
mer, during which times sulfate is re- 
duced (15). It is evident that detailed 
studies of sulfate input and annual vari- 
ation are required in order to explain 
the scatter of these lake and brine 
data (16). 

We have analyzed one sample of rea- 
gent BaSO4 (17), which has a delta 
value of 6.87 + 0.10 per mille; we 
cite this sample because its composition 
provides a useful standard for inter- 
comparison of analytical results on sul- 
fates. The further extension of this 
work clearly depends on laboratory 
measurements of exchange-rate con- 
stants and equilibrium fractionation 
factors; because of the many data now 
available on sulfur-isotope ratios, ad- 
dition of data on another isotope in 
sulfates should provide important geo- 
chemical information on sulfates, as 
well as contributing to the possible 
development of another isotopic tem- 
perature scale. 
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Rapid Methods of Determining Cooling Rates of 

Iron and Stony Iron Meteorites 

Abstract. Two rapid and simple methods have been developed for determining 
the approximate cooling rates of iron and stony-iron meteorites in which kamacite 
formed by diffusion-controlled growth along planar fronts. The first method re- 
quires only measurements of the mean kamacite bandwidth and the bulk nickel 
content. The second method requires the determination of the nickel composition 
near the taenite-kamacite interface with an electron microprobe. 

Recently we have developed (1) a 
method for determining the cooling rate 
of meteorites with Widmanstitten struc- 
ture (octahedrites and pallasites). This 
structure formed within the tempera- 
ture range of 7000 to 300'C as the 
meteorite cooled within a parent body. 
The method is more precise (? 10 to 
40 percent) than previous calculations 
of cooling rates (2), but is complicated 
to apply because it involves the com- 
parison of a complex computer calcula- 
tion with nickel diffusion gradients in 
carefully selected and oriented kama- 
cite and taenite bands. We have there- 
fore developed two simplified methods 
for determining the cooling rates (at 
5000C) of meteorites exhibiting Wid- 
manstatten structure. 

Kamacite (a) and taenite (y) in iron 
meteorites are essentially Fe-Ni solid 
solutions containing, respectively, 5 to 
7.5 percent and 1 5 to 50 percent Ni 
by weight. As the meteorite cooled 
through the temperature range 7000 
to 300'C, a phase nucleated in y phase 
and grew by solid-state diffusion. The 
a plates form the unique pattern called 
the Widmanstdtten structure. At low- 
er temperatures decreasing diffusion 
rates caused compositional zoning next 
to the borders of taenite and kamacite. 

These can be easily measured with an 
electron microprobe (1-3). 

The complex method (called here- 
after the precise method) which we 
have developed (1) for determining the 
cooling rate of the Widmanstlitten 
structures uses the known phase equi- 
libria and diffusion coefficients in the 
Fe-Ni system. It also takes into ac- 
count all the following factors which 
influence the formation of the Wid- 
manstaitten structure: (i) the bulk nickel 
content of the meteorite; (ii) under- 
cooling below the equilibrium a-pre- 
cipitation temperature; (iii) impinge- 
ment of neighboring kamacite plates; 
(iv) the cooling rate of the meteorite; 
(v) pressure. Goldstein and Ogilvie (2) 
have shown that the pressure at the 
positions of the iron meteorites within 
the parent bodies was apparently not 
sufficient (< 10 kb) to influence the 
growth of kamacite. The other factors (i 
to iv) determine the ultimate kamacite 
bandwidth and the shape of the re- 
tained diffusion gradients in both tae- 
nite and kamacite. This method, as 
well as the two described below, also 
assumes that minor elements in the 
meteorite have not significantly affected 
either the diffusion coefficients of nick- 
el or the Fe-Ni phase equilibria dur- 
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Table 1. Maximum Ni content in taenite 
(C,,nax) and minimum Ni content in kama- 
cite (C.1-il,,), as measured by electron micro- 
probe at 20 kev next to taenite-kamacite 
borders in iron meteorites and pallasites, listed 
in order of decreasing cooling rate (1). 

ly/a Boundary 

Cooling rate compositions 
Meteorite at 5000C (% Ni by wt.) 

(C/106 yr) Edge Edge 
of 'y of a 

Bristol 20 34 6.8 
Gibeon 20 35 6.5 
Altonah 20 36 6.8 
Duchesne 9 34 6.9 
Dayton 6.5 38 6.5 
Grant 5.1 37 6.6 
Carlton 4.2 37 6.4 
Woodbine 2.7 43 5.6 
Tazewell 2.2 43 5.6 
Edmonton 1.9 40 6.0 
Four Corners 1.9 43 5.9 
Toluca 1.6 43 5.8 
Giroux 1.3 45 5.5 
Carbo 1 45 5.8 
Newport 1 47 5.5 
Mount Vernon 0.8 48 5.2 
Imilac .5 48 5.3 
Butler .5 48 5.3 
Brenham .5 48 5.4 
Glorieta .5 49 5.5 
Albin .5 49 5.4 
Springwater .4 49 5.5 

ing growth of the Widmanstiitten struc- 
ture. Using these assumptions, we are 
indeed able to match exactly the ob- 
served diffusion gradients and kama- 
cite plate thicknesses to those calcu- 
lated for a unique cooling rate. 

