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Abstract

The large number of pallasite parent bodies suggests that their formation was a common event in asteroid evolution. New
microprobe data has been generated for pallasite olivines and chromites that indicate subsolidus redox processes, while liter-
ature data has been collated and correlated to form new results and interpretations. The new data include information on
metal compositions; the metal cooling rates; the formation of round and fragmental olivine; the close-packing of olivine;
the crystallization of the phosphates, phosphoran olivine and orthopyroxene; and the bulk pallasite P and S contents. A mod-
el for Main Group pallasites has been developed using fractional melting of a chondritic precursor to make a multi-layered
parent body. One portion of this contains a gradational metal–olivine (pallasite) texture. Concentric downward crystallization
of the molten metal is indicated, based on cooling rates and metal compositions. Fractional crystallization of the residual sil-
icate and metallic melts produces the minor phases on cooling. Comparisons to and a brief review of past models, particularly
those utilizing mixing, have been made.
� 2012 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Pallasites are stony–iron meteorites consisting of olivine
and minor phases, such as troilite, chromite, schreibersite,
pyroxene, phosphates and phosphoran olivine, within an
FeNi metal matrix (Rayleigh, 1942; Urey, 1956; Mason,
1962, 1963; Buseck, 1977). For a long time, pallasites
(�65 separate meteorites, based on the official Meteoritical
Bulletin website) have been divided into two groups, Main
Group (MG) and the Eagle Station trio (ES), based on their
oxygen isotopic signatures (Fig. 1) and forsterite composi-
tions (Scott, 1977a; Clayton and Mayeda, 1978; Clayton,
1993). However, with the new millennium came not only
new pallasite samples, but new pallasite subtypes. Boesen-
berg et al. (2000) studied the pyroxene pallasites, Vermillion
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and Yamato 8451, which are oxygen isotopically distinct
from MG and Eagle Station, and contain �2 vol% pyrox-
ene (both high- and low-Ca). Previously, pyroxene was
known only in a few MG pallasites as part of rare symplec-
tic intergrowths (Buseck, 1977). Then, Jones et al. (2003)
studied the unusual pallasite, Milton, which contains
iron-rich olivine (Fo83) similar to that seen in Eagle Station,
but has a unique oxygen isotopic signature. Finally, Bunch
et al. (2005) studied the pallasites, Zinder and Northwest
Africa 1911. Zinder has another unique oxygen signature,
while NWA 1911 plots with MG. However, both meteorites
have an extraordinary abundance of pyroxene, 28 and
40 vol%, respectively, thereby placing the definition of pall-
asite under scrutiny. Thus, in only a few years, the number
of pallasite parent bodies has increased from two to five iso-
topically (Fig. 1) and/or mineralogically distinct objects,
with Scott (2007) suggesting as many as seven.

Much of our current understanding of pallasites is based
on 30+ year old models. Collation and cross correlation of
the various types of petrologic and isotopic data that exist
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Fig. 1. Three-isotope diagram for oxygen demonstrating the diversity of pallasites. The main diagram shows a close-up of the field near the
MG pallasites and includes NWA 1911 (N), Zinder (Z), and the pyroxene pallasites, Vermillion and Yamato 8451 (Pyx). The Eagle Station
pallasites (ES) and Milton (M) are shown in the inset diagram which shows a much wider field. The IIIAB irons are shown for reference, since
older models often considered the pallasites and IIABs from the same parent body.

J.S. Boesenberg et al. / Geochimica et Cosmochimica Acta 89 (2012) 134–158 135
within the older and more recent literature requires a
reevaluation of pallasite formation. Here, we will present
a new comprehensive, though admittedly qualitative model
for pallasite formation, based not only on some new olivine
and chromite trace element data, but also based on these
new collations and correlations that include metallographic
cooling rates, textural associations, and chemical and petro-
logic data that concern both the major and minor pallasite
phases. This new model uses the natural differentiation pro-
cess (primarily fractional melting) during the melting of a
chondritic parent body to produce a pallasite layer, rather
than producing one by the mixing of previously differenti-
ated core metal and mantle olivine, as historically has been
invoked in most pallasite formation models (Rayleigh,
1942; Wasson and Wetherill, 1968; Scott, 1977a,b,c, 2007;
Malvin et al., 1985; Scott and Taylor, 1990; Ulff-Møller
et al., 1998; Yang et al., 2010).

