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Abstract-A major revision of the current Saikumar and Goldstein (1988) cooling rate computer
model for kamacite growth is presented. This revision incorporates a better fit to the a/a + y phase
boundary and to the y/a + y phase boundary particularly below the monotectoid temperature of
400 °C. A reevaluation of the latest diffusivities for the Fe-Ni system as a function of Ni and P
content and temperature is made, particularly for kamacite diffusivity below the paramagnetic to
ferromagnetic transition.

The revised simulation model is applied to several iron meteorites and several mesosiderites. For
the mesosiderites we obtain a cooling rate of 0.2 °C/Ma, about 10x higher than the most recent
measured cooling rates. The cooling rate curves from the current model do not accurately predict the
central nickel content of taenite halfwidths smaller than ~10 um. This result calls into question the
use of conventional kamacite growth models to explain the microstructure of the mesosiderites.
Kamacite regions in mesosiderites may have formed by the same process as decomposed duplex

plessite in iron meteorites.

INTRODUCTION

The cooling rates of the metal phases in iron, stony-iron
and chondritic meteorites have traditionally been measured
using the metallographic cooling rate technique first developed
by Wood (1964) and Goldstein and Ogilvie (1965a). The
measured cooling rates for individual iron meteorites and the
mesosiderites have varied over a period of three decades. These
variations have caused several investigators to question the
usefulness of the metallographic cooling rate method.
However, the reasons for many of the changes in cooling rates
are due to improvements in the computer models used for
simulating kamacite growth in taenite. For example, the effect
of P on the nucleation of kamacite has been observed
experimentally (Doan and Goldstein, 1972). The resulting
Fe-Ni-P phase diagram can be used to specify the nucleation
temperature of kamacite without considering the effect of
undercooling. Also, the low-temperature portion of the Fe-Ni
phase diagram has been measured (Yang et al., 1996) as well
as the effect of P, S, C and Co on the phase boundaries of the
Fe-Ni phase diagram (Widge and Goldstein, 1977; Romig and
Goldstein, 1978, 1980; Ma et al., 1998). Finally, new Fe-Ni
diffusion coefficients have been measured, particularly at low
temperatures (Dean and Goldstein, 1986). These coefficients
are also a function of P content and the Curie temperature. In
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this paper we outline a major revision to the current Saikumar
and Goldstein (1988) computer model for kamacite growth.
This revision incorporates the latest Fe-Ni phase diagram (Yang
et al., 1996) and a reevaluation of the latest diffusivities for
the Fe-Ni system as a function of Ni content and temperature.
In addition, major revisions are made to the computer
simulation model. In this paper the revised simulation model
is applied to several iron meteorites and mesosiderites. The
results for the mesosiderites call into question the conventional
kamacite growth models for this unique group of meteorites.

A variety of metallographic cooling rate techniques have
been used to determine the cooling rates of the metal phases in
meteorites and their parent bodies. Each of these techniques
depends on the application of a simulation model for the growth
of the kamacite (low Ni, bce) in a matrix of taenite (high Ni,
fce) during cooling in a parent asteroidal body. The major
metallographic cooling rate methods are described below.

1. Taenite Profile-Matching Method—The cooling rates
of meteorites can be determined by matching the calculated
Ni composition profiles in taenite obtained from computer
simulations with the Ni profiles measured in meteoritic
taenite (Goldstein and Ogilvie, 1965a). Ni composition
profiles are measured for a given meteorite by using an
electron microprobe analyzer (EPMA) or an analytical
electron microscope (AEM).
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2, Taenite Central Ni Content Method (Wood Method)-
The Ni content in the center of taenite is computed as a function
of bulk Ni, bulk P, and taenite size (half width) and plotted vs.
the half width of the taenite. Ni contents in the center of taenite
phases of specific halfwidths are measured for a given meteorite
by using an EPMA or AEM. These data are plotted on the
same graph as the computer simulated central Ni content vs.
taenite half width curves. The measured data should fall along
one of the computed iso-cooling rate (Wood) curves. A
variation of the Wood method was developed by Rasmussen
(1981), who measured the local bulk Ni and bulk P contents
for each taenite lamella with the electron microprobe. These
Ni and P data, rather than the bulk Ni and P composition, were
used to calculate iso-cooling rate curves.

3. Kamacite Bandwidth Method-This method was
developed by Goldstein and Short (1967) and directly relates
the kamacite bandwidth with the cooling rate. It is assumed
that the diffusion distance between adjacent kamacite plates is
infinite so that the effect of impingement can be neglected.

4. Kamacite Central Ni Content Method—The central Ni
content of kamacite vs. the kamacite bandwidth is calculated
by computer simulation methods for kamacite growth in taenite.
A correlation between central kamacite Ni content and kamacite
bandwidth is observed for a given cooling rate (Powell, 1969;
Haack et al., 1996). Ni contents in the center of kamacite phases
of specific halfwidths are measured for a given meteorite by
using the EPMA. These data are plotted on the same graph as
the computer simulated central Ni content vs. kamacite half
width curves. The measured data should fall along one of the
computed iso-cooling rate curves.

5. Cloudy Zone Method-A correlation between the size
of the tetrataenite phase (island phase) of the cloudy zone in
the residual taenite and the cooling rate of the meteorite, as
determined by one or more of the metallographic cooling rate
methods (1-4 above), was observed by Yang et al. (1997). The
correlation line is dependent, however, on the accuracy of the
cooling rate method used to determine the cooling rate for each
meteorite.

