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Fe,Mg,Mn-bearing phosphates in the GRA 95209 meteorite:
Occurrences and mineral chemistry
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ABSTRACT

Two large regions of Fe,Mg,Mn-bearing phosphates, together with metal and various silicate phases,
have been observed in the GRA 95209 meteorite (a primitive achondrite belonging to the acapulcoite—
lodranite group). Numerous grains of an orthophosphate intermediate in composition between
farringtonite and graftonite/sarcopside are found in association with Fe- and Mn-rich chladniite. The
chladniite occurs as rims around the Ca-free phosphate (termed Mg-graftonite here) and along bound-
aries between Fe,Ni metal and silicate grains. Relict metal grains are included within both phos-
phates. Textures, as well as mineral compositions, suggest formation of the Mg-graftonite by reaction
of Fe,Ni metal with surrounding silicates (olivine and orthopyroxene). Chladniite probably formed
both through replacement of Mg-graftonite and directly by reaction of metal with silicates, including
plagioclase. Apatite appears to have played only a minor role in the formation of these phosphates.

INTRODUCTION orthopyroxene, with abundant metal and minor clinopyroxene,

GRA 95209 belongs to a small group of unusual metedilagioclase, and troilite. Rare chromite grains are present, but
ites with primitive compositions but highly equilibrated tex©@-Phosphates are not observed in this section, although they
tures, known as acapulcoites—lodranites. Petrographic dktye been reported in this meteorite (McCoy and Carlson 1998).
geochemical evidence indicates that these meteorites fornfdigParticular interest in the section studied are two large re-
on a common parent body that underwent variable degreedins of F&,Mg,Mn-bearing phosphate grains associated with
local partial melting, ranging from low degrees of Fe,Ni metafl€ metal. These areas, termed | (8AQ.00um) and I1 (500
FeS cotectic melting in acapulcoites to the formation and réQ0HM), are shown in Figure 1. Energy dispersive X-ray analy-
moval of silicate partial melts in lodranites (McCoy et al. 1996€S revealed that each region consists of two distinct phosphates:
1997a, 1997b). In addition to typical silicate minerals (olivehliadniite, and an Fe,Mg,Mn-rich, Ca-free phosphate, that is
ine, ortho- and clino-pyroxene, plagioclase), these meteorifg@mpositionally intermediate between farringtonite and
generally contain Fe,Ni metal, troilite, chromite, schreibersit@faftonite/sarcopside and is hereafter referred to as Mg-
and the Ca-phosphates, apatite, and merrillite. However, Mccg;@ftonlte. It should pe noted, hqwever, that these desgnayons
and Carlson (1998) noted the presence of chladniite in G based only on mineral chemistry; structural determinations
95209, a mineral that had been observed previously only 233 not been made in this study.
single grain in the Carlton 11ICD iron meteorite (McCoy et al. Both areas are associated with silicate minerals (primarily
1994). This paper reports on the occurrence of two distirdivine a_nd orthopyroxene, but also minor plagloclase) as_well
Fe,Mg,Mn-bearing phosphates in GRA 95209: (1) an Fe- afd Fe,Ni metal. Contac_ts between the _rr_unerals are typl_cally
Mn-rich form of chladniite and (2) an orthophosphate comp8§Meoth and rounded, with many of the silicate grains partially
sitionally intermediate between farringtonite and graftonit@F entirely surrounded by metal and/or phosphate. In addition,

sarcopside (Buchwald 1984; Rubin 1997). many of the silicates contain veins or regions of alteration prod-
ucts together with minor Fe,Ni metal and troilite. Composi-
PHOSPHATE OCCURRENCES tionally, these alteration phases resemble orthopyroxene and

GRA 95209 appears to consist of three lithologies, describ@dyine, but are enriched in FeO and depleted in MgO com-
by McCoy and Carlson (1998): relatively metal-rich matrixPared to their counterparts in the meteorite. Many of the alter-
metal-poor regions, and a metal-rich sheet on the surface of 30 phases, especially those associated with olivine, also
meteorite that extends into the interior (Carlson and Mccgyntain excess Si above that required for stoichiometric min-
1998). The thin section analyzed here (,39) is representaff@!/ compositions. Textures within the phosphates are com-

of the matrix and consists of equigranular olivine anBl€x (Fig. 1). Mg-graftonite is found in both regions as
individual grains up to ~200m in size. Chladniite occurs pri-

