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Abstract . Compcsitioncl variotions in nickel, iron, and cobelt in nine octahedrites
were determined by electron microprobe X-ray analysis. The steep gradients in
taenite extending up to 35-50 wt.% Ni and the shallow decreases (0.2-1 wt.% Ni)
in kamacite near the interface of the kamacite and raenite phases were formed
during the final stage cf formafion of the Widmanstatten structure as cooling preverited
attainment of equiiibrium by diffusion. A simplified theoretical model based on
the Fe~Ni system was used to relate the extent of diffusion to cooling rates of the
meteorite parent-bodies . These depend critically on assumptions conceming the
nucleation temperatures of kamacite, pressure, phase equilibria, and cooling moda! .
Metallurgical evidence implies that nucleation of kamacite may not have occured
at the ¥ / @ + Y boundry in the Fe-Ni system, but after undercooling of about
100°C at | atmosphere pressure . Az nuclei may have initiated diffusion growth
of kamacite which ceased by 350°C . Differing nucleation temperatures account
for meteorites of different structure, but identical nickel content, fcr a range of
kamacite band-widths, and for coarse plessite. Fine plessite, of variable composition
(10-28 wt.% Ni) developed after particl transformation of y toa, below M . Tt
seems most reasonable that the Widmanstatten sfrt;cfure formed at low pressures in
|07-|08 years at cooling rotes of 2—|26C/ 108 years in the temperature interval 650~
350°C. These are consistent with a chondritic parent-body (or bodies) with a metallic

core and a radius of 100-200km .
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INTRODUCTICN

The existence of high-nickel borders in the taenite phase of iron meteorites

has been shown by previous\electron microprobe X-ray analyses (Yavnel', et. al.,

1958; Maringer, et. al., 1959; Feller-Kniepmeyer and Uhiig, 196!). These non-

equilibrium nickel gradients are related to the formation of the Widmanstatten
stsucture by phase precipitation and growth by solid state diffusion. Uhlig (1954)
and Urey (1956) have tried to esrimate the time for formation of the Widmanstatten
pattern by using the simpliest diffusion parameters, as did Massalski and Park (1962)

by use of the Fe-Ni phase diagram. The nickel diffusion gradients in the taenite
phase of nine octahedrites, have been measured with an electron microprobe. A
refined diffusion theory and cooling model was applied in order to determine the

probable cooling rates and sizes of the meteorite parent-bodies .
EXPERIMENTAL METHODS

The meteorites were selected so as to provide a range of kamacite band-
widths in all octahedrite classes and to represent all four Ge-Ga groups (Lovering et .al .,
1957). Octahedrites of different texture but similar nickel content were chosen—
e.g., Bristol and Toluca—to test the hypothesis (Goldberg, et. al., 1951) that

~ different band-widths might be due to different cooling rates .
Unweathered sections were cut with a carborundum wheel, polished with
silicon carbide and diamond paste through | p, then cleaned ultrasonically in

benzene. No etching was done, in order to avoid surface redeposition (Feller-Kniepmeyer,

1961). The taenite bands and plessitic areas to be analyzed were selected by
microscopic examination. Generally, the larger symmetrical bands of taenite or
plessite between the primary kamacite bands defining the Widmanstatten structure
were chosen . Particular care was used to avoid areas near intersecting band systems
where diffusion had proceeded from two or more directions. lrregular areas or bands
near inclusions were avoided. Figure | illustrates a typical band.

Analyses were made at the Scripps Institution of Oceanography, with a
modified electron microprobe X-ray analyzer (Applied Research Laboratories, Glendale,
California). The instrument was operated at 25 kv . with a probe diameter of less
than |'£. Appropriate integration times and stup-counting gave precisions in measure-

ments of £ 0.2% . The microprobe tracks were made perpendicular to the long surface




axis of the band near the center, as shown in Figure |. The probe was stepped
1-9 p between analys<s, depending on the compositional gradient. Microscopic
calibration confirmed the accuracy (0.2 p) of the microprobe stepping mechanism .

Pure metals were used as sfandard: for iron, nickel, and cobalt. A
chemically analyzed schreibersite (15.5% P) in the meteorite Horse Creek was the
phosphorus standard . All raw datc were corrected foi detector dead-time and back-
ground. Mass-absorption corrections were applied to nickel, iron, and cobalt;
fluorescence corrections were applied to iron. Secondary fluorescence of cobalt by
nickel K -_E is negligible . The accuracy of the thecretical corrections was checked
by comparison with chemically analyzed Fe~Ni alloys (International Nickel Company;
furnished by J. Goldstein, Department of Metallurgy, Massachusetts Institute of
Technology). The results are given in Table |.

