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Introduction:  Pallasites are stony-iron meteorites 

that consist of comparable volumes of olivine and Fe-Ni 
metal.  It is widely believed that pallasites were formed 
at the interface of the metallic core and peridotitic 
mantle in differentiated asteroid(s) [1,2].  Fe-Ni metal 
in pallasites exhibits Widmanstätten structure indicative 
of slow cooling (~10-6 oC/yr) [3,4]. These metal-
lographic cooling rates are consistent with formation in 
the deep interior of ~100 km-sized asteroids [4]. 

Pallasite olivine had been described as chemically 
homogeneous in the major elements [3].  However, 
pallasite olivines do have significant chemical gradients 
in minor elements [5-8].  If we assume those gradients 
were developed by diffusion, we can estimate cooling 
rates of pallasites from concentration profiles of olivine 
grains.  Miyamoto et al. [6,7] used concentration pro-
files measured with the electron microprobe to estimate 
cooling rates of a few to tens of degrees per year for 
pallasite olivines.  Such fast cooling rates are in conflict 
with cooling rates estimated from Fe-Ni metallography. 

In order to understand the pallasite cooling history, 
we obtained precise chemical concentration profiles of 
the pallasite olivine and performed numerical computer 
calculations for cation diffusion in olivines. 

Sample and Experiments:  Potted butt samples of 
Albin and Springwater, polished slices of Esquel and 
Imilac, and a polished thin-section of Eagle Station 
were used for this study.  To ensure that the grains 
studied were cut through their centers, larger olivines 
with convex shapes were selected.  When grains were 
thick enough to observe the three-dimensional shapes, 
olivines with perpendicular edge to the cut surface were 
selected.  Chemical concentration gradients were ob-
tained using Cameca IMS 6f ion probe at Arizona State 
University.  All samples were carbon coated.  The 
primary O- beam of 2-4 nA was accelerated by 9 kV to 
yield a 5-10 µm spot.  The secondary-ion mass spec-
trometer was operated with a mass resolving power of 
m/∆m ~3500.  Secondary ions were counted using an 
electron multiplier at mass peaks of 27Al, 30Si, 40Ca, 
24Mg16O, 47Ti, 51V, 52Cr, 55Mn, 57Fe, 59Co and 60Ni.  
Peak count ratios were converted to element ratios 
using correction factors derived from San Carlos oli-
vine and were converted to ppm wt. supposing that 
atomic abundances of Fe + Mg are constant in the oli-
vine structure.  Count rates for 40Ca and 51V tend to 
decrease during an analysis.  For these elements, we 

only use data from the last few measurement cycles to 
reduce effects of possible contamination from the 
sample surface. 

Results:  Ca, Cr and Co are elements with obvious 
downward concentration gradients toward the oli-
vine-metal boundary, although Ca zoning in Albin, 
Imilac and Springwater olivine is not severe (Table 1).  
Profiles of Ca, Cr and Co sometimes become very steep 
as they approach the olivine-metal boundary (Fig. 1).  
Cr, Al, and Ti profiles have correlated irregular peaks 
superimposed on the curved profiles.  V and Ni show 
relatively flat profiles with minor downward zoning 
near the olivine-metal boundary. Mn show flat profiles 
with slight upward zoning near the olivine-metal 
boundary. 
Table 1. Minor- and trace-element concentrations in 
pallasite olivine.* 

Sample  Ca  Cr  Co** 
(dia.)  ppm ppm count
Albin core 263 242 85 
(3.6mm) rim 239 159 35 
Esquel core 209 820 71 
(10.8mm) rim 100 430 39 
Imilac core 328 345 90 
(6.1 mm) rim 301 146 41 
Springwater core 230 248 91 
(5.0mm) rim 214 129 61 
Eagle Sta. core 263 99 229 
(1.5mm) rim 193 52 156 

* The data are representative analyses of core and rim.  
** Co counts are not corrected by standard analysis. 

Discussion: The irregular profiles observed in Cr, 
Al, and Ti may reflect grain boundary diffusion along 
fractures inside the olivine crystals, original heteroge-
neity preserved because of slow diffusion, or inclusions 
within the olivines where Cr, Al, and Ti combine to 
preserve the local charge balance. 

We applied theoretical diffusion curve fitting to the 
obtained profiles of Ca, Cr and Co.  We employed the 
one-dimensional spherical diffusion equation, ∂c/∂t = 
D (∂2c/∂r2 + 2/r · ∂c/∂r), with numerical step-wise 
calculation to yield ideal diffusion profiles.  Diffusion 
coefficients for the oxygen fugacity of pallasites are 
from references [9-12].   
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If the olivines were initially homogeneous and in 
equilibrium with their surroundings, something must 
have changed to permit concentration gradients to de-
velop.  For the simplest case, we suppose that olivine 
was initially homogenous at 1100 oC, conditions 
changed in a single step, and the olivine subsequently 
cooled at a constant rate [6,7].  Ca, Cr, and Co profiles 
are best matched by the curves for fast cooling rates 
(Table 2).  However, there are 1-2 orders of magnitude 
discrepancies among cooling rates estimated from Ca, 
Cr, and Co, and curves that best match the profiles near 
the grain boundary do not match the interior gradients 
well (Fig. 1).  In contrast, if we assume that the 
boundary condition changed gradually (e.g., propor-
tional to the temperature), the calculated curves match 
the data much better and imply a slower cooling rate 
(Fig. 2).  Grain boundary conditions depend on several 
factors, including partitioning between olivine and 
adjacent metal phase as a function of temperature and 
oxygen fugacity, and nucleation of new phases such as 
phosphate or chromite.  However, much of the required 
data is not available to model these effects.  Our pre-
liminary modeling suggests that pallasite olivine cooled 
1-3 orders of magnitude slower in the range 1100-800 
oC than previous simple calculations have implied.  

Even with these slower cooling rates, there is still a 
factor of 103-104 difference between the cooling rates 
inferred from olivine and those based on the Widman-
stätten structure in Fe-Ni metal, which develops in the 
temperature range of 700-300 oC.  Single stage thermal 
models may not be able to accommodate this difference. 
Better experimental data for olivine-metal partitioning 
and for partitioning among other phases will be re-
quired to clarify this issue. 
Table 2. Cooling rates for olivine calculated for a fixed 
boundary condition are compared to metallographic 
cooling rates (oC/yr). 
Sample Ca  Cr  Co FeNi***

Albin 100-102** 100-101*,** 100-101* 2.5x10-6 

Esquel 101-102* 10-1-100* 100-101* 5x10-6 

Imilac −** 10-3-10-2 10-1-100 2.5x10-6 

Springwater 100-101 10-1-100* 100-101 2.0x10-6 

Eagle Sta. 101-102 10-2-10-1 100-101 1x10-5 
*Concentration profile does not fit the curve calculated with a 
constant grain boundary condition.  
**Obtained profile was poor-quality.  
***Metallographic cooling rates from [3] were increased by a 
factor of 5 based on updated diffusion data [13]. 
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Fig. 1. Theoretical curve fitting of observed Ca profile as-
suming a constant boundary condition (interface on right). 
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Fig. 2.  Development of Ca profile as a function of tempera-
ture during cooling at a cooling rate of 0.1oC/yr with a shifting 
boundary condition of cb = 220 − 0.2 (1100 − T). 
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