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ABSTRAcT

Several chondrules in the Mezd-Madaras chondrite contain the disequilibrium mineral

assemblage:l ferrous olivine-magnesian pyroxene-merrihueite [approximately (K

2Na)z(Fe)Mg)sSirgOsol*metallic nickel-iron. The ferrous silicates in this assemblage

were probably formed by introduction of FeO into an earlier igneous assemblage which con-

sisted of enstatite or clinoenstatite, a magnesian analogue of merribueite, and siiica. Tex-

tural and chemical evidence indicate that this alteration of the chondrules took place before

they were incorporated in the chondrite.

INtnoouctrow

Several recent studies of the compositions of olivines and pyroxenes in
chondrites have shown that a minority of these meteorites contain oliv-
ines and pvroxenes of variable composition (Mason, 1963a; Keil and
Fredriksson, 1964). Dodd and Van Schmus (1965) showed that such
heterogeneous silicates occur only in chondrites which, on the basis of
petrographic evidence (little or no chondrule-matrix intergrowthl pres-

ence of ciear, mafic glass in chondrules), are either unrecrystallized or but
slightly recrystallized. They suggested that variable olivines and pyrox-

enes may have been characteristic of the parent materials of chondrites,
and that the homogeneous silicates observed in most chondrites are due
to metamorphism. It remains to be proved that the variations are truly
primary and do not represent, as Wood (1962) suggests, an intermediate
stage of metamorphism between Renazzo-like parent material (highly

reduced chondrules; highly oxidized matrix) and ordinary, equilibrated
chondrites.

Fredriksson and Keil (1963) have noted that the presence of excep-
tionally iron-rich olivines in chondrites (e.g., individual grains with com-
positions of Fa36.1 and Fagr.z in Chainpur and Murray respectively) sug-
gests that variable silicates are primary, for Wood's model leads one to

I Present address: Department of Earth and Space Sciences, State University of New

York at Stony Brook, Ston5' Brook, Long Island, New York.
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expect the chondrules in slightly metamorphosed chondrites to contain
sil icates which are less ferrous than those in equil ibrated chondrites, not
more ferrous. This argument is not conclusive, however, because locally
high oxygen fugacities during metamorphism might also produce irregu-
Iarly distributed iron-rich sil icates. Certainty about the significance of
ferrous sil icates in the chondrites requires knowledge of the mineral as-
sociations in which they occur.

The purposes of this paper are

1) to describe an unusual association of iron-rich and iron poor silicates in the Mez6-
Madaras chondrite, 2) to present evidence that this assemblage developed before the chon-
drite agglomerated, and 3) to suggest a possible paragenesis for the assemblage.

TnB IIrzo-NIADARAS Cuoxlurr,

The IIeztj-\{adaras chondrite fell in Transl,-lvania in September, 1852.
Of many stones which made up the fall, about 22.7 kg were recovered.
IIajor amounts of the meteorite now reside in Vienna (Natural History
l{useum), Berlin (Berlin University), Tiibingen (Tiibingen University)
and Budapest (Hungarian National l{useum) (Prior, 1953). The materiai
used for the work reported here is part of a small sample from the Ninin-
ger Meteorite Collection of Arizona State University.

Mez<i-Nl[adaras is an unequil ibrated ordinary chondrite,r which shows
evidence of slight metamorphism (Dodd and Van Schmus, 1965). Its
texture is shown in Fig. 1. The stone is a low-iron chondrite on the basis
of a bulk chemical anall 'sis by Rammelsberg (Urey and Crerig, 1953), a
modal analysis by Keil (1962), and a mean oiivine composition of Fazo
(I,Iason, 1963a). Wahl (1952) calls I{ezci-IIadaras a poiymict accumula-
tion breccia, an appropriate description in view of the heterogeneity of
the particles which compose it.

MrcnopnosB AN,q.r,vsBs

The electron microprobe analyses reported here were made under our
supervision by the Advanced l,Ietals Research Corporation of Burlington,
Massachusetts. The microprobe used was built by A.14.R. and is closely
similar to the Philips ANIR-3 instrument.