2. ANALYTICAL TECHNIQUES

Polished thin sections of pallasites from the American
Museum of Natural History (AMNH) meteorite collection
containing olivine and chromite were characterized using a
petrographic reflected light microscope and the Cameca
SX-100 electron microprobe located in the Department of
Earth and Planetary Sciences at AMNH. Olivine grains
(number of grains in parentheses) were analyzed from
Springwater 2641-1 (2) and -4 (2), Esquel 4761-1 (2), Bren-
ham 989-1 (2), Molong 2463-1 (2), Brahin 4859-1 (2), Imilac
896-3 (2), Glorieta Mountain 684-1 (2), Newport 4407-1 (1)
and -2 (1), Admire 4176-1 (1) and -4 (2), Otinapa 4600-1 (2),
Ahumada 323-1 (2), Marjalahti 4088-1 (3) and Pavlodar
319-1 (2). Chromite grains (number of grains in parenthe-
ses) were analyzed from Brahin 4859-1 (2) and -2 (4),
Glorieta Mountain 684-1 (3), Esquel 4761-1 (1), Molong
2463-1 (1), Marjalahti 4088-1 (1), Otinapa 4600-1 (1), New-
port 4407-1 (1), Ahumada 323-1 (5), and Pavlodar 319-1
(2). Quantitative analysis was done separately for olivine
and chromite. Operating conditions consisted of 15 kV
voltage, 20 nA current and 100 s counting times for all
elements for olivine and 40 s for chromite using PAP cor-
rection procedures (Pouchou and Pichoir, 1991). Detection
limits on both data sets are 0.01–0.03 wt%. Standard
deviations for major elements in olivine are <1% and minor
elements 2–5%. For chromite, major elements have
standard deviations of 1–2% and minor elements 7–10%.
Standards used for olivine analysis included synthetic diop-
side glass (Si); Rockport, Massachusetts fayalite, NMNH
85276 (Fe); Minas Gerais, Brazil rhodonite (Mn); Quebec,
Chibougamau, Canada olivine (Mg); and synthetic berlinite
(P). Standards used for chromite analysis included synthetic
diopside glass (Si); synthetic TiO2 (Ti); synthetic Al2O3

(Al); synthetic magnesiochromite (Cr); Elba hematite
(Fe); Ilmen Mountains, Miask, Russia ilmenite, USNM
96189 (Mn); synthetic MgO (Mg); Lunar Crater, Nevada
augite, NMNH 164905 (Ca); synthetic CsV2O5 (V) and
synthetic nickel diopside glass (Ni).

3. NEW RESULTS AND LITERATURE DATA

REEVALUATION

New olivine and chromite microprobe data and the new
correlations between old and new literature data will pro-
vide the context for the models discussed.
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3.1. Olivine

Olivine grains from thirteen MG pallasites were ana-
lyzed for Si, Fe, Mn, Mg and P. Olivines from MG have
a variety of sizes and shapes ranging from small rounded
olivines in Brenham and Molong (2–10 mm in diameter)
to large, euhedral olivines in Esquel (diameters up to
20 mm) to fragmental olivines in Huckitta (1–10 mm diam-
eters). Profiles of Fe/Mg across the olivines within individ-
ual meteorites are quite uniform, but many grains contain
Fe- or Mg-enrichments towards the outer few 100 lm. Of
the 30 grains analyzed, 13 have no significant variation,
eight are mildly Mg-enriched and nine are mildly Fe-en-
riched [±0.1–0.3% mg# = atomic 100 �Mg/(Mg + Fe)].
Miyamoto (1997) reports both Fe-enrichments and occa-
sional Mg-enrichments within certain pallasite olivine rims,
as well. Both Brenham and Molong show some variation in
Fe/Mn near the edges of their grains (three or four points
stray from the grouping of each sample in Fig. 2A). One
grain in Springwater was found to contain a phosphoran
Table 1
Single point analyses of individual grains from the cores of Main Group p
12, which is a phosphoran olivine analysis from the rim of the grain.

Meteorite Admire Ahumada Brahin
Section 4176-1 323-1 4859-1
Grain GA-5 G4-188 GA-11

SiO2 40.62 40.64 40.46
P2O5 0.00 0.00 0.02
FeO 11.69 10.81 11.40
MnO 0.27 0.29 0.22
MgO 47.90 48.15 48.14
Total 100.47 99.89 100.23

Si 0.999 1.001 0.996
P 0.000 0.000 0.000
Fe 0.241 0.223 0.235
Mn 0.006 0.006 0.005
Mg 1.756 1.769 1.768

Fe/Mn 43.45 36.82 50.67
100 � Fe/(Fe + Mg) 12.01 11.16 11.70
Fe/Mg 0.137 0.126 0.133

Meteorite Marjalahti Molong Newport
Section 4088-1 2463-1 4407-2
Grain G4-276 GB-3 GA-27

SiO2 40.17 40.39 40.24
P2O5 0.00 0.00 0.00
FeO 10.56 10.83 11.42
MnO 0.28 0.20 0.27
MgO 48.43 48.14 48.47
Total 99.43 99.56 100.41

Si 0.994 0.999 0.990
P 0.000 0.000 0.000
Fe 0.219 0.224 0.235
Mn 0.006 0.004 0.006
Mg 1.787 1.774 1.779

Fe/Mn 37.36 52.78 41.50
100 � Fe/(Fe + Mg) 10.87 11.18 11.64
Fe/Mg 0.122 0.126 0.132
olivine rim (GA-12 in Table 1). The amount of P2O5 mea-
sured is somewhat lower (1.33 wt%) than reported by Bu-
seck (1977) (4–5 wt%).