In the alloys the microprobe accuracy for nickel was better than+ 0.5%,
and the accuracy for iron# 1% . In meteorite areas where t.ie composition changed
across the diameter of the X-ray producing volume, the accuracy was less. In fine
plessite, unirecclvable by the microprobe, only average compositions could be
determined, but in tcenite, where the composition varied smoothly, an accurate
concentration profile was easily obtained. In the areas of the meteorites where
rhabdite o schreibersite was not present, the measured phosphorus content was very
close to the detection limit of 200 ppm,

'The orientation of the microprobe track relative to the ﬁlé} o zone axis
was determined by toking Laue photographs (molybdenum radiation) of the adjacent
kamacite . Mehl and Derge (1937) have shown that during formation of the

Widmanstatten strusture the %-~(l10) planes of kamacite precipitaie as plates parallel

to the (110) pianes ofYie., in the _o_srphase the direction of crystal growth by diffusion
is the El(ﬂo( zone axis . The angle between this direction of diffusion and the micro-
probe track was determined by indexing the Laue photographs and determining the

corresponding angle between the [H@‘,( direction and the specimen norna!.
-RESULTS

Nickel profiles. Typical profiles of the nickel concentration across selected taenite

or plessite bands are shown in Figures 2~Il. The scales permit comparison between
meteorites of the steepness of the concentration gradients, the distance € between

the phase boundry and the nucleation point (see Appendix) the smoothness of the




gradient, and the central and bulk nickel concentration .

Most bands found in coarse and medium octahedrites (Figures 2-7) and narrow
taenite bands found in fine octahedrites show the interior nickel content is higher
than the bulk nickel content because nickel has diffused from the boundry to the
center. Wide plessitic areas in fine octahedrites have the same average central
nickel contents as the bulk concentration for the meteorite (Figures 8-10).

Symmetrical gradients across the entire taenite band were found enly (e.g.,
Figures 2 and 6) when equal widths existed in the adjacent kamacite bands and the
widths of the outer taenite bands were almost the same. When the above condition
was not present profiles were usually observed, with the minimum nicke! concentration
in taenite lying off-center toward the narrower kamacite band (e.g., Figures 4,5,
and 7). Assymmetric profiles were also observed when tracks were made at large
angles relative to the El(ﬂ direction of kamacite or were near intersecting band
systems such that diffusion had proceeded from more than one source. The central
nickel content of taenite bands within one meteorite varies with the taenite band-
widths, narrow bands showing proportionally higher nickel (e. g., Figurzs 4 and 5).
Wider kamacite bands introduce more nickel into the bordering taenite, flattening
the gradients at the border and raising the central tacnite content (Figures 4 and 7).
Figure 7 demonstrates the effect on the nickel-profiies of varying kamacite and taenite
band-widths . The profiles are least affected near the /¥ boundry; in fact, they
merge into a coiamon gradient as they approach the boundry .

The kamacite was remarkably homogenecus except within 10-30 p of the
/¥ border. A slight structural dependence of mean nickel content of kamacite was
observed: 6.6 wt. % for coarse octahedrites, 7.0 wt. % for medium octahedrites
and 7.3 wt. % for fine octahedrites . At distances less than |0—30J,_u from the boundry
a continuous slight decrease in nickel was observed without exception as the boundry
was approached, in agreement with observations by Yavnel'et .al .(1958) and Agreli, et .al .,
(1963). The decreases ranged from about | % for coarse octahedrites (Figures 2-4)
less for medium octahedrites (Figures 5-7) to only 8.2% - 0.3 % for fine octahedrites
(Figures 8-10). The extent of the decreases was correspondingly less. The decrease
is real and not due to mass-absorption effects or sample preparation because: (a) it is
independent of the direction of movement of the probe; &) it is present whether or
not the surface was finely or roughly polished; (c) it is present at all of the many inter-
faces analyzed; (&) taznite bands with steeper edge-gradients showed correspondingly

shorter depression in kamacite .




