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Introduction

Preliminary accounts of the Bondoc Peninsula (B.P.) meteorite by
Krinov (1962) and Nininger (1963) record a badly corroded condition and
describe a unique structure of 70% stony class material; 17% stony-iron
(mescsiderite) class material and 11% iron class material. The iron class
material was present as metallic "Nodules" of several centimetres diameter,
embedded in stony-iron material. There appears to be no previous metallo-
graphic study of these centimetre size metallic nodules. We now report a
metallographic and microprobe study of one such nodule and of some of the
small oxide-silicate-phosphate inclusions that are present within the metal

together with a note on banded olivine crystals in the silicate matrix.

Powell (1963) (1971) studied the metal and silicate phases of a num-
ber of conventional mesosiderites. He reported bulk metal compositions in
the range 7.5 to 8.8 wt.% Ni and he used the method of Wood (1967} to
evaluate cooling rates of about 0.1°C/Myr for the compositionally zoned
taenite. Powell (1969) showed that central Ni contents in the taenite
varied between 40 and 50 wt.% Ni and in the kamacite between 6 and 4 wt.%
Ni as the diameter of the metal particles decreased from about 40 um.
Larger particles gave lower (taenite) or higher (kamacite) values. On the
basis of recrystallisation effects in the silicate structures Powell (1971)
designated three classes of increasing metamorphic reheating. Unfortunate-
1y Powell’s sample of B.P. was too badly corroded to allow him to determine
either cooling rate or metamorphic class. Wasson, et al. (1974) made
chemical analyses of the metal in a number of mesosiderites and drew
attention to a chemical similarity between mesosiderites and the so-called
irons-with-silicate-inclusions. They indicated that the metal of B.P. had
a composition appropriate to Powell's higher metamorphic classes and they
reported an unusual positive correlation between Ir and Ni, However this
correlation depends on Ni measurements that scatter somewhat within a

single meteorite and it vanishes if the later Ni analyses of Begemann, et

al. (1976) are accepted.

Present work: Experimental methods and results

We examined a slice (measuring 2.3 x 1.5 cm and weighing 16.8 g)
from a metallic nodule of B.P. [# (2) 68L4.166 - American Meteorite
Laboratory) using conventional metallographic and microprobe methods.
Metal phase anslyses were conducted with an A.E.I. microprobe using carbon
costed samples and standard alloys. In addition some enalyses of silicate,
phosphate and opaque mineral phases were undertaken with a Ceoscan micro-
probe. We alsc made limited petrologicel observations on & thin section of
olivine teken from & silicate rich sample of B.P. cbtained from the same
source.

Figure 1 shows part of our metallic nodule. A small amount of stony-
iron material adbheres to the outside of the metal and embedded within it
there are numerous non-metallic inclusions that range in size from 0.5 to
1.5 mm, These inclusions may be classified as anguler, Fig. 2, or globuler,
Fig. 3., However, in many instences the inclusions show verieties of struc-
ture intermediate between the extremes of Figs. 2 and 3 and in most ingte
ances the situation iz further complicated by excessive terrestrial alter-
atlon of the silicate and corrosion of the metal at the metal-inclusion
interface. In the present work imclusions of unambiguous structure and as

free as possible from terrestrialization were selected.

The macrostructure of the metallic nodule, Fig. 1, consists of a
polycrystelline arrsy of kamacite grains that ere equant in shape and sbout
3- mn. diemeter. The angular and globular inclusions are found equally at
kamacite grein bounderies and within the kemacite greins of Fig. 1. Most
of the boundsries between kamacite grains atre heavily inveded by terre-
strisl corrosion product. Detailed microscopic examinmation suggests thet
these grain-boundary locations originally conteined films of schreibersite,
vhich has cracked in & brittle manmer and consequently allowed the deep
intergranular penetration of corrosion. Strips of compositionally zoned
taenite are still present, in association with echreibersite, at some of
the kemacite grain boundaries snd, on deep etching with Nital, show
structureless white outer bands followed by & reticulated version of
Scott’s (1973) cloudy taenite; st the centre of some of the wider strips
there may be a diffused aciculsr structure similar to well-tempered
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Fig. 1. Fig. 2.
Fig. 1. Unetched macrosection of the metallic nodule, showing sngular
and globular inclusions in polyerystalline kamacite. There is extensive
penetration of terrestrial corrosion product slong the kamacite grain
boundaries. Taenite and schreibersite are present at kamacite boundaries.
Field of view 1.6 cm x 2.2 cw. Angular inclusion Fig. 2 is located in the
lower-left quadrant and globular inclusion Fig. 3 is located towards the
botton centre of Fig. 1.