The average compositions of individual pallasite grains
straddle the Fe-loss/gain line of average pallasite olivines
(each pallasite is represented by only a single value, despite
all analyses or multiple individual grains shown plotted in
the figures), a line of constant Mn/Mg ratios (Fig. 2A
and B). Should increases or decreases of iron to the system
occur during or after their formation, the olivine and other
phases attempt to reequilibrate. As they do so, their compo-
sitions shift to higher or lower Fe/Mn and Fe/Mg ratios
parallel to the Fe-loss/gain line. Mittlefehldt (2005) has ar-
gued that the distribution of the olivine compositions is evi-
dence for the reduction of the olivine. Based on intrinsic
oxygen fugacity measurements of two MG + one ES palla-
site olivines, Righter et al. (1990) support this conclusion.
The chromites analyzed during this study show a similar
but less convincing trend. However, elements such as Cr
and Al complicate the chromite results (Fig. 2C and D).
allasite olivine. The only exception is Springwater 2641-1, grain GA-

Brenham Esquel Glor. Mtn. Imilac
989-1 4761-1 684-1 896-3
GA-13 GA-4 GA-13 GB-20

40.37 40.80 40.17 40.20
0.02 0.00 0.00 0.00

11.88 11.36 12.97 12.27
0.21 0.30 0.30 0.31

48.07 48.34 46.85 46.93
100.53 100.79 100.30 99.72

0.993 0.999 0.996 0.999
0.000 0.000 0.000 0.000
0.245 0.232 0.269 0.255
0.004 0.006 0.006 0.006
1.764 1.764 1.732 1.739

54.56 37.80 42.04 39.29
12.15 11.61 13.40 12.75
0.139 0.132 0.155 0.147

Pavlodar Otinapa Springwtr Springwtr
319-1 4600-1 2641-4 2641-1

G2-73 GA-15 GB-14 GA-12

40.53 40.38 39.59 37.63
0.00 0.00 0.01 1.33

11.56 12.97 16.87 16.61
0.35 0.32 0.32 0.52

48.06 46.83 43.78 43.77
100.49 100.51 100.56 99.74

0.997 0.999 0.997 0.956
0.000 0.000 0.000 0.028
0.238 0.268 0.355 0.353
0.007 0.007 0.007 0.011
1.762 1.727 1.644 1.657

32.90 39.50 52.45 31.42
11.85 13.40 17.71 17.43
0.135 0.155 0.216 0.213



Fig. 2. Fe/Mg versus Fe/Mn graphs, based on Goodrich and Delaney (2000), of pallasite olivines and chromites. In graphs A and C, all
analytical points are shown, while in graphs B and D the average compositions of each grain are shown. The average compositions from
individual pallasite olivines do not show any direct effects of Fe loss or gain. (There is no change along a path parallel to the solid line.) Inter-
pallasite olivine comparisons support the idea of Mittlefehldt (2005) for evidence of reduction parallel to the Fe loss line. The chromites show
similar but less extreme reduction effects. In addition, there is also a NW–SE trend in all of the data probably showing evidence for either
reequilibration of residual olivine and chromite with silicate melt or fractional crystallization of olivine and chromite. Data for graph B for
pallasites Giroux, Krasnojarsk and Mount Vernon is from Mittlefehldt et al. (1998).
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The data (Fig. 2A and B) here also show a definite
northwest–southeast trend, i.e., a change in Mn/Mg ratio,
which could suggest either olivine reequilibration (in a
residue) with an evolving melt or olivine fractionation (of
a growing cumulate). In the latter case, Fe/Mn would
slowly decrease with increasing Fe/Mg as both distribution
coefficients (D) for Fe and Mn are >1, with DFe > DMn.

3.2. Chromite

Twenty-one chromites from nine MG pallasite sections
were analyzed for their major and minor elements (no
chromites were found in the sections of Admire, Brenham,
Imilac and Springwater that were examined). Main Group
chromites range in size from 300 lm to 3 mm in diameter,
though most are about 500 lm. Texturally, the grains are
euhedral to mildly rounded and typically found adjacent
to troilite, metal and olivine. Only a single symplectic chro-
mite (within Glorieta Mountain) was located. It is 25 lm in
diameter and surrounded by troilite, phosphate and olivine.

A comparison of chromite grains from a single pallasite
shows more variability in Fe/Mn versus Fe/Mg than the
co-existing olivines. Intercomparison of grains from differ-
ent pallasites show significant variability in Fe/Mn
(Fig. 2C and D), Al/(Al + Cr) and Ti/(Ti + Cr) ratios
(Fig. 3). Profiles across grains indicate that from core to
rim, Fe/(Fe + Mg) ratios increase (Fig. 4); Al/(Al + Cr) ra-
tios decrease (Fig. 5) and TiO2 decreases (Fig. 6). An inter-
esting observation in Fig. 2 when considering both olivine
and chromite is that Molong and Brahin change their rela-
tive positions, i.e., Fe and Mg are exchanged between olivine
and chromite; resulting in different KD, suggesting different
closure temperatures. Fig. 2C also shows three pallasites
(Molong, Glorieta Mountain and Ahumada) with extensive
fractionation coupled with Mn gain or Fe loss, while
Fig. 2D shows the entire group showing the same north-
west–southeast trend observed in the olivine.

Fig. 3 shows the large variability in Al–Cr found in dif-
ferent pallasite chromites, both in total range and extent of
fractionation. Although pallasite chromite compositions
have been reported as being homogeneous (Bunch and Keil,
1971), they do in fact vary from nearly homogeneous to
highly zoned in Al/(Al + Cr) (Fig. 5), and to a lesser extent
in Fe/(Fe + Mg) (Figs. 2 and 3). Table 2 shows that the



Fig. 3. Microprobe analyses of chromites from nine MG pallasites showing an inverse correlation between Al/(Al + Cr) or Ti/(Ti + Cr) with
Fe/(Fe + Mg). Square symbols are chromite averages from Bunch and Keil (1971).
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Cr2O3–Al2O3 concentrations within chromites vary over
9 wt% between different pallasites and up to 6 wt% within
a single grain from core to rim in Glorieta Mountain.
The compositional ranges of chromites within a given mete-
orite are similar, but vary between meteorites (Bunch and
Keil, 1971; Nehru, 2002). Based on textural relationships,
chromite forms after olivine in pallasites (Buseck, 1977).

