32 TEC.4~4  QFC.5-17 DEC.6-13

5%.78 51.8%
n.d. 1.16
13.77 15.19

o 22
8.12 12,714
6.73 5,59
15,66 12.65
n.gd, 0L
n.d, 0.00
97.06 93,71
404 548

122471189 1224/1189 125771218 1241/1212 1233/1199 1257/1218

48/168

opi?

48/1

opx

26
1.03

68

.12
-84

50/240

48/210

opx

24
85

1
96/225 50/240
+32 36
l.00 +60
§ 2

Tahle 2 (continued). legioclaaew%iquid distribution data

Synthetic Alkali-¥ree Composit

wtd Siaz
Tioz
al,04
Cr203
Feld
Hq0,
Ca0
K20
Haao

Sum
. Ya
atomic Fat W
Temp (°C)
Time (hrs)

Other phases

avg, molet
(Feo}p
* {Mg0)y,

no. plag. analyzed

DFC,6~14 DPFC.6~15 DFC.7~1

48.94
1.25
i4.69
n.d,
12,17
£.29
12,59
n.d,

L

96:93

520

1240/1217 *243/1212 1241/12)

16/211

- 3%
60

51.16
1.25
14.13
n.d.
12.35
8.58
12.45
n.4.

n.d,
97.03

516

-

48/210

-34
« 66

45.79
1.06
14.15
n.d.
19.20
5.78
11.69
n.d.

n.d,
97.68

<650

48/220

«44
+47

*

48,48
.12
13.71
n.d.
16,31
$.27
11.99
n.d.

n.d.

97.88

593

487168

+35
«83

iona; Fe Capgulaes

2 DFC.7-15 PpFC.G-18

45.13
.18
i3.18
n.d.
16.05
5.47
12,30
n.d.

n.ds

97.28

622

L2 123371206 1233/1206

48/163

+31
.38



TABLE 3
PLAGIOCLASE-LIQUID DISTRIBUTION DATA:

NATURAL LUNAR BASALYS

feldspathic lowsTi mare high=T1 mare
1 A 2 3 3 4 5 §
WtX -1 68415 (103 Angg}* 14330 15555 15065 12038 70017 750357
s10, 5.3 A5.7 48,27 45.8 461 46,56 1.1 k1.6
?iﬁa .35 .38 l.27 3.26 2.53 3.31 10.3 0.2
A1203 a8.7 28.0 20.26 10.8 1. 12.53 2.99 2.75
Crp0y .1k .18 .20 .29 .31 W27 T .31 27
Peld 3.69 .12 .11 20.0 20,1 17.%85 18.5 18.5
M¥ed .4 4.98 7T.76 E.Th 5.55% 6.171 6,44 6.16
Fnl - - .31 .32 27 - 30
Cad 16.3 16.0 12.25 11.7 1.8 1.82 11,3 11.5
KEU A2 W13 W81 - - 07 »05 -
Na,0 -5 Bk -55 15 ¢ L7 .68 .28 .48
Sum 100.4 100.6 99,48 9B.0 97.7 59.99 ge.T 98.8
atomla
Fe/Fe + Mg «31 .31 3% 66 B7 58 52 .53
op ~1h25®  <calioo®c a1325°  1150°  1:7°  1160°0 1M® 11370
avg. mole %
Pelp T L0k .08 +16 .40 .35 .25 W32 . L3k
Mz0p 20 «35 - 45 .38 .30 .50 +68 .54
#Sample may contain unmelted opr xenperystal material-—&ngg
i, Walker et al. (1973) 4. Longhi et al. (197H)
2. Walker ef al. (1972} 6. Walker et ai, {1375)
3. unpubliFRed experinental duta 7. Blgzar et al. (1971
4. Compston et al. {1671}
TABLE 4
PLAGIOCLASE-LIQUID DISTRIBUTION DATA: PLUTONIC ROUES
e Junar ferrestrial
Pink-spinel froctolite Skaergaard Skaergaard Ardnamurchan
Moie % 87435 65785 . LZA LZ-MBG _eucrite
Feoal 5.0 1.8 2.7 17.2 18.6
M20gy 60.9 55.8 51,9, 48.7 A46.6
Feo,” 5.0  10.8 17.3 12.0 3.7
rgo 20,0 18.4 8,91 10.4 9.59
“?eQ“L - - 20,8 18,4 18,4
N i 4
¢ 127093 1z00°" 1200° 1260°
"FeO™, .05 .33 .29 .63
HsOP 17 06 N1 08
1. Olivine preceded plagloeclzse in 67435, bubt orystalliszed after plaglcclase in 55785,

see table & of this study.
Walker gt al. {1973).
Estimated,

henpe the actual FeoL and ¥g0; are taken to be the average of the computed values.
Caleulations based upon egustions of Roeder and Emslie {1070) and Longhi st 23. {(3975)we



TABLE & . TABLE 6

PISTRIBUTION CORFFICIENTS YEMPERATURE DEPENDENCE OF DISTRIBUTION COERFICIENTS
Slole Fracbion log K » 'F%‘K' + B; r = gorrelation coefficient
Fa M Pa® Mgd Fa-Hg o
Koor  fpon fpar Fpan Feo K A B r
Lunar . : kS, 1216 2.265 .48
Basaltic K“S; 1255 1.787 .50
Tou~T4 020 Lo .656 12 45 N
. Kog g 2818 1.212 .97
high-Fi G20 861 _.075 25 W33 1 ,
. K 2616 1.825 .95
Platonlo
{p,8.70.}) L0086 .009 .03 L0% o7
Terrestrial .
Basaltic L0588 O .18 13 1.4
4,008, +,003  +.02 .03 4.3
i
Plutonie 025 .0063 5,2 tonghl et al., (1975)~~low-T4 olivine-liquid paira.
Synthetic -033% . 065 072 14 51

+.010 4.016  $.017 .  #.02  #,13
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AB3TRACT

The Apollo 12 ollivine bagalt sulte shows a strong positive
correlation of grain’size with normative olivine content.
This correlation 1s interpreted to mean that the sulte of samples
represents the basal portion of a cooling unit which differentiated
by simple olivine settling. The grain size of plagioclase
observed 1n the coarsest samples indicates the cooling‘unit
may have been as much as 30 meters thick, The amount of
clivine concentratlon observed in the sulfe is quantltablvely
internally consistent with simple olivine settling 1in a
magma body of this size which has the compesitlon of the chill

margin,

INTRODUCTION

The Apollo 12 olivine basalts form a coherent group whose
major element chemistry can be related by olivine fractionation.
Sufflelent petrography and experimental petrology information
exlsts to meke a detailed analysis of the differentiation process
of the magme body (or bodies) in which this sulte of samples
formed. This analysls 1c based on a simple model of gravitative
ollvine settling. Quantitative Input for the model calculations
comes from crystallization experiments at controlled cooling
rates on one of the members of the suite.  These
experiments quantify the cooling history and the physical .
propertles of the magme Auring solidificallon. It is the

purpose of this paper to show the relatlon between the cooling



hiztory, differentiation, and petrographle features of this
sulte of oliv}n; bagalts. Normative olivine abundanse 1z tho
principle index of differentiatlon and grain size is the prin-
clple feature related to cooling history in our dipeussion, )
80 our task is %o explain the sbromg posibive correlation
between olivine abupdance and grain size whiech 15 observed

in this suite.

