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Introduction. The pallasites are stony-iron meteorites containing roughly equal amounts 
(by weight) of olivine and metal, with minor troilite, schreibersite, phosphates and chromite. They 
show a high degree of internal equilibrium, with no significant zoning in olivine. There is general 
agreement that most of the pallasites formed by mixing of cumulate olivine with metallic liquid ei- 
ther at core-mantle boundaries of differentiated planetesimals or within metallic pods in partially 
diffentiated planetesimals [2,3,4]. Approximately two-thirds of the pallasites contain one or more 
of the primary phosphate minerals farringtonite [Mg3(P04)2], stanfieldite [Mg3Ca3(P04)4] and 
whitlockite [Ca3(P04)2]. Several pallasites also contain iron-bearing hydrated phosphate minerals 
that are almost certainly the result of weathering of primary phosphates and schreibersite [1,2]. 
Since meteoritic and terrestrial phosphates are h o w n  to concentrate REE, Th, U and other incom- 
patible elements, Buseck and Holdsworth [I] suggested that phosphates in pallasites could be en- 
riched in these elements. There are two possible origins for phosphates in pallasites: oxidation of 
phosphorus dissolved in metal after mixing of metal and silicate [5] or inclusion of phosphate as a 
cumulate mineral along with olivine and chromite. If phosphates are derived from the silicate por- 
tion of the parent body, they would be expected to be highly enriched in incompatible elements. If 
they formed by oxidation of phosphorus dissolved in liquid metal, they would be expected to be 
extremely low in incompatible elements because olivine, chromite, troilite and metal are extremely 
low in these elements. We have used the ion microprobe to determine trace element concentrations 
in phosphate minerals in the Eagle Station and Springwater pallasites in order to distinguish be- 
tween the two possible mechanisms of phosphate formation. 

Phosphate Occurrences in Springwater and Eagle Station. Springwater con- 
tains relatively abundant farringtonite filling areas between rounded olivines. The boundary be- 
tween olivine and farringtonite is often decorated with blebs of troilite which wets olivine. Buseck 
[2] found that a large slab contained 4 vol% farringtonite. One small area of stanfieldite was found 
in our Springwater section, between two rounded olivines and surrounded by iron oxides from 
weathering. Stanfieldite was not found in areas where farringtonite occurs. Whitlockite has been 
reported in Springwater [I], but was not found in our sample. 

The occurrence of phosphates in Eagle Station is quite different. They occur in complex 
intergrowths of whitlockite, stanfieldite, diopside ( W O ~ ~ F S ~ ) ,  enstatite (WolFsl8), troilite, metal 
and olivine that are found along the edges of some olivine (Falg) grains. Such intergrowths were 
described as symplectic by Buseck [2] and were found in seven pallasites, but not in Eagle Station. 
The intergrowths found by Buseck did not contain calcic pyroxene. In local areas there are either 
two pyroxenes and whitlockite or two phosphates and enstatite. Phosphates are rarely found di- 
rectly in contact with olivine. The two phases are usually separated by a band of enstatite. 

Trace Elements in Pallasitic Phosphates, Pyroxene and Olivine. 44 elements 
were determined by ion microprobe. The data were collected by magnetic peak switching at low 
mass resolution (M/AM=500). Energy filtering was used to suppress molecular interferences. 
Calcium-normalized ion yields and interferences were determined from a variety of silicate minerals 
and glasses. Phosphates and silicates are known to have similar calcium-normalized ion yields 
[6,7]. REE enrichment patterns were estimated from the concentrations of La, Ce and Y, because 
the concentrations of many REE are below detection limits. Although Y is not a rare earth element, 
it has a similar geochemical behavior to Dy and Ho. It is more abundant and has fewer interfer- 
ences, so detection limits are lower. Data for a number of trace elements are given in Table 1. 