TiO2 shows moderate zoning in chromites, decreasing
from core to rim, with increasing Fe/(Fe + Mg) (Fig. 6).
There is also a tendency for smaller chromites to be en-
riched in Fe and Al, but depleted in Ti, relative to larger
grains (Figs. 4–6). Both of these patterns are the reverse
of that expected during fractional crystallization unless Ti
decreases in the melt (e.g., because of crystallization of a
Ti-rich phase), but could be evidence for fractional melting
where the different residual chromites equilibrate with new
pockets of melt as it forms. The zoning data could also be
an indication of subsolidus cooling in combination with
grain boundary diffusion, as seen by the decreasing core
to rim concentrations of Ti, plus Ca, Cr, V and Ni in the
olivines (Miyamoto, 1997; Hsu, 2003; Tomiyama and Huss,
2006), particularly when considered with the Fe–Mg com-
positional variability of the olivine rims that would seem
to indicate low temperature, local heterogeneities.

The subsolidus reactions appear to involve the movement
of several elements out of olivine and chromite, and into the
other minor pallasite phases, including the movement of Ca
from olivine to phosphate, Fe, Cr and V from olivine to
chromite, Ni from olivine to metal, Ti from olivine to either
pyroxene or a melt, Al and Ti from chromite to pyroxene or
a melt and Mg from chromite to olivine.

The elemental abundances seen in the pallasite chrom-
ites are quite different from those observed in the IIIAB
iron meteorites, a group that pallasites are often associated
with (see Table 2 for pallasite chromite chemistry). IIIAB
chromites have near endmember compositions, containing
high Cr2O3 (65–68 wt%) and FeO (32–34 wt%), but extre-
mely low Al2O3 (0.03–0.07 wt%), MnO (0.00–0.01wt%)



Fig. 4. Fe/(Fe + Mg + Mn) versus distance profiles (rim–core–
rim) across chromites from nine pallasites showing U-shaped
trends, consistent with formation from a residue or by fraction-
ation. Distance is in lm.

Fig. 5. Al/(Cr + Al) versus distance profiles (rim–core–rim) across
chromites from nine pallasites showing inverted U-shaped or flat
trends. Distance is in lm.
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and MgO (0.01–0.06 wt%) (Krot et al., 1992; Fehr and
Carion, 2004). IIIAB chromites, unlike pallasite chromites,
reflect formation in an environment where a silicate melt
was distinctly absent.

3.3. Olivine morphology

Scott (1977a) did the last definitive work on olivine–me-
tal textures in pallasites and discussed the history of
how earlier researchers classified olivines based on their
morphology. For this paper, the morphologies will be di-
vided into three types: euhedral (such as found in Esquel
or Ahumada), rounded (as in Brenham), and fragmental
(as in Huckitta or Seymchan). The term “angular” used
by Scott (1977a) is vague and could imply a broken frag-
ment just as readily as a euhedral crystal and will therefore
be avoided. These terms are meant for the macroscopic
descriptions of the olivines only and not meant to describe
the microscopic corner or edge details done by Scott
(1977a). It is important to note that the majority of palla-
sites contain a combination of olivine morphologies and
not just endmembers, with most having dominantly euhe-
dral crystals with fragmental olivines, such as found in Bra-
hin. One exception is Seymchan (Fig. 7) that contains all
three types of olivine. It also contains olivine clusters and
large metal-rich, olivine-free veins. This one meteorite, thus
makes it abundantly clear that any model that wishes to ex-
plain pallasites must consider how the variation of olivine
types has been produced in all of the pallasites, not just
the endmember types. Of the 17 pallasites that contain
the most primitive (least differentiated) metal compositions
listed in Table 3 (Wasson and Choi, 2003; van Niekerk
et al., 2007), 13 contain fragmental olivine in significant
quantities. This is quite different from the last 18 pallasites
that contain very differentiated metal compositions, where
only six have significant fragmental olivine.

3.4. Olivine clusters

One of the most unusual features in pallasites is the
occurrence of olivine clusters [called olivine masses by Scott
(1977a)]. These are tight, interlocking assemblages of nearly
metal-free olivine that are several inches to perhaps a foot
in diameter and have been found in many pallasites where
large surface areas have been exposed. Clusters have been
found in Esquel, Admire, Albin, Huckitta, Imilac, Mount
Vernon, Fukang and Seymchan and appear to only be pres-
ent in pallasites that contain euhedral or fragmental oli-
vines. No clusters have yet to be found in pallasites with
rounded olivines. In slabs of Esquel, the clusters can be seen
to be composed of euhedral olivines that are breaking up
primarily along grain boundaries as metal invades the clus-
ter, slowly approaching a kind of textural equilibrium. In



Fig. 6. TiO2 versus distance profiles (rim–core–rim) across chrom-
ites from nine pallasites showing inverted U-shaped or flat trends.
There is a correlation between TiO2 and grain size, with smaller
grains containing less Ti. Distance is in lm.
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some of the predominantly fragmental olivine pallasites
such as Huckitta, only olivines on the outside edges of
the cluster are fragmental, the interior ones are euhedral.