Iron and sii icon were determined with the microprobe, the latter solely
to check optical identif ications of minerals. Both elements were measured
against a standard olivine from the Springwater pallasite (Fa1s; analysis
in l,Iason, 1963b). The iron concentrations in olivine and pyroxene were
read from an empirical curve, prepared for this study, which relates the

1 i.e, a chondrite whose bulk and mineral compositions are appropriate to one of the
classes of ordinary chondrites, but whose olivines and pyroxenes are of variable composi-
tion.
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i ron concentrat ions in analvzed ol ivines and orthopvroxenes to their Fe

r-rav intensit ies relat ive to that of the standard (I . , t ,o., / Isp"i ,**u1"").  As

a check, we prepared a similar theoretical cal ibrat ion curve, taking ac-
count of the effects of absorption, atomic number, and takeoff angle. Use
of this curve would give iron concentrat ions which are sl ightly greater

Frc. 1. Photomicrograph of the Mez<i-Madaras chondrite.

(at most 4/6 of the amount present) than those given by the empirical
curve and reported here.

The iron content of merriheuite was also determined relative to that
of Springwater olivine. Because no empirical calibration curve could be
prepared for merrihueite, a theoreticai curve was used to secure the data
given in Table 1. In general, the effect of other constituents on iron cali-
bration curves is small for silicate minerals; hence the curve for merri-
hueite, like the theoretical curve for olivine and pyroxene, probably gives
slightly high concentrations of iron.
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TAer-r 1. InoN CoN:rrNrs (Wnrcin /p) or Mrwonals rN MnnntruurB-Bra.nrNc

elu AoylcrNr MnnnrnurrrB-Fnnn CnoNonur.ns rx Mrzci-Malanls. Atso

PnrseNrno Aro MoeN InoN CoNrrNrs e.No MnaN -L'av.tr,rtr (Fa) eNl

Frnnosrr,rtn (Fs) CoNranrs rN Or-rvrNn eNn PvnoxosBs. Sultlranv

Dare ron rnn CrroNnmrn es a Wnor-B Ana Grvnn ton Conp,q.msor-.

M erri h u ei I e-beo r i n g r hond r ule M err i hu eit e-f r ee c h o n dr ul e s

Oliti,ne : 11 measurements

feFe:20.8-48.2
(mean 41 .4: Faes)

Pyrotene : 31 measurements

foFe: l  0-6 5
(mean 4.1:Fs7a)

M errihueite : 19 measurements

/6Fe: lO 8-24.8 (mean 18 2)

Olizti,ne : 9 measurements

l 6Fe :40 .246 .4
(mean 44.2:Fa)

Pyrorene : 16 measurements
o/sFe:4.6-10.3

(mean 6 1:Fsrr)
M errihueite : 10 measurements

/oFe :10  5 -20 .5
(mean  15 .1 )

Oli,line : 1 1 measurements

fsFe:41.5-49.8
(mean 45.1:  Fa7)

Pyrotene : 12 measurements

/oFe:2.8-7 .2
(mean 4.4:Fss)

M errikueite : 4 measurements

foFe:14 .2-21 .9
(mean 17.3)

Olir'ine : 11 measurements

ToFe :7  . 9  19  4
(mean  12 .1 :Fa1 )

Pyror,ene : 12 measurements

l6 l -e:7 .8-12 9
(mean 9.7:Fs13)

Olidne : 11 measurements

l 6Fe -5 .2 -44 .2
(mean 26.3:Fa3e)

Pyroxene : 22 measurements
L/6Fe:2.8-13 7
(mean  6 .8 :Fs12 )

Olirine : 14 measurements

/6h-e:3 | 27 .2
(mean 12 Z:}*'arz)

Pyrorene : 13 measurements

/6Fe : l . l  7  . l
(mean  3 .7 :Fs6 )

Entire stone
(Fie. 5)

Olitine : 96 measurements

!6Fe:3.4-24.4 (mean 17 .4:Fazq,)
P yroren e : 70 measurements

/ 'Fe: l  8-17.9 (mean 8 7:Fs16)

The accuracy of individual analyses reported in Table 1 is estimated
to be * 5/6 of the amount of iron present.