In the first four metallographic cooling rate methods, the
taenite is formed and the general shape of the kamacite and
taenite are frozen at temperatures of around 450 °C. In the
cloudy zone method, growth of the cloudy zone is frozen at
about a temperature of 250 °C. As the method is used however,
the cooling rate is calibrated using one of the first four methods,
at about 450 °C. All these cooling rate methods depend on an
accurate computer simulation of the kamacite growth process.
The exsolution of kamacite from taenite and the subsequent
growth of kamacite can be calculated by using appropriate mass
transport equations. These equations require specific data such
as phase diagram solubilities and mass transport coefficients
that vary with temperature and composition. The next section
discusses revisions which are made to the data and the current
computer simulation programs which form the basis for the
metallographic cooling rate method.
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THE COMPUTER MODEL: REVISIONS
Phase Diagram

The Saikumar and Goldstein (1988) expressions which
describe the Fe-Ni binary and Fe-Ni (P saturated) pseudo
binary phase diagrams in the current computer models for
kamacite growth need to be revised to incorporate new
experimental data and new theoretical phase diagram
calculations such as the a/(a + y) and (a + y)/y phase
boundaries of the iron-rich section of the Fe-Ni phase diagram,
Yang et al. (1996). Figure 1 shows the Fe-Ni phase diagram
of Yang et al. (1996). At ~400 °C, the monotectoid reaction
y1 = a + y3 occurs. The y; is a high Ni ferromagnetic fcc
phase which transforms to ordered FeNi y” at lower
temperatures. Because of the monotectoid reaction, there will
be noy from ~41 to ~48 wt% Ni in the Ni composition profile.
The y’ phase which forms due to the eutectoid reaction at
~350 °C (Fig. 1) is not observed metallographically in meteorites
and is therefore not considered in the computer simulation.

The solvus lines for Fe-Ni binary (Yang et al., 1996) and
the Fe-Ni (P saturated) pseudo binary (Romig and Goldstein,
1980) phase diagrams were approximated with polynomial fits
by regression analysis to high order equations using 100-200
data points for each boundary as shown in Fig. 2. The
nomenclature system of Moren and Goldstein (1978) was used
for the a/(a +y) and (@ + y)/y boundaries. Data used to develop
the equation for the binary Fe-Ni a/{a + ¥) solvus line are
taken from Goldstein and Ogilvie (1965b), Romig and
Goldstein (1980), Chuang et a/. (1986), Reuter er al. (1989)
and Yang et al. (1996). Data used to develop the equation for
the pseudo binary Fe-Ni (P saturated) a/(a + y) solvus line are
taken from Romig and Goldstein (1980) for temperatures from
700 to 400 °C. For temperatures of 300 °C and below, the
Fe-Ni (P saturated) a/(a + v) solvus line (AUN) follows the
Fe-Nia/(a +y) solvus line (ALN). The polynomial equations
for the solvus lines are of a form:

Solvus line (Wt% Ni) = 4+ A1x T+ 42x T* + a)
AB3xT?+ 44xT* + A45x T’

where T is the temperature in degrees Celsius. The constants
of the regressions are listed in Table 1.

The solubility of Ni is less in phosphorus saturated taenite
(y) than in binary Fe-Ni taenite (y) (Romig and Goldstein,
1980). No data are available for temperatures less than the
monotectoid at 400 °C. In this model, we assume that the Ni
solubility in the phosphorus saturated ferromagnetic taenite,
y» or y", which forms below 400 °C, is also less than in the
binary y; or ¥" (Fig. 2). We assume that the Ni solubility in
ternary (P saturated) y, or y”, (GUN) follows the same
functionality as GLN with temperature and contains 1.0 wt%
less Ni at all temperatures.
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FIG. 1. Fe-Ni phase diagram (Yang ef al., 1996). On this diagram, « represents a low-Ni bcc phase, y represents a high-Ni fcc phase, y;
represents a low-Ni paramagnetic fcc phase, y; represents a high-Ni ferromagnetic fcc phase, 9 represents ordered NisFe, y” represents
ordered FeNi-tetrataenite, and Mg represents the martensitic transformation starting temperature. T.¥ is the Curie temperature of the y phase.

Tc¥" is the ordering temperature of FeNi, y".

TABLE I. Constants of polynomial fit.

Solvus line A Al A2 A3 A4 A5
alla +7y)

ALN (T = 900-100 °C) 0.53671 0.01380 2.64 x 10-3 —8.58x 108 437 x 10-11 -
(a+y)ly

GLN (T > 400 °C) -217.664 1.8957 —4.802 x 10-3 4918 x 10-6 —1.804 x 10~ -

al{a +y) (P saturated)

AUN (7= 900-100 °C) 19.2462 -0.2686 1.423 x 10-3 -3.07x 106 2.92 x 1079 -1.02 x 10-12
(a + y)/y (P saturated)

GUN (T > 400 °C) 83.887 —0.4406 2232 x 10-3 -5.61 x 106 6.07 x 109 -2.34 x 10-12
(a+y)y

GLN (T <400 °C) 38.2130 0.37410 -3.716 x 10-3 1.712 x 10-5 —3.736 x 10-8 3.072 x 10-11

(a + )y (P saturated)
GUN (T < 400 °C)

GUN was assumed to be the same as GLN (7 < 400 °C) less | wt%
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FIG. 2. The binary Fe-Ni and ternary Fe-Ni (P saturated) phase diagrams calculated from the values of ALN, AUN, GLN and GUN (see Table 1

for constants of the solvus lines equations).