3.5. Olivine packing

The packing style of olivine within pallasites plays a
potentially important role in understanding their forma-
tion. There are three primary types of close-packing: simple
cubic, face-centered cubic (fcc) and random. A fourth type,
hexagonal, also exists, but the spheres occupy the same vol-
ume as in fcc. For each style of close-packing, the volumes
occupied by the spheres are different. For simple cubic
packing, the spheres are stacked directly next to and on
top of one another in straight rows. Each row of spheres
falls in a plane both horizontally and vertically. The spheres
occupy 52.40% of the total volume. For random packing, a
specific geometry is not defined, but is an empirical method
determined statistically (Jaeger and Nagel, 1992). The
spheres occupy 64.00% of the volume in this packing style.
Finally, in fcc close-packing, multiple layers of spheres are
involved. In the first layer, the spheres are placed diagonally
next to one another such that each one is positioned in the
V-shaped wedge formed by the two adjacent spheres. Then
in the second layer, the spheres are positioned in the valleys
created by the spheres of the first layer and the inverted
valleys of those in the layer above. The result is that spheres
in every third layer lie directly over each other and occupy
74.05% of the total volume.

Recently, Spinsby et al. (2008) produced a tomograph of
Brenham by polishing through a 20 mm cube of the mete-
orite and photographing it every 0.5 mm. The tomograph
shows that olivine within Brenham occupies a volume of
67%. Based on data from Buseck (1977), 25 of the 30 pall-
asites he studied have olivine volumes that exceed simple
cubic close-packing, 15 exceed random close-packing and
six exceed even fcc close-packing (Fig. 8), hence the grains
are not approximated by spheres. Based on the first
author’s observations of opposite sides of meteorite slabs
from the AMNH collection, pallasites cannot reflect simple
cubic close-packing. The olivines are not stacked directly
next to or on top of one another in rows. Instead, the oli-
vines exposed on one side of the slab in most cases are offset
and sitting in the valley between two or three olivines,
whose surfaces are exposed on the reverse side. These pieces
of evidence suggest that the majority of pallasites have an
olivine packing density similar to random close-packing
and contain a bridgework of olivines. This bridgework is
topologically equivalent to a sponge (Stevenson, 1990),
where the metal simulates the sponge matrix and the oli-
vines occupy the position of the pore spaces. It should be
noted that pallasites do not consist of olivines floating in
a metal matrix, as they are often described, but should be
more correctly described as metal trapped within an inter-
connected olivine assemblage.

3.6. Phosphoran olivine

Phosphoran olivine was first noted in pallasites by Bu-
seck (1977) and recently studied extensively by Boesenberg
and Hewins (2010). Phosphoran olivine occurs as rims or
zones (as large as 200 lm wide and several mm long) on
the edges of non-phosphoran “normal” olivine crystals.
The contacts between phosphoran and non-phosphoran re-
gions are not compositionally gradational, but are sharp
and abrupt, suggesting that the phosphoran olivine is an
overgrowth on the normal olivine, just as simulated and ob-
served in the experiments of Boesenberg and Hewins
(2010). The five pallasites known to contain phosphoran
olivine are Brenham, Brahin, Zaisho, Springwater and
Rawlinna 001. All have phosphoran olivine compositions
that are similar (4–7.4 wt% P2O5), with only minor varia-
tions in the Fa content (Buseck, 1977; Buseck and Clark,
1984; Wasson et al., 1999) and all are considered part of
MG, based on oxygen isotopes [some are noted as being
anomalous MG, based on trace metal data by Scott
(1977c) and Wasson and Choi (2003)]. However, petrolog-
ically, the five exhibit diverse characteristics. Brahin con-
tains euhedral to fragmental olivines with an average
“normal” olivine composition of Fa12. Brenham contains
rounded olivines, but the same olivine composition as Bra-
hin. Zaisho, Springwater and Rawlinna also contain round
olivines, but have average olivine compositions of Fa18,
Fa18, and Fa16, respectively. Thus, no obvious correlation
between phosphoran olivine and either olivine composition
or texture appears to exist.



Table 2
Single point analyses of individual grains from the cores of Main Group pallasite chromite.

Meteorite Ahumada Brahin Esquel Glor. Mtn. Glor. Mtn. Marjalahti Molong Newport Otinapa Pavlodar
Section 323-1 4859-1 4761-1 684-1 684-1 4088-1 2463-1 4407-1 4600-1 319-1
Grain G1-49 G1-2 G1-38 G1-11 G2-18 G1-5 G1-3 G1-41 G1-21 G1-181

