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COMPLEX IGNEOUS ACTIVITY ON THE UREILITE PARENT 
BODY. C.A. Goodrich and J.H. Jones, Lunar and Planetary Lab., University of Arizona, 
Tucson, AZ 85721 

There is emerging a general acceptance that ureilites are igneous cumulates and that their 
carbon and noble gases are primary magmatic componentx. Within this context, we have tried to 
develop a general model for ureilite genesis and to reconstruct the history of the ureilite parent 
body (UPB). We have used new data for minor elements in olivine and pigeonite in a suite of 
ureilites to examine the processes responsible for the chemical variation among ureilites [ I ,  21. 
Here, we use the same set of data to examine the composition of the ureilite magmas and their 
source regions. We find evidence that ureilite magmas were generated from depleted source 
regions and that they may have assimilated crustal country rock . The degree of complexity 
involved in ureilite genesis is of the same order as that inferred for the Moon and the SNC parent 
body. 

Composition of Ureilite Magmas and Their Source Regions 
Fe/Mn-Fe/Mg and FeICr-Fe/Mg trends defined by compositions of cumulate olivine and pigeonite in 

ureilites indicate that the ureilites crystallized from magmas that differ only in that they have been reduced to 
different extents [I ,  21. MgIMn and MgICr ratios are essentially identical for all of these ureilites. 
However, Ca/Al ratios vary by a factor of =3. This variation is much larger than could be produced by 
crystallization of olivine and suggests that each ureilite crystallized from a distinct magma. There is no 
correlation between Fe/Mg and CdA1, indicating that there is no relation between original magma 
composition and the extent of reduction Pigeonite compositions indicate that the magmas had molar CaO 
contents ranging from ~ 1 1 . 7  to 19.196, and A&03 contents ranging from ~ 2 . 7  to 9.3% (C~A1~(pig/ l iq)  
values from [3]), with superchondritic CdA1 ratios (Fig. 1). These CdAI ratios could not be attained by 
single stage partial melting of chondritic material, but require a source with superchondritic CalAl. Lunar 
mare basalts have high CalAl ratios [4] and may be a useful analog of ureilite magmas (Fig. 1). Mare 
basalts are believed to have been produced by remelting of plagioclase-poor mafic cumulates from the early 
magma ocean [5]. Another possible source is a depleted residue, from which plagioclase had been 
removed by an earlier partial melting event. In Figure 1 we show calculated trends for partial melting of 
one such source -- consisting of =80% olivine and 20% pigeonite, and having a CdAl ratio of 20. Small 
degrees of partial melting (4-13%) of this source produces magmas with CaO and Ab03 contents similar 
to those of the ureilite magmas (Fig. 1). With addition of small amounts of anorthite (0- 15%) to these 
melts it is possible to match the CalAl ratios of all the ureilite magmas (Fig. 1). Alternatively, there might 
have been a small amount of residual plagioclase in the source region. Neither the required differences in 
degree of partial melting, nor addition of plagioclase, results in Mg/Mn and Mg/Cr ratios that vary 
significantly between the magmas. 

We propose a two-stage model for production of ureilite magmas: chondritic material undergoes a 
large degree of partial melting (the MnIMg ratio of ureilites requires 25-30%), leaving an olivine-pigeonite- 
plagioclase(?) residue. The magma(s) produced by this event forms a differentiated crust on the UPB, 
perhaps similar to that formed by the lunar magma ocean. Later melting (4-13%) of the depleted source 
produces magmas with high CdA1 ratios, similar to lunar basalts. These magmas are intruded into the 
crust as separate magma bodies, where they may have assimilated various amounts of crustal plagioclase 
(from a zone of plagioclase cumulates). The depleted source region would have a subchondritic EuISm 
ratio due to removal of plagioclase, which would explain the negative Eu anomalies shown by ureilites [6, 
7, 81 Also, the greater the amount of assimilated plagioclase, or of plagioclase in the source region, the 
smaller the Eu anomaly should be. Available REE data [7, 81 suppons this model. 