The solubility of phosphorus in & kamacite (AUP) and
y taenite (GUP) were determined by Doan and Goldstein (1970)
and Romig and Goldstein (1980). Clarke and Goldstein (1978)
showed that there is a linear relationship between the logarithm
of the P solubility and the inverse of the absolute temperature:

AUP (w1% P) = exp(6.3 — 6420.0/T) )
GUP (Wt% P) = exp(6.6 — 7800.0/T) 3)

where 7 is the absolute temperature.

The binary Fe-Ni and ternary Fe-Ni (P saturated) phase
diagrams calculated from the values of ALN, AUN, GLN and
GUN are shown in Fig. 2. A comparison of the calculated
ALN and AUN curves with the ALN and AUN curves given
by Saikumar and Goldstein (1988) is given in Fig. 3a,b. Pertinent
experimental and calculated phase diagram data are aiso plotted
in the figure. The differences between the a/(a + y) solubility
curves ALN and AUN are quite significant. Values of the solubility
limits above 700 °C and below 300 °C are now consistent with
experimental and calculated data. Far more important, the

values of ALN are almost 1 wt% higher at kamacite growth
temperatures than the values of ALN from Saikumar and
Goldstein (1988). Also, the value of AUN at the maximum
Ni solubility at about 450 °C is almost 0.5 wt% less than the
value of AUN of Saikumar and Goldstein (1988). Incorrect Ni
solubility limits in kamacite will give incorrect amounts of
kamacite growth and make it impossible to correctly mode] the
Ni content in kamacite (kamacite central Ni content method).

Figure 3¢ shows a comparison of the new GLN and GUN
curves with the GLN and GUN curves given by Saikumar and
Goldstein (1988). There are significant differences between
these two sets of curves below the monotectoid temperature
0f 400 °C, particularly GLN. Saikumar and Goldstein (1988)
did not fit the binary Fe-Ni (a + y)/y phase boundary (GLN)
below the monotectoid temperature, 400 °C. They correctly
pointed out that metal in iron metearites is saturated in P and
the interfacial Ni values at growth temperatures below 400 °C
are given by the ternary (¢ + y)/y phase boundary (GUN).
The differences between the new GLN and GUN curves and
the GLN and GUN curves given by Saikumar and Goldstein
(1988) are also due to the assumptions made in the current
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FIG. 3. (a) Comparison of the new ALN curve with that given by Saikumar and Goldstein (1988). Experimental data points are R&G (1980)
(from Romig and Goldstein, 1980), Chuang et al. (1986), G&O (1965) (from Goldstein and Ogilvie, 1965b), and R,W&G (1989) (from
Reuter et al., 1989). (b) Comparison of the new AUN curve with that given by Saikumar and Goldstein (1988). Experimental data points are

from Romig and Goldstein (1980). Figure 3 is continued on the next page.
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FIG. 3. Continued. (c) Comparison of the new GLN and GUN curves with those given by Saikumar and Goldstein (1988). (See Table 1 for

constants of the solvus lines equations.)

paper about Ni solubility in v, ,which forms below 400 °C,
and in ordered FeNi, y”, which forms below 310 °C.

The effect of the addition of Co to Fe-Ni alloys is to shift
both the a/(a + y) and the (¢ + y)/y phase boundaries to higher
Ni contents at the same temperature or to higher temperatures
for the same Ni content (Widge and Goldstein, 1977). Bulk
Co contents above 1 wt% are very rare in iron meteorites and
the average iron meteorite contains 0.5 wt% (Buchwald, 1975).
The effect of Co in iron meteorites is to increase the equilibrium
Ni content in taenite by only 0.5 wt% or increase the equilibrium
nucleation temperature for kamacite by only about 5 °C.
Therefore we can safely assume that the effect of Co on the
Fe-Ni (P) pseudo binary which we have modeled above is
minimal. Like P, the effect of the addition of Co to Fe-Ni
alloys is to aid in the nucleation of kamacite.

The effect of the addition of C to the Fe-Ni alloys is to
decrease the Ni content of the y/(a + y) phase boundaries
(Romig and Goldstein, 1978). However, since most iron
meteorites contain less than 0.01 wt% C (Buchwald, 1975) the
effect of C on the Ni content of the y/(a + y) phase boundary is
negligible. Even for iron meteorites in groups IAB and IIIE
with much higher C contents, most of the C is consumed in the
formation of carbides and only small amounts of C remain in
solution in the metal phases below 500 °C. Nevertheless,
Meibom ef al. (1994) point out that the effect of C in groups

IAB and IIIE may be important in determining accurate cooling
rates. The effect of C in the metal phase is assumed to be well
within the error limits of the method for the purposes of the
present simulation model.

The effect of the addition of S in the Fe-Ni alloys is similar
to that of P. The Ni content of the &/(a +y) boundary increases
and the Ni content of the y/(¢ + y) phase boundary decreases
(Ma et al., 1998). Since most of the S is consumed in the
formation of sulfides, only small amounts of S remain in
solution in the metal phases (<0.1 wt%) at 600 °C and below.
However, the presence of S does appear to help in the nucleation
of the FeNi, y" phase (Ma et al., 1998).

Diffusion Coefficients

The current model uses a pseudo-binary approximation for
the mass transport equations since the cross coefficients for
the ternary system are orders of magnitude less than the main
inter-diffusion coefficients (Heyward and Goldstein, 1973).
The mass transport equations used for modeling kamacite
growth require accurate diffusion coefficients. These mass
transport coefficients vary with temperature as well as Ni and
P composition. The diffusion coefficients used in the Saikumar
and Goldstein (1988) computer model were those of Dean and
Goldstein (1986) for Ni in the kamacite (a) and for Ni in the
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taenite () in the binary Fe-Ni and the ternary Fe-Ni (saturated
P) systems at temperatures below 900 °C.

