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Introduction: The olivine-phyric shergottite 

Yamato 980459 (Y-98) is widely believed to represent 
a true melt of the martian mantle [1-3] and is singular 
in its lack of plagioclase/maskelynite. Within the con-
text of a larger study aimed at understanding magnetic 
anomalies in the martian crust [4], we take advantage 
of the unique mineralogical constraints and primitive 
nature of Y-98 to further our understanding of the 
thermal history of the magma, which bears on the ac-
quisition of magnetic properties [5]. Our study encom-
passes analysis of a Y-98 thin section (Fig. 1) and 1-
atm dynamic cooling experiments. 

Y-98 phases:  Olivine megacrysts (1-2mm) and 
smaller, more fayalitic grains (100-200μm) are poly-
hedral and do not display resorption features. Pyrox-
enes are much smaller than megacrysts and consist of 
orthopyroxene cores mantled by augite, with rare pi-
geonite. Our analyses of these Y-98 phases are con-
sistent with previous work [1-3], including olivine 
megacryst cores of Fo84-85.  

Minor phases are sulfides and oxides, with sulfides 
occurring mainly as droplets of ~FeS in the mesostasis. 
Rare sulfide grains are also ~FeS, with up to 7 wt% Ni, 
about three times as much as previously reported [1-3]. 
Oxides are Cr-rich spinels, with at least one grain con-
taining >6 wt% Ti. The mesostasis is glassy, with den-
drites of Fe-rich olivine and augite throughout. Resid-
ual glass is significantly enriched in Al, Ca, Na, and P. 

Surface area-to-volume analysis of Y-98 pyroxene 
populations reveals a difference of two orders of mag-
nitude between large pyroxene crystals and ground-
mass dendrites.  Following [6], this discrepancy is in-
dicative of slow cooling, as population morphologies 

converge at higher cooling rates.  Pyroxene texture 
speedometry [6] suggests Y-98 may have cooled at no 
greater than 7°C h-1 for much of its history.    

Phosphorus zoning. Element X-ray mapping of Y-
98 olivine grains reveals oscillatory P zoning and high-
lights subgrain boundaries (Fig. 2). Though many of 
the apparent offsets in zoning correspond to macro-
scopic cracks, the origins of others are unclear, and 
some large cracks appear not to correlate with P zone 
offsets. The highest observed olivine P2O5 content is 
0.43 wt%; the maximum apparent partition coefficient 
(P2O5 in olivine/ P2O5 in adjacent glass) is 0.3, nearly 
triple the equilibrium value of <0.1 [7].    

Large enrichments in this incompatible element 
point to rapid growth during which P cannot diffuse 
fast enough to avoid incorporation into the growing 
crystal [8].  We suggest the oscillatory zoning does not 
necessarily require oscillations in temperature or even 
growth rate. If olivine nucleation was delayed (a phe-
nomenon observed in our experiments), its initial 

Figure 1.  BSE mosaic (100x) of Y-98 thin section; mesostasis 
includes residual glass, dendrites, and sulfide droplets.  Analyses 
were performed on the UH JEOL JXA-8500F microprobe. 
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Figure 2.  BSE and phosphorus maps of a small Y-
98 olivine, faces labeled; red is highest P (avg. melt 
P2O5=1.28wt%), bright blue is high P within the 
crystal; map conditions 15kV, 200nA 
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growth rate would have been high in response to large 
undercooling, thus enhancing the incorporation of P 
into the crystal structure. If crystals grew initially ac-
cording to a diffusion-limited mechanism, the observed 
pattern of P enrichment represents the outlines of for-
mer skeletal dendrites, c.f. [9]. Then, slower growth at 
lower undercooling leads to in-filling and development 
of a faceted external morphology, which in this case 
(Fig. 2) was subsequently disrupted by brittle defor-
mation.  

Experiments: Using a 1-atm gas mixing furnace, 
we are attempting to produce a mineralogical and 
compositional analog of Y-98. Our starting material is 
a S-free synthetic equivalent of the Y-98 bulk compo-
sition, averaged from [3] and [10]. We adopt the “for-
ward approach,” meaning our results present a possi-
ble, but non-unique, igneous history. 

Progress towards Y-98 analog. Under a reducing 
atmosphere of IW+1 [11], we have determined Tliq to 
be ~1440°C, and various dynamic cooling experiments 
have successfully reproduced the major mineral as-
semblage of Y-98.  With 23 vol% olivine, 41 vol% 
pyroxene, 36 vol% groundmass, and no plagioclase, 
the experimental run Y98-f34a falls within the range of 
abundances determined by [1-3]. While key features 
are replicated, we are still working to produce the oli-
vine dendrites found in groundmass regions of Y-98 
and to achieve a residual melt composition equivalent 
to that of the meteorite.  

Mineralogical constraints. Our experiments have 
produced the same phases as Y-98, but olivine crystal 
shapes and sizes do not match the natural megacrystic 
grains. Experimental olivines are on the order of 
100μm, indicating that a much longer growth period is 
necessary to produce the mm-scale crystals observed in 
Y-98. The morphology of our grains is typically skele-
tal, with irregular external boundaries. However, ex-
periments held ~55°C below Tliq for 12h produced oli-
vine grains that have a more equant, nearly euhedral 
shape. Morphologically, these crystals are similar to 
those in Y-98, suggesting that the meteorite experi-
enced slower initial growth than did most of our dy-
namic cooling experiments.    

We have also determined that plagioclase nuclea-
tion can be suppressed at a cooling rate of 72°C h-1. 
Twenty experiments were cooled at this rate, with var-
ying pre-cooling thermal treatments. Of these, 16 runs 
crystallized no plagioclase, suggesting that this rate is 
near the slowest that can suppress plagioclase. 

Zoning. Several experimental olivines show highly 
correlated zoning in P and Al (Fig. 3). These elements 
are incompatible in olivine, indicating rapid growth, as 
discussed above. As our experiments are closely con-
trolled, we have demonstrated that this type of zoning 

does not require thermal oscillation.  

Conclusions: Phase morphology suggests that Y-
98 may have cooled slowly for most of its history, with 
rapid cooling (>72°C h-1) occurring only after initiation 
of groundmass pyroxene dendrite growth, in time to 
suppress plagioclase nucleation and preserve glass in 
the mesostasis. 
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Figure 3.  BSE, phosphorus, and aluminum maps of 
an experimental olivine, colors and conditions as in 
Fig. 2; note linear zone of P and Al enrichment along 
the lower half of the crystal; sample held 3h at 5°C 
below Tliq, cooled to 1000°C at 72°C h-1. 
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