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Introduction: Olivine and chromite are commonly 

the first two minerals to crystallize from magmas 
derived from melting of the martian mantle; as such, 
these minerals are the only available record of 
processes occurring during initial magmatic cooling 
and crystallization. Olivine grains in some olivine-
phyric shergottites contain spinel inclusions, but others 
do not. The absence of inclusions in one meteorite, 
Tissint, has been argued to reflect a low initial ƒO2, as 
Cr(II) is dominant over Cr(III) under reducing 
conditions (at and below IW [1]) and significant 
Cr(III) is required for spinel saturation [2].  

Tissint is the only depleted shergottite thus far 
argued to have substantially oxidized during 
crystallization, but several enriched and intermediate 
olivine-phyric shergottites are also thought to have 
oxidized, including LAR 06319 [3], NWA 6234 [2], 
and NWA 1068 [4]. Experiments on the synthetic 
Tissint parental liquid composition demonstrated that 
olivines formed under reducing conditions, where 
Cr(II) is present and compatible in the olivine, will 
exsolve μm-scale and smaller chromite spinels after 
oxidation [5]. These chromites grew because the 
newly-oxidized conditions were able to diffuse into the 
olivine crystal, but the slow diffusion rates of Cr (III) 
in olivine prevented Cr from diffusing to the crystal 
edges. In order to exit the olivine, the Cr nucleated and 
exsolved the newly-grown, μm-scale chromite 
inclusions [6]. Similar inclusions were characterized 
by [7] in some martian olivines using backscattered 
electron (BSE) imaging, but their locations could not 
be systematically linked to measurements of crystal 
growth or to a complete assessment of oxygen fugacity 
evolution during crystallization. 

Here we demonstrate, by electron probe micro-
analysis (EPMA) X-Ray mapping, the occurrence of 
μm-scale chromite inclusions in olivine in a number of 
olivine-phyric shergottites and correlations between 
their presence and properties such as magmatic oxygen 
fugacity and crystal growth history. We discuss the 
possibility that these inclusions represent evidence of 
common oxidation during shergottite magma 
crystallization and examine the possibility that the 
extent of oxidation changes as a function of 
enrichment or depletion. 

Methods: High-current EPMA X-ray maps of 
minor elements are an effective tool for reconstructing 
growth histories of olivine grains, particularly when 
multiple correlated elements are simultaneously 

mapped (e.g. P, Cr, and Al) [8]. High-current maps of 
olivine grains were obtained using the Cameca SX-100 
EPMA at the University of Tennessee on the 
shergottites LAR 06319 and its pair LAR 12011 [9], 
EETA 79001, DaG 476, Dho 019 [10], LAR 12095 
and its pair LAR 12240 [11], and the nakhlite NWA 
5790 [12]. All maps were obtained with beam currents 
of 100-200 nA, 20 KeV accelerating potential, dwell 
times of 900 ms per point, and 1-3 μm step sizes.  

Results: Micron-scale chromite grains were 
identified in olivines in every shergottite meteorite 
examined here; similar chromites are not present in 
olivine in nakhlite NWA 5790. These μm-scale 
chromites are easily identified as bright points on 
minor element (e.g. Cr) maps and BSE images (Fig. 1). 

Fig. 1: BSE (left) and Cr-map (right) of same area from LAR 12095; 
included chromites in LAR 12095 are visible in BSE and commonly 
found with melt inclusions or in trails. Cr map shows bright areas 
associated with visible inclusions, but also numerous other small 
high-cr points; these points are the μm-scale chromite grains.  

Exsolved chromites are associated with growth 
patterns in shergottite olivines. For example, μm-scale 
chromites are abundant in the cores of olivine in LAR 
12095, but are sparse in the outer part of the grain 
where high-P and -Cr bands from fast crystal growth 
are found. In an olivine from EETA 79001 that is 
normally zoned in Mg#, μm-scale inclusions are absent 
from the lowest Mg portion of the grain (Fig. 2). False 
color maps show that zones containing chromite 
inclusions have generally elevated Cr contents 
compared to the inclusion-free areas near the rim. In a 
rapidly cooled olivine from LAR 06319, where an 
observed step in Mg# suggested a maximum cooling 
timescale of 18 hrs [8], μm-scale inclusions present on 
both sides of the Mg# boundary but are absent from 
portions of the lowest Mg# olivine at the rim (Fig. 3). 