Saikumar and Goldstein (1988) used the taenite diffusion
coefficients of Dean and Goldstein (1986) to fit an expression
similar to Goldstein ez al. (1965) while maintaining the same
functional dependence on the nickel content. The equation
had the following form:

} )

(where DY is the interdiffusion coefficient D for Fe-Ni, Cy; is the
nickel content in atom percent, 7 is the temperature in degrees
Kelvin and R is the gas constant equal to 1.987 cal/mol K).
The constants A and B were —1.89 and —69 845 cal/mol
respectively (Saikumar and Goldstein, 1988).

In the current model the diffusion coefficient for Ni in
binary Fe-Ni taenite (y) was reevaluated using the data of
Goldstein et al. (1965) and Dean and Goldstein (1986). The
data of Goldstein et al. (1965) are diffusion coefficients in the
y, that were measured at various nickel contents (10% to 90%)
and various temperatures (1000 to 1288 °C). The data of Dean
and Goldstein (1986) are diffusion coefficients that were

B+116xCy;

D7 =exp(A+0.0519 x Cyi )expl: RT
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measured at various temperatures between 610 and 925 °C at
compositions that were in the single-phase field taenite near
the solvus line. A multiple regression was used to fit an
equation of the following form:

] 5)

where A, B, C and D are the constants of the regression. The
final expression for the diffusion coefficients of Ni in binary
taenite is:

B+Dx(Cy,)

D7 =exp(A +C x (Cy;)ex
p( (&™), p{ RT

D7 =exp(1.188+0.0185 x Cy;) x
[—76668—116.112 x CN,}
exp

RT
The current model had less sum of residuals in fitting the
equation to the actual experimental data than the equations
that were used in the Saikumar and Goldstein (1988) model.
Plots of the calculated diffusion coefficients using the
expressions given in this paper and the Saikumar and Goldstein
(1988) model along with the experimental data as a function
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FIG. 4. Comparison of the measured and predicted D' as a function of the variable Cy/RT for the current model and the Saikumar and

Goldstein (1988) model.
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of one of the regression variables, Cy/RT, is shown in Fig. 4.
The calculated diffusion coefficients using the expression given
in this paper fit the experimental data much better than the
calculated diffusion coefficients from the Saikumar and
Goldstein (1988) model. A similar conclusion is reached when
plots of calculated and measured diffusion coefficients vs. the
other regression variables Cy;, and 1/RT are compared.

As given by Dean and Goldstein (1986), the ratio of
D”temary to Dybinary increases as the ratio of the P content in
the alloy to the solubility limit of P in the alloy increases. The
expression relating D”lema,y to D"b;nary can be written as
follows:

D (7

ternary

= (1049 Pygi) X Dljrary
when the Ppaio is <1.

DY ernary and D¥pinary values have been measured to
temperatures as low as 610 °C, Dean and Goldstein (1986).
Kamacite growth, however, occurs between 650 and 250 °C, a
temperature region where values of the controlling diftusivities
have not been measured. In the simulation of kamacite growth,
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we have assumed, as in previous computer models, that the
D" ternary and DY pinary values expressed as a function of 7 and
Cy; can be accurately extrapolated to lower temperatures. This
assumption is most likely justified to temperatures above the
monotectoid temperature of 400 °C. However, below the
monotectoid the taenite phase is metastable y” which orders to
FeNi, tetrataenite, at 310 °C. In this version of the simulation
model we assume that D”binary and Dytemary values can be
obtained using Eqs. (6) and (7), which were developed for the
taenite phase above the monotectoid temperature. The use of
these extrapolated diffusivities below 400 °C may lead to errors
in the calculation of Ni profiles in taenite above 40 wt%
(profile-matching method) or the calculation of Ni contents in
the center of taenite (Wood method) for taenite half widths
<10 um.

Binary a Fe-Ni alloys are in the paramagnetic state above
the Curie temperature of 770 °C. At the Curie temperature,
a Fe-Ni changes from paramagnetic state to a ferromagnetic
state. Borg and Lai (1963), Hirano et al. (1961) and Dean and
Goldstein (1986) observed a discontinuity in the slope and value
of the diffusivity of Ni from 770 to below 700 °C. Figure 5 shows
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FIG. 5. Comparison of measured binary a-kamacite diffusion coefficients as a function of 1/7. The line labeled S&G D« represents the fit to
Da vs. 1/T for kamacite from Saikumar and Goldstein (1988) and the line labeled Current D¢ represents the fit to D@ vs. 1/T obtained from the

current study.
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the measured diffusivity data. In this study, the diffusion
coefficient for Ni in kamacite (a) was reevaluated using the
data of Dean and Goldstein (1986). Since the nucleation and
growth of the kamacite in meteorites occur at temperatures
below 700 °C, only the data below 700 °C were used to fit an
Arrhenius type equation D = Dyexp(—Q/RT) for the diffusion
coefficients. It is noted that one of the data points (at 705 °C)
of Dean and Goldstein (1986) was ignored in the reevaluation
since that data point falls within the temperature range of the
paramagnetic to ferromagnetic transition.