CHEMISTRY AND PETROURATHY
‘A sub~group of the Apollc 12 samples--the olivine basaltsa,

pierites, and gabbros~-has a major-element chemical variation

which ean be deseribed to a good approximation by sn addition or

suht?action of olivine of about Fo7u {Kushiro and Haramura 19713

Compston et al., 197%1; James and Wright, 1972}, OGreen et al.

{1971} showed that the liguidus olivine of the leaat clilvine-

normative member of the group {i.es,, 12000} was of aboubt this

copposition whereas the liquldus ollvine of the morL oliving—

normative members was significantly more magnesian than any ollvines

actually observed in the suite. This led to the corcluaion that

the less oiivine-normabive members of the suite reppesented

1igquid mazma compositions inbo which liquidus olivine aceumulabed

toform the rest of the sulte~-a conclusion compatible with thé

observatlon that 12009 {the proposed magma composition) had a

vitrophyrile texture indicating quenching from a melF. Grove
et al. {1973} and Welker et al. (1975) also support%d this
econclusion from work on 12002, & pierite near in coTpssition

to 12009, ]

Table 1 Liasta the normative olivine abundance for rocks
in thils suite taken from published chemlcal analyées. Normative
olivine varies by more than a factor of two. Modal data collected
on 1 to 3 sections of each rock are also listed. The correspond-
ence of modal and normative olivine is acceptabls for samples
12009, 12075, 12002, 12040, and 12035 but is quite poor for 12004,
12020, and 12018 which show too little modal olivine relative to
the norm. Misidentificatlon of pyroxene for olivine 18 not
thought to be the cause of the discrepancy because Fames and
Wright {1372, Table 13} also record this discrepancy for 12018
put not for 12020, This supgpests that there may be significant
heterogenelities in the distribution of the olivine phenocrysts
in thege samples. This 1s also sugegested by the large range
in the chemical mode for 12004 in Table 2A of James and Wright,

Figure 1 shows a serles of photomierographs of textures of
roeks 4n this suite, The photos gre arranged in order of
increasing plagloclase grain siza and & veéy ohvious relation
to normative olivine content 1s apparent. The coéraer samples
are more olivine-normative. Sample coarseness 18 determined by
the graln size of the groundmass mlnerals. Although the ollvine
phencerysts show & very limited range of size, there is a system-
atle variation in their habit, In 12009, the viirophyre, the
olivine phenocrysts are euhedral to eunedral-skeletal. As the
samples coarsen the ollvines become subhedral and loge all
distinctlon as phenoerysts in the cearse-grained, holocrystalline
gabbros. Pyroxene phenocrysts become équally lndlstinct in the

coarse-grained gabbros and they avre also gbsent in the vitrophyre.
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Since pyroxenes are present hoth es phenceryst and groundmass
pinerals and therefore show quite a variety of morphologies

and sizes in a singls sample, groundmass plagloclase is pre-
ferred as an index of sample coargseness. Table } ligts the
average width of the largest plagioclase laths chserved 1n thin
section. The silze variles by almost three orders of magnltude
and it can be seen that there is an excellent corprelation of
plagioclase size with normative olivine content. This is shown
graﬁgieaigg ihwﬁigure 2. Plsgloclase size 1s & uselul parameler
of coarsenéss since it i3 more easily qusntified than pyroxens
size. [Furthermore, groundmass minerals grown after magma
emplacement, such as plagloclase, are not as likely (as intra-
telluric phenocrystd are) %o be dlstributed according to size
during magma Tlow; and hence they are prabably.a better index of
aooling history after emplacement.3 The two minerais give generw-
ally similar ordering of ccoarseness by "eyeball" as camr be seen
from the study by Hodges and Faplke {(197%) who 418 not use
plagioclase size specifically. Thelr coarsensss opdering of §
s;mples reversed only the adjocent pailr 12075-12004 relative

to the present saquence of 8 samples.

The fact that the chemlatry of the samples can be related
by olivine addition 13 zssumed bo mean that the samples are
genetically related In this way. The specific composition of the
magma will pe taken up below. The attemht to reconstruct this

sulte of samples within a single magma body runs ccunter to some

current thinking about -dunar petrogenesis. Previous petrographic

shudies by James and Wright {1972) and Warner (1071) have tended

to separate the coarser and finer grained samples with the implii-
cabion that they have a separate genegis. An exception to this
approach i3 the study by Hodges and Paplke (1975). I% is per~
haps the evidence from minor elements which in the past has mosat
strongly suggested that any simple story implled by the correl=
ation of petpography and major element chemistry ls misleading.
For example, Compston et al. {1971} showed that olivine [raction-
atlon alone cannob relabe all the samples since ab least.three
@ifferent subgroups of the sulbe san be recognized on the pasis
of Fo/8r and inibial o7sx/0sr. Purthermore, R. A. Schmits
{personal communication) has pointed out that at least three
subgroups, which csinnot be related by simple olivine [ractlions~-
tion, are pecognizable on the basls of Lﬁém ratio. These group-
inge are ndt the same as the Wb/Sr ones. It would appear that
these arguments are very powerful and that it may be necessary

to sbandon the notlon that the whole sulte Is part of the same
gpooling unit. However, it should be noted thalb substantial
isotopic inhomogeneity has been veported In Sy in a single recent
terrestris) basalt flow (Laughlin et al., 1972) which is pre-
sumably related Lo cryptic contamimatlon. If such processes
supplement olivine fractionation as a control on minor-element
and isotoplc chemistry in the lunar ease, then il may not be
necessary to abandon the idea that the samples ave consanguinous.
It 13 worth noting that even if the samples are not consanguinous,
the process we shall explore here would have to occur In ¢ach of
howWever many magma bodies of the same maJor-elemen; sompogltion

are required by the minor-element composition. Separate bodles



qf different major-element composition would not provide g
plausible explanation of the correlation of petrography and chem-
istry since the simple gravitative settling process 1s quite
sensitive to magma composition. Although we eannot exclude the
possibllity that some othér process may be responsible for the
correlaticn we intend {o show that simple gravitative settling

provides a quantitatively internally consistent explanation,

CRYSTAL SETTLING

Ye have done an experimental study of the erystallization of
compositlon 12002 at controlled cooling rates (Walker et al,.,
1976@). It was possible to speeify the cooling history of sample
12002 at varlous points in its crystalllzation by comparison of

petrographie and experimental olivine nucleation density, pyroxene

"swallowtall" spacing, and groundmass graln size. We concluded
that 12002 cooled through its liquidus (-1325°C) at .0.8°C/hr.
and that the cooling rate subsequently decreased, so that abodb
2 months elapsed before the rock reached 1000°C. From this exper—
mental work, the composition of the residual 1liquid and the degree
of erystallinity are known as a fuéction of temperature as are the
sizés, shapes, and compositions of crystals which grow. From.this
information, viscositles, densitles, and erystal settling veloei-
ties may bg caleulated as functions of temperature., This calcula-
tlon is more practlecable in the lunar case than in common terres-
trial circumstances slnce there is no H20 present and negligible
Fe203.
v
the result, and their values can only be estimated in terrestrial

The presence of either can have a considerable effect on

magmas., Integration of the settling velocity over the time period

of the coocling history glves the distance some mineral is eapable
of settling. This measure of_crystal moblility can be used to
check whether the Apollo 12 olivine basalts can be genetically
related by olivine fractilonatlon in & magma body with cooling
properties commensurate with the obseérvations on 12002,

Table 2 lists the experimentally determined compositions of
the residual 1iquid in 12002 as a functlon of temperature. Values
at 50°C intervals were interpolated from graphs of composition
versus quenching temperature. (Trends in the residual liquid
coypositions were very simlilar for all experiments cooled at
<50°C/hour.} - The densities and viscositles of these residual
liquids have been calculated according to the models of Bottinga
and Welll (1970, 1972). Some caleculations, however, require
extrapolation of density and viscosity to lower temperatures
{<1200°¢) than those covered by the models. In these cases the -~
density and viscosity were caleulated for the particular COmpos~
ition at high temperatures and extrapolated to lower temperatures,
Density was taken to vary linearly with temperature; the natural
logarithm of viscosity was varied linearly with inverse tempera—
ture. The denslty extrapolation involves }elatively small changes
in value and, therefore, probably small eréors. The Ahrrenius
extrapolation probably tends to underestimate the viscosity at
lover temperatures, thus leading to overestimates of settling vel-
ocitlies. However, as shown below for pleritic liqulds, most of
the settling 1s over by the time the body has cooled to 1200°cC,

30 these errors are talten to be minimal here.