marily as thin rims partially surrounding Mg-graftonite or along
*E-mail: floss@howdy.wustl.edu boundaries between metal and silicate grains. It is commonly,
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IGURE 1.BSE images ofg) area | andk) area Il from GRA 95209,39, showing Fe,Mg,Mn-bearing phosphates (light gray). Each region
contains two distinct phosphates: a Ca-free phosphate and chladniite, both with abundant included metal grains. Rowngeadrsslightrk
ray) ar ucts and remnant metal and troilite. Simplified cartoons areral¢o) $toarea |,
and @) for area Il, indicating the spatial relationships among the different phases. Captions are as follows: grf: Mg-gralftbmitéadhiite;
opx: orthopyroxene; ol: olivine; met: metal; plag: plagioclase. The designations “I-a”, “lI-b”, and “II-¢” indicate therlea#tion microprobe
undances in
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but not always, associated with nearby or adjacent plagiocldgeLE 1. Major element compositions (wt%) of phosphates from

grains. Minor chladniite also is found in the veins intersecting GRA 95209
silicate phases, adjacent to remnant metal or troilite. Numer- Area | Area
Il metal grains are interspersed throughout the M Fe.Mo Fe.Mo,
ous sma metal grains a? € _Spe se oughou € Mg- chladniite Mn-phosphate chladniite Mn-phosphate
graftonite and larger chladniite grains, and both phosphates hpye b.d. b.d. b.d. 0.05 + 0.04
an uneven, corroded appearance. Na,O 6.56 + 0.05 b.d. 6.75+0.10 b.d.
cao 3.33+0.15 b.d. 3.87 +0.09 b.d.
MnO 11.7+0.6 6.81+0.43 8.61+0.60 4.66+0.27
M_A‘]OR AND TRACE E!-!EMENT COMPOS'T_'ONS ) MgO 153+1.0 149408 19.8+1.1 215+1.1
Major-element compositions were determined using threo 176+09 34109 144+08 276=%1.1
; ; ; . ; ,05 452+02 43.8+07 46.4+04 455+1.0
Washington University JEOL-733 electron _mlcroprobe. Me%io 0.09 005 0264022 0.06+007 0374035
surements were made at 15 kV accelerating voltage, 20 84w 99.78 99.91 99.89 99.79
beam current, and a beam diameter @it The data were N 4 4 4 5

reduced using a modified Armstrong (1988) CITZAF routin(ﬂ,‘_\!"fff-"\'lff_rors a;e 10|513“déx Idgevéégon Ofd”}?omean?bbl-d- zbte'ot‘{" d?tecl'l
Detection limits are 0.03 wt% forR, NaO, CaO, AJOs, and pﬁggph;tg‘;ﬁaf;';gsy_ses' 20 S0, and 15 are belol defection in @
SiO,; 0.05 wt% for NiO; and 0.09 wt% for TiOThe average
compositions of chladniite and Mg-graftonite from each region
are given in Table 1.

Mg-graftonites in both areas have CaO andINeontents *
below detection limits; some analyses contain minor amounts
of NiO. Calculated mineral formulae on the basis of eight oxy- Mn
gen atoms are listed in Table 2, and correspond to an ideal for- ’ .
mula of (Fe,Mg,MnyPQ,),. The compositions are intermediate
between those of farringtonite, with an ideal formula of 1
Mgs(PQO,)., and graftonite/sarcopside [which are composition- 11 .
ally similar but differ in their structures (Olsen and Fredriksson NERY - NEEVIEVERVERY,
1966)], Wlt.h an ideal gpd-m_ember formul_a og(IP@)z (Fig. farringtonite graftonite
2_). Chladniite composmon_s in the two reglons__(Flg. 3) are dIMg3(PO4)2 Fe3(POy),
tinctly more Fe- and Mn-rich than the chladniite found in the
Carlton (|||CD) iron meteorite (McCoy et al. 1994) However, FIGURE 2. Mg,Fe-rich portion of the Mg-Fe-Mn ternary plot
CaO contents are lower than those reported for Carltehmowing Ca-free phosphate compositions from areas | and Il (squares).
chladniite. Calculated mineral formulae are shown in TableSlid and open diamonds depict compositions of farringtonite (Bild
and approach the Compositions of johnsomer\/i”eite (F|g 3?74; Buseck and Holdsworth 1977) and graftonite/sarcopside (Olsen
reported by Araki and Moore (1981). The phosphates from a@¥! Fredriksson 1966), respectively.
| each have higher MnO and FeO contents and lower MgO
contents than those from area Il. Furthermore, numerous quan-
titative energy dispersive X-ray analyses indicate that both typesed by Floss et al. (1998). REE concentrations were deter-
of phosphate have uniform compositions within each regiomined using sensitivity factors, relative to Ca, determined from
no compositions intermediate between chladniite and Mpghosphate standards with known REE concentrations (Zinner
graftonite were observed in either area. and Crozaz 1986) and the CaO concentrations listed in Table