The diffusion coefticients for Ni in kamacite (@) in binary
Fe-Ni are given by:

D% =2.57 x 10‘4exp[ﬂ} ®)
RT

Dean and Goldstein (1986) observed that the diffusivity of
Ni in Fe-Ni-P at a given temperature was dependent on the
ratio of the P content in the alloy to the solubility limit of P in
the alloy at that temperature (Praio)- Datema,y in kamacite is
expressed as a function of Dabinaryi

DZZ

ternary

=(1.0+26.5x Py, ) X Difinary ©)

The above expression is valid for the case when the Py,
is <I.

In addition to P, iron meteorites also contain C and S. The
effects of C and S on the diffusivity of Ni below 700 °C have
not been studied. However we believe that the effect of C and
S is secondary since most of the C and S is consumed in the
formation of carbides and sulfides and very small amounts
remain in solution in the metal phases below 500 °C.

The errors in the measurement of interdiffusion coefficients
are of the order of =10 to =20% (Dean and Goldstein, 1986;
Goldstein et al., 1965). The largest error obtained by Dean
and Goldstein (1986) of =50 to =100% was in their lowest
temperature taenite diffusion couple, 610 °C. The effect of
errors in the measurement of cooling rates is discussed later in
this paper using specific meteorites as examples.

Numerical Model

The computer model that was developed in this study is
based on the model proposed by Saikumar and Goldstein
(1988). The model uses the Murray and Landis (1959) variable
grid spacing technique and the Crank—Nicolson (Noye, 1984)
approximation for the diffusional growth of kamacite in taenite.
The velocity of the interface is determined at each timestep with
a Ni mass balance in the taenite and kamacite. The amount of
Ni is kept constant in the system. In the Saikumar and Goldstein
(1988) model, rod geometries were used in the simulation of
the exsolution of kamacite from taenite. In the model developed
here, plate morphology was assumed since the Widmanstitten
pattern is formed by the growth of kamacite plates in a taenite

matrix. The present model assumes that the meteorite's thermal
history was linear. Nucleation of kamacite in the Fe-Ni-P
containing taenite is assumed to occur at a temperature below
that at which phosphides (Ph) are first formed during cooling.
The solubility of P in taenite (Eq. (3)) determines the
temperature where phosphides form. As shown experimentally
(Narayan and Goldstein, 1984a,b), the nucleation of kamacite
occurs at the temperature when the meteorite enters the three
phase field, a +y + Ph. Rasmussen et al. (1995) assumed that
kamacite nucleated in the absence of phosphides.

In the Saikumar and Goldstein (1988) model, diffusion in
the kamacite phase was assumed to be infinitely fast at
temperatures above ~450 °C. This assumption causes problems
in modeling the growth of kamacite in iron meteorites with a
bulk nickel less than about 7.7 wt%. For example if the bulk
Ni content of a meteorite is 7.5 wt%, at about 460 °C during
the cooling process, the nickel content of the kamacite at the
kamacite/taenite interface is about 7.5 wt%, the bulk Ni content
of the meteorite (see Fig. 3a,b). Since the nickel content in the
taenite is also above the bulk nickel content in the meteorite,
the mass balance of nickel in the kamacite and taenite will
cause an excess of nickel to exist in the system and the model
can not proceed below 460 °C. In the model developed in this
study, kamacite diffusion given by Eq. (9) was incorporated at
all growth temperatures. Using this modification, the current
model is able to calculate kamacite growth in taenite with a
bulk nickel content of less than 7.7 wt% and to calculate Ni
gradients in kamacite that may develop at lower temperatures
(T <500 °C). Itis important to note that most of the numerical
models developed before 1988 as summarized by Saikumar
and Goldstein (1988) and most models developed after 1988
included the effect of diffusion in kamacite.

In the Saikumar and Goldstein (1988) model the interface
between the kamacite and taenite was only allowed to move in
one direction, to deplete the taenite phase. In the model
developed in this study, the movement of the kamacite/taenite
interface was allowed to move in either direction to allow for
kamacite regression at lower temperatures.

APPLICATION TO IRON METEORITES
Toluca

Toluca is an iron meteorite of chemical group IA with a
bulk composition of ~8.14 wt% Ni and 0.16 wt% P (Buchwald,
1975). Kamacite growth was simulated for several linear
cooling rates (cooling from 700 to 200 °C) and a number of
impingement lengths to develop appropriate curves using the
Wood method. Figure 6a shows the results of a computer
simulation of Widmanstitten growth in Toluca for a cooling
rate of 25 °C/Ma, an impingement length of 700 um, and a
precipitation temperature of 700 °C. The computer simulation
used 200 points, 50 in the kamacite and 150 in the taenite.
The calculated Ni concentration profiles which develop at
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FIG. 6. (a) Nickel concentration profiles as a function of temperature calculated using a computer simulation of Widmanstétten growth in the
Toluca iron meteorite (cooling rate =25 °C/Ma, impingement length = 700 um, precipitation temperature = 700 °C, final cooling temperature
=200 °C, 200 points were used in the simulation). (facing page, top) (b) Nickel concentration profiles in kamacite and taenite £20 um from
the kamacite/taenite boundary at 450, 350 and 200 °C. The Ni profiles are calculated using a computer simulation of Widmanstitten growth
in the Toluca iron meteorite. Note that the OTR/CZ discontinuity in y is shown in the profiles for 350 and 200 °C. (facing page, bottom)
(c) Nickel concentration profiles in kamacite using a computer simulation of Widmanstitten growth in the Toluca iron meteorite. Note that
the gradients in the Ni profile are obtained at temperatures below 550 °C.

various temperatures are shown in Fig. 6a. A significant
M-shaped Ni profile develops in taenite at or below 450 °C as
shown in Fig. 6b. The computer simulation for the Ni gradient
in the taenite phase below 450 °C contains 150 points allowing
for a spatial resolution of 0.2 um per point. This spatial
resolution allows one to make a good comparison between
EPMA data collected with a spatial resolution at ~1 gm and
the spatial resolution of the computer simulation.