Plessite . Microprobe analysis of nlessite showed the same compositional variation
that Perl_'z' (1944) observed. Coarse plessite, such as perthitic lamellas in coarse
octahedrites, was resolvable with the microprobe into distinct taenite and kamacite

regions; the fine plessite often occuring in fine octahedrites (Figures 8 and 9) was

not resolvable; plessite of intermediate size (Figure 6) occurs frequently in medium
octahedrites. Moving from the boundry toward the interior of taenite, the smaoth
nickel gradient starts showing fine structure of progressivily greater compositional
variation at lower nickel concentrations (Figure 8 and 12), while the average plessite ‘
content foilows the diffusion gradient until the interior is reached. Plessite in fine
octahodrites had the same average composition as the bulk chemical content, pro-
vided enough microprobe analyses were made in plessite to give good statistics .
Meteorites of fine structure have finer plessite than coarser octahedrites and have
smaller amplitudes of nickel variation in plessite, as seen by comparison of Figures
6 and 8. The average nickel content of the kamacite in finc plessite approached
about 6.wt. % and is lower thon the nickel content of the kamacite in coarse plessite
or the Widmanstatten structure .
Theg‘_é_Y boundries in plessite, as seen in Figures 12 and I3, were not in

straight octahedral orientation as was the case in the large Widmanstatten structure .
Rather, warped boundries with preferred orientation were comm~ . The existence
of plessite does not always correlate simply with nickel contem, _ven in one meteorite .
Figure 3 shows a taenite band of which only ore side has exsolved into plessite, while
Figure 4 shows two taenite bands, of which the one with the higher nickel content
has exsolved. The upper limit in nicke! content for plessite occurence varies widely
from approximately 14-28 wt. % nickel . There appears to be no lower limit for
plessite formation; Bristol (Figure 10) has only 8.3 wt. % nickel, but has many areas
of fine plessite.
Other elements . iron was determined concurrently with nickel and invariakly varied
in an inverse manner, such that Fe + Ni 5100% . Cobalt was measured in rnany bands
and followed iron, witha g__/_f distribution coefficient favoring kamacitz, in agreement
with observations by Nichiporuk (198) Figure 11 shows a track across a taenite band in
Canyon Diablo in which a pair of kamacite lamalle have apparently exsolved in the
late stages of formation of the nickel gradients. The inverse correiction between
nickel and cobalt is evident.

- The phosphorus content of the metal~phase was at the detection limit (0.02%)

in all meteorites except Canyon Diablo, in which infrequent rkabdite inclusions




occured and which had a central phosphorus content in kamacite 0.1%, but which
decreased as taenite bands were approached .

Orientation studies. Table 2 lists the angle 90-@ between the track direction and the
growth direction. A correction factor :.:_o_s_?_ was applied to the measured profile
distances (x') for diffusion calculations. In three cases (marked by *) subgrain-
boundries had apparently caused imperfections in the crystal structure, the Lave
photographs were diffuse, and no orientation could be determined. Such an effect

is apparently independent of the perfection of the Widmanstatten structure (Derge
and Komme!, 1937).

DISCUSSION

Phose tronsformations in the Fe-Ni system. The classic and generally accepted ex-

planation for the formation of the Widmanstatten structure was offered by Derge and
Kommel (1937) andie_r_i_-x (1944). A homogeneous, solidified f <.c. phase ¥ cooled
slowly until the low=nicke! b.c.c. phase (& or kamacite) nucleated and grew by

solid state diffusion, absorbing iron and expelling excess nickel into the parent-phase
taenite. The (I10) crystallogrophic plane of the & ~phase precipitated parallel to the
(I11) octahedral planes of the original V-phase (Young, 1926; Mehl and Derge, 1937).
Low-nickel hexahedrites had all of their ¥ -phase absorbed at lower temperatures as
the meteorites bulk concentration passed back into the one phase region ofe stability .
The Fe~Ni phase diagram (Figure 14) approximates ti.is sequence ot events in general .
The slope of the ¥/a+¥ boundry explains the general decreasing width of the
Widmanstatten stm seen in Table 3 as the bulk nickel content increases. As

the kamacite grew into the taenite, the interface concentrations at the moving
‘boundry were dictated by the equilibrium phase compositions. The inhomogeneties
seen in Figures 2-1l (gross in taenite; fine in kamacite) show that equilikrium was

not maintained away from the kamacite-taenite interface. Rather, diffusion slowed
down and was finally arrested at lower temperatures, leaving the gradients in nickel,
iron and cobalt as evidence of a cooling p.ocess. These compositional gradients are
quantitatively related to the cooling rate and times of formation of the Widmanstatten
structure, which may be determined, provided the correct phase equilibria, nucleation
and diffusion theory, and cooling model for the parent-body are assumed. The diffusion
" coefficient of nickel in_Y, the total nickel content, the geometry and temperatures
of nucleation of _"_‘, the cooling rates of the meteorite at these temperatures and
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pressure as it effects these variabies are the parameters which determine the size
and form of nickel-profiles in the Widmanstatten structure .

