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7 and 8 and Morgan's data on the oxidation 
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Stanfieldite (1), Ca4(Mg,Fe),(P04)6, 
a mineral unknown in terrestrial rocks, 
has been discovered in trace amounts 
(less than 1 percent) as irregular-to- 
subhedral grains, up to 1 mm in diam- 
eter, concentrated along the walls of 
fracture cracks in two specimens 
examined of the Estherville mesoside- 
rite. Merrill (2) described this meteo- 
rite, a fall, noting the presence of an 
unidentified calcium phosphate min- 
eral. Since stanfieldite is here as- 
sociated with whitlockite [ideal formula, 
Ca3(P04)21, it is not known which was 
observed by him because both minerals 
were then unidentified. Stanfieldite also 
occurs in six pallasites, all of which 
are finds. 

The mineral assemblage in Esther- 
ville indicates that nonequilibrium 
conditions existed during the history 
of this meteorite. Thus tridymite is 
present within 0.1 mm of olivine; and 
the iron and magnesium contents of 
the orthopyroxene show large varia- 
tions from grain to grain, although no 
zoning of these elements was observed 
within grains that were removed for 
electron-microprobe analysis. The mole 
percentage of the ferrosilite molecule 
(FeSiO3) varies from 14 to 32 in ortho- 
pyroxene; that of the fayalite mole- 
cule (Fe2SiO4) varies from 26 to 34 
in olivine. Other minerals present are 
taenite, kamacite, troilite, schreibersite, 
ilmenite, chromite, and calcium plagio- 
clase (An90). Lamellae observed in the 
chromite have been shown to be rutile 
(3). 

Three phosphate minerals were iden- 
tified in the pallasites studied: stan- 
fieldite, whitlockite, and farringtonite 
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[ideally Mg3(PO4),. Stanfieldite was 
the only phosphate found in Albin, 
Newport, Finmarken, and Imilac; it 
occurs with whitlockite in Santa Rosa- 
lia and Mount Vernon; only far- 
ringtonite was found in Krasnojarsk, 
Phillips County, and Springwater-the 
latter was the "type" meteorite in which 
farringtonite was discovered (4). All 
identifications were confirmed by x-ray 
powder photographs. No phosphates 
were found in Admire, Glorieta Moun- 
tain, or Brenham (5). 

The phosphate minerals in the pal- 
lasites occur as thin veinlets, a frac- 
tion of 1 mm in width, penetrating 
cracks in olivine, or as pockets up to 
several millimeters in diameter in the 
olivine matrix. One inclusion of stan- 
fieldite in Newport was practically en- 
closed by troilite. One should mention 
that the observed occurrences are 
limited by the size and nature of the 
particular specimens available; more 
suitable samples may reveal findings 
other than those I report for these 
particular samples. 

However, a special effort was made 
to find stanfieldite or whitlockite, or 
both, in meteorites containing far- 
ringtonite, with negative results. Wahl 
(6) has reported farringtonite from 
Newport and three other pallasites not 
available to me. If his identifications are 
correct (his evidence is not reported), 
Newport contains both stanfieldite and 
farringtonite. The association of these 
two minerals is important for fixing of 
the range of the calcium : magnesium 
ratio in the phosphatic material prior 
to crystallization. 

Other minerals in the pallasites are 
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given by Mason (7) as kamacite, tae- 
nite, troilite, schreibersite, olivine, 
chromite, and lawrencite; they do not 
include plagioclase, orthopyroxene, or 
tridymite. I have found copper metal 
in Newport and Mount Vernon. Mason 
reports that the olivine is of uniform 
composition within each pallasite; thus, 
unlike the Estherville occurrence, stan- 
fieldite in the pallasites probably crys- 
tallized in an equilibrium environ- 
ment. 

Under the microscope, stanfieldite 
is generally clear and transparent but 
has a reddish-to-amber tint when 
viewed in a specimen. Pockets of the 
mineral in Finmarken and Mount Ver- 
non are bluish-white because of weath- 
ering (8). No discernible cleavage was 
noted for any of the occurrences. The 
optical properties for the mineral in 
Estherville follow: biaxial positive; re- 
fractive indices for sodium light are 

y= 1.631, = 1.622, a =1.619 (all 
?- 0.002); 2V, 50? ? 2?. The indices 
for the mineral in Santa Rosalia are 
lower: y = 1.604 and a = 1.594- 
probably because of its lower FeO con- 
tent. The mineral in Albin had the 
largest 2V, 55? to 60?; otherwise the 
indices equal those in Santa Rosalia. 

Stanfieldite is monoclinic; x-ray pow- 
der data appear in Table 1. Cell 
constants, determined from Weissen- 
berg photographs of the Estherville 
material, are: a, 17.16 - 0.03 A; b, 

Table 1. X-ray powder diffraction data for 
stanfieldite from the Estherville meteorite. 
Norelco powder camera (diameter, 11.45 
cm); CoK,,, a2, Fe filter. Diamond powder 
used as an internal standard. There were 
49 additional lines of intensity 2 or less 
below 1.847 A. 
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Stanfieldite: A New Phosphate Mineral from Stony-Iron Meteorites 

Abstract. A new mineral, stanfieldite, Ca,(Mg,Fe)5(PO4), has been found in 
the Estherville mesosiderite and several pallasites: Santa Rosalia, Albin, Fin- 
marken, Imilac, Mount Vernon, and Newport. The atom ratio Mg:Fe of this 
mineral varies from 1.5 in Estherville to a constant ratio of about 15 in the 
pallasites. X-ray, optical, and chemical data for the mineral resemble those for 
the only intermediate compound in the system Mg3(PO,)2-Ca3(PO,),. 
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Table 2. Compositions of stanfieldite (10) in 
percentages by weight. The six pallasites were 
Santa Rosalia, Albin, Finmarken, Imilac, 
Mount Vernon, and Newport. In parentheses 
are ranges in values for all pallasites; Na2O 
was not above background. 

