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Introduction:  Although most abundant among the 

stony-irons, pallasites are some of the most complex 
meteorites in terms of understanding their origins and 
formation processes. The pallasites are currently 
classified into three groups based on the differences in 
their silicate composition and oxygen isotopes: the main 
group pallasites (MGP), the Eagle Station grouplet 
(ESP) (Eagle Station, Cold Bay, and Itzawisis), and the 
pyroxene pallasite (PP) grouplet (Choteau, Vermillion, 
and Yamato 8451) [1]. However, the known variety of 
pallasites is rapidly expanding as more ungrouped 
pallasites are now being identified (e.g. ungrouped 
pyroxene pallasites Zinder, Northwest Africa (NWA) 
1911, and NWA 10019) [1–4].  

Until recently, it was thought that pallasites formed 
at the core-mantle boundary of differentiated 
protoplanets [5]. Based on similarities of metal 
composition between the main group pallasites and 
IIIAB irons, a link between them was proposed [6]. 
However, it was later shown that MGP cooled much 
slower than the IIIAB irons, making it unlikely that they 
originated from the same parent body [7]. Instead, 
pallasite formation was proposed to be a result of 
collisional processes [7,8]. Recently, ferrovolcanism 
was suggested as another mechanism of pallasite 
formation, where dykes of molten metal from the core 
intrude into the rocky mantle driven by excess pressure 
and can result in mixing of metal and olivines [9,10].  

Nucleosynthetic isotopic anomalies observed in 
meteorites combined with oxygen isotopes have 
become a powerful tool for establishing genetic links 
between different classes of meteorites [11–13]. For 
example, [14] found that the pallasite Milton is derived 
from a carbonaceous chondrite parent body, yet distinct 
from the pallasite Eagle Station, and MGP, respectively.  

In this study, using the nucleosynthetic anomalies of 
54Cr along with Δ17O we explore: (a) the genealogy of 
the Main Group Pallasites (MGP) and their potential 
link to IIIAB irons, and test for any isotopic evidence of 
impact mixing (b) the genetic links between two 
pyroxene pallasites to any known meteorite groups, and 
(c) the Cr-O isotopic reservoir for the other two 
pallasites in the Eagle Station grouplet with respect to 
the original Eagle Station pallasite. Determining the Cr 
isotopic composition of both the olivine and chromite 
(exsolved from metal) from a single pallasite can 
elucidate if both the phases are derived from a common 
geochemical reservoir and potentially test for impact 
mixing [12], which we do here for select samples.  

Analytical Methods: We analyzed the Cr isotopic 
composition of olivines extracted from two pyroxene 

pallasites (Vermillion and Choteau), two Eagle Station 
grouplet pallasites (Cold Bay and Itzawisis), and five 
MGP (Finmarken, Hambleton, Imilac, Pallasovka, and 
Sericho). Chromites exsolved from the metal were also 
analyzed for the samples Vermillion, Imilac, 
Hambleton, and Pallasovka. Additionally, chromites 
from a IIIAB iron meteorite Sacramento Mountains was 
analyzed for this study.  

Olivines from pallasites were extracted and crushed 
using an agate mortar and pestle. The crushed olivines 
were then leached in 1N HCl for ~ 3 hours to remove 
any bound metal. Next the samples were placed in 
Teflon vials and underwent preferential silicate 
dissolution in a 1:3 mixture of concentrated HNO3:HF 
heated at 160ºC for 72 hours. After the silicate 
dissolution, any residues, if present, were refractory 
chromites. The chromite residues were separated and 
transferred to individual Parr bombs and dissolved in 
concentrated HNO3 heated at 190ºC for 96 hours. After 
sample dissolution, Cr was purified and extracted using 
a 3-column separation procedure following [15]. The Cr 
isotopic composition was measured at UC Davis using 
a Thermo Triton Plus TIMS. For each sample, Cr was 
loaded on four outgassed W filaments, with either 3 µg 
or 1 µg of Cr per filament, depending on the total Cr 
yield for each sample. Each sample measurement was 
bracketed with an equal amount of NIST SRM 979 Cr 
standard. All the reported 54Cr/52Cr ratios are expressed 
in ε-notation (parts per 10,000 deviations from the 
measured standard). 