The currently accepted Fe-Ni sub=solidus phase diagram (Figure 14) of Owen
and Liu (1949) explains the formation of the Widmanstatten structure in general, al-
though the nickel content of kamacite in octahedrites is higher than predicted. This
may be because the %/ & + ¥ boundry lies to the right or because the boundry is shifted
by the presence of a few tenths percent of phosphorus in solution (Ringwood and Kaufman,
1962). The 0.5% cobalt content will not shift the phase boundries significantly. Owen
and Liu's (1949)V /X+V boundry and Goldstein's (1964) ientative /< + ¥ poundry uie

assumed to approximate the octahedrite systems. The decreases in the nickei content of

kamacite near kamacite~taenite boundries are most easily explained if the x/~ + v
boundry in the meteoritic phase system moves to less nickel content ot lower temperature,
(400-350°C) where boundry movement ceases and kamacite cannot homogenize .

Vogel (1925, 1951, 1937 ) has hypothesized that the Widmanstatten structure
formed during o high temperature exsolution of &, as dictated by the Fe-Ni-P system.
However, this seems unlikely, since the phosphorus content of octahedrites is too low
(0-0.5% P); also no correlation of structure with phosphorus content exists. Even more
significantly, it is calculated by Equations | and 2 that even as low as 1100°C,, homo-
geneous Y-phase of 5 cm can be formed.

The kinetics of sub-solidus phase transformation in the Fe-Ni system have been
misunderstood f.equently in the past. It is of critical importence in interpretating the

‘Widmanstatten structure to define the nucleation temperatures of kamacitz. This is
probably not ¢+ the temperature at which the bulk composition crosses the V/<t -+ ¥
boundry, but at some lower temperature . Cooling experiments on crtificial alloys by
Jones and Pumphrey (1949), Allen and Earley (1950) ard Kaufman ard Cohen (1956),
as well as earlier heating experiments cf Hanson and Hanson (1920) and Owen and 3ully
(1939) have shown that, upon cooling, Y-phase undercools below the v/ +v phase
boundry . At the temperature M the f.c.c. V-struc*wre starts te chonge by a diffusion-

less transformation to &,,, a stramed b.c.c. stru ture of the same composition. Anrauiing
or very slow cooling permits %, to decompose into -~ ¥V, in accordance with the huce
diagram.

Kayfman and Cohen (1958, 1956) have reviewed the thermodynamics of the:
transformation and showed that ot T AF(Y —)°<.,) =0. Further undercooling n Fe=Ni

-alloys from T to M is required becouse of inferfacial and strain energy contributions

to the free energy The transformation is not complete until a still lower temperature

b
b
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_fﬁ is recched. The iAi_ and_T_Q.temperafures shown in Figure 14 are not accurately known
and may vary . May be raised or lowered by impurities; cobalt increases M_ slightly
{Veo, 1963). Stress increases M_ by 10-15°C/kb ., and pressure lowers Ms by 8°C/kb .
Patel and Cohen 1953 ). Likewise, pressure lowers the equilibrium phase boundries
(Ringwood and Kaufman, 1962), and phosphorus raises them (Vogel, 1951). However, for

reasons given by Ringwood and Kaufman {1962)and the diffusion calculations below,

minor components in meteorites do not seem to have affected the phase boundries signi-
ticantly . Thus thelé’ + o boundry oud.N_\s_in the Fe-Ni system may be taken as
giving approximate upper and lower limits on the temperature at which hc.c. formed in
iron meteorites .

If one extrapolates the studies on artificial alloys to geol=gic time intervals (an
assumption that does not contradict present experimental evidence), undercooling of Y
as far as_ﬁ/\_s_.is possible. Given sufficient time at temperatures betweenio_undhfi\s_, ary
nuclei might exceed the activation barrier for formation and quickly grow as @ very thin
Qr-suze) plate parallel to the (lll_)y_pk:ne stopping laterally only when a grain boundry
or onotheri‘z was encountered. This b.c.c. phase would then be the nucleus for de-
composition into the equilibriumat ¥+ V . The assumption of different degrees of under-
cooling is supported by the data in Figures 2-11, since kamacitz bands of widely vary- y
ing width are seen in the same meteorite; these have expelled differing amounts of nickel
into taente. The assymetric taenite bands with different nickel-distance profiles are also
explained by different nucleation temperatures for the adjacent kamacite bands. Local
compositional differences are probably too smail to account for these effects, since the
average microprobe analysis of fine plessite (e.g., Altonch) is the same as the bulk compo-
sition. Meteorites of different mean kamocite band~width, but identical nickel content
(see Massalski, |§62) could also have had different average nucleation temperatures,
rather than different cooling rates, as Goldberg ,et .al . (1951) hypothesized.