Springwater. Olivine is extremely low in REE, with C1 chondrite-normalized enrichment 
factors of 50.1. The levels of the other refractory lithophile elements Ca, Ti, Sr, Y, Zr and Ba are 
also 10.1xC1. Farringtonite, which covers 10-15% of our section, is also quite low in REE, with 
enrichment factors of 0.1-0.3xC1. Stanfieldite is only a trace phase in Springwater, but it is en- 
riched in LREE (50-60xC1 for La, Ce) relative to HREE (4.5xC1 for Y and 1-3xC1 for Yb and 
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Lu). Stanfieldite is also more enriched in many other incompatible elements than is farringtonite 
(Table 1). 

Eagle Station. Olivine is extremely low in REE, with enrichment factors of IO.lxC1. 
Diopside is quite low in REE for a diopside, but higher than olivine: La and Ce are enriched by 
0.2xC1 and Y by 0.7xC1. Calcium-rich pyroxene is usually enriched in heavy relative to light 
REE. Whitlockite is also enriched in HREE relative to LREE (La and Ce are enriched by 0.2- 
0.5xC1 and Y by 1.7-1.9xCl). 

Discussion.. The low concentrations of REE and other incompatible elements in the ma- 
jor phosphate minerals (farringtonite in Springwater and whitlockite in Eagle Station) indicate that 
phosphates were formed by redox reactions between olivine and molten metal, where the source of 
phosphorus was metal. Possible reactions that can occur are: 

Mg2Si04 + Fe2Si04 = 2 MgSi03 + 2 Fe + 02; (1) 
3 Mg2Si04 + [6 Fe + 4 P],,d + 8 02 = 2 Mg3(P04)2 + 3 Fe2Si04 (2) 

3 Mg2Si04 + [2 P],,d + 512 0 2  = Mg3(m4)2 + 3 MgSi03 (3) 
The source of Ca for Ca-bearing phosphates may be a small amount of Ca in solid solution in 
olivine. 

This type of model works well for Eagle Station, providing that enough Ca can be extracted 
from olivine. If no oxygen is added from an external reservoir, reaction (1) must be the source of 
oxygen for phosphorus oxidation and pyroxene must be produced. Thus it may not be a coinci- 
dence that pyroxene and phosphates are intimately associated with one another. Eagle Station has a 
remarkably high Na/K ratio, which can be seen in diopside and whitlockite. 

Springwater contains significant amounts of famngtonite and no pyroxene, which implies 
that only reaction (2) above can account for farringtonite and that there was an external source of 
oxygen. The relatively high levels of REE in stanfieldite require different explanations depending 
on the origin of the stanfieldite: (1) if stanfieldite formed by oxidation of phosphorus in metal, it 
could have obtained REE and Ca by concentration from a large amount of olivine into a small 
amount of stanfieldite or (2) stanfieldite or whitlockite could have accompanied olivine as a minor 
cumulate phase. 
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Table 1. Trace elements in phosphates and silicates in pallasites (in ppm). 
Phase Na A1 K Sc  Ti Sr Y Zr Ba Ce Th U 

Eagle Station Oliv 4.4 31 4.9 3.6 14 ~ 0 . 2  0.08 0.4 ~ 0 . 2  0.08 ~ 0 . 0 9  ~ 0 . 0 5  
Diop 880 1230 15 34 59 23 1 0.4 ~ 0 . 3  0.37 ~ 0 . 1 3  ~ 0 . 0 7  
Whit 14700 12 17 26 ~ 1 0  2.9 3.1 ~ 0 . 4  0.27 0.27 ~ 0 . 0 9  ~ 0 . 0 9  

Springwater Oliv 94 50 59 2.6 6.2 ~ 0 . 2  0.15 ~ 0 . 3  ~ 0 . 2  ~ 0 . 0 6  ~ 0 . 0 9  ~ 0 . 0 6  
Farr 27 16 19 5.3 151 ~ 0 . 1  0.31 ~ 0 . 4  ~ 0 . 2  ~ 0 . 0 6  ~ 0 . 0 9  ~ 0 . 0 9  
Stan 2100 211300 6.4 260 121 7.0 1.5 44 26 0.41 0.12 
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