SiO2 0.03 0.05 0.06 0.16 0.13 0.20 0.15 0.03 0.01 0.14
TiO2 0.11 0.09 0.28 0.23 0.18 0.10 0.00 0.24 0.18 0.00
Al2O3 7.61 1.24 8.35 7.87 2.98 1.52 0.02 3.24 4.75 0.03
Cr2O3 62.01 68.83 61.60 60.62 65.31 67.76 69.64 65.98 64.68 69.09
FeO 22.17 22.81 20.25 23.32 23.59 23.92 24.33 23.08 22.50 24.62
MnO 0.76 0.55 0.60 0.66 1.13 1.02 0.66 0.74 0.67 0.93
MgO 6.95 5.88 8.32 6.03 5.09 4.60 4.44 6.01 6.48 4.32
CaO 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.00
NiO 0.00 0.00 0.01 0.00 0.05 0.00 0.02 0.00 0.04 0.00
V2O3 0.48 0.49 0.57 0.57 0.89 0.61 0.39 0.73 0.53 0.34
Total 100.12 99.94 100.04 99.50 99.35 99.72 99.66 100.05 99.87 99.48

Si 0.001 0.002 0.002 0.006 0.005 0.007 0.005 0.001 0.000 0.005
Ti 0.003 0.002 0.007 0.006 0.005 0.003 0.000 0.006 0.005 0.000
Al 0.307 0.052 0.332 0.320 0.126 0.064 0.001 0.134 0.195 0.001
Cr 1.677 1.934 1.645 1.656 1.845 1.921 1.991 1.837 1.783 1.982
Fe 0.634 0.678 0.572 0.674 0.705 0.717 0.736 0.680 0.656 0.747
Mn 0.022 0.017 0.017 0.019 0.034 0.031 0.020 0.022 0.020 0.029
Mg 0.354 0.312 0.419 0.311 0.271 0.246 0.240 0.316 0.337 0.234
Ca 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
V 0.007 0.007 0.008 0.008 0.013 0.009 0.006 0.010 0.007 0.005
Ni 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.001 0.000

Fe/Mn 28.80 40.94 33.32 34.54 20.58 23.15 36.59 30.79 32.98 26.18
Al/(Al + Cr) 15.46 2.62 16.81 16.23 6.37 3.23 0.04 6.82 9.88 0.07
100 � Fe/(Fe + Mg) 62.75 67.39 56.74 67.12 69.77 72.16 73.91 66.82 64.78 74.00
Fe/Mg 1.79 2.18 1.37 2.17 2.60 2.92 3.07 2.15 1.95 3.20
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Phosphoran olivine does however place constraints on
pallasite formation. The first is that pallasites are complex,
unequilibrated assemblages. This is in stark contrast to the
early thoughts of Mason (1963), who hypothesized that
olivine and metal crystallized in equilibrium from a com-
mon source. If they were equilibrated, phosphoran olivine
would have been transformed into the stable phases, phos-
phate and “normal” olivine (Brunet, 1995). Second, phos-
phoran olivine appears to crystallize only from a P-
bearing silicate melt (Boesenberg and Hewins, 2010). Based
on the phase diagrams of Wojciechowska and Berak (1959),
which indicate peritectic and eutectic points just above
1300 �C in the iron-free MgO–SiO2–P2O5 system, pallasite
phosphoran olivine probably crystallized close to
�1250 �C. Since only “normal” olivine and metal are found
in contact with phosphoran olivine, the simplest conclusion
must be that the melt that formed phosphoran olivine had a
composition nearly identical to that of phosphoran olivine.
Pallasite metal has 0.3–0.6 wt% P (Davis, 1982), while most
phosphoran olivine contains 4–7.4 wt% P2O5 (equivalent to
1.75–3.25 wt% P) (Buseck, 1977; Wasson et al., 1999). Me-
tal–silicate melt partitioning calculations, assuming palla-
site metal and a melt of phosphoran olivine composition,
give phosphorus Dmtl/sil coefficients of 0.09–0.34. These
overlap the values from Schmitt et al. (1989) and Newsom
and Drake (1983) for basaltic to peridotitic compositions in
the range of 1190–1300 �C and having an oxygen fugacity
slightly more oxidizing than IW-1. Dmtl/sil is sensitive to
the silicate melt composition, oxygen fugacity and temper-
ature, decreasing as the normative olivine in the melt in-
creases (Righter and Drake, 2000). If phosphoran olivine
was a melt prior to its crystallization, the phosphorus pres-
ent was in approximate equilibrium with the metal. Bren-
ham, which contains phosphoran olivine with up to
7.4 wt% P2O5 (Wasson et al., 1999) may have had a more
olivine-rich melt composition. Once phosphoran olivine
crystallizes, its preservation in the presence of a melt is lim-
ited to only a few weeks (Boesenberg and Hewins, 2010)
and therefore its survival indicates that the temperature
never rose again in those pallasite regions above
�1250 �C. Third, phosphoran olivine crystallized as over-
growths long after the normal olivines formed. During
the time gap, P in metal diffused into silicate melt. The sil-
icate melt could not have been olivine normative initially
since it would have crystallized, but by the addition of P
to it, was able to form olivine under metastable conditions
(Boesenberg and Hewins, 2010). This could have been
accomplished by an (olivine) subsolidus reaction with par-
tially molten metal and would be consistent with the low
temperature subsolidus event suggested by Mittlefehldt
(2005) and observed in the both the olivine and chromite
data. Such reactions may have also produced pyroxene
and phosphate. Fourth, four of the five pallasites known
to have phosphoran olivine also contain rounded olivine.
Since phosphoran olivine occurs only on the outer edges
of the crystals and there is no evidence for phosphorus dif-
fusion into the adjacent “normal” olivine, rounding must
pre-date the formation of the phosphoran olivine. This im-