Method 1. The basis for the first 
approximate method lies in assuming 
values for undercooling and impinge- 
ment, thus permitting the cooling rate 
to be obtained simply by measure- 
ment of 'bulk nickel content and mean 
kamacite plate thickness. In 27 mete- 
orites studied by the precise method it 
was found that a must have nucleated 
only after undercooling below the 
y/ (a + y) boundary in the Fe-Ni phase 
diagram (4). The extent of this under- 
cooling was found to be consistently 
1.100 + 15'C in 90 percent of the 
largest kamacite plates which form the 
Widmanstiitten structure. No significant 
differences in undercooling were found 
between different groups of meteorites 
or between meteorites with different 
cooling rates or nickel content. 

The impingement factor is related 
to the coarseness of the Widmanstit- 
ten structure. It is negligible in mete- 
orites with fast cooling rates or high 
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Fig. 1. Cooling rate (? 1O0 percent) of Widmanstitten structure of 500 ?C as a 
function of kamacite plate thickness and bulk Ni content of metallic phase of mete- 
orite. The nucleation temperature of kamacite is taken to be 1100C below the 
'y/(a + y) boundary in the Fe-Ni phase diagram (4), and it is assumed that kamacite 
growth is unimpeded by other impinging kamacite plates. 
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bulk nickel content. In ataxites and 
many octahedrites of fine structure the 
diffusion gradients in y phase do not 
extend to the center of the taenite. In 
meteorites with low bulk nickel con- 
tent and coarse structure, the imping- 
ing diffusion gradients increase the 
central nickel content of taenite above 
the original composition. In medium 
octahedrites and to a lesser extent in 
coarse octahedrites the influence of im- 
pinging diffusion gradients which move 
toward each other is to increase great- 
ly the central nickel contents of the 
taenite bands. However, even in coarse 
octahedrites the impingement influ- 
ences the ultimate thicknesses of the 
kamacite plates much less than it does 
the shape of the gradients within tae- 
nite. Moreover, 80 percent of the 
growth of the Widmanstdtten struc- 
ture occurs in the first 50'C of cool- 
ing after nucleation during which dif- 
fusion rates are fastest but impinge- 
ment is insignificant. In effect, except 
for the coarsest octahedrites, the larg- 
est kamacite plates nucleated far 
enough apart that their growth did not 
seriously interfere with one another. 

On the basis of the above considera- 
tions, computer calculations of the a 
plate thickness were made as a func- 
tion of cooling rate (normalized to 
500'C) and bulk nickel content, as- 
suming undercooling of 1 10C below 
the y/(a + y) boundary in the Fe-Ni 
phase diagram (4), and assuming no 
impingement. A graph (Fig. 1) of 
kamacite plate thickness versus bulk 
nickel content was then obtained for 
various cooling rates. To test the effect 
of the approximations, we measured 
the average bandwidths on etched sec- 
tions of iron meteorites on which pre- 
cise cooling rates had been deter- 
mined (1). At least ten bands were 
measured on each meteorite, either on 
photomicrographs or microscopically 
with a calibrated eyepiece micrometer. 
The kamacite bands selected were major 
bands which establish the gross Wid- 
manstatten structure and have a band- 
width variation of less than ? 20 per- 
cent. Inclusions such as schreibersite 
were avoided. The band system chosen 
intersects the section surface at a steep 
angle. The measured kamacite band- 
widths were related to plate thickness 
by determining the dip-angle of the 
plates by angle measurements on the 
top surface and a second perpendicular 
surface (see, for example, 5). 

The percentage deviations between 
approximate method 1 and the precise 
method for determining the cooling rate 
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were calculated. Their standard devia- 
tion is ? 50 percent. However, the 
mean percentage deviation between the 
two methods is only -2 percent for 
the 18 meteorites studied, showing that 
no significant positive or negative bias 
is introduced by the approximations to 
the precise theory. 

Method 2. The basis for the second 
approximate method lies in calculating 
the effect of variation in cooling rate 
on the diffusion gradients near the 
kamacite-taenite border. Theoretically, 
the compositions at the interface of 
kamacite and taenite represent the 
equilibrium compositions at the lowest 
temperature at which equilibrium was 
maintained. However, the true inter- 
face compositions cannot be measured 
with the electron microprobe because of 
the finite size of the x-ray excitation 
volume. Across a typical area of x-ray 
excitation 2 u in diameter (at 20 kev) 
the diffusion gradient might extend from 
30 to 50 percent Ni, and only an 
average composition could be measured. 
A similar situation, but with a shallower 
gradient, prevails in kamacite. 