Only one shergottite, Dho 019, contains abundant 
inclusion-free olivine. Some Dho 019 olivines do 
contain μm-scale inclusions of chromite, but the 
inclusions are rare and only associated with broad 
zones of elevated-Cr in those olivine crystals (Fig 4).  
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Fig. 2: Mg maps (left) and Cr-maps (right) of area from EETA 
79001 [5]. Black and white maps (top) show most detailed structure 
in Mg and Cr, color maps better illustrate zoning within crystals. 

Fig. 3: Mg map (top left), Cr-
map (top right), and P-map 
(bottom) of olivines from LAR 
06319. Mg map shows step in 
olivine composition, Cr 
inclusions are present on both 
sides of step in Mg, but absent 
from area with high-P band 

near edge of crystal and absent from edge of small groundmass 
olivine at top.  

Discussion: The presence of μm-scale chromite 
inclusions in these olivines is consistent with the 
hypothesis that magmatic oxidation and rapid diffusion 
of an oxidant into (or reductant out of) the olivine 
triggers exsolution [5, 6]. While the origin of some 
inclusions may be ambiguous, exsolved inclusions can 
typically be distinguished from trapped inclusions 
based on their sizes (< a few microns) and their 
association with broad high-Cr zones in the X-Ray 
maps. Enriched shergottite LAR 06319 has been 
argued to increase in ƒO2 during crystallization; its 
olivine shows μm-scale inclusions including in areas of 
olivine shown to have grown only a few hours prior to 
solidification [9]. These inclusions would therefore 
require rapid communication of the ƒO2 increase into 
the crystal core, as could happen if hydrogen was the 
main diffusing agent or if the diffusion happened via a 
vacancy/electron exchange mechanism. Micron-scale 

inclusions are present in intermediate shergottite 
EETA 79001; this shergottite has previously been 
argued to increase in ƒO2 by ~1 log unit due to magma 
mixing, which could produce these inclusions [5]. 
Depleted shergottite Dho 019 has the lowest currently 
reported ƒO2 among the shergottites [2] and is the only 
sample in our database with olivine free of μm-scale 
chromites. Inclusions that are present in olivines in 
Dho 019 are associated with broad zones of elevated 
Cr that could either indicate xenocrystic olivine cores 
or a previously unknown change in ƒO2 after 
crystallization of these olivine cores.  

Fig. 4: Colored Cr maps of Dho 019 olivines. Olivine at left shows 
no μm-scale inclusions, while olivine at right shows them only in 
high-Cr count zone (inclusions are red, elevated-Cr zone is yellow).  

These analyses suggest that oxidation in martian 
magmas after crystallization of the earliest olivine may 
be a more common process than can be recognized 
using standard oxybarometers as this oxidation could 
be recorded only by the earliest-grown phases: olivine 
and spinel. The presence or absence of μm-scale 
inclusions at the cores of olivines may also be useful as 
a method of distinguishing olivine xenocrysts from 
phenocrysts. If volatiles are related to oxidation of 
martian magmas [13], then the observation of 
widespread μm-scale spinel inclusions supports a 
substantial volatile abundance in the intermediate and 
depleted martian reservoirs. 

 
References: [1] Papike J.J. et al. (2005) Am. Min. 90, 
277-290. [2] Castle N., and Herd C.D.K. (2017) 
M&PS, 52, 125-146. [3] Peslier A. et al. (2010) GCA, 
74, 4543-4576. [4] Gross J. et al. (2013) M&PS, 48, 
854-871 [5] Herd C.D.K. (2006) Am. Min., 91, 1616-
1627. [6] Castle N. and Herd C.D.K. (2018) M&PS, 
53, 1341-1363. [7] Goodrich et al. (2003) M&PS 38, 
1773-1792. [8] Milman-Baris M.S. et al. (2008) Cont. 
Min. Pet., 155, 739-765. [9] Balta J.B. et al. (2013) 
M&PS, 48, 1359-1382. [10] Ennis M.E. and McSween 
H.Y. (2014) M&PS 49, 1440-1455. [11] Dunham E.T. 
et al. (2019) M&PS, in press. [12] Balta J.B. et al. 
(2017) M&PS, 52, 36-59. [13] Shearer C.K. et al. 
(2013) GCA, 120, 17-38.  

1707.pdf50th Lunar and Planetary Science Conference 2019 (LPI Contrib. No. 2132)