The density variation of the regidusl llquid ls quite amall,
decreasing from, 3.29 to 3,26 g/oc between 1350°C and 1050°0.
Evidently the change in chemlatry favoring decreased density is
nearly compensated by thermael conbtraction. The variation in.
viscoslty (Figure 3) from -~l0 polse near the ,liguidus to more
than 1100 poige neay the solldus is guite dramsatic by sontrast.
Also shown in Flgure 3 as functions of tenperature are the degree
of eystallinity {$) of 12002 astimated optically and supported by
crude chemical mass balances, the maximum silze of olivines and the
density of the ollvines based on average core and vim compositlons

The settling velocity (Vb}_of a sphere in 2 ligquid is glven
by Stokes' Law as .

8 9n
where g 1s the acceleration of gravity (1.563 m,/sec2 on the moon},
v 1s the radius of the sphere, &p is the density difference
between the sphere and the liguid, and n is the viscosity of
the ligquid, Using this formulsa, settling veloclities of olivines
can be ecalculated as a funetlon of temperature for the data
shown in Figure 3. The results of'these saleulations are shown
in Figure 4 where the temperatures are put on the time axls in 2
manney appropriate to the cooling history of 12062. The
settling veloclty rapidly increases with decreaslng
temperature {rom the liqutdus to ~125h°c in response to
the ?2 dependence of wvelosidy on increasing erystal slze,
At lower temperatures the crystal has nearly attained ;ts

maximum size and the effects of logarithmically Increasing

10
viscosity cause a rapié decrease in sebttling veloscity. The
ares under the settling veloelty curve correspoﬂds to the
total aistance the growing crysial sebtles, which in this
case 1z ~16 meters.

Thig simple caleulation by Sbokes'! Law i not directly
applicable to cooling megma bodles which are suspenslons of
non-spherical crystals. Shew (1965) and Shaw gt al. (1968)
Giscuss some of the problems welated to setkling in silleafe
liguids. Shape factors (XK} developed by McHown and Malaika
{1850} cgn be used to correct symmetrical shapes for deviations
from spharlelty, However, for the case of nearly eguant
2livines produced at siower cooling rates no subsitantlal sore
rection is needed (K = 1). The fact that crystals are settling
through & suspenslon of other erystals intvoduces non~trivial
changes which.are 4ifficult to treat exactly. The viscosity
of a pure liquid will be significantly different from that
of & suspension of particles in the aamé 1iguid., FRosooe (1352}
has extended the Einstein model for the bulk viscosity of a
suspensionn to the zase of unegual grain-size distribution.

When this model 1s applied to Stokes' Law, equation (1) becomes
2
- 2ErS{As) 2.5
Vg = —5—————%“ {1 - 1.358) {2)

where VRE is the Roscoe-Einstein settling veloeldty, K is the
shape facter and ¢ is the depree of crystallinity. VWhen
equation (2) 1s integrated over the copling time there is a-

sharp decrease in the sebtling distance {relative to the simple
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Stokes Law Saloulation) %o 5.7 meters as ghown in Flgure
4., 'he presence of guspended crystals ralses the effective
viseosity and impedes settling. ] :
An empirlcal expresaion for the settling of particles
in & suspension has been developed by Lewls, G1lliland.and
Bauer {1940}, When this expression is applied to Stokes!®
Law, equation (1) becomea
4
2geiAp) 1 oy 4. 65
Ve = “om A A9) (3)

where VLGB iy the Lewls-Gllliland-Bauer settling veloclity.
Bguation {3} is probably a more correct model than (2},
since (2) is based upon the effsctive bulk vissosity of the
suspension, rather than the effectlve viscoslty experienced
by a particle in the suspensioﬁ. Bowaver, when VLGB %]
integrated over time the settling distance is 4,1 meters,

which is not very different irom the inbegration of vRE

(5.7 meters}., Thus we take the distapece whieh olivine
erystals may settle im a 12002 meld during the deduced
cooling episode to be approximately § meters,

Thig estimate of .5 meters is based upon & coonling
rate whieh is intially 0.8°C/hour hut progressively slows
down and upon olivines whiech nueleate ab the llguidus and
reach 2 mm maXimum dimensions. If the cooling rate is asaumed
to be a constant 0.8°C/hour, the settling distance based on
VRE changes from 5.7 to 5.3 meters. If the Initilal coonling

rate is increased to' 1.5°C¢/hour, the settlling distance
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based on th drope to 2.7 meters. Obviously hhg ecalceulation
ig much more sensitive to changes In the Inifisl cooling
rate Lhan to changes in the {oram of the coonling curve
hecause most of the settling occurs during the infitial
cooling of the magma. The caleulatlon 1s also very sensiw
tive to the size of the olivines. Few crystals in the
natural spesimen atiain dimensions of 2 mm. Host olivines
have & maximum dimension less than 1 mm. The smaller
eryatals have a computed settling distance of ~1 meter.

It 1s elear that for the sort of ¢ooling history inferred
for 12002 the olivine crystals should have sunk out of

any hand speeimen-sized volume of welt in which they
nucleated, no matter whish caleulation scheme is used.

An entirely different conclusion is reached wheii the
calculations-s;mulate the cooling of the vitrophyre, 12009
{Donalidson et a2l., 1975). Here the cool?ng rate after
eruption is more wneertain {L500°C/hour}. The olivines
are platy and skeletal, which requires alterabion of the
shape lactor (XK' = 2) and density terms (Ap' = 4Ap/2).

Strong compositlon gradients in the liquid make 1b

difficult to estimafe a meaningful value for the

vigcosiby. Howewver, sven with these aneerbalnties the
naghitude of the asettling édistances ranges only from 1 to

3 mm. Obvioualy these alivines do not settle out from thelr
asites of nuclecation and thus according to these saleulations

ploritic liguids may certainly be preserved at very fast
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eooling rates.

Another indication that these calculations glve reasonable
results in limiting cases can be QOund by caleulating settling
distances for pyroxenes in 12002, Bxperimentally grown pyro=’
senes did not attaln the dimensions of the natural pyroxenes
50 a representative maximum dimension of 2 mm was taken {rom
natural pyroxenes in thin section. An inferred size versua
temperature plot is shown in Figure 3. For the e¢ooling history
of 12002, pyroxene settling in 12002 would smount e 3 to 5 om.
The results of the settling calenlation appear in Flgure i,
Pyroxenes would not be expeated to gettle far from thely sites of
nucleation, Whatever minor loss did occur from a partlcular
volume would be readlly coﬁbensated for by pyroxenes settling
tnto that volume Urom above.® The great conprast bebtween Lhe
settling distances predicted for ollvines and pyroxenes 1s a
result of the very large settling veloclties of ollvine near
1300°C where viscosity and erystaliinity are low, whereas
pyroxenes hegin to grow and sink only afber viseceslty and
erystallinity are substantially ineresased. As a result we
should expect to find in the 12002 magma body couslderable
vapiation in the bulk rock chemistry as a result of -olivine

movements but 1ittle with respegt o pyroxens. We noted above

$(Similar calculations also indicate that mobility of metal
spherules, splinel, and plagloclase 1z very limited as a result of

the small orystal sizes and large % in the cass of plagloclase.)