Nevertheless, the maximum nickel 
content measured in taenite (Cy-,ax), 
the minimum nickel content measured 
in kamacite (Ca-ni) and the cooling 
rate are correlated (Table 1). Meteor- 
ites with known cooling rates (1) 
were found to have proportionally 
higher average values of Cy-niax and 
lower average values of Ca-ii for de- 
creasing cooling rates. We measured 
Cy-niax and Ca-ini on sections cut per- 
penldicular to the kamacite plates. 
Cy-rnlax, which can be measured with 
?4 percent relative accuracy, is more 
sensitive to changes in cooling rate than 
Ca 1lill. An ARL electron microprobe 
with an approximate x-ray excitation 
diameter of 2 u at 20 kev was used. 
Under these operating conditions a least 
squares fit of C and cooling rate 
conforms to the equation 

log,, (cooling rate) = 4.77 - 0.104 Cnax 

Thiis relation varies with different ex- 
citation conditions. Therefore, in order 
to use this method for determining 
cooling rates, for the electron probe 
used it is advisable to calibrate Cy-/niax 
with meteorites of known cooling rate 
(for example, those in Table 1). The 
kamacite plates chosen should intersect 
the top surface at or near 900 in order 
t~o avoid errors in CY-IUlaX and Caz-n 

from subsurface effects. 
Method 1 is recommended for meteor- 

ites showing good Widmanstathen struc- 
ture. It has better precision for me- 
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dium and fine octahedrites and ataxites 
than for coarse octahedrites and cannot 
be used for hexahedrites. When the cool- 
ing rates are fast and the gradients 
steep and hard to measure, method 1 
is probably more accurate than the pre- 
cise method. Method 2 supplements 
method 1 in such cases as pallasites 
which have kamacite plates in which 
kamacite grew by planar-front dif- 
fusion. It becomes imprecise when the 
cooling rate is greater than 50'C/ 106 
years, owing to the steepness of the 
gradient, or when impingement raises 
the central taenite nickel content over 
20 percent by weight, thus flattening 
the gradient near the a/y interface. 
With these restrictions both approximate 
methods can much more rapidly and 
easily give cooling rates within ?50 
percent of those obtained by the precise 
method. 
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Amphibole: First Occurrence 

in a Meteorite 

Abstract. This is the first report of 
an amphibole mineral found in any 
meteorite. The amphibole richterite 
(soda tremolite), Na2Ca(Mg,Fe)5- 
Si802e(OH,F)2, occurs as a primary 
(preterrestrial) mineral enclosed within 
graphite nodules in the iron meteorite 
from Wichita County, Texas. 

No member of the amphibole group 
of silicates, which is quite prominent 
in terrestrial rocks, has, until now, been 
found in any meteorite. I now report 

the finding of the amphibole, richterite 
(soda tremolite) in the iron meteorite 
from Wichita County, Texas. The x- 
ray powder-diffraction pattern is com- 
pared with that of a richterite from 
Langban, Sweden, in Table 1. 

The mineral was analyzed by elec- 
tron microprobe (1) and the results 
are given in Table 2. The microprobe 
could not, of course, provide a direct 
analysis of hydroxyl, nor is a direct 
analysis by chemical methods possible 
on the microgram quantities present. 
Similarly the small quantities also pre- 
clude determination by infrared absorp- 
tion methods. Since terrestrial richterites 
are known to have as much as 62 
percent (atom) of the hydroxyl posi- 
tion substituted by fluoride (2), a direct 
analysis of F was made. In addition, 
the mineral was analyzed for Cl, Br, 
and I but none were found (that is, 
less than 0.1 percent by weight). The 
analysis was then normalized toi eight 
Si atoms. The fluoride thus calculated 
was 0.996 atoms (rounded to 1.00) and 
the remainder of the hydroxyl position 
was filled with OH (that is, OH - 

1.00), which was then calculated to 
H20 and added to the probe analysis 
(Table 2). During the microprobe work 
it was observed that there was a modest 
variation in Cr from grain to grain 
(by a factor of 1.5 from lowest to 
highest value) and a larger variation in 
Ti (by a factor of almost 1.9). The 
values reported in this analysis are 
based on the average of the counts 
observed. These are not major elements; 
however, it is suspected that their 
variability is causing the small varia- 
tion in optical properties. Optical pa- 
rameters are: biaxial, negative; weak 
dichroism (X, pale blue-green; Z, 
brown); 2V 40 to 600; a = 1.598 
to 1.607; 8= 1.616 to 1.625; and 
y = 1.621 to 1.628 (values ? 0.002). 

The richterite was collected by ex- 
cavating into nodules of graphite. The 
grains are small (the largest is 0.6 by 
0.2 mm), are found near the centers 
of the nodules, and are completely en- 
closed by graphite. They occur im- 
mediately adjacent to clear, colorless 
olivine grains (forsterite 99). In addi- 
tion the nodules contain albite (Ab 99), 
roedderite (3), and whitlockite, along 
with an unidentified phosphate and an 
unidentified silicate. In addition to the 
graphite nodules, separate troilite 
nodules occur which contain isolated 
specks of sphalerite, diopside, and 
orthorhombic e-nstatite. 

The presence of a hydroxyl-bearing 
amphibole in an iron meteorite at first 
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