Since the gross Widmanstatten pattern suggests nucleation and grow h of X
'in¥ rather than growth of Vun R the assumption most consis tent with studies on
artificial alloys is that nucleation occured some place between T Ty and hﬁe_: the temp-
erature at which ﬁzbecomes thermodynamically stable . Once formed, the®,
niiclei would permit normal & 1 ¥ -phase segregation. Bowles and Barrett (1952) have

suggested that the martensitic mechanism may be operative in the early stoges of
nucleation and growth from solid soluiion. The mechanism proposed here differs

" somewhat from Owen's (1940) hypothesis that the Widmanstatten structure formed by
decomposition of :‘Lbdow f‘{\i—i_n that %, nucleates the growth of &in Y. Random
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nucleation at different temperatures befween_T_Q—and A_Ai would then permit kamacite
bands of different widths to develop in the same meteorites or in meteorites with the
same bulk composition but different structure . Nucieation of Widmanstatten growth
ot M seems unlikely, since all V-phose (£30% Ni) would have instantaneously
tfonsfc"ned to :(2, requurmg Y to grow in f(_Z

An explanation for the genesis of the Widmanstatten structure is imcomplete
without accounting for the origin and nature of plessite. The coarse plessite consisting
of narrow lamellas of kamacite and taenite is simply ur.uerstood in terms of lower

temperature nucleation of X from Y (Derge and Kommel, 1¥37). This occurs naturally

in bands of taenite with relatively iow nickel content (e.g., Figure 6). Likewise the
octahedrally oriented needles of kamacite which are often observed in the cet i=r of
larger taenite bands are also understood as having formed like the lorge Widmanstatten
pattern, but at lower temperatures with slower diffusion rates because of the higher
interior nickel content of the taenite. Furthermore, the presence of kamacite spindles
with octuhedral orientation in nickel-rich ataxites (Perry, 1944) shows thot the mechanism
of Widmnstaﬂen-pottem formation extends into the plessitic nickel-rich ataxites.
This implies that Uhlig's (1954) cut-off of the Widmanstatten structure at 13% nictel
(17%, Table 3) is meaningful only as a large-scale textural description, and the same
mechanism operates at higher nickel contents and correspondingly lower temperatures,
but on a necessarily sma.ller scale . The narrow kamacite plates does not extend
throughout nickel-rich ataxites because the nucleation was localized.

The formetion of fine plessite seems to require a different mechanism than
merely lower nucleation temperatures due to higher nickel content. The phase orienta~
tionc seen in the fine plessite of Figures 12 and 13 lack sharp paralle! octahedral
boundries.. The random micro-taenite particles shown in Figures 8 and 9 suggest the
possibility that they grew from kamacite, rather than the reverse. The dimensions of
plessitic phases are discontinuous with the general dimensions of the Widmanstatten
structure: this would not be expected in fine octahedrites (Figures 8<10) if a range of
nucleation temperatures were possible. It is suggested that Owen's (1940) hypothesis
of the origin of plessite is applicable to the formation of fine plessite. Undercooled

V-phase eventually reached the M, temperature (Figure 14) and started to be trans~
formed to b.c.c., & 2—phose, which then decomposed mto X + ¥V  provided ihe temp-
eratures were hngh enough to permit diffusion. The temperatures would be too low
when transformation took place in the high nickel borders of taenite. Imperfect

" phase orientations would be expected. The mechunism is in agieement with loboratory




studies of the kinetics of Fe~Ni alloys and with the widespread occurence of fine
plessite in meteorites . It also explains the occurence of nickel-rich ataxites of

low nickel content. The geneal textural uniformity of fine plessite within fine
octahedrites also suggests widespread nucleation ct a particular temperature dictated
by C.:.b-