Reduction and Crystallization of Ureilite magmas 
When the ureilite magmas, carrying carbon from their source region [9, 101 were emplaced in the crust 

at various depths, they equilibrated at various Q's, determined by pressure [ I l l .  Hence, each magma 
was reduced to a different extent, as originally argued by [2]. This explains the absence of a correlation 
between FeMg and CaIAl. 20% metal formed in the deepest magma body (which produced the most FeO- 
rich ureilite), and 27% metal formed in shallowest magma body (which produced the most MgO-rich 
ureilite ). Siderophile element trends indicate that the metal in each magma body formed by equilibrium 
crystallization [2]. Reduction of each magma would have caused its liquidus temperature to rise. 
However, the reduction reaction is exothermic and could have caused the temperature of the magma to rise 
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so that olivine did not crystallize during reduction, as required by the Mn and Cr data [2], but only after 
reduction was complete. Our best estimates of the compositions of ureilite magmas, based on olivine and 
pigeonite compositions, plot in the olivine field, near the olivine/pigeonite cotectic in the 01-P1-Si(-Wo) 
system [3]. Ureilites represent early olivine and pigeonite cumulates from these magmas. 

Ureilites have near-chondritic abundances of trace siderophile elements [6]. In addition, the amount of 
metal that we require to have crystallized to produce the most reduced ureilite implies melting of a source 
with an approximately chondritic FeO content. Therefore, the source region of ureilite magmas could not 
have experienced core formation [9]. If we assume that all the siderophile elements in the ureilite magmas 
were partitioned into the metal formed by reduction, then incorporation of =2% of this metal into ureilites is 
sufficient to produce the siderophile element abundances of ureilites, and is consistent with their metal 
contents. 

Composition and Origin of Interstitial Liquid 
Fine-grained interstitial silicates occur in amounts of 1% or less in all ureilites, and represent a trapped 

liquid that was present at the time ureilites were excavated [12]. However, this interstitial liquid could not 
have been simply related to that from which the cumulate olivine and pigeonite crystallized. Compositions 
of interstitial low-Ca pyroxene indicate that it had lower CaJMg, MnIMg, CrIMg, TilMg, NaIMg and AYMg 
than that from which the cumulate pigeonite crystallized. Paradoxically, the interstitial silicates also appear 
to be highly enriched in LREE relative to the cumulates [6,7, 81. These features indicate that there was-an 
abrupt change in the composition of the liquid just before ureilites were excavated and quenched 
(presumably by impact). The coincidence that the change in composition occurred at the time of impact in 
all ureilites suggests that it is related to the impact event. However, petrographic and chemical evidence 
indicates that the intersitital liquid could not have been an in situ shock melt of the olivine and pigeonite in 
the rocks themselves [12]. One possibility is that shock melts of nearby olivine-pigeonite cumulates 
invaded the proto-ureilites, mixing with residual liquid already present, to form the interstitial liquids. This 
could explain the lowering of Mn, Ca etc./Mg ratios, and the textures of the interstitial material, but not the 
increase in LREE abundances. We postulate that small amounts of LREE-enriched crustal material 
(KREEP-like?), were assimilated at the same time, perhaps as a contaminant already present in the olivine- 
pigeonite cumulates. 

The Ure&e Parent Body 
Ureilites appear to be products of an extended history of igneous differentiation on a geologically active 

parent body. This raises the distinct possibility that ureilites are less than 4.6 b.y. old. For almost all the 
processes that we envision, a large parent body meets our requirements better than a small one. For 
example, in our model, the source region of the ureilite magmas cannot have experienced core formation. 
If the f02 of the ureilite source region is controlled by C - 0  reactions, this implies that the pressure was 
greater than =1 kbar -- corresponding to a minimum planetary radius of =235 km. The lack of a ureilite- 
like body among spectrally-analyzed asteroids is, thus, puzzling. Either the spectral signature of the UPB 
is not that of ureilites, the UPB is not intact, or ureilites are not derived from the asteroid belt. In this 
context, it is interesting to note that the noble gas abundances of ureilites are very similar to those measured 
in the Venusian atmosphere [13,14]. 
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