1k

that the major-elewent chemlgtry of the olivine basalt sulte
13 described by olivine control without signiflicant pyroxensg

covarlation. Apparently, simple olivine settling ls at leaat

gqualitatively conslsbent with the differentiation which occurred

4n the naturel magma both on the basis of chemistyy and the
experimentally determined physical properbies of the magma.
The previgus discussion has served bo illustrate crystal
gettling caleuwlaticons but must be substantlally modified to
ealeuiate quanbitatively cifferentiation by clivine settiing.
This is because as the orystals move they encounter new
environments which are coollmg more rapidiy or more slowly
than where they started. (The settling dlstances are
iarge relative to hand specimen size,} We are required to
consider more'than Just the ccoling history at one point. To
de this we mus; noy lnvestigate what can be sald of the
gize and eoolling history of the magma from which the samples
¢ame, and the probable samplé distributién ¥ithin that magna
body.

-

MAGMA BODY OHARACTERISTICS
An imporbant conclusion about the sulte of samples can be

dpawn From considering the implications of the gtyrong pasitive

covpelation of normative olivine with plagloclase grain size shown

in Figure 2. In a magma body which dlfferentlabtes by crystal
seftiing, olivine accumulaes abt the bottom and is depleted

at the top of the cooling unit. Cooling by heat loss to the
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surroundings 1is more rgbid at the margins and leads to a finer
grain slze at the margins relative to the interior of the body.
These polnts are schematically indicated in Figure 2 for a thiq
+ magma body, e.g., flow or sill. Notice that only in the bottom

portion of a cooling unlt can one find a positive correlation

of grain size and olivine abundance. The polnt is well
1llustrated 1in terrestrlal examples such as the prehilstoric
Makaopuhi lava lake which has been deseribed by Moore and Evans
{1967, pp. 208-9). A question of some importance which this
model must then face is: what hag happened to the top of the
mapgma body in which the apollo 12 olivine basalts were generated?
We will show from Settling calculatilons that a substantlal por-
tion of this missing material will be depleted in olivine and
have the composition of a cotectlic residual liquid. O'Hara

et al. (1975) have repeatedly pointed out.the quantitative
importance of cotectic residual llquild composition as a soll
constituent. Perhaps the soll 1s the sink for this missing
material. A possible explanation may be that meteorite impact
selectively degrades the top portions of thick, differentiated
plerite flows. Only the basal seectlon (including a lower chill
margin and some of the olivine cumulates) survives as samples
large enough to be returned as hand specimens. Whether this
degradation occured 1n the time interval between flows at the
Apollo 12 site or in the -3 b.y. since the last flow there is
conjectural. The answer to tpis question depends to a ceprtaln

extent on what the stratigraphic order of flow types is
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inferred to be and on the rate of soil production.

It should be noted that another mechanism is khown for
produéing a positive correlation of‘olivine abundance with
graln slze. Drever and Johnston &1967&) have noted this
relationship in some terrestrial s1lls where the correlétioh
ineludes the top as well as the bottom of the coolling unit.

If this situation applies, rather than the one analgzous to

the prehistorle Makaopuhi lava lake depleted in Flgure 2, we
are spared the embarrassment of finding the missing top of the
Apollo 12 magnma body. However, these cases are clearly related
to magmas which were emplaced with substantizl proportions of
intratellurlc phenoerysts since all parts of the body are more
enriched 1n olivine than either the top or bottom chill marging,
unlike the Makaopyhi case where the top of the lake is depleted
in ollvine relative to the chill margins. Bhattacharji (1967)
has shown experimentally that 1ntratellur1c.phenocrysts may

be concentrated in the interlor of flows and sills, relative

to thelr chill margins, by flowage differentiation. Furthermore,
Simkin (1967) has shown that the flowage differentiation mechan-~
ism 15 responsible for the distribution of olivine in the
intrusions such as those 1llustrated by Drever and Johnston
(1967a) to a much greater extent than simple ollvine settling.
An important feature of bodies in which ollvine is distributed
by flowage differentiation rather than simple settling 1s that

olivine abundance correlateds with olivine crystal size (in

addition Lo the plagioclase graln sizZe which is not controlled

4004 SI IHvd TVNIDIE0
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by Clowage differentiation). ‘This 13 cleariy seen in Simkin's
{1867} profiles and 1s spectacularly sketched by Drever and
Johnaton (1967h). Olivine grain sise variations of thiz
magnitude {factor of 22-3) are net seen in the Apello 12
plerite sulte and what little variation 1s présent does not
correlate with olivinz abundance {(Table 1}. Thils suggests

that we are not dealing with rlowage differentiation in the
Apollo 12 picrite suite. Furthermore, it will be shown below
that settling weuld substantially modify a hemogeneous lnitlal
distpibution of intratelluric phenocrysts in an Apolle 12
plorite magma 0 that the final distribution weuld he quite ~
unlike §hat ¢bgerved. An inltial dlstribution of phenccrysta
econcentrated toward the body center such as produced by flowage
diffeventiation would make the resemblance even poorey, Sample
12009 was exsmined by Drever et al. {1972) for preferred
arientation in its olivines such as might be expected fron
fiowage differentiation. This quenched semplé would bes the
most likely place Lo preserve such effects withouds later
reorientation by settling., They did not regard thelr results
as indlcating any significant effect, We conclude the flowage
dlfferentiation model probably does not apply to the Apolle 12°
plerites and will proveed with the sinmple settling model.

If this sulte 13 a sampling of the Dottom portion of &
cooling unit, two rather important conditlons apply to the
history of the sulte. The heat loss leading to solldiflcation
wag prinelpally through the adjacent magma bottom; and, as 2

result of cooling Prom below, the lower porbtlons of the magma

i8

.

bady were gravitationally stable with respest o cénvectiﬁn
which would, then, not oeour. Thege {wo conditions allow cne
to proceed with simplified theymal caleculations—-a conductive
boundary {rather than {fixed temperature or radlative surface
appropriase to a flov top) may be uged and convection may be
neglected to a first approximation,

We may use the experimentally determined cooling history
of sample 12002 to calewlate how much insulation is necessary
to hold this cooling element of magma fo & certain initial
cooling rate, i.e., how far away from the basal surface of
heat 1oss the magma element must be to have that cooling rate.
Estimates of the distance from this nearest surface of heat
logs can then form the basis of an eatimate of the dimensions
of the magma body. Any perburbations lintroduced by surfaces
of heat loss other than the neayrest one will inerease the
eaoling rate, If there are two surfages af heat loas com—
bining to give the observsd cooling rabe then those surfacss
must be farther away to be squivalent in cooling power to
a single surface of heai loss. Thersfors, sssuming only one
nearby surface of heat loss {(the base) and assigning all the
conductive heat Ioss Yo that surface forms the basis for a
minimum estimate of magma body size. The single-surlace
spproximation will only be valid if the other surfaces of heat

los5 are several times as far away as Ghe nearest one.
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Therefore an estimate a few times the distance to the nearest
surface of heat loss can be taken as a minimum estimate of
the dimensions of the magma body.

