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Abstract
A revised diagram plotting the Fe/Mn ratio of pyroxene and olivine verses the anorthite content of
plagioclase indicates that the Angrite Parent Body originated from a solar system reservoir with a similar
Mn-Fe signature to that from which the Earth was derived. The major difference in terrestrial and angritic
basalts is the extreme volatile depletion (particularly Na and K) in the latter.
Considerable research and publication has been focused on angrite meteorites, which are among the
oldest objects in the solar system (~4.56 Ga; Keil 2012). These meteorites include a silica-undersaturated
mafic mineral assemblage. The identity and location of their parent body is still unknown and widely
debated. Our new work on angrites SAH 99555, LEW 86010, NWA 10463, LEW 87051, and Angra dos
Reis focused on olivine and is interpreted in the context of existing pyroxene and plagioclase data sets.
This paper improves the “Mn-Fe in olivine and anorthite content of plagioclase tool for planetary parentage” specifically targeted at finding members of the angrite group of meteorites.
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Introduction

Analytical approach

In a previous study (Papike et al. 2003), we presented a simple
technique using the electron microprobe to determine planetary
parentage of basaltic meteorites. This tool is based on Mn-Fe
systematics in olivine and pyroxene and the anorthite content of
plagioclase. This technique was specific to basalts, and was only
to be applied to non-thermally annealed phases (pyroxene, olivine,
and plagioclase lacking exsolution). Angrite melts are truly basalts
according to the definition adopted by The Basaltic Volcanism in the
Solar System Project (BVSP 1981), the definition we will adhere
to in this manuscript. Basalts are melts or near melts with <52%
SiO2, >6% CaO and Al2O3, and <12% MgO. Pyroxene, plagioclase,
and olivine are the major phases. This technique has been used by
many researchers as a quick and easy method to determine planetary
parentage best used alongside other metrics of planetary parentage
like oxygen isotopes. In a summary diagram in Papike et al. (2003,
Fig. 4 therein) based on the Fe/Mn ratio of olivine and pyroxene
(y-axis) and anorthite content of plagioclase (x-axis), the position
of the Angrite Parent Body was plotted in the wrong location. At
that time, only angrite pyroxene was plotted on the diagram. The
first author did not realize that angrite pyroxene was not effective
on this diagram because the M2 crystallographic site (a six- to
eightfold coordinated, highly compliant site) was filled with Ca
due to the high Ca concentration of the melt. Both the pyroxene
M2 site and M1 site (octahedral) must be in play for pyroxene to
be used to determine the correct Fe/Mn ratio. If the M2 site is completely filled with Ca, then Mn partitioning in pyroxene is severely
limited. In this paper we avoid these complications; we present a
simple method to identify meteorite members of the angrite suite
using the Fe/Mn ratio in angrite olivine and add constraints to the
location of the Angrite Parent Body (APB).

Thin sections of Sahara 99555, LEW 86010, NWA 10463, LEW 87051, and
Angra dos Reis were examined and documented using backscattered electron (BSE)
imaging on the JEOL JXA-8200 electron microprobe (EMP) in the Institute of Meteoritics. Wavelength-dispersive X-ray maps were collected for Ca, Mn, and Cr, while
energy-dispersive (EDS) maps were collected for Mg (note Fig. 1). Quantitative point
analyses of angrite olivine were conducted at an accelerating voltage of 15 kV, a beam
current of 10 nA, and a spot size from 1–3 µm. Elements were standardized using a
combination of Taylor Corp. Electron Microprobe mineral standards as well as mineral
standards that have been developed in-house. Individual olivine microprobe analyses
are presented in an electronic appendix1, and were used to generate the plots in Figure 2.
In Figure 3b, only those olivine analyses with <5 mol% Ca end-member were used.
While we acknowledge that this cutoff is somewhat arbitrary, one can readily observe
from the olivine quadrilaterals (Fig. 4) that over this range, the relationship between
Fe, Mg, and Ca is most linear and is most likely to represent an igneous fractionation
trend, and it is therefore the most relevant in the determination of a planetary parentage
slope. Similarly, only olivine with <5 mol% Ca end-member was used to define the
angrite olivine field in Figure 5.
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Results
The results of the EMP analysis are illustrated in five figures.
Figure 1 includes BSE, Mg, Ca, Mn, and Cr maps of SAH 99555,
NWA 10463, and LEW 86010. This order also represents the
cooling sequence, from fastest to slowest. SAH 99555 represents
a near melt composition and shows primary magmatic growth zoning that enables the 53Mn-53Cr chronometer (Papike et al. 2016).
Next is NWA 10463, which has exsolution only in the Fe-enriched
rims. Next is LEW 86010, with well-developed exsolution in two
directions throughout the olivine grains. Last in the sequence (not
shown) is Angra dos Reis with almost complete phase separation
of Kirschsteinitic olivine from Fo-Fa olivine. Figure 2 illustrates
the major element chemistry of angrite olivines from this study.
Figure 2a compares CaO (wt%) vs. MgO (wt%), while Figure 2b
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