Prtnocnapgy AND MTNERALoGy

In addition to the familiar chondrule types, X{ezd-Nladaras contains
several examples of a very unusual mineral assemblage with consists of
iron-rich olivine, iron- and calcium-poor clino-pyroxene (clinoenstatite-
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Frc. 2. Photomicrograph, in plane light, of a chondrule
in Mezii-Madaras which consists of clinoenstatite (white),

olivine (light gray) and merrihueite (gray to black areas
within chondrule). The border of the chondrule is indicated
by a dotted line. Numbers are olivine compositions in mol

/6 Fa. See also Fig. 6.

clinobronzite), merrihueite,l and, in some instances, metall ic nickel-iron.
Figures 2 through 4 and 6 show three chondrules in which this assemblage
occurs.

Pyroxene is the predominant mineral in most of the chondrules. It
consists of coarse plates which are commonly radially disposed in a tex-
ture suggestive of excentroradial chondrules.2 In some cases, the pyroxene
in a chondrule consists of a single, large (up to 1.2 mm across), poly-

1 Approximate composition (K) Na)r(Fe)Mg)rSitzOro. (Dodd et al., 1965)
2 Krinov (1960). The term applies to chondrules which consist of radiating fibers or

plates of pyroxene. As the pyroxene does not radiate from the center, "excentroradial" is
preferable to "radial."
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svntheticall l '  twinned grain. The iron content of pyroxene in this assem-
blage (Table 1) varies somewhat both within individual chondrules and
among chondrules, but it is typically in the range of clinoenstatite
(Fso-ro) .

The merrihueite in this assemblage has been described elsewhere (Dodd

et al., 1965). It occurs in pyroxene as green inclusions, each of which is

FIc. 3. Photomicrograph, in plane light, of a chondrule
fragment in Mezci-Madaras The principal minerals are
olivine (light gray), clinoenstatite ($'hite), and merri-
hueite (me). The chondrule is outlined u'ith a dotted line.

Numbers are olivine compositions in mol /6 Fa.

an aggregate of minute crystals. I{errihueite is always associated with
Ierrous olivine, which typically forms selvages between merrihueite and
the adjacent pyroxene. Olivine also occurs alone along the rims of the
chondrules. In both occurrences, it consists of an aggregate of minute,
vellow grains, the largest of which is about 0.1 mm across.

The iron contents of olivine and merrihueite in this assemblage are
given in Table 1. Both minerals are of variable composition but are gen-
erally iron-rich. The olivine is chiefly hortonolite-ferrohortonolite
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Frc. 4. Photomicrograph, in plane light, of a chondrule fragment in Mez6-Madaras,

consisting of olivine (gray), clinoenstatite (white), and merrihueite (black areas). The

chondrule is outlined rrith a dotted line. Olivine compositions (numbers) are given in mol

To Fa.

(fuuo-no). I{errihueite has a range of Fe/(Fef \ ' Ig) ratios (atomic) of
approximatelv 0.4 to 1.0.1

1 Because there are at least three possible substitutions in merrihueite-Mg for Fe, Mn

for Fe, and Na for K-the iron concentrations alone do not define (Fe/(FefMg) ratios.

The ratios given above are based on the assumptions that K=Na (atomic) and that Mn is
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Metall ic nickel-iron occurs in some of the chondrules as minute ((20
micron) grains which occur in the olivine, typically at or near olivine-
pyroxene boundaries. The mineral is of trivial abundance and is not
characteristic of the assemblage.

DrscussroN

Pre-agglomeration origin of iron-rich ol,iaine. A major question raised in
the introduction to this paper is whether the ferrous olivines in Mezd-
Nladaras formed before or after the chondrite agglomerated. The micro-
probe data in Table 1 and Fig. 2 to 4bear on this question.

The data in Table 1 show that olivine within the merrihueite-bearing
chondrules is more ferrous than that in nearby merrihueite-free chon-
drules. The latter has a range of composition which is consistent with
that observed in a random survey of olivines in the entire chondrite (Fig.
5a). In contrast to the olivine data, those for pyroxene show that this
mineral has similar ranges of composition in merrihueite-bearing and
merrihueite-free chondrules and in the meteorite as a whole (Fig.5b).