An analytical treatment of thls case which considers
heat of fusion as well as a finite melting interval 1s due to
Jaeger (1957}, who improved upon the treatment of Winkler
(1949), The solution for the, distance from the base (x)

has the form:

= (1]
x / (_E) )
at

v

where £ 13 a proportionality conétant given by a rather
compllicated expresslon involving the temperature range

of solidification and the ratios of thermal diffusivities
of magma and country rock. The diffusivities of magma .
and bedrock were taken to be the same {0.01 cmz/sec) e{ceﬁt
that the magma liberates latent heat of fusion (80 cal/gm)
over a range of solldificatlon from 1325-1000°C which glves
an effective diffusivity of the magma of only 0.0054 cma/sep
(viz., Jaeger's equation {1) on p. 307, 1957) for a specific
heat of 0.29 eal/gm.deg. The bedrock was Laken to be
initially at 0°C. To solve (}} for x, the value.of the

20

ecooling rate (%%) determined at the liquidus from olivine
nucleatlon density of -.0.8°C/hour was used (Walker et al,,
1376a). This value applies to the first 50°C or so of
cooling (Walker et al., 1976b) and gives a value of £ 4n

(4) of ~1.7°c-cm2/aec when combined with the other constants
above. The result 1s that 12002 18 calculated to have
erystallized about .90’m from the basal chill margin.

It i3 lnstructive to apply this same approach to the
vitréphyre 12009 to determine its distance from a cooling
surface, Donaldson et al. (1975) noted on the basis of
erystal morphology and texture that the cooling rate upon
eruption may have been greater than 100°C/hour. Walker et
al, (1976a)'auggested the rate may have been as much as
500°C/hour. Uslng these cooling rates‘and the thermal
eonstants used above, adjusted for the lower liguildus
{1250°C) of 12009, one calculates that x 1s 3-7 cm. Sample
12009 then is clearly part of the chill margin of its MEEME

body, a conclusion_in gcecord with 1ts petrography.

It may be concluded then that the magma body of 12002 must

have been several times a meter thick in minimum dimensions
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by as much ag 8 factor of 10 during the solidification {which

. 2l might teke a month or two)., This was based on extrapolation
according to the considerations discussed above. We polnt of our experimental observations which were at cooling rates
out that this conclusion 1s not dependent on accepting the ' too rapld to cover all but the initlal stages of 12002 '
notion that the suilte comes from the bottom portion of & erystallization.
cooling unit. It 1s merely the solution that comes from a Additional iInformation on the cooling rates of the other
conductive boundary conditlon regardless of configuration. samples in the suite would fuvther our understanding of the
Analytical treatments which involve constant temperature . dimensions of the magma body. Unfortunately no dirvect comparison
heat~loss surfaced are also available {e.g., Carzlaw and of these samples with controlled cooling experiments is yet avail-
Jaeger, 1953, chapter 11) which would be appropriate to the upper able, principally because the coarser samples require longer to
surface of a lava flow. We find that this treatment places 12002 cool than is presently feasible experimentally, BExtrapolatlion of
about 2,5 meters from sueh an exposed supface. 12002 was our experimental olivine nucleation density and pyroxene "swallou-—
caleulated to be closer to the conductive surface because tail" curves which indicate cooling rate is not useful since much
the insulating country rock in such a configuration produces of the olivine in the coarser samples i3 cumulus and the coaprser
the same cooling rate with less intervening solidlifying magma pyroxene morphologies do not have recognizahle "swallowkalls. !
to act as an_insulator.~ In either situat%on the 12002 magma Fortunately, some progress can be made on the probilem by
body must have been at least several meters thick., It could considering groundmass plagloclase graln size,

be much larger also.

! GRAIN SIZE, COOLING RATE, AND MAGMA BODY STZE
An important coneclusion of our experimental study of ;2002

Although there are many complications whileh perturb the relation
(Walker et al., 1976a) was that the coclling rate decreased

of grain size to coollng history and hence distance from the margin,
with tlme during the solidificatlon. The thermal calculations

. sufficlent terrestrial obzervations have been made to allow some
Just deseribed also indlcate that the cooling rate should

cautious statements about the connectlon of the plagloclase grain
decrease. Specifically ror 12002 the cooling rate is caleulated

slze varlation in our Apolle 12 suite and the size of the magma body.
to decrease by a factor of 3 between crystallization of '

Figure 5 shows plots of mineral grailn size versus the measuped
liquidus olivine and groundmass and the solldifiecation is

distance from the margin of the body for a number of terrestrial ,
caleulated to take 3-U weeks for the given initial cooling v

ocecurences of different minerals. As expected, grain size
rate. We had previously guessed the rate might have decreased

coarsens away from the body margins. What, then, 1s the
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relationshlp that we may use to relate grain size t; distance
from the margin? To a first approximation the grain sige could
be consldered to be linearly related to distance from the margin;
however, if we consider the concavityltowards the distance axis
in Flgures 5d, e, and f to be significant we might wish to
formulate the relatien as followa;

size = xP (5}
where p 1s an exponent less than or posasibly near-one, It 1s
possible to estimate p from theoretilcal considerations as well
as from Figure 5. From equation (4) we saw that distance (x)
1s iInversely proportional to the square root of the cooling
rate. This result is actually qulte general and applies to
many solutions of the cooling problem other than the specific
one considered abové. The relation of ceoling rate and grain
slze 1s not so stralghtforward since it invelves a complex
interplay of diffusion, nucleatlon, and growth rates. However,
ve found experimentally that the spacing of growth instabllitiles
in pyroxene, for example, displayed a linear relation with
cooling rate on a log-log plot (Walker et al., 1976a, fig. 10).

The slope of the line was —%:

log (size) = —% log (cooling rate) + b (6)
which when comblned with () gives p = % in (5). We do not
wish to claim that exponent % 1s general or even sorrect. It
is consistent with the relations in Figure 5 but only marginally,

if at all, more so than a linear relation.
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The grain size variation of plagloclase in the Apollo 12
olivine basalt sulte may now be used to establigh limits on
the magma body size. Since we know the poaitlon of 12002 fr;m
experimental cooling studies (which give the eooling rate) and
heat flow calculatlons (which give the position for that cooling

rate) we can calibrate equation (5) for the suite:

plagslze in mm = ,004 (distance in cm?fa (7)
or

plagsize in mm = ,089 (distance in m) (8)
depending on choice of exponent. The parallel studies on 12009,
the vitrophyre, afford a cress check on which exponent is
appropriate. Using (7) and data in Table 1, 12009 1s caleulated
to be % em from the margin; and using (8) the distance is 2% em.
It would seem that (8} the linear relation, gives slightly
better internal consiatency. Lane (1903b) suggested theoretical
reasons why the relation might be linear 1f equation (4) applies,
We adopt (8) which glves the most conservative pize estimates.

The coarsest samplss represent those rufthest from the

base of the body and they are calculated to be -1l meters from
the base by (8). [The distance would be .38 meters by (7y.1
The magma body must be at least a few times this distance in
thlckness zo that heat loss from the top surface dees not
eontribute to a more rapild cooling history Lhan implied. The

coarse gabbros come from a magma body that was probably at least

30 meters in thickness. Although flows of this thlckness are

known (Schaber et al., 1976) there is also evidence that lunar
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lava flows are commonly thinner. Brett (197%5) summarized this
evidence and érgued by similar reasoning conneeting chemical
kinetie and heat flow data that most lunar lava flows were
probably less than 10 meters in thickness. Although no

kinetle data on these coarse gabbros was avallable to Brett and
hence there is no direct conflict, coarse gabbros from Apollo

15 gave solutilons placing them in surprisingly thin flows

{e.z., 15065)., An analysls based on plagloclase graln size

would probably place them in, substantially thicker flows.