Diffusion theory . The solutions of the diffusion equations to represent the concentra-

tion gradients shown in Figures 2-10 i« a difficult problem, invelving non-isothermal
phase growth with changing boundry conditions. it has not been attempted to derive
an eract solution for the concentration-distance profiles, but rather, to derive
appropriute diffusion parameters which may be related to thecooling rates and times
of formatiun of the Widmansiatten pattern and subsequently to parent-body sizes of
the meteorites upon assumption of an appropriate cooling model. The kamacite band-
widths and the amount of nickel transferved across the 2/¥ interface during phase
growth are critically dependent upon the temperature of nucleation, the diffusion
coefficient and the cobling rate of the meteorite within the temperature range of
boundry movement .. Because nickel inY is the slowest diffusing species, (Hirano,
et. al., |96|)_I_)_ (nickel,‘v_) controls the rate of-O_‘/_V boundry m: vement. Recent

accurate interdiffusion measurements of D (nir:kel,_V_) by Goldstein et.al. (1964), which

may be extrapolated to 500°C with only 4 50% error, were used to caiculate tne

cooling rate r during Widmanstatten pattern formation by use of the expression

(Armstrong, 1958)

(1)

ne

FE

where Dn is D at the nucleation temperature Tn’ r is the linear cooling rate, E is the
activafion energy for diffusion, and F is a diffusion parameter (see Appendix) calcu-

lated from

£-2Y Y 03]
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g is the amount of kamacite boundry movement since X -nucleation, and Y is evaluated
from the boundry conditions .

The possible cooling rates for each meteorite were calculated at four temperatures,
including M _, T_, and the temperature at which the bulk concentration Eh_intersects
the Y/A*Y boundry. These are plotted against I/Tn in Figure 15.

The general slope is given by the activation energy for D (nickel, Y ); minor
variations are due to differing Sb_and L The meteorites are listed in order of de~
creasing coarseness of structure, and different § and F values account for the spread
of the lines. The average cooling rate for nucleation cxt_T‘1 for seven octahedrites
(excluding Bristol and Altonah) is 0.04°C/ |04 yrs . Bristol and Altonah either cooled
somewhat faster or undercooled closer to _A_As_ . The identity of their cooling rates,
diffusion gradients (compare Figures 9 and i0), and chemical composition (Goldberg,
et. al., 1951; Nichiporuk and Brown, 1964) suggest that they are genetically related.

The particular band or bands studied in each meteorite have unique nucleation
temperatures and band-widths, which are not necessarily representative of the meon
(Table 3) band in the meteocrite, nor in its class (Og, Om, or Of). The mean nickel
contents and kamacite band-widths of octahedrite classes (Table 3) were obtained by

calculating averages of the “"superior" modern rickel analyses by Goldberg, et. al., (1951),

Lovering et al (57)and others and of kamacite band-width measurements of Lovering (1956)

‘and Goldberg, et. ai., {I951). i is given by one half the mean band-width corrected

by a factor of 0.8 to compensate for band width measurements made on meteorite
sections which were not paralle’ ‘o the origiral direction of diffusion. The correspond-
ing cooling rates for coarse, medium and fine octahedrites are also plotted in Figure 15.
At To they are almost the same, averaging 0 .|2‘:’C/|04 yrs. Assuming that
the degree of undercooling did not vary widely for different meteorites, it seems likely
that the cooling rates during Widmanstatten-~pattern formation are very nearly the
same for all octahedrites . This condition implies that octahedrites were once at the
same depth in a single parent-body or had the same cooling environment at 600°C
in several bodies .
Octahedrite parent-bodies . The nature of the meteorite parent-bodies has been
discussed by many workers (Anders, 198 , 1964; Fish, et. al., 1960; Goles, et. al., 1960;
Lovering, 1957 a, b, 1962; Mason, 1960, 1962; Ringwood, 1961; Urey, 1958, 1959, etc.). -
Cne of the simplest cooling models assumes that iron meteorites cooled from the melt
in the center of a differentiated planet with a chondritic mantle. The relation (see Appendix)

between the central cooling rate and the radius of the body is shown in Figure 16.

[T O L
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Long-lived radioactivity (K40, U235, U238, Th232) decr. ses cooling rates somewhat
in bodies larger than 200 km. Figure 17 shows the corresponding parent-body radii for
different nucleation temperatures; the comments made on Figure 15 apply also to Figure
i7. For nucleation at To' the average radius for seven octahedrites, is 160 km., and
Og, Om, and OFf octahedrites could have cooled in a body of 100 km radius . For
‘nucleation between In_and M;’ 0'|7O km body would account for all twelve cases con-
sidered. For example, an average medium octahedrite, cooling at the core of a chondritic
body of this size ot a rate of 2 .SOC/!O6 yrs ., would undercool 130°C to 590°C before
nucleating, and formation of the Widmanstatten structure would be complete in less than
IO8 yrs. The chondritic body would have required about 3* IO8 yrs . to cool from 1800°K
to 350°C..