Fig. 2. Polymineralic angular inclusion containing large areas of
chromite (uneven, 1ight grey) and tridymite {smooth, dark), with small
metal particles (white) forming a belt near the major tridymite-chromite
boundsry. These particles of metal were free from corrosion snd their
anelyses are reported in Fig. 5. A large wart of compositicnally zoned
teenite sbuts the major chromite field end is separated from the ksmacite
matrix by a thin band of (dark) corrosion product. Unetched. The true
length of the inclusion is 1.6 mm.
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Fig. 3. Fig. 4.
Fig. 3. Opalescent globular inclusion showing a radiating feathery
structure of whitlockite in devitrified glass. The metal particles are
concentrated in a rim around the edge of the globule. Light Nital etch.
True diameter 0.7 mm.

Fig. 4.  Composition-dimension relationship for zoned taenite in the
metallic nodule of Bondoc. Cooling rate curves from Powell (1969).

martensite. Chunky fields of similarly zoned taenite are found at kamacite
triple points. Smaller areas of compositionally zoned cloudy taenite are
encountered as wart-like incrustations at the surface of both angular and
globular inclusions. Occasionally zomed wart material appears within
globular type inclusions, Fig. 3. Schreibersite also is occasionally en-
countered in wart from. Idiomorphic bodies of zoned taenite and of
schreibersite are encountered on rare occasions, without silicate associa-
tions, within kamacite grains, suggesting either the coalescence of
identically ori ned grains of

or the migration of
kamacite grain boundaries after the zoned taenite and schreibersite had
developed. Within the metal as a whole the taenite and schreibersite each
contribute £2% by volume. Their average Ni contents (from data reported
later) appear to be 40 wt.% and A45 wt.% Ni respectively. The average of
microprobe counts in the kamacite matrix gives 6.2 wt.% Ni; 0.75 wt.% Co;
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observed proportions and compositiocns of taenite and schreibersite it
ylelds a caloulated bulk composition of the metal at ~7.5 wt.% Nij 0.7
wt.% Coj A0.3 wt.% P, which is in reasonsble agreement with Powell's (1969)
bulk anelysis of 7.4 wt.% Ni and the Begemann et.al. (1976) value of 7.5-
7.6 wt.% Ni.

0.02 we.% P and when this is taken with the

Attention has been drawn to the corrosion problem in B.P. At the
interface with zoned taenite corrosion is concentrated in the kamacite and
usually a 5-10 pm layer of corrosion product prevents the investigation of
Agrell type Ni-concentration profiles in the kamacite. However, for the
zoned taenite reasonably satisfactory central Ni contents and half-widths
may usually be determined and Fig. 4, plotted according to the method of
Wood (1967) as employed by Powell (1863) shows our results. The lower
envelope of the experimental points indicates an effective cooling rate
21ightly more vapid than that of 0.1°C/Myr which Powell (1968) determined
by the same procedure on 2 number of other mesosiderites. The average Ni
content of zoned taenite in our sample is A40% Ni. Three uncracked idio~
morphic particles of phosphide were examined and analysed at 493 46.5 and
40.6 wt.% Ni respectively for widths of 50; 40 and 150 ym. Phosphide of
such high Ni content would be formed late in the cooling process and in-
dicates a low equilibration temperature. No conventional rhabdites were
observed. Neumann bands appear in the kamacite of owr sample when etched
in Nital; they are usually narrow and straight sided and oceasicnally they
are broken up into segments like a dashed or broken lime. These features
are consistent with a mild heat treatment after the Neumann bands had
formed. From annealing experiments with Cafion Diablo material a heat-
treatment temperature below about 500°C seems to be indicated, since the
pecrystallisation of Neumann intersections reported by Axon (1967) at 550°C

was not observed.

The mineralogy of the inclusions within the metal differs for
angular and globular varieties. Angular inclusicns are coarsely crystal-
line and the most common type contain msssive chromite and tridymite ery~
stals with pyroxene, amorthite and whitlockite usually present as well.