Brett's anﬁlysis was based on Zr partitioning between ulvBapinel
and 1lmenite which Taylor et al. (1973) have shown to be related
to cooling rate. The temperature range covered by this analysis
is large--down to 850°C., Winkler (1949, p. 563) roted that when
temperature falls substantially below the temperature of intrusion
(e.g., to 850°C here) cooling rate differences across an intrusive
are small. If the Zr partitioning is responding well down to
these subsolidus temperatures then the reason coarse and fine-
grained samples give similar cooling rates by Ir partitioning is
understeod. In this case, cooling rates determined from features
developed within the solidification range will be a more reliable
indicator of positlon within a magma body than features developed
in the subsolidus. Therefore we tentatlvely prefer to use the
analysis based on plagleclase grain size even though 1% implies
substantially thicker mzgma bodles than previous studies
indicated. Recognition of uncertalnties, especlally those

assoclated with possible boundary conditions such as layers of
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s0il of low thermal conductivity, may meke the results of the
different ecalculatlons more eompetible, Table 1 1isks
distances caleulated on the basis of equation (8) and these

are used in Figure 8.

MAGMA DIFFERENTIATION

We now wish to explain quantitativély the dlatributicon of
olivine in the Apollo 12 olivine basalt suite on the basls of
gravitative olivine settling into the bottom portion of the magma
body whieh the suite of samples represent. The explanation will
be satisfactory if it can produce the curve of Plgure 8 whieh
glves olivine concentration as a function of distance above the
base. The simplest interpretation of this curve is that 12009,
the vitrophyre at the chill margin, represents the magma bulk
composition in which the accumulatlon has occured. In this
interpretation 12002 would be a phenocryst-enriched liguid

rather than a llquid composition.®

#The amount of cumulus olivine suggested from Flgure 2 and
Table 1 is about 9% based on an average normative olivine
content for 12002 from two 4dlifferent analyses., QOur analysis
of 12002, 57 (the sample crystallized experimentally) suggests
that it has only H%% more normative olivine than 12009. The
difference in analyses may reflect heterogenelty in olivine
phenocryst content as noted above for 12004, Furthermore, from
the data in Table 1 of Walker et al. (1976a) it can be calculated

that 3%% of cumulus olivine in 12002 would explain Lthe difference
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Tt wlill be assumed that 12006 1s a betbter gulde o initial
wagma’ composition, This assumption and other alternstives will
be considered later.

Pne eploulatisn of olivine sebbtllng pr?files 1s done by
computer. A si?e 1s postulated for the magma body. At the
liquidua Semperature ollvine erystals are aliowed %o nucleate
at avbitrary even spac¢ings. The magma cooling is computed
and the crystals grow and settle. The zomputation for each
arystal stops when the veioei?y becomes negligible. The
olivine contentration in the final settling profile is compubed
by ecgsidering how clese the Tinal positions of the eryatal
are relative 4o their initial spacing. This follows the
convenient formulation of Pujil (1971). .

. Sebbling velocities are computed from equation (3). The
input parameters as a function of temperature abe determined
from the experimental work on 12002 as shown in Figurve 3:
Olivine radius iz not taken from Figure 3, which gives the
maximum experimental olivine sizes. Tnstead olivine was

allowed to grow o sizves representatlive of the olivines

in composibion between the experimental llquidos colivine (F0787
and the olivine actually present in the sample CFo?ﬁ). A Tew

percent cumulus olivine in 12002 makes 1little difference in the

cosling rate cited above since the cumulus olivine can be accounted

for by a few large crystals. The nucleation denality, therefore,

changes 1ittle; moreover, the conling rate estimate is rather dn-

senattive to nucleation density in this range of soaling rates.
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petrograpnically observed in the sulbe {rable 1} with a temp-~
epature dependence of aize as shown in Figure 3. Various .
sizes weres used, Algo, {or some calculatlons it was

assumed that olivine was present in suspension at the time ef
intpusion and sebtling of these phenoerysts, without further

growth, was calculated.
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For calculation purposes the mapma body was assumed to he
a flow with upper surface at 0%C and the heat flow solution of
Jaeger (1968) was used to determine temperature as a funetion

of time and position:

- 1 X+a 1 Ja-x X-~a
T =T {5 erf —= - % epf 22X _ gpp X8y (9)
°T T oax 2T ok 2/KE

where x 1s the distance from the mildplane of the fiow with
thickness 2a, T, 1s the extrusion temperature {12509 for a
magma with 12009 properties), t is time, erf is the error
éunction,:and k 1s the therﬁal diffusivity (0.01 cm2/sec).
This solutlon does not consider liberation of latent heat and
the thermal properties of the magma and bedrock ‘are assumed
to be the same. We shall see later that ?ertain results of
the caleulations allow use of a solution which does include
the effects of liberation of 1étent heat,

In order to make computing time manageable, but at the
same time keep the inal computed position of the crystals
numerlcally stable, it was necessary to make the time steps
in the lterative calculation adjustable. This is especlally
iﬁportant when the sinking crystal encounters a regime of
rapidly changing settling veloeity. The procedure adopted
was to compare the velocity at the start of a time step with
that at the end of the time step at the new, tentative, po-
siltion of the erystal. If the positions of the cerystal com-
puted with the different velocltles disagreed by more than
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500 mierons, the crystal w&a_not advanced to the new position
and the time step was halved until the computed positions at
the end of the time step differed by less than 500 microns,

If the difference in rinal positions was less than 50 mlerons,
the tlme step was doubled for the next step and beated again,
It was Tound that decreasing the maximum permissible difference
to 100 microns did not change the final calculated positions

of the cpystals.

Flgure 6 shows some calculated gettling profiles for a
gpectrum of magma sizes and for varioué different ultimate sizes
for the growing olivines. Olivine concentration is plotted as
& function of position In the bodles. One obvious feature of
these profiles 1s that larger bodies differentiate more than
small ones as would be expected since larger bodles cool more
slowly and allow more settling before solidification. For
6a and b where erystals grow durlng solidiffcation, a l-meter
flow cools too rapidly to experience any dirferenﬁiation
whereas a 6l-meter thick flow settles all olivine ouf of a
substantial portion of its interior. For the case of olivine
erystals growing to a maximum radius of % mn (6b) more settling

occurs than for a maximum radius of % mn (6a). The profile

. 1s thus very sensitive to crystal size. As we noted before

in the section on crystal settling, most of the sebtling
occurs at temperatures very near the liquidus, If the magme