Analyses of pairs of olivine grains just inside and just outside of the
merrihueite-bearing chondrules are particularly instructive (Figs. 2 to
4), for they show that iron-rich and iron-poor olivines occur as Iittle as
0.2 mm apart. It is hard to picture a metamorphic process, even one
involving local variations in oxygen fugacitv, which could produce such
large variations in iron content over such small distances. We therefore
conclude that the ferrous olivines in the merrihueite-bearing chondrules
formed when these chondrules were independent bodies, 1.e., before they
entered the meteorite, and not during post-agglomeration metamor-
phism.

Physical history oJ merrihue'ite-bearing chond.rules. Having referred the
formation of ferrous olivines in these chondrules to the pre-agglomeration
history of the chondrite, we shall now attempt to interpret that history.
The physical development of the particles can be inferred, roughly,
through a consideration of their textures. The relevant observations and
inferences can be summarized as follows:

1. The radial habit of the coarse pyroxene plates in several of these
chondrules suggests that they are recrystallized excentroradial chon-
drules. Such chondrules are generally interpreted as products of quench-
ing of molten droplets, on the basis of their smoothly spherical or ovoid
shapes, their internal texture, and their content of glassy or cryptocrys-
talline material. In l4ezii-Madaras and other chondrites, chondrules of

trivial. Both assumptions are approximately true for the one chondrule (Figs 2, 6) which
has been analyzed in detail (Dodd et a1.,1965).
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this type show a textural gradation from finely fibrous to coarsely crystal-
I ine; this gradation is presumably due to either dif ierences in the rate of
cooling from the melt or to different degrees of recrystall ization. From
these considerations, we infer that the merrihueite-bearing chondrules
began as molten droplets, which were quenched and then either cooled
slowly to form coarse pyroxenes or were recrystall ized.

2. Although one of the merrihueite-bearing chondruies (and another
which contains no merrihueite but has a rim of ferrous olivine) has an
oval outl ine in thin section and possesses a complete excentroradial pat-
tern, the rest have irregular shapes and show incomplete excentroradial
patterns. It appears that the irregular particles are chondrule fragments
rather than entire chondrules.

3. Ferrous olivine is irregulariy distributed in the merrihueite-bearing
chondrules, but it generally foliows the present fragment boundaries.
From this fact, we conclude that the rimming olivine developed after the
original chondrules were dismembered.

It is clear from this discussion that these particles had already experi-
enced complex histories when they were incorporated in the I'Iezci-
I,Iadaras chondrite. The simplest conceivable sequence consists of 1)
formation and quenching of molten droplets; 2) siower cooling or reheat-
ing to develop coarse pyroxene; 3) fragmentation of some of the chon-
drules; and 4) development of ferrous olivine.

Paragenesis of the assemblage olia'ine-Pyroxene merr'ihueite. It is more
difficult to establish the chemical and mineralogicai history of these
chondrules. There are no other known occurrences of merrihueite with
which to compare this one, and the pertinent chemical systems are only
partly known.l

The assemblage f errous olivine-clinoenstatite-merrihueite certainly
does not represent equilibrium conditions of formation, as all of the
minerals have variable compositions and the iron-rich olivine and iron-
poor pyroxene are clearly incompatible. Of the three minerals, only the

I The systems KzO-MgO-SiO: (Roedder, 1951) and NarO-MgO-SiO2 (Botvinkin, et al.

1937; Schairer et a1.,1953,1954) are known in detail at one atmosphere pressure. Merri-

hueitelike compounds-K2MgaSirzOro and Na2Mg5SirzOro ore stable at the iiquidus in
these systems. Fewer data are available for anaiogous systems involving l'eO. Roedder
(1952) did not find K:FesSirrOso in his reconnaissance of the liquidus of the system K2O-

FeO-SiO:, nor was NarFesSirzOao established in studies of the system NazO-FeO-SiO: by

Carter and Ibrahim (1952) and Schairer et al,.,Yoder and Keene (1953, 1954). However, the
phase diagram of Schairer (195a, p. 126) includes an area labelled "several fields." One of

these as yet unidentified fie1ds may be that of NaeFesSiuO:0, but the data now available do
not indicate whether the K-Fe and Na-Fe compounds the synthetic quivalents of mer-

rihueite are stable at the liouidus or onlv below it.