Most angular inclusions also contain small particles of metal, 10-40 um dia,
that are interstitially located with respect to the mineral phases and

dietributed throughout the depth of the inclusion. Small quantities of
sulphide and phosphide are similarly located. Fig. 5 shows a number of Ni
and Co analyses conducted on the metal particles within two angulan
inclusions of the type shown in Fig. 2. In this plot the analysis points
are taken from uncorroded metal of maximun diameter 40 um and all analyses
show <0.1 wt.% P. In general the single phase kamacite or taenite purticles
within the anguler inclusioms are chemically homogeneous. In one instance
a metal particle with a two phase structure of kamacite and clear taenite
was encountered and these co-existing metal-phase compositions are joined
by a tie-line in Fig. §.

By contrast the opalescent globular inclusions are free of chromium,
are microcrystalline and show radiating feathery crystals of whitlockite
in a background of devitrified glass. In the hand specimens these globules
have a milky-white opalescent appearance which is also obtained by micros-
copic examination in polarised reflected light. Metallic, phosphide and
sulphide particles are usually distributed in a concentric zore within the
rim of the globule. If zoned taenite is excluded the metallic particles
usually have diameters <10 ym and appear compositionally howogeneocus.
Analyses of such metal at the rims of four opalescent globular inclusions
are collected in Fig. 6. These are point analyses on particles of metal
that are small in size and apparently chemically homogenecus. However, in
one instance two point analyses could be made on Ni-rich and Ni-poor phases
in the same particle, and these are plotted as a tie-line on Fig. &, where
an attempt is also made to disringuish between particles that show composi-
tions appropriate to conventicnal kamacite or tsenite (open eymbols) and
other particles whose compositions appear more appropriate to a duplex
pleseitic structure (filled symbols}. Unfortunately the latter particles
are too small to show structural detail but if they are two phase on a sub-
microscopic scale they would be analogous to the zoneless plessites that
Sears and Axon (1975) have noted in the chondrules of Barwell and other
stony meteorites. The metal particles analysed for Fig. 6 have P contents
in the range 0.2-0.4 wt.% P. All the globules in Fig. 6 have rather
sinilar structures and compositions in both metallic and non-metallic
portions. The average or bulk composition of the central, wetal-free,
portions of these globules ls very sinilar and sversges 5 ¥g0; 15 ALO.;

54 810,35 13 Ca0; 8 F,05; 3 Fe0; 1 Ti0, with no detectable Cr,D,.

Attention has so far been directed to polymineralic angular inclu-
sions with massive chromite, Fig. 2, and to cpalescent plobules without
Cz*?()a, Fig. 3. These represent the axtreme types, for which multiple
examples may be identified within our nodule. In addition we have encoun-
tered single examples of different structures such as {I} an opalescent
globule with one central body of metal consisting of two phases for which
the co-existing compositions were kamacite 4.3 Ni; 0.6 Co and taenite 50
Ni; 0.1% Co; (II) a mon-opalescent globule with many peripheral inclusions
of taenite containing n4#1 Ni; 0.2 Coj (iii) an angular single crystal of
anorthite, embedded in schreibersite, free of chromite but containing small
particles of metal of about 8 wt.% Ni, »0.2 wt.% P and with Co variable
between O and 0.18 wt.% (IV) a complex range of polymineralic partly
globular-partly angular inclusions, mest of which were badly penetrated by
corrasion product and for which systematic and relisble analyses could not
be made,

In addition to the detailed study of the metallic nodule and its
inclusions a petrographic thin section was prepared from a large olivine
crystal that was present in a metal-free area of another sample. The
olivine showed the well developed banding that Powell noted in a number of
mesosiderites and which are consistent with slow deformation of the olivine
at a temperature of 1000-1300°C. Similar Landed olivines have been dis-
cussed by Hamilton {(1957) in some Scottish carbonifercus olivine-basalts.

Discussion

The distribution of kamacite, zoned tsenite, schreibersite and non-
metallic inclusions in Fig. 1 is consistent with the following thermal
historyi- at temperatures above 750°C the metallic nodules consisted of
angular, globuler and intermediate types of inclusion randomly distributed
within chemically homogeneous volumes of pavent taenite containing °7.5
wt.$ Ni3 0.3 wt.% P. Slow cooling from this temperature into the ety
region of the equilibrium diagram alloved kamacite to nucleate at favourable
locations on some of the inclusions. On further cocling this kamacite
developed by the usuel process of diffusicn-controlled growth, the final
limite of kamacite growth ere marked out in the macrostructure by the
fields of zoned taenite and by the grain houndary schreibersite. There is
no detectable chemical difference between the major proportion of zoned
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Fig. 5. Plat of the Ni and Co contents of metallic particles within

two angular polymineralic incluslons. Triangles represent data from Fig.
2, Tie-line joins kemacite and taenite compositions in a two-phase
particle. Composition bands are drawn for the variation of Ni content
with particle size (Fig. 4) that is to be expected for kamacite and
taenite in the measured size-range. The large circular symbol represents
the calculated bulk composition of the metallic nodule, Fig. 1.