1s extruded with a suspension of phencerysts already developed,
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the settling velocity 1s at a maximum at first extruslon
since these crystals do not have to grow to sizes large
enough to settle rapldly. Figure 6c shows profiles com~
puted for the case of phencerysts of % mm radius extruded
with the magma and allowed to settle wlthout further growth,.
There 1s cobvlously a dramatlc lncrease in settiing compared to
6a and b even though the erystals in 6b grow to larger size,
The profile 1s therefore even more sensitive to crystal size
near the extrusion temperatqre than to the flnal growth size.
One feature exhiblted by 6¢ and common to all the profiles
we computed for orlginal suspenslons of phenocerysts, is the
roughly linear slope on the portion of the curve near the
magma bottom. In some cases the curve 1s actually slightly
concave towards the concentration axls (e.g., Tig. Ta), This
behavior contrasts with profiles calculated for crystals grow-
ing during settling which are convex towards the concentration
axls near the magms hottom although some approach lineérity.
It is to be noted that the olivine concentration versus distance
curve for the Apollo 12 suite {(figure 8) 1s distinetly con-
vex towards the congentration axls. The simpleab explana-
tion is that this sulte reﬁresents aceumulatlion of crystals
which mostly grew after extrusion rather than accumulation of
a suspension of phenoerysts developed prior to emplacement.
Another feature of the profillies 1as that zones of extreme

olivine concentratlon develop complementary to zones completely
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devold of olivine. Since no provision was made in the cal-
culations to aveid mutual interference of olivine eryatals,l
these olivine-enriched horizons which develop are unrealisti-
cally thin and concentrated, An olivine concentration factor
of 5 1s probably about.the reallstic physical 1imit possible
and the curves are arbitrarily cut off there. No attempt
was made to estimate realistie thickness for these olivine-
enriched zenes since none appear to have been sampled {no
dunites) and our principal concern here is the section adja-
cent to the base and beneath the zone of greatest olivine
enrichment.

An important feature of the profiles in figure 6 1s obscured
by the presentation of many different magma body slzes on a
8caled distance coordinate. For any particular set of condi-
tions (e.g., crystal size, extruslion temperature, etec.) the
ollvine concentration curve near the magma bottom is independent
of magme slze., The curves for different size bodies overlap
until the curve for the smaller body elther develops a highly
concentrated zone or falls back to lower concentrations. This
feature 1s observed for every spectrum of magma body‘sizes

for every condltlon we caleulated. Two examples are shown in

-] &Vt
1

figure 7. This result is lntuitively plausible when one con-
slders that the settling which occurs near the margin will be
controlled by the heat loss at that margin, For regimes near
the margin this 1nitial heat loss 1s independent of the size of

the magma body. We have argued that the Apollo 12 olivine basalt
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suite does sample such & regime near the magme bagé, If this 1s

true then we can calculate tﬁe settling profile for the Yower
porticen of a magma body large enough to include the Apoilo

12 olivine basalt suite as thls lower zone with an analytieal

heat flow solutlon which includes the effect of labent heat.

We used such a.solution (Jaeger, 1957} in the discussion
above relating cooling rate to distance from the base, and
it’ can be applied here also:
o= TgTTY 4 TrTs enr (10)
- -y 2/K%

T, (1250°C) and Ty (1000°C) are the liquidus and solidus

temperatures; x is the distance from the base; t 13 the time;
it 1s the effective diffusivity of the magha when a latent heat
of 80 eal/gm is liberated uniformly over the solidification

range (here taken as 0,0048 cm2/sec); and y 18 a complicated

expression involving the solidification temperatures and ratio

of effective diffusivities of magma and country rock (with a
numerical value here of 0.546),
Settling profiles for the bottom'of a magma were then

calculated with this formula for o large magma thickneas
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in these models as compared to those which do not Hake latent
heat into account. The incluslon of latent heat undoubtedly'
glves a more reallstic result. Ue repeated the set of
ealeulations for a magma with 12002 physical properties
(TL=1325°C; k=.0054 cmafsec; y=.U56) to checl the relative
merits of the two magma compositions, The higher liquidus
temperature of 12002 with slightly more normative olivine
results in Increased settling for any partieular erystal
aize. (See curve 8¢.)

Alsc piotted in Figure 8 ls the Apollo 12 olivine basalt
suite. It 1s clear that the settling profile for olivines
growing to & radius of % mm In a magma with'12009 extrusion

temperature (1250°C) and composition gives a very good

description of the Apollo 12 olivine basalt sulie for the upper

part of the curve. However, the sulte seems to have coneen—
trated slightly more olivine in its basal members than would
be eXpected for a 12009 magma composlitlon. On the other
hand, a 12002 magma composition will concentrate too much
olivine in its basal section to be conslstent with the Apollo

12 olivine basalt oulte, This may indicate elther that the

(arbitrarily taken as 64 meters). These are shown 1in figure 8(¢a and b) . actual magma was Llntermediate hetween 12002 and 12009, that a

The conslderatlon of latent heat makes a noticeable difference small fraction of the olivine in a 12009 magma was present at
to the settling profile. Figures 6a and b show dashed durves the time of emplacement as phencerysts, or that some combination

calculated this way for comparison to calculabions without of these effects may have operated, In either case, the
latent heat. Settling and concentration at the base is enhanced deviations of the suite from the calculated proflles are

rather small,
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We conclude that simple olivine settling can glve a
quantitative, internzlly consisftent explanation for the
chemical and petrographle properties of the Apollo 12

olivine basalt suite,
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TABLE 1

APOLLO 12 OLIVINE BASALT DATA

42

12000 12075 12004 12602 12026 12618 1z20l6 42035
modal olivine 33.6 18,2 11,9 19.6 1%.3 4.1 24,6 2B.7
range of Fo
in ollvine 76~49 77~51 76-54 77-50 77-32 7649 67-k4 63-50
normative
ollvine
content 2.3 7.8 17.¢ R21.6 20.5 2%.% 27.4 36.9
mineral silze
in mm:

plagiociase .002 .0% .06 .08 W12 W16 46 .98
olivine .56 -7 .53 .12 .60 W63 .72 .51
distance in
meters above
base .02 .5& 67 .90 1.2 1.8 5.2 1.0

Average values from 1 to 3 sections of each rock. Samples used were:
12009,14; 12075,24; 12000,51; 12002,7,9, and 160; 12020,B and 15;
12018,6,77, and 793 12040,84 and 45; 12035,21 and 22.

Average of values from analyses reported hy:
Cuttitta et 21. (1971), Engel et al. {1971), Grove et al.

Compston et al. (1971),

TTo73),

Kushire and Haramura {1971), Ma¥well and Wiik (19717, Schoon (1971),
Table 10 of Jemes and Weight {1572} gives

and Willds et al. (1971).
a convenient compllation.

Calculated by equation {8) in the texat from plagloclase size.
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TABLE 2

FRACTIONATED RESIDUAL LIQUIDS

T°C 1350 1300 1250 1200 1150 1100 1050

siog 43.7 43.8 43,3 45.9 46,0 46.7 46,5

Ti0y 2.5 3.0 3.3 3.5 ., 3.8 4.2 4.5
Al,03  B.O 8.5 5.5 10.0 11..5  12.5 14,0
Cryp;  0.70 0,85 1.9 0.6 0.3 0.15  0.07

FeQ 21.% 21.3 - 2l.1 20.4 19.3 18,9 19.6

Mgo 13,5 1l.4 9,8 8.2 6.1 4.1 2.7
cao 8.0 8.7 8,5 10.1 10.8  1i.1 10,8
RaQ 0.05 0.06 0.07 0,07 0,08 0.09 6.10
Nazo 0.23 _ﬂ.27 .0, 30 0,33 0.36 .40 D.45

68,58 97.88 98,87 98.20 98.24 98,14 98.72

Residoal liquid compositions interpolated fxom expergpental
comparisons of residual liguids produced at cooling rates

¢ 50°C/houxr, K0 and Nase values necessary fox the viscosity
and deneity calculations are estimated from initial bulk con-

tent and degree of crystaliinity., This disequilibrium frae-
tionation trend may be compared to the equilibrium sequence

in table 1 of Walker et al. (1976a).

by

FIGURE CAPTIONS

Figure 1
Photomierographs in transmitted light. Numbers in lower

left of each frame are normatlve olivine contents from Table
1; in lower right are the section sample numbers. Arrows
indicate the progresslon away from the iInferred base of the

sequence and are 1 mm long. (All photos at same scale.)