Pressure is a parameter which must be considered, because of its effect on phase
boundries and diffusion rates. High pressures over 10 kb. significantly depress the ¥/a +Y
boundry in the Fe-Ni system (Ringwood and Kaufman, 1961). Uhlig (1954) used this effect

to explain the rarity of the Widmanstatten structure >13% nickel . However, the existence
of undercooling of about 100°C and the occurence of micro-Widmanstatten patterns in
nickel-rich ataxites (Perry, 1944) make this assumption of high static pressure unnecessary .
It can be shown by use of Equation (9) (Appendix) that planetary-bodius greater *han about
400 km radius (with central pressures of 4 kb.) cannot even have cooled from 1800%to 350°C
ot the center in 4.5 + 10° yrs. This was also pointed out by Allan and Jacobs (1956) and
Urey (1956). Furthermore, Goldstein (1964) has shown thot static pressure strongly de-
creases the diffusion coefficient of nickel in Y-phase, such that it appears impossible to
form coarse Widmanstatten structures under high pressure, even with no undercooiing.

The possibility can also be considered that the cooling rates calculated here
could be due to octahedrites cocling in pockets near the surface of larger bodies, as en~
visioned by Henderson and Perry (1958) and Urey (1959). Even so, low pressures are required -

Anders and Goles (1961) state other arguments against such a model .
Perhaps more complex combinations of pressure, phase equilibria, and cooling

model might be devised as our understanding of iron-pallasite-chondrite relationships
grows . For example, Carter and Kennedy (1964) suggest that parent-bodies capable

of producing diamond might have disrupted at temperatures above 800°C, then cooled
more rapidly as the Widmanstatten structure developed. However, this hypothesis seems
inconsistent with the strong general correlation of nickel-content with kamacite band-
widths, and the similar cooling rategcalculated for the meteorites studied.

e e ———— [ ) LI Lo —



Acknowledgements. We wish to thank Professor G . Arrhenius of the Scripps

Institution of Oceanography for providing electron microprobe facilities and
Professor P. Duwez of the California Institute of Technology for the use of
Lave X-ray equipment. Professor H. Brown of the California Institute of Technology
gave aid and encouragement . J I. Goldstein graciously provided diffusion
coefficients in ;he Fe-Ni sysfem in advance of publication. Helpful discussions
were held with J. i. Golastein, H. Brown, W. Nichiporuk, H. H. Uhlig,
J.A.Wood, F.S. Buffington, and K. Fredricksson.

This research was supported by NASA grants No. NsG 56-60 and NsG 317-63 .



|5~

APPENDIX
Diffusion theory . Solutions of the diffusion equation for a constant diffusion coefficient

D may be used for time~dependent diffusion coefficients by employing the parameter F
(Crank, 1956) defined by

t
F= f D(t) dt ()}
(o}

For the case of a linear cooling rate r, Armstrong (1958) derived an approximate expression

for F

2N

n
S

re @)

D_ is D at the nucleation temperature T _, r is the cooling rate, and E is the activation

energy for diffusion. By combining Equation (2)with expressions for T (t) and D {1}, one
can derive a relation for the time t for formation of the Widmanstatten structure between

' Tn and Tf, a temperature at which lower diffusion rates cause negligible boundry movement

P

F T | O FE(T, ~T;) o
tn-f = n : -
_ On T D¢ D, R T2
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Jost (1952) has given analytical solutions to +he diffusion equation for isothermal
moving-boundry problems in two phases. For the purposes of approximation, we will
assume by analogy with Jost, that the following relation is sufficiently correct for linear

cooling rates over fairly narrow temperatures ranges:

E:2 vy VF @

E is the amount of boundry movement and r is a dimensionless parameter dependent upon

the boundry conditions. Since the observed kamacite is almost homogeneous, £ may be
determined by

!
‘S (Cb"cd) =A

£ <Etos 6 7

where A is the total amount of nickel expelled into the ¥ -phase. A is determined by
integration of the nickel-concentration-distance profile in taenite above C, to the
minimum in the profile. If the boundry conditions are constant,¥ may be evaluvated

- Uost, 1952) from the expression

Q 2

— =y e ey @

R
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where Q= (C“-Cb)/ (Cb-Cl) . Suand ELore the respective nickel concentrations at
the interface between the ¥V and otphases. Figure 18 shows that Q can vary greatly

betweenIn_and B., but ¥ varies much less. Because of the exponential decrease of

D with temperature, most of the phase growth and material transport across the inter-
face occurs at and just below T , with relatively small changes in boundry condiﬁfns;
Therefore, Equation (4) may be assumed to hold approximately, using a mean Y , Y .
Assuming that one half of the total material transport takes place by the time that D
has decreased to D r/4 (at Tn -30°C), o mean:Cz (andi by Figure 18) is given by

Q:=Q.+AQ @

- = ®)

since Q and T may both be assumed to vary linearly with time. With _é and i deter-
mined F may be calculated by Equation (4), and r determined by Equation (2) for
assumed temperatures of nucleation.