Fig. 6. Plot of the Ni and Co contents of metallic particles in the
Tim zones of four opalescent globular inmclusions. Large circle, tie-line
and composition bands hsve the same significence es im Fig. 5. Full
symbols represent "plessitic” compositions,



taenite that occurs at kamacite grain boundaries;
the small quantity within kamacite grains or the somewhat larger quantity
that occurs as wart-like residues on some of the non-metallic inclusions.
These warts of zoned residual taenite clearly indicate that kamacite did
not nucleate and grow concentrically round each of the inclusions and in
this respect the situation is different from the swathing kamacite that

surrounds sulphide and other bodies in octahedrite iron wmeteorites.

Zoned taenite forms in the First plase by the process of continucus
retreat during slow continuous cooling and, provided that tbe concentratien
profiles ave not dlstorted by later reheating, may be used to evaluate
cooling rates. The rate evaluated for our material is slightly morve rapid
than the value of 0.1°C/Myr, which Powell (1969) cbtained for other meso-
siderites but in B.P. there 1s some metallographic evidence of reheating,
in particular the disjointed Neumanns and reticulated cloudy taenite. The
effective temperature of equilibration during the initial slow cool may be
glven by the a-y interface compositions. Unfortunately a interfaces are
destroyed by corrosion but peak Ni values in excess of 50 wt.% are deter-
mined at the edge of zoned taenite and according to Goldstein and Ogilvie's
(1965) binary Fe-Ni equilibrium diagram such a nickel content corresponds
to equilibration at temperatures about 350°C. An alternative measure of
equilibration on slow cooling may be obtained from the P content of the
kamacite matrix, which, at 0.02 wt.% P corresponds to 350%C in the Fe-Ni-P
equilibrium diagram of Doan and Goldstein (1970). It thus appears that the
massive metal of B.P. had an early history of slow cooling to.an effective
equilibration temperature of ~350°C.

By contrast the small two-phase oty Structures that have been
encountered within the metal of the angular or globular inclusicns show
Ni-Co tie-line relatiopships that ave appropriate to temperatures of a50°C
on the binary Fe-Ni equilibrium diagram. The taenite in these two phase
particles is small and apparently homogeneous and it is probably isothermal
taenite produced by reheating in the mamner described originally by Brent-
nall and Axon (1962). If this is so the reheating temperatuve is comsist-
ent with the value of £500°C derived from metallographic indicators and
would operate for periods of weeks, not years.

Insofar as composition is concerned the small particles of metal
witbin the angular polymineralic-chromite-containing inclusions of Fig. 5
appear to be ofi different Ni, Co and P content from the metal within the
single angular inclusion of chromium free anorthite [+8 Ni; 0-0.18 Co;
>0.2 P) and may heve had a different origin, Thus it mppears that angular
inclusions may be present from at least two sources,

The small metal particles that occur in the rim zone of the opales-
cent globular inclusions show three ranges of composition on the Ni-Co plot.
In addition to the straight kamacite and taenite ranges there is also metal
of intermediate or plessitic composition end this is plotted as filled sym-
bols. The range of metal compositions in the globules would be consistent
with metal from angular types of inclusion that had been remelted (perhaps
by shock) and redistributed as metallic particles within the molten
silicate-phosphate globules.

In both Figs. 5 and 6 the calculated bulk composition of the metallic
nodule is indicated by a large circular symbol, from which it appears that
the small particles of metal within the angular {or globular) inclusions
are of different Co content .and therefore, presumably, of diffevent origin
from the metal that forms the main mass of the nodule. It may also be noted
in Figs. 5 and & that the single phase kamscite particles ocoupy a range of
Ni contents between 4 and 6 wt. % and this is consistent with the trend that
Powell observed between Ni content and size for metal particles of this
size range in mesosiderite metal-silicate assemblages. However, Powell did
not report Co contents and the present results show that an arrangement of
kamacite compositions along the single phase « boundary of the ternary
Fe-Ni-Co diagram is superimposed upon the previously established relation-
ship between particle size and Ni content,