A Ni composition gradient develops in kamacite after cooling
of ~150 °C below the nucleation temperature of 700 °C. The Ni
gradients are significant at lower temperatures (<450 °C) and the
Agrell effect near the kamacite/taenite interface is well developed
(See Fig. 6¢). For the computer simulation with a cooling rate of
25 °C/Ma shown in Fig. 6, the central nickel content of kamacite
and taenite was fixed at 450 °C. On the other hand, the composition
of nickel near the kamacite/taenite interface varies continuously
to much lower temperatures.

Plots of taenite central Ni vs. taenite halfwidth using the
experimental data for Toluca of Wood (1964) and Saikumar
and Goldstein (1988) are shown in Fig. 7. The Wood curves

from the current simulation model for three different cooling
rates (25, 50 and 100 °C/Ma) and from the calculated curves
from Saikumar and Goldstein (1988) are also shown in Fig. 7.
The calculated Wood curves from the current model are a better
fit to the experimental EPMA data. Nevertheless, the current
model still yields the same cooling rate for Toluca, ~25 °C/Ma, as
given from the Saikumar and Goldstein (1988) model. Using
the profile-matching method, the data of Saikumar and
Goldstein (1988), and the new kamacite growth model,
consistent cooling rates between 10 and 30 °C/Ma are obtained.

Figure 8 shows the effect of a worst case scenario if one
assumes the largest error in the measurement of taenite
interdiffusion coefficients is £100%. Plots of taenite central
Ni vs. taenite halfwidths for Toluca are calculated for a cooling
rate of 50 °C/Ma for errors in DY as large as 2x or as small as
0.5x the D” given in Eq. (7). In this example, the experimental
data fall on the 50 °C/Ma curve when the calculated diffusivity
is 2x the best-fit D? values. We consider a factor of 2 error in
the accuracy of the cooling rate to be the maximum error range
for the metallographic method.
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FIG. 7. Cooling rate curves for the Toluca iron meteorite (Wood method) for the current model and for the Saikumar and Goldstein (1988)
model. The experimental data are from Saikumar and Goldstein (1988) and Wood (1964).

Canyon Diablo

Canyon Diablo is an iron meteorite of chemical group IAB
with a composition of ~7.1 wt% Ni and 0.26 wt% P (Buchwald,
1975). Kamacite growth was simulated for several linear
cooling rates (cooling from 700 and 200 °C). Figure 9 shows
the results of a computer simulation of Widmanstétten growth
in Canyon Diablo for a cooling rate of 100 °C/Ma, an
impingement length of 2000 xm, and a precipitation
temperature of 700 °C. The computer simulation used 160
points, 80 in the kamacite and 80 in the taenite. The Ni
concentration profile in kamacite is given in the inset of Fig. 9.

Figure 10 shows EPMA data taken across a kamacite plate
~2000 gm half width (Goldstein, 1965). The Ni profile was
modeled for two cooling rates, 20 and 100 °C/Ma with an
impingement length of 2000 um. The kamacite profile is
closely matched using either linear cooling rate particularly if
one considers the errors in the EPMA data and the uncertainty
in the detailed shape of the a/{a + y) boundary of the Fe-Ni
(P saturated) phase diagram (Fig. 3b). Although the kamacite

profile-matching method and the kamacite central Ni content
method can be used to determine cooling rates, the sensitivity
of the method is not sufficient to determine which of the two
cooling rates is correct for Canyon Diablo. As discussed in
the following section on the mesosiderites, it may not be
possible to employ information from the kamacite phase to
determine cooling rates.

APPLICATION TO MESOSIDERITES

Mesosiderite cooling rates are the slowest yet determined
for all the meteorites (Powell, 1969). Powell (1969) used the
Wood method and obtained cooling rates of ~0.1 °C/Ma. Haack
et al. (1996) applied the Wood method, using the phase diagram
information and diffusion coefficients of Saikumar and
Goldstein (1988), and obtained cooling rates of ~0.03 °C/Ma.
Assuming linear cooling from 700 to 200 °C, any cooling rate
<0.1 °C/Ma would require a cooling time greater than the time
period that elapsed since metal-silicate mixing occurred, more
than 4.47 Ga ago (Powell, 1969; Rubin and Mittlefehldt, 1993).
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Figure 11 shows EPMA data for taenite central Ni content
vs. taenite half width for four mesosiderites Pinnaroo, Emery,
Esterville and Vaca Muerta (Haack er al., 1996). The calculated
Wood curves from Haack et al. (1996) are also displayed.
These curves only consider wide taenite regions with half
widths =20 um. According to Haack et al. (1996), these curves
are not influenced by the monotectic phase transformation
which takes place at or below 400 °C. Haack et al. (1996)
determined a metallographic cooling rate of ~0.03 °C/Ma.