The nickel-profile in taenite approaches the /Y asymptotically, so the
equilibrium concentration can_not be corredlated with the kamacite composition. For
practical purposes and for the resolution of the microprobe, Equations (2) and (4) were
used to fix ILat 350°C,, corresponding to a ,C_LLOf 48 .5 atom % nickel as plotted in
Figures 2-11.

Cooling model. The formula (Allan and Jacobs, -1956) for the central remperafure_'_f_c_
of a sphere of radius R with thermal diffusivity & and surface temperature L_cooling

f initi T. is given b
rom an'mlhul temperature T, is g Y
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2_2
T.-T Qo m+4 -mw at/R
c ] S
— =2 (—1) e %)
T, -7 m=1

1.2 ent/82 may be extracted with: tables of Ingersoll and Zobel (1948), for T_ and T
‘and R calculated. T. was taken as 1800°K, the minimum temperature at whuch hqund
metal and silicate could have differentiated. o was assumed to be 7 ¢ 10 2cm /sec .,
the approximate thermal conductivity for chondrites, as calculated from data compiled
by Wood (1963). T 100°K, the approximate temperature in the asteroid belt .

S i e e .
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TABLE |. Analysis of Standard Fe-Ni Alloys

Weight % Ni Weight % Fe
Chemical Probe Chemical Probe
(100-Ni)

5.15 5.30 94.85 95.66
10.26 9.82 89.74 90.83
15.10 15.13 84.90 85.32
19.25 18.99 80.75 80.24
25.17 25 .45 74 .83 75.79
36.46 35.62 63.54 65.52

50.28 49.07 4972 51.31
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LEGENDS FOR ILLUSTRATIONS

Figure |. Photomicrograph of plessite band in Duchesne. Arrow shows typical position
and direction of microprobe tracks. Scale bar 100,47 .

Figure 2. Nickel concentraticn~distance profile across taenite band in Youndegin (Og).

L
shows bulk nickel content. £ calculated amount of boundry movement ,

and x' are measured on section surface .

Figure 3. Profile of nickel content across taenite band in Arispe (Og). Peak nickel
content in taenite established by diffusion calculation and numerous micro-
probe analyses .

Figure 4. Two profiles of nickel content in taenite and kamacite bands in Canyon Diablo
(Og). Narrow band shows plessite .

Figure 5. Profiles of nickel across narrow and wide bands in Toluca (Om).

Figure 6. Taenite band with central fine structure in Sacramento Mts. (Om).

Figure 7. Effects of varying band-widths on taenite profiles in Spearman (Om).

Figure 8. Profile near edge of fine plessite area in Duchesne (Of). Horizonta! line
shows average plessite concentration.

Figure 9. Profile ucross tine plessite band in Altonah (Of), showing average central

_ plessite concentration . —_

Figure 10. Protile across half of plessite area in Bristol (Of).

- Figure 11, Variations of nickel and cobalt across a taenite band in Canyon Diablo having
two coarse plessite lamallos.

Figure 12. Electron back-scatter picture at border of tuenite and plessite (top) in Duchesne .
Lighter areas are nickel-rich. Scale bar ¥

Figure 13. Electron back-scatter picture of nicke! in interior of fine plessite in Duchesne .
Lighter areas are toenite. Scale bar 5.4 .

Figure 4. Portion of Fe-Ni sub=solidus phase diagram at | atin . pressure, o oL +VY

e At s . i 2 e e,



Figure 15.

Figure 16.

Figure 17.

Figure 18.
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boundry is uncertain. Ms and To refer to Y > 2 transformction .

Calculated cooling rate of meteorite during formation of Widmanstatten

structure for different assumed kamacite nucleation temperatures (T n)

given by Figure 14.

i = Cooling rate at center of sphere with initial temparature 1800°K, surface
temperature 100°K, end oC = 0.007 cm .2/sec .

2 - Effect of long-lived radioactivity .

Calculated parent-body radius of meteorite at center during formation of

Widmanstatten structure for different assumed kamacite nucleation temperatures

(l’n) given by Figure 14.

Bo:ndry-con,dition diffusion parameter I as a function of bulk content Cb

and boundry concentrations C Ve and C < in fund o phases .
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