Flgure 2

Averaﬁe plagloclase slze, measured as the wildth of large
laths, 1s plotted against average normative olivine content
from Table 1. Error bars indicate ranges from different
gectlions and different analyses listed 1in Table 1, Schematie
diagrams beneath indicate a positive correlation of these
varisbles may be expected at the botitom of a cooling unit
differentlating by olivine settling.

Figure 3
The varlatlon in physical propertles as a funcbiop of
temperature is shown for 12002 during crysballization at rates
leas then 50°C/hour. Liquid viscosity is calculated by the

medel of Bottinga and Welll {1572). Olivine density is
estimated from average olivine compositions. Crystal cize
is the maximum gbserved in experimental olivines. Pyroxene
slze is estimated on the basis of growth to a 2 mm maximum
size. ¢ is the degree of crystallinity. These values for

the physical propertigs are used to caleulate crystal settling
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velocities shown in Figure 4.

Figure Y
Calculated settling veloclty for olivine and pyrozene -

13  shown throughout the 12002 crystallization history &s
calculated by various methods discussed In the text. HNote
éhgt the veloelly scale for pyroxene is much expanded relative
to that for olivine: Areas under the curves are & measure

of how far olivine or-.pyroxene can settle. (These distances
are glven in parentheses after the symbol. Indieatling which

formula was used to caleulate the curve.

Flgure 5 .

Plots of linear dimenslons of minerals vergus their
distance from cooling surfacea. Llterature gources ara:
Lane {1903a), Moore and Evans (1967), Quenéau {1902), and
F..Walker (1%4%0). Queneau's data 1s plotted as the square
root of area reported, F. Walker's data for plagloclase
in the olivine diabase horizon of the Palisades sill is
indicated in separate symbols since K. R. Walker (1969)
has shown that this material {and what is adove) is invelved
in a secend magma injection which perturbs a simple ¢coling
nistory. Queneau evidently avolded this maberlal dn hisg
;nalysis.

Figure parts g, b, znd ¢ include data only from the
marginal facles of the solidified bodies. The plots are
more nearly linear than parts d, ¢, and { where the observatioqs

include material at the center of the body. The marginal

he

poitions of d, e, and { can be consldered approximately Yinear.
The curvature of plots 4, ¢, and f reflects the addltive
cooling effects of ﬁbth marging on the graln slze in the beody
center.

Parts a, ¢, and d include data from more thaq on2 gectlon
acrcay the bodles and indleabe the sort of lateral variaticns
thay may be found in a body. ALl the minerals complled here
are thought to have crystallized artgr magma emplacement (with
the possible exception of those in part ) and the patterns
here should not be influenced by {lowage differentiation

during magma emplacement,

Figure 6

Galoulated profilles of olivine settling for flows of
varioua thickness, Vertical posltion coordinate 1is scaled
for total thicknesgs whleh is indicated in meters by the
cirecled numbers. The olivine concentration scale on the
abscissa is relabive; unity 1s the Ilnitial value for each
of the magmas which are assumed to be homogeneous liguids
oy homogereous ¢rystal-licuid mixtures at time of emplacement.
Equation {9) glves temperature hlstory. Dashed curves in
lower portlons of 2 and b glve results from equation (19).
for comparison of effect of latent hest on a §4 meter thick
flow, Results dn a and b are for erystals whiech grov during
settling &2 contpasted to ¢ where phenocrysts of % mm radius
ire present at time of emplacement and do not grov during

settling.



Figure 7
Calculated profiles of olivine settling. Vertical

position coordinate covers basal 2 meters of flows, so only
the bottom of flows thilcker than 2 meters are shown, Olivine
coneentration scéle is same as for Pigure &6, Note the
colncidence of curves until curves elther indicate beginning
of deéleted zone or concentrated zone. Note contrast in shape

for the colncident portion of the curves, GCalculations for

olivines of constant radius present during initial emplacement (a)

are slightly concave downwards. Calculations for olivines

whieh grow durlng settling (b) are convex downwards.

Figure 8
Apollo 12 olivine basalt sulte is placed according to

data in Table 1 and equation (8), and compared to calculated
settling profiles. These profiles are for the base of a
large magma body and incorporate the effect of latent heat

by equation (10}.
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Trans. Am. Geophys. Un. (E®S), 57, 340, 1976.

SOLID SOLUTION AND PHASE EQUILIBRIA ON
THE JOIN ANORTHITE-SILICA

J. Longhi '

J. F. Hays (both at: Dept. of Geological’
Sciences, Harvard Univ., Cambridge, .
Mass. 02138)

Melting experiments have been conducted
with divitrified glass compositions along
the join anorthite-silica. Microprobe
analysis of the run products shows good
agreement of liquid compositions with
those determined by Schairer and Bowen
{Bull. Soc. Geol. de Finlande, 1947).
However, microprobe analysis of the crys-
talline phases shows significant solid
solution in both anorthite and sillca
phases. At 1485°C there is approximately
2 wt % excess silica in anorthite coex-
isting with liquid; at 1422°C the solid
solution increases to 5 wt % and reaches
a maximum of approximately 8 wt % at the
eutectic, 1368°C. There is also approx-
imately 5 wt % solid solution of calclum
and aluminum calculated as anorthite
present in cristobalite at the eutectic.
Silica-rich mixtures of anorthite glass
and crystalline tridymite were equlili-
brated to determine the egullibrium
stability relatiohs of .the slllca poly-
morphs. Inversions of tridymite to
eristobalite were obtained in less than
a week at 13T74° and 1333°C. Thus tridy-
mite has no liquidus stability fileld
along the join and very limited solid
solution (<1 wt ). We conclude that .
preferred substitution of impurities and
not temperature is the dominant factor
controlling the presence of tridymite
versus cristobalite. On the basis of
derivative structures (Beurger, Am.
Miner., 1954) we-can predict-that cris=:
tobalite will be the stable phase In Ca
and Na-rich igneous environments, whereas
tridymite will be stable in ¥-rich
igneous environments.
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FELDSPAR FLOTATION AND LUNAR CRUST FORMATION
WALKER, D. and HAYS, J. F., Hoffman lLaboratory,
Harvard University, Cambridge, Mass. 02138

The lunar crust is thought to have formed as the result
of feldspar flotation during an early melting event
involving a substantial volume of the moon. An attempt
was made to show that feldspar would indeed float during
such an event. ZLarge anorthite crystals ( 5 mm)} were
placed beneath a silicate glass of Mg/Mg+Fe = 0.83 (*)
representative of ligquid in which plagioclase accum—
ulationois thought to have occurred. 1In less than 3 hours
at 1300°C, the crystals rose to the top in a Pt cruci-
ble 3 cm deep equilibrated in air and in a Mo crucible
1.5 cm deep equilibrated in an HZ/CO gas stream of
log pO, = -10.92 {below Fe/Fe0). Previous attempts
to obseérve feldspar flotation were probably hampered
by use of the smaller crystals characteristically grown
from experimental charges. ' These results suggest that
lunar crustal formation by feldspar flotation is possible
without special recourse to differential sinking of
plagioclase versus mafic minerals or selective elutriation
of plagioclase. _

{*) Sio2 47.5; TiO2 0.9; Cr203 0.2; A1203 20.7;

"FeO" 4.5; MgO 12.0; Ca0O 12.3; K,0 0.4; Na20 0.7
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