Metallographic cooling rate simulations of taenite central
Ni content vs. taenite half width were obtained using the
kamacite growth model described in this paper for three cooling
rates (0.05, 0.1 and 0.5 °C/Ma). The Ni and P contents of
9.78 wt% Ni and 0.15 wt% P were used in the simulation.
This Ni content is representative of the four mesosiderites,
Pinnaroo, Emery, Esterville and Vaca Muerta, whose Ni
contents vary from 7.99 to 10.54 wt% Ni (Hassanzadeh et al.,
1990). The cooling rate curves (central taenite Ni vs. the total
taenite width) for 0.1 and 0.5 °C/Ma are plotted on Fig. 11.
The cooling rate curves for the taenite (Fig. 11) fall above the

curves of Haack et al. (1996). A cooling rate of about 0.2 °C/Ma
is predicted using EPMA data for taenite half widths above
~10 um. This cooling rate is about a factor of 10 higher than
that determined by Haack ez al. (1996). Without access to the
Haack et al. computer code, we are not sure how our new
formulation for the phase diagram or diffusion coefficients may
change the Haack et al. (1996) calculated Wood curves.
Figure 12 shows a plot of kamacite central Ni vs. the
kamacite half width for Patwar, Hainholz, Vaca Muerta and
Mincy using the EPMA data from Powell (1969). The EPMA
measurement errors for the Ni content of individual points is
+0.1 wt% at the 95% confidence limit. The calculated central
Ni content vs. kamacite half width for cooling rates between
0.001 and 0.1 °C/Ma from Haack et a/. (1996) are also shown
in the figure. The cooling rate curves which enclose the data
lie in a range between the 0.001 and the 0.01 °C/Ma. Haack er
al. (1996) argued that kamacite orientation effects with respect
to the polished surface lead to inaccuracies in the measurement
of kamacite half width. Any corrections in the measurement
of kamacite half widths would move the data closer to the
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FIG. 9. Nickel concentration profile developed during cooling using a computer simulation of Widmanstitten growth in the Canyon Diablo
iron meteorite (cooling rate = 100 °C/Ma, impingement length = 2000 um, precipitation temperature = 700 °C, final cooling temperature =
200 °C). The larger profile shows the Ni concentration within taenite and ~400 #m of kamacite close to the a/y boundary. The inset shows

the calculated nickel concentration profile in the kamacite.

0.01 °C/Ma curve. However, in two of the four mesosiderites
(Vaca Muerta and Patwar) planar kamacite, that formed in a
Widmanstitten pattern, was analyzed. Geometric effects should
be minimized in these meteorites yet the spread in kamacite Ni
data is the same as in the other two mesosiderites (Mincy and
Hainholz).

Kamacite cooling rate curves determined from the kamacite
growth model described in this paper for 9.78 wt% Ni and
0.15 wt% P are plotted in Fig. 12. The data fall along a cooling
rate curve of ~0.05 °C/Ma. The cooling rate curves calculated
from the present model also predict much higher cooling rates
than the cooling rates of 0.001 to 0.01 °C/Ma of Haack ef al.
(1996).

The computer simulation model correctly predicts that the
central Ni content of the kamacite phase increases with
increasing size. However, as discussed in the section on iron
meteorites, and by Powell (1969) and Haack et al. (1996), the
uncertainty in the detailed shape of the a/(a + y) solvus line
for the Fe-Ni (P saturated) phase diagram, where the Ni contents
only vary by a few wt%, can lead to errors in the predicted Ni

variation in the kamacite phase as a function of cooling rate.
Figure 12 shows that even for one meteorite, that the kamacite
Ni content varies by as much as 0.5 wt% for the same-sized
kamacite. A variation of 0.5 wt%, however, represents almost
an order of magnitude variation in cooling rate. Therefore,
the kamacite central Ni content method is relatively insensitive
to cooling rate variations and cannot be used to obtain cooling
rates for the mesosiderites.

If one assumes an error in the taenite diffusivities of as
much a factor of 2 (+100%), we calculate that the cooling rate
of the mesosiderites would increase to about 0.4 °C/Ma. The
cooling rate of ~0.2 °C/Ma to as high as 0.4 °C/Ma is still a
factor of 2.5 to 5 lower than the minimum cooling rate of the
1.0 °C/Ma for the Esterville mesosiderite obtained from
independent studies of cation ordering in orthopyroxene
crystals (Ganguly et al., 1994).

The faster cooling rates obtained from the taenite central
Ni content method vs. the kamacite central Ni content method
(Figs. 11 and 12) are probably not significant given the
inaccuracy of the later method. The taenite central Ni content
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method used in this paper, however, predicts cooling rates of
about 0.2 °C/Ma for the mesosiderites, a much higher value
than that obtained by Haack et al. (1996).

Figure 13 shows a measured EPMA Ni composition profile
across a kamacite-taenite region from an isolated grain in the
Reckling Peak (RKP)A79015 mesosiderite (9.87 wt% Ni,
0.15 wt% P; Jarosewich, 1990). The profile-matching method
was used to determine the cooling rate of this meteorite. The
match between calculated and measured profiles is not
particularly good in part because the model assumes a plate
geometry for the kamacite growth. The measured cooling rate is
about 0.1 °C/Ma. This cooling rate is within a factor of 2 of the
cooling rates of the four mesosiderites (Fig. 11) determined
using the kamacite growth model described in this paper.

The cooling rate curves from the current model do not
accurately predict the central nickel content of taenite
halfwidths smaller than ~10 #m (Fig. 11). There are two
possible explanations for this discrepancy:

(1) Diffusion coefficients in the y” phase, which forms as a
result of the monotectic below 400 °C, may be quite different

from Dyinary and Diemary in the y phase given by Eqs. (6) and (7).
These equations were developed by extrapolating the known
diffusivities of the taenite phase above the monotectoid
temperature to lower temperatures <400 °C. The y” phase and
ordered Fe,Ni at lower temperatures have different crystal
structures and vacancy concentrations which control the rate
of mass transport. The use of extrapolated diffusivities (Egs. (6)
and (7)) may lead to errors in the calculation of Ni profiles in
taenite above 40 wt% (profile-matching method) or the
calculation of Ni contents in the center of taenite (Wood
method) for taenite half widths <10 ym.