Fig. 7. A photograph of the pallasite, Seymchan, from the AMNH collection (catalog #5168). Note the large olivine cluster in the center of
the slab and the overwhelming amount of fragmental olivine that surrounds it. Fragmental olivine is likely the result of shock wave
propagation penetrating the parent body caused by impacts on the surface during heavy bombardment. For scale, the cubes at the base of the
sample are each one centimeter.
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plies that rounding was accomplished by resorption at tem-
peratures above �1250 �C and in the presence of at least a
small amount of silicate melt. Annealing (solid state trans-
formation), though always thought to be the predominant
cause of rounding (Davis, 1977; Scott, 1977a), in fact,
may only play a minor role in the textural development
of olivine, if any. This would be consistent with (1) the
smaller average diameters of round olivines compared to
euhedral ones (Scott, 1977a), (2) the suggestion by Ohtani
(1983) that melt is required to produce round olivine and
(3) the observation that the three most troilite-rich palla-
sites, Hambleton, Glorieta Mountain and Phillips County,
contain predominantly fragmental rather than round oliv-
ine, an environment where annealing should have been
maximized (Holzheid et al., 2000; Saiki et al., 2003).

3.7. Orthopyroxene

Orthopyroxene is the only other silicate phase that exists
in pallasites besides olivine. Only the most basic composi-
tional, modal abundance, and textural data have been
published on this rare phase (Buseck, 1977; Buseck and
Clark, 1984). In MG pallasites, it is found as part of sym-
plectic intergrowths and is generally only a few tens of mi-
crons in diameter. Its composition varies slightly from
meteorite to meteorite and from grains within a single sam-
ple, but it is known to contain extremely low Ca. Typically,
orthopyroxene would be thought of as a mid-sequence crys-
tallization phase in basaltic rocks, but based on its textural
setting within the symplectic regions and its association
with +/� phosphate, troilite, chromite, schreibersite or me-
tal, appears to form quite late in pallasites (Buseck, 1977).
The proportions of the mineral phases found in the sym-
plectic regions vary from one location to another (Buseck,
1977; Stevens et al., 2010) and may indicate variable segre-
gation and/or fractionation of melt.

3.8. Phosphates

There are five types of phosphate found in MG palla-
sites: merrillite [Ca18Na2Mg2(PO4)2] (merrillite is the proper
name of the extraterrestrial and hydrogen-free variety of
whitlockite), stanfieldite [Ca3Mg3(PO4)4], farringtonite
[Mg3(PO4)2], a silico-phosphate and an Fe-rich phosphate.
In general, merrillite is the most common phosphate found,
with stanfieldite a close second. Farringtonite appears to be
somewhat less common (Buseck and Holdsworth, 1977) in
most pallasites, though is unusually prevalent in Spring-
water (Hsu, 2003). Silico-phosphate is very rare and has
only been seen in Brahin and Springwater (Buseck and



Table 3
Pallasite metal – varying degrees of fractionation. An H chondrite bulk composition is assumed as the starting material for the pallasite parent
body. The initial concentrations of the siderophile elements are calculated for Ir and Au allowing the bulk composition to produce equilibrium
Fo88 olivine. The concentration found in the metal + sulfide portion (28 wt% of the parent body) can be calculated:
For Ir ¼ 760=0:28 ¼ 2:714 ppm and for Au ¼ 215=0:28 ¼ 768 ppb: The elemental concentrations of Ir and Au found in the metal indicate
apparently different degrees of metallic-sulfide liquid fractionation for the same pallasite relative to H chondrites. (All Ir, Ni and Au data from
Wasson and Choi (2003) except Seymchan, which is from van Niekerk et al. (2007).) MG pallasite metal compositions vary greatly in their Ir/
Ni ratios and should not be calculated using a single average composition as this greatly skews the data and its interpretation.

Ir
(ppm)

Frac.
(%)

Au
(ppb)

Frac.
(%)

Ir/Ni
ratio

Ir
(ppm)

Frac.
(%)

Au
(ppb)

Frac.
(%)

Ir/Ni
ratio

High Ir (>1 ppm) – six samples Low Ir (<0.1 ppm) – 18 samples

Argonia 6.52 14 2.77 98 0.5275 Imilac 0.09 85 2.25 97 0.0109
Pavlodar 5.15 22 1.13 88 0.6280 Lipovsky 0.09 85 2.70 98 0.0082
Phillips County (high) 3.33 34 4.03 99.5 0.2449 Phillips County (low) 0.09 85 2.81 98 0.0068
Marjalahti 2.13 45 1.84 95 0.2434 Springwater 0.08 85 2.91 98 0.0066
Finmarken 2.08 46 2.54 97 0.2023 Rawlinna 001 0.07 86 2.30 97 0.0052
Huckitta 0.99 60 1.72 95 0.1165 Ahumada 0.06 87 2.23 97 0.0064