Results and Discussion: The five MGP 
(Finmarken, Hambleton, Imilac, Pallasovka, and 
Sericho) analyzed in this study define a range between  
-0.85ε and -0.44ε in ε54Cr, similar to the range observed 
in normal HEDs, although the mean MGP Δ17O value is 
resolved from and slightly higher than that of the mean 
HED Δ17O value [16] (see Fig. 1). However, silicates 
(olivines) from Hambleton and Sericho, along with both 
the silicates and chromites from Pallasovka, directly 
overlap with the anomalous eucrite Moama in the ε54Cr-
Δ17O space. Moreover, both the silicates and chromites 
from Imilac, as well as the chromites from Hambleton 
and Brenham, overlap within error with NWA 12217, a 
recently discovered olivine-rich achondrite related to 
vestoids [17]. The ε54Cr-Δ17O data show that the MGP 
are related to V-type asteroids or vestoids. 

For the three MGP for which both chromites and 
silicates were analyzed (Hambleton, Imilac, and 
Pallasovka), the ε54Cr values for chromites and silicates 
for each individual pallasite cannot be resolved from 
each other within analytical error (see Fig. 1), indicating 
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that both the silicates and the metal phases are derived 
from the same isotopic reservoir, likely on the same 
parent body. Our Cr isotopic data does not support the 
formation mechanism of Main Group Pallasites as 
proposed by [8], where the Fe-Ni metal from the core of 
an impactor was injected into the shallow mantle of the 
MGP protoplanet [8], unless both impactor and target 
bodies are derived from the same isotopic reservoir. 
However, the above data is consistent with the 
formation scenario proposed by [7], where a hit-and-run 
impact of a differentiated protoplanet resulted in the 
mixing of its olivine mantle fragments with the molten 
metal from its outer core to form the new MGP parent 
body, in which no material from the target body was 
incorporated [7]. Our data also does not rule out 
ferrovolcanism as a formation mechanism where the 
metal and olivines are derived from the same parent 
body. 

Moreover, the ε54Cr-Δ17O value for the chromites 
from IIIAB iron Sacramento Mountains analyzed in this 
study provides clear evidence that the MGP do not share 
a genetic link with IIIAB irons (see Fig. 1), consistent 
with the conclusions of [7] based on different cooling 
rates. IIIAB irons and MGP seem to be derived from 
different parent bodies. 

 
Fig. 1. MGP and IIIAB iron in ε54Cr-Δ17O space 

shown along with normal HEDs, Brachinites, and 
Angrites. NWA 12217, 12562, and 12319 are olivine-
rich achondrites [17]. Chm = chromites, sil = silicates. 

The two pyroxene pallasites studied here are both 
unique and derived from different parent bodies formed 
in the inner Solar System (NC reservoir) (see Fig. 2). 
Vermillion defines a new, previously unknown Cr-O 
isotopic reservoir (between winonaites and acapulcoite-
lodranites). Both silicates and chromites were analyzed 
from Vermillion, and they are indistinguishable within 
error (see Fig. 2), showing that the metal and silicates 
are derived from the same parent body. 

Choteau is a unique pyroxene pallasite, one of the 
only two known plagioclase-bearing pallasite [1]. 
Although just based on oxygen isotopes, Choteau 
seemed similar to Vermillion [1], but when combined 

with the nucleosynthetic ε54Cr anomalies, it is clear that 
Choteau is derived from a separate parent body. 
Choteau seems to be derived from a Cr-O isotopic 
reservoir similar to Ureilites (see Fig. 2).  

 
 Fig. 2. ε54Cr-Δ17O space showing the NC-CC 

dichotomy and different reservoirs defined by various 
known meteorite groups, along with the PP and ESP 
samples from this study. Brenham and Milton data 
previously reported in [14]. Oxygen isotope data for 
both Fig.1 and Fig. 2 are from [1,3,16,18–20]. 

The two Eagle Station grouplet pallasites studied 
here, Cold Bay and Itzawisis, have ε54Cr-Δ17O values 
consistent with previously reported Eagle Station [12] 
(see Fig. 2). The ESP grouplet is derived from the same 
parent body, distinct from that of the pallasite Milton 
[14], although both formed in the outer Solar System.   

This study highlights the diverse origins of pallasites 
forming throughout the Solar System on multiple parent 
bodies, probably through different processes. 
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