Similar vemarks apply to the single phase taenite compositions that
are recorded in Figs. § and 8, although in this case the Ni content has
beep showh te vary more steeply with particle size. The evidence of Figs,
§ and 6 is copsistent with a y phase boundary in the Fe-Ni-Co system that
axtended to slightly higher Ni contents as the Co content was increased.
The parallel limits of the trend-band for taenite in Figs. 5 and 6 are
constructed primarily by reference to the plotted points but they are also
consistent with a large sumber of additional analyses for which the P con-

tent or extent of corrosion is greater or for which the silicate association
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The exact mechanism by which a range of globular and angular
inclusions was emplaced within the nodule of metal is not easy to specify.

Shock emplacement seems to be an attractive possibility but in order to

is more ambiguous.

acconmodate in the inclusions a range of reheating effects varying from the
completely melted extreme of the globular type, Fig. 3, to the un-melted
high-chromite type, Fig. 2, it appears necessary to assume that the shock
was not excessively severe. This condition would be satisfied if the
tempevature of the metal was sufficiently high immediately before the shock
event. The exact pre-shock temperature is not certain. It was probably in
the y range and sufficiently high to allow the metal of the module to grow
into a single crystal of y after the inclusions were emplaced, but, in view
of the absence of compositionally zoned solidification structures in the
nodule it is unlikely that the metal was itself melted during the shock~

emplacement event.

Thus the structural evidence of the metalllc nodules is consistent
with the suggestion of Wasson et al. (1974) that a pelatively mild shock
event contributed to the formation of the mesosiderites and it is mow
possible to indicate, for B.P., a pre-shock temperature in the y range for
the metal of the nodules. The total history of B.P. is complicated by the
need to accommodate the observatiop of massive banding in some of its
olivine crystals, which seems to indicate a slow, creep-like deformation of
the massive silicates at temperatures in excess of 1000°C. This creep
deformation could have taken place subsequent to the emplacement of silic-
ates within the nodules and the incerporation of the metallic nodules into
the stony matrix of the meteorite. Finally, the presence of partly
annealed Neumann bands in the metallic nodules indicates an impact late in
the history of the meteorite, followed by a final short reheating to w50°C

before terrestrial corrosion became important.

The unique structure of Bondec Peninsula that was noted in the pre-
liminary reports of Krinov (1962) and Nininger {1963) is to be set agaimst
the observations of smaller metal-silicate nodules in the more comventional
mesosiderites Mincy, Morristown, Crad Orchard and Estherville [figured by
Powell (1971}] and banded olivines in Morristown, Versmin, Vace Muerta snd
Creb Orchard, Powell (1971). The analyses of Wasson et al (197h) place

Bondoc Peninaule emong the mesosiderites and the present obeervations of
metal cooling retes and compositions are consistent with other mesosiderites
if sllovance is made for the uncertainties introduced by the late-stage

reheating and corrosion of Bondoc Peninsula material,

Acknowledgements. Our thanks are due to colleagues in the Geology

Department for Geoscan and petrological sssistance.

REFERENCES

Axon (H.J.), 196T. Metsls and Materisls, 1, 62.

Begemenn (F,), Weber (H.W.), Vilesek (E.) and Hintenberger (H.), 1976.
Geochim.Cosmochim.Acta, 40, 353.

Brentnell (W.D.) end Axon (H.J.), 1062. J.Iron Steel Inst., 200, 947,

Doen (£.5.) and Goldstein (J.I.), 1970. Metsll.Trans., 1. 1759,

Goldstein (J.I.) and Ogilvie {(R.E.), 1965, Trans.Metall.Soc,A.I.M.E.,
233, 2083.

HmnuccﬁJ.), 1957, Geol.Mag., 2, 135,

Kringv (E.L.), 1962. The Meteoritical Bulletin No. 25, p.3.

Ninger (H.H.), 1963. Science, 139, 3h5,

Powell (B.J.), 1969. Ceochim.Cosmochim.hcta, 33, T89.
" 1971, Tvid., 35, 5.

Scott (E.R.D.), 1973. Ibld., 3], 2283.

Sears {D.W.) end Axon (H.J.), 1975, Meteoritics, 10, 486.

Wesson (J.T,), Schaudy (R.}, Bild (R.W.) and Chou (¢-L.}, 19Th. Geochim.
Cosmochim.Acta, 38, 135.

Wood (I.4.), 1967. Icarus, §, 1.