Rare earth element (REE) compositions of the phosphafesREE abundances are below detection in the Mg-graftonite,
were measured using a modified Cameca IMS 3f at Washirm# concentrations and patterns are variable in three chladniite
ton University. Experimental procedures are similar to thosmalyses (Table 3, Fig. 4). An analysis from area | is

TABLE 2. Chemical formulae for phosphates from GRA 95209*

magnesian graftonite this work, area | (Fe153Mg119MNg 31) 53 03(P0.990x)2
this work, area Il (Fe1.1aMg1.55Mno.z)g:a.oa(Po.QQOA)z
farringtonite Bild (1974) (F€0.32MJ2.55MNo.04) 5=2.91(P1.020.)2
Buseck and Holdsworth (1977) (Feo.2:Mg2.76MNg.01) 5-2.98(P1.0004)2
graftonite Olsen and Fredriksson (1966) (Fe2sMgo.0Mng 2)5-31(P11504)>
chladniite this work, area | Na; 95Ca0 56(F€2.3:M73.57MN1 55)5-7.43(P0.9904)s
this work, area Il Na 09Cao 63(F€1.63MJa.40MN1.11)5-7.43(Po.0sOs)s
McCoy et al. (1994) Na; 77Ca0.05(F€0.26MJ6.96MN0.04)5-7.26(P0.9504)s
johnsomervilleite Araki and Moore (1981) Nay 47Cay 05(Fe3.54M035.0sMNo 68)5-7.26(P0.9904)s

Na; g9Ca0.86(F€2.64M02.48MN1.73) 5=6.85(P0.9904)s
*Chladniite and johnsomervilleite on the basis of 24 oxygen atoms; graftonite and farringtonite on the basis of 8 oxygen atoms.
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fillowite “ johnsomervilleite FIGURE 4. Cl chondrite-normalized REE patterns in chladniite.
NayCaMn7(PO,)g Na,CaFe(PO,)g Letters refer to the locations of analyses shown in Figure 1 and the

concentrations listed in Table 3.
FIGURE 3. Ternary plot showing chladniite compositions from
areas | and Il (squares). Chladniite from the Carlton iron meteorite
(circle) is more Mg-rich (McCoy et al. 1994). Solid and open diamonds
show fillowite and johnsomervilleite compositions, respectively, from
Araki and Moore (1981).

