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Introduction: Northwest Africa (NWA) 12319 

was found in the desert of Northwest Africa in 2018 

and classified as a brecciated dunite with pyroxene, 

plagioclase, chromite, and troilite [1]. Fe/Mn and oxy-

gen isotopes show that NWA 12319 is an ungrouped 

achondrite, paired with other three dunitic achondrites 

Queen Alexandra Range (QUE) 93148, NWA 12217, 

and NWA 12562 [1]. Dunitic rocks carry important 

information about the interior of planetesimals, how-

ever, they are relatively rare in the meteorite collec-

tions. In this study, we perform detailed investigations 

on NWA 12319 and identify a new occurrence of 

phosphoran olivine, its possible origin will be dis-

cussed. 

Analytical methods: Petrographic investigations 

and analysis of mineral compositions were performed 

by using field emission scanning electron microscope 

(FEI Scios Dual Beam FIB-SEM) and electron probe 

microanalysis (JXA 8230), respectively, at the Institute 

of Geochemistry, Chinese Academy of Sciences. 

Results & Discussion: NWA 12319 is mainly con-

sisting of olivine (up to 5 mm, ~ 70–80 vol%) and py-

roxene fragments. Minor phases include plagioclase 

(An58–82), chromite, troilite, FeNi metal, silica phase, 

and rare schreibersite (300 μm). Some pyroxene frag-

ments show exsolution lamellae of high-Ca augite. 

Olivine and pyroxene show relatively wide composi-

tional range（Figs. 1–2), with the Fo value of olivine 

varying from 11 to 91 (Fig. 1) and the Mg# of pyrox-

ene ranging from 22 to 93, consistent with the diverse 

lithologies observed in NWA 12319. 

 

Figure 1. Composition of olivine in NWA 12319. 

 

Figure 2. Composition of pyroxene in NWA 12319. The 

pyroxene associated with P-rich olivine is highlighted in red. 

P-rich olivine was found closely associated with 

troilite, chromite, nickelphosphide (Ni,Fe)3.1–3.2P, mer-

rillite (inferred from EDS), and orthopyroxene (Fig. 3). 

Troilite and nickelphosphide have two size groups, the 

coarse-grained and the fine-grained group, the latter 

intimately grow with the P-rich olivine, orthopyroxene, 

and merrillite. The clast containing P-rich olivine show 

sharp contact against the P-free olivine and orthopy-

roxene nearby. The P-rich olivine contains 6.8–12.4 

wt% P2O5, whereas the P2O5 in the associated orthopy-

roxene (En83–87Fs11–16Wo1–2) is 0.10–0.68 wt%. The 

low NiO (0.05–0.25 wt%) and CaO (0.02–0.09 wt%) 

in P-rich olivine exclude the possibility that the en-

richment of P is due to contamination from nickel-

phosphide and merrillite. Two types of chromite 

(chromite-I and chromite-II) are observed, chromite-I 

is virtually pure chromite (Chr99.5Spl0.1Usp0.4), occur-

ring at the margin of the clast, whereas chromite-II 

(Chr76Spl23Usp2) occurs as inclusion in troilite (Fig. 3).  

 
Figure 3. Phase map of the mineral assemblage of P-rich 

olivine, troilite, chromite, nickelphosphide, merrillite, and 

orthopyroxene. 
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Figure 4. (a-c) Fo value of P-rich olivine in NWA 12319, 

carbonaceous chondrites, silicate inclusion in IIE iron mete-

orite, pallasites, and terrestrial occurrences [2–12]. 

P-rich olivine (> 1 wt%) has been described in ex-

traterrestrial rocks. including pallasites [2–5], carbona-

ceous chondrites [6–7], and silicate inclusion in IIE 

iron meteorite [8]. P-rich olivine have also been found 

in the terrestrial rocks [9–10] and the manufactured 

objects [11–12]. However, to our knowledge, it is the 

first description of this mineral in a stony achondrite.  

Previous studies have proposed two mechanisms 

for the formation of P-rich olivine by crystallization 

from high-T, P-rich melts [2–6, 8–12], or fluid-assisted 

metamorphism in carbonaceous chondrite [7]. In NWA 

12319, the Fe/Mn ratio of P-rich olivine (31–43) are 

unlike the P-rich olivine in carbonaceous chondrites 

(e.g., 111–195 in [6], 111–147 in [7]), but falling with 

the range of other olivine (Fe/Mn=27–67) in NWA 

12319, which implies that the clast is not of chondritic 

origin. The Fo value (86-89) of P-rich olivine in NWA 

12319 is much higher than other P-rich olivine (with 

few exceptions in terrestrial rocks), but comparable to 

those in pallasites (81–87) (Fig. 4). It is well known 

that pallasites are materials sampling the core-mantle 

boundary. Similarly, the P-rich olivine in NWA 12319 

might also originate from the core-mantle boundary. 

The presence of abundant high Fo (> 90), P-free oli-

vine in NWA 12319 (Fig. 1), which might be of mantle 

origin, lends additional support to this inference. 

Therefore, we propose that the P-rich olivine in NWA 

12319 might also form by crystallization from high-T, 

P-rich melts, which are residual melts after fractional 

crystallization of metal core [8, 13–14]. The linear 

correlation between Si and P of P-rich olivine in NWA 

12319 are consistent the substitution scheme of 2Si4+ + 
VIM2+        2P5+  + VI  , as proposed in previous studies 

[5, 7, 12]. FIB-TEM investigations are undertaken to 

better characterize the structure of minerals in Fig. 3. 

 
Fig. 5. Linear correlation between Si and P (a.p.f.u.) of P-rich 

olivine in NWA 12319 and those in the literature [2–12].  

Conclusions: NWA 12319 is a highly brecciated 

achondrite and contains diverse lithologies. The clast 

containing P-rich olivine in NWA 12319 might be 

formed by crystallization from the high-T, P-rich re-

sidual liquids after core crystallization of asteroid.  
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