['rc. 6 Enlargement of part of Fig 2, shorving the textural relations of olivine (yellorv),

clinoenstatite (u,hite) and merrihueite (bluish green) Plane light.
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pyroxene is of orthodox composition (Table 1) and has a relict igneous
texture. The rimming ferrous olivine can be plausibly interpreted as a
product of recrystall ization of the pyroxene with introduction of FeO,
the iron to be provided by iron oxides or, with oxidation, metallic iron
in the environment. Nlerrihueite may also be secondary after a magnesian
sil icate, possibly K2l{gsSirzOro. If both olivine and merrihueite are as-
sumed to be secondary, then our problem is to reconstruct an original
magnesian assemblage which can account for the textural and chemicai
reiations of the present assemblage.

If our basic assumption is correct, then the molten chondrules must
have had compositions near that of enstatite but with a small amount
of KzO and NazO present. Roedder's phase diagram (1951, p. 127) for
the system KzO-NIgO-SiOz suggests two possible crystall ization paths
for such melts:

1. If the melt composition lay in the field of primary clinoenstatite, this mineral would

crystailize first and would crystallize alone until most of the melt was solid. It would be
joined at a late stage by tridymite and, finally, trlzMgsSir:Oao.

2. A mett in the forsterite field would precipitate forsterite first and then forsterite plus

enstatite. The subsequent course of crystallization would depend on the initial composition

but the product in all cases would be clinoenstatite with a small amount of forsterite and

KzMgsSirzO:o

The first model best fits the mineralogical and textural data for these
chondrules. Quenching of a melt in the clinoenstatite field would produce
a sheaf of fibrous pvroxene and interstitial glass enriched in silica and
KzO. During subsequent growth of the pyroxene crystals, caused by
either slorv cooling or reheating of the chondrules, quartz and K2N{gsSirzOro
could cr.vstallize between the pyroxene plates. FinaIIy, introduction of
FeO could convert the quartz and some of the pyroxene to ferrous olivine
and the K-IIg phase to merrihueite. This model adequately accounts for
the present location of merrihueite and its association with ferrous
olivine.

The second model has nothing to recommend it. There is no evidence
in the chondrules for primary crystallization of olivine. Furthermore
conversion of a primary assemblage of olivine, clinoenstatite and
K2Mg5SirzOa6 to the present assemblage of ferrous olivine, clinoenstatite
and merrihueite raises a problem of chemical balance: Addition of FeO
to an iron-poor pyroxene can produce olivine with 50-60% of the fayalite
molecule (the limit depending on the iron content of the pyroxene), but
it cannot produce the extreme fayalite contents encountered in these
chondrules rvithout a compensating loss of MgO from the chondrules.
This problem is more severe if the original assemblage includes olivine.
It does not arise in the first model, where the presence of free silica per-
mits the formation of olivine of anv favalite content without loss of MeO.
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We therefore propose that the original assemblage in the merrihueite-
bearing chondrules formed by quenching and recrystall ization of melts
in the clinoenstatite field of the (simplif ied) s_vstem KrO-lIgO-SiOz. This
interpretation might be checked by examining the areas between p.vrox-
ene plates in excentroradial chondrules which lack ferrous sil icates. If
our model is correct, these areas should contain qts,artz and K2l{g5SirzOao.
Both of these minerals, if f ine-grained, could easily be misidentif ied as
plagioclase.

Sulrueny ol CoNCLUSToNS

The disequil ibrium mineral assemblage ferrous olivine-clinoenstate-
merrihueite occurs in several chondrules in the N{ezci-ntladaras chondrite.
It is thought to have formed through introduction of FeO into a primarv
assemblage of clinoenstatite, quartz, and K2tr{g5SirzOeo. This alteration
took place af ter some of the chondrules had been fragmented, but before
the chondrules were agglomerated to form the chondrite.
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