L(light)REE-enriched (La ~2Cl), with a positive Eu anomaly In contrast, the Ca-free phosphates in GRA 95209 are compo-
and H(heavy)REE abundances below detection. Two analysé@®nally intermediate between farringtonite and graftonite/
from area Il also differ. One pattern is HREE-enriched, withsarcopside. This is the first reported occurrence of meteoritic
Lu abundance of ~180CI and a chondrite-normalized Lu/Laphosphates with these compositions.
ratio of 5, and has a negative Eu anomaly. The other is rela-GRA 95209 appears to have undergone extensive thermal
tively flat at ~ CI for the LREE (La—Eu), but exhibits anmetamorphism at temperatures that allowed significant melt-
offset of the HREE (Gd-Lu), which are present at *(Ch. ing of Fe,Ni metal and troilite (McCoy and Carlson 1998).
Trace-element evidence suggests, furthermore, that some sili-
DISCUSSION cate partial melting also may have occurred (Floss 1998). The
As noted above, the only occurrence of chladniite previeunded contacts of silicate—metal grain boundaries, and the
ously reported is a single nearly pure,GaMg,(PQ,)sgrain in  presence of silicate inclusions in the metal and between metal
a complex silicate-bearing inclusion from the Carlton iroand phosphate boundaries, are consistent with this melting sce-
meteorite (McCoy et al. 1994). In contrast, reported analyseario. Both textural and compositional evidence suggests
of both fillowite and johnsomervilleite, the respective Mn- androwth of the phosphates by reaction and replacement pro-
Fe-bearing analogues of chladniite, contain significant amouitssses, which probably took place during the thermal meta-
of Fe and/or Mg (Fig. 3). The occurrence of chladniite in GR&orphic event affecting GRA 95209.
95209 with significant proportions of Fe and Mn suggests that Small metal grains occur throughout both phosphates and
all three minerals exhibit extensive solid solution. McCoy etmall amounts of NiO are present in the analyses of both
al. (1994) noted that both chladniite and johnsomervilleite shaskladniite and Mg-graftonite, suggesting that they may have
excesses of divalent Fe, Mg, and Mn (over 7 per 24 O atormfsymed through replacement of Fe,Ni metal by reaction with
and suggested that these cations substitute for monovalent darounding silicate phases. One possible scenario for the for-
which is depleted relative to the ideal formula. The analysesraation of the phosphates is suggested by the fact that olivine
chladniite presented here also have excess Fe, Mg, and kind orthopyroxene in GRA 95209 have highly magnesian com-
but show near stoichiometric abundances of Na. Instead, thpesitions, but associated alteration products in veins intruding
cations appear to be substituting for divalent Ca, which is dée silicates and along phosphate—silicate boundaries are enriched
pleted relative to the ideal formula (Table 2). The analysesiofFe. As noted above, in some areas these phases also contain
fillowite reported by Araki and Moore (1981) suggest that dexcess Si above that required for stoichiometric mineral compo-
valent Fe and Mn are substituting for Ca in this mineral as wedltions. Thus, Mg-graftonite may have formed primarily by ex-
The orthophosphates graftonite/sarcopside and farringtoniteange of Fe for Mg in olivine/orthopyroxene via reactions such
(both Ca-free, unlike Ca-bearing terrestrial graftonite) have beas (ignoring Mn and Ni for purposes of simplification):
reported in iron and pallasite meteorites (Olsen and Fredriksson
1966; Bild 1974; Buchwald 1977; Buseck and Holdsworth Mg.SiO, + 3Fe + 2[P]® + 40, = (Fe,Mg)(PQ,), +
1977) and generally have end-member compositions (Fig. 2). (Fe,Mg)SiO, (1)
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TABLE 3. REE concentrations in chladniite from GRA 95209 phases, such as Ca-phosphates. In contrast, REE patterns and
Area | Area I abundances in chladniite are highly variable (Table 3, Fig. 4).
a (ppb) b (ppb) ¢ (ppm) Pattern “c” from chladniite in phosphate area Il resembles a
ta 501 =+ 29 405 = 30 35 £ 02 typical apatite pattern, with the HREE being enriched relative
gre 1‘1125 : gg i‘llg : fg 31; : é_z to the LREE and abundances up to ~200 for Lu. Although
Nd 416 + 22 423 = 23 168 = 0.6 Ca-phosphates have not been observed in this section of GRA
Sm 13 = 7 107 + 18 80 =+ 05 95209, a small amount of apatite may have originally been
Eu 324 % 20 9% + 14 046 * 0.6 S . o
cd b.d. 21+ 20 89 + 07 present in this area and reacted with the silicates and metal to
Tb b.d. 13 + 5 27 = 02 form chladniite. However, the amount of apatite reacting to form
az E-g- 12‘7‘ * é3 Zg-g * 8-3 chladniite must be limited because other analyses of chladniite
Er b.d. 75 o+ 11 191 + 07 exhibit different REE patterns. Pattern “a” from phosphate area
Tm b.d. 13 = 4 34 + 02 | is LREE-enriched with a large positive Eu anomaly, reminis-
ZS E:g: G? i ‘112 2‘21:3 i éé cent of REE patterns typically seen in plagioclase. It is likely

Note: Errors are 1o from counting statistics only; b.d. = below detection. that REE were incorporated termer with Na and Ca from
nearby plagioclase during the formation of this chladniite. Fi-
nally, pattern “b” from phosphate region Il has approximately
(Mg,Ca)Si,O; + 3Fe + 2[PF + 40, = (Fe,Mg)}(PQ,), + chondritic LREE abundances, a small positive Eu anomaly, and
(Fe,Mg,Ca)5i,0¢ ) HREE abundances that are a factor of 2—3 lower than those of
the LREE. Both plagioclase and orthopyroxene may be con-

where [Pferepresents phosphorus dissolved in the Fe,Ni metijbuting REE together with Na and Ca in this instance.
Alternatively, P may come from schreibersite that was oxidized Thus, Mg-graftonite seems to have formed in a relatively
during the heating event. Olsen and Fredriksson (1966) h&i@ple manner from the reaction of metal and/or schreibersite
suggested similar reactions for the formation of farringtoniiith olivine and orthopyroxene. Chladniite formation is more
in iron meteorites. Relict metal grains attest to the fact that ti§@Mmplex, and may have included formation through replace-
process did not go to completion; the availability of P may welent of Mg-graftonite or direct formation through reaction of
have been the limiting factor. The Mn in these phosphates (metal and/or schreibersite with silicate phases. Although Ca-
doubtedly comes both from Fe,Ni metal and from the silicaté¥)0osphate may have been involved in the formation of some
although it is not clear that these sources can fully account fé#adniite, the REE data suggest it was not a major source of P
the high Mn abundances observed. Some Mn may also hiffethe phosphates in these areas.
been available from the oxidation of sulfides, such as troilite,
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