Compo- Esther- Average from 
nent ville six pallasites 

CaO 24.6 26.6 (26.2-27.2) 
MgO 12.9 21.0 (20.1-21.6) 
FeO 13.8 2.5 ( 2.2- 2.7) 
MnO 1.4 0.4 ( 0.4- 0.5) 

P205 46.6 50.4 (50.3-50.5) 
Totals 

99.3 100.9 
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10.00 ? 0.02 A; c, 22.88 +- 0.04 A; P, 
100? 15' + 10'. The powder data are 
not indexed because of the multiplicity 
of possible relections for each line, 
which reflects the large cell size. Two 

possible space groups are Pc and P2/c. 
The space group P21/c is eliminated 

by the presence of a weak 050 reflec- 
tion on the single-crystal photographs. 
The powder patterns for the mineral 
from Estherville and from all pal- 
lasites are identical, correspond- 
ing closely with those listed for 
the synthetic compound Ca4Mg5(P04)6 
on ASTM card 11-231. The calcu- 
lated x-ray density for the mole- 
cule Ca4Mg3Fe2(P04)6 is 3.15 g/cm3 
for Z = 8; the density by the sink-or- 
float method is 3.15 ? 0.01 g/cm3. The 
hardness is greater than 4 and slightly 
less than or equal to 5. 

The chemical composition (Table 
2) was determined by electron- 
microprobe methods. Greater substi- 
tution of iron for magnesium is ob- 
served in the Estherville occurrence; 
this finding is also characteristic of 
the associated olivine and orthopyrox- 
ene. Analysis of Estherville stanfieldite 
yields the formula 

Ca4.02(Mg2. 9Fei. 74Mno. 18)4. s3(PO4)6. 

If one takes into consideration the 
analytical error of 2 percent of the 
amount present and adds manganese 
to iron, this formula may be written 
Ca4Mg3Fe2(P04)6. The average com- 
position for stanfieldite from all pal- 
lasites gives the formula 

Ca4.02(Mg4.4Feo. Mno. 00)4.77(P04)6, 

or ideally, 

Ca4Mg(PO4)6. 

The iron-free mineral has been syn- 
thesized by heating a mix, prepared 
according to the last formula, at 800?C 
for several days in a platinum crucible 
in air. The optical properties and x-ray 
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powder pattern of the single-phased 
product are identical with those for 
the mineral in the Santa Rosalia 
meteorite. 

The phase diagram of the synthetic 
system Mg3(P04)2-Ca3(P04)2 at 1 atm, 
reported by Ando (9), contains three 

crystalline phases: the end members 
have the ideal compositions of the 
minerals farringtonite and whitlockite, 
respectively; and a third phase has an 
intermediate composition close to that 
of stanfieldite. For comparisons, the 
mineral compositions are considered 
to be free of iron and manganese. 
Ando's diagram for 900?C shows a 

two-phased region extending from a 
Mg:Ca atom ratio of 0.08 (correspond- 
ing to whitlockite) to one of 0.91 

(corresponding to stanfieldite). How- 
ever, stanfieldite in the pallasites has 

by analysis a Mg+Fe+Mn:Ca ratio of 
1.19, which ratio is apparently inde- 

pendent of the mineral's coexistence 
with whitlockite and greater than the 
0.91 given by the phase diagram. The 

diagram shows a single-phase region, 
equivalent to stanfieldite, extending 
from 0.91 to 1.02; however, since I 
have synthesized stanfieldite as a single 
phase at 1.19, it appears that the 

published phase diagram is not suffi- 

ciently accurate to delineate the stability 
fields of these three phosphate miner- 
als. Although study of the ternary sys- 
tem Fe3(PO4)2-Mg3(P04)2-Ca3(P04)2 
would be more applicable, Ando's work 
does suggest that farringtonite and 
whitlockite will not coexist in a meteo- 
rite formed under equilibrium condi- 
tions. 

Louis H. FUCHS 
Chemistry Division, Argonne National 
Laboratory, Argonne, Illinois 60439 
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In October 1960 we made a re- 
versed refraction profile (station MN5) 
in the southwestern part of Coral Sea 
Basin, using the R.V. Argo and its 
boat with previously described meth- 
ods (1). This is the only refraction 

profile so far reported from the Coral 
Sea, one of the very few from the south- 
west Pacific (2). 

Lack of previous soundings resulted 
in location of the profile closer to the 
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Abstract. A refraction profile near the south edge of Coral Sea Basin shows 
sediments, "second layer," and oceanic crust all thicker than normal for an 
oceanic station; normal mantle lies at a depth of 19 kilometers. 
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