(2) The formation of kamacite in mesosiderites may not
occur by the same transformation sequence as for the iron
meteorite Widmanstitten pattern (the slow cooling of taenite
and the exsolution of kamacite at low temperatures). If the
mesosiderites cool fairly rapidly, ~1 °C/100 years (Ganguly et
al., 1994}, to the temperature range, 500—-600 °C, the exsolution
of kamacite may not occur by the conventional process,y =y +
Ph = y + @ + Ph. It is possible that the kamacite regions
formed by the decomposition of martensite @, which formed



FIG. 11. Central Ni content vs. taenite half width plot
for the Pinnaroo, Emery, Esterville and Vaca Muerta
mesosiderites. The calculated Wood curves from Haack
et al. (1996) are shown as dashed lines. The calculated
Wood curves from the current model (0.1 and
0.5 °C/Ma) are displayed as solid lines.
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when the meteorite cooled rapidly below the martensite start
temperature. In this transformation sequence, martensite forms
and then decomposes at lower temperatures to ¢ kamacite and
y or tetrataenite below 310 °C (see Fig. 1). In this scenario,
the growth of tetrataenite is controlled by fast diffusion of Ni
through the decomposing a distorted bee, martensite (Zhang
etal.,, 1993, 1994). This is the same transformation path for
the formation of decomposed duplex plessite in iron meteorites
(Zhang et al., 1994).

Although we do not have definitive evidence for either
explanation of why the current model, y = a + y, does not
accurately predict the central nickel content of taenite
halfwidths smaller than ~10 um, one can make certain
observations using EPMA traces measured across
Widmanstitten pattern regions in mesosiderites. Fig. 14 shows
an optical picture of a Widmanstitten pattern region in the Vaca
Muerta mesosiderite. EPMA data across one of the kamacite
bands in the Widmanstitten pattern is shown in Fig. 15. Itis
important to note that the taenite region surrounding the
kamacite plates is almost completely 52 wt% Ni tetrataenite.

The tetrataenite is most likely formed by the same process as
described for duplex plessite decomposition in iron meteorites
(Zhang et al., 1993), y = @ = a + . For the mesosiderites
on cooling, y-taenite of ~8 to 12 wt% Ni transforms to
martensite, a, below the M line (Fig. 1). The martensite, a3,
decomposes upon further cooling. Above the monotectoid
temperature of 400 °C, martensite a; decomposes to a + y.
Because of the Ni content of the mesosiderite metal and the
M, temperature, the Ni content of the y phase which forms is
no less than about 35 wt% Ni. At lower temperatures, and
below the monotectoid temperature, martensite a; decomposes
to a + " (Fig. 1). The growth of y or y” precipitates at
martensite lath boundaries is due to diffusion control or at lower
temperatures to partial interface control (Zhang et al., 1993,
1994). Continued cooling allows y” to order forming FeNi,
tetrataenite, below 310 °C.

If martensite decomposition controls the microstructure
of the metal regions in mesosiderites then the computer
simulation model must be changed to reflect the true growth
mechanism. A computer simulation model for this
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transformation sequence has not yet been developed.
Furthermore, if slow cooling rates begin to occur at
temperatures below 400 °C, cooling times for the mesosiderites
may no longer be thought of as excessive.

SUMMARY

A major revision of the current Saikumar and Goldstein
(1988) cooling rate computer model for kamacite growth has
been developed. This revision incorporates a better fit to the
a/(a + y) phase boundary and to the y/(« + y) phase boundary
particularly below the monotectoid temperature of 400 °C. A
reevaluation of the latest diffusivities for the Fe-Ni system as
a function of Ni and P content and temperature is made
particularly for kamacite diffusivity below the paramagnetic
to ferromagnetic transition. It is assumed that the diffusivities
in Ni-rich taenite, which forms below 400 °C, can be
extrapolated from high temperatures despite the formation of
ordered FeNi at lower temperatures.

We have applied the revised simulation model to several
iron meteorites and several mesosiderites. For the iron

meteorites, the kamacite central Ni content method is quite
insensitive to cooling rate variations. For the mesosiderites a
cooling rate of 0.2 °C/Ma was obtained using the taenite central
Ni content method (Wood method). The measured cooling
rate is about 10x higher than the most recent measurements of
Haack et al. (1996).

The cooling rate curves from the current model do not
accurately predict the mesosiderite central nickel content for
taenite halfwidths smaller than ~10 gm. There are two possible
explanations for this discrepancy: (1) diffusion coefficients in
the y” phase, which forms as a result of the monotectic below
400 °C, may be inaccurate or (2) the formation of kamacite
regions in mesosiderites may not occur by the same trans-
formation sequence as that for the iron meteorites. If the
mesosiderites cool rapidly to the temperature range 500-600 °C,
martensite, a7, may form before nucleation of kamacite. The
latter explanation may call into question the use of conventional
kamacite growth models (metallographic cooling rate methods)
to explain the microstructure of the mesosiderites. Kamacite
regions in mesosiderites may in fact have formed by the same
process as decomposed duplex plessite in iron meteorites
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(Zhang et al., 1993, 1994). If this process is applicable, then
the computer simulation model must be changed to simulate
martensite decomposition during cooling.
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