Quijingue 0.06 87 2.37 97 0.0059
Med Ir (>0.1 and <1 ppm) – 11 samples South Bend 0.06 87 2.19 97 0.0065
PCA 91004 0.76 64 2.00 96 0.0794 Zaisho 0.04 89 2.63 98 0.0038
Seymchan 0.68 66 2.13 96 0.0711 Acomita 0.03 90 2.73 98 0.0023
Barcis 0.32 75 2.74 98 0.0305 Brenham 0.03 90 2.73 98 0.0026
Otinapa 0.23 78 2.57 98 0.0212 Admire 0.02 92 2.91 98 0.0017
Krasnojarsk 0.22 78 2.41 97 0.0265 Albin 0.02 92 2.77 98 0.0018
Molong 0.21 79 2.54 97 0.0210 Esquel 0.02 92 2.05 96 0.0021
Thiel Mtns 0.21 79 2.67 98 0.0216 Giroux 0.02 92 2.14 97 0.0019
Newport 0.17 81 2.57 98 0.0148 Omolon 0.02 92 2.42 97 0.0022
Mount Vernon 0.14 82 2.51 97 0.0128 Yamato 74044 0.02 92 2.67 98 0.0022
Ilimaes 0.13 82 2.60 98 0.0126 Glorieta Mountain 0.01 93 2.82 98 0.0009
Brahin 0.11 84 3.02 98 0.0099
Dora 0.10 84 2.53 97 0.0087
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Holdsworth, 1977; Davis and Olsen, 1991). An Fe-rich
phosphate, presumably graftonite or sarcopside, was also
reported by Buseck and Holdsworth (1977) in Brahin.

The phosphates in MG pallasites contain two different
rare earth element (REE) patterns. The first pattern is rec-
ognized by its very low concentrations, but strongly en-
riched heavy, relative to light, REEs. This pattern is
similar to the one found in pallasite olivine. The second pat-
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Fig. 8. A histogram of the volume percents occupied by olivine in
Main Group pallasites. Data are from Buseck (1977). Almost 90%
of all pallasites approach or exceed some type of close-packing of
olivine. Most have volumes similar to that seen in random close-
packing.
tern is very enriched (30–300�) relative to CI chondrite
abundances, decreases mildly from the light to heavy REEs,
and contains a substantial negative europium anomaly. Ol-
sen and Fredricksson (1966) and Davis and Olsen (1991)
suggest that the two patterns derive from separate pro-
cesses. The former developing when phosphorus (and dis-
solved oxygen) in metal and calcium (or magnesium) in
olivine undergoes a subsolidus oxidation reaction to pro-
duce phosphate and pyroxene, while the latter forms from
a silicate melt. Hsu (2003) interprets the phosphates as
xenocrysts which originated in IIIAB irons, but were incor-
porated into pallasites during molten metal–olivine mixing.
Buseck and Holdsworth (1977), based on textures and the
major and minor element chemistry, suggest that the phos-
phates formed from a melt, specifically residual melt drop-
lets formed on and between olivine crystals.

An alternative interpretation is also possible. Both DuF-
resne and Roy (1961) and Buseck and Holdsworth (1977)
point out that the phosphates present in pallasites are not
in equilibrium. To be in equilibrium, only two phosphates
may coexist, stanfieldite plus either farringtonite or merril-
lite. However, if pallasite phosphates [data from Buseck
and Holdsworth (1977)] are viewed as a group (Fig. 9),
where a plot of the Ca/(Ca + Mg + Fe + Na + K) versus
Fe/(Fe + Mg) ratios are compared to the Mg-Ca phosphate
phase diagram (Ando, 1958), a consistent formation pro-
cess by fractional crystallization becomes apparent. [The
silico-phosphate and Fe-rich phosphates are not considered



Fig. 9. On the left is the farringtonite–merrillite binary (modified from Ando, 1958), while on the right is a graph of
Ca/(Ca + Mg + Fe + Na + K) versus Fe/(Fe + Mg) for the MG pallasite phosphates. These graphs illustrate the pathways followed by
phosphate crystallization. As cooling occurs (1), the liquidus above the merrillite + liquid field is encountered (2) and merrillite begins to
crystallize. With merrillite crystallization, the Ca/(Ca + Mg + Fe + Na + K) ratio progressively decreases. As fractionation proceeds down
the liquidus to the peritectic point, stanfieldite replaces merrillite as the crystallizing phase (3). This corresponds to the decrease in the Ca/
(Ca + Mg + Fe + Na + K) ratio in stanfieldite. Eventually the eutectic is reached, where both stanfieldite and farringtonite crystallize (4).
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within the phase diagram here and require other dimensions
to view, but are consistent with the proposed formation
process.] In the phase diagram, phosphate fractional
crystallization begins when the melt cools (#1) and inter-
sects the liquidus (#2). This intersection is determined by
the melt composition, but appears to have been to the right
of both the eutectic (#4) and peritectic (#3) points on the
liquidus of the Liq + Ca3(PO4)2 field. Crystallization then
proceeds down the liquidus toward the peritectic point. In
the Ca/(Ca + Mg + Fe + Na + K) versus Fe/(Fe + Mg)
diagram, this is reflected by the merrillite compositions
becoming increasingly Fe-rich and Ca-poor. Between the
peritectic (#3) and eutectic (#4) points, the liquidus of the
Liq + Ca3Mg3(PO4)4 field is encountered and merrillite
crystallization is replaced by stanfieldite. The stanfieldite
composition now becomes increasingly Fe-rich and Ca-
poor. Eventually, the eutectic is reached, where the
Mg3(PO4)2 + Ca3Mg3(PO4)4 field is encountered and stanf-
ieldite is joined by farringtonite as a crystallization phase.
Although it seems probable, based on the population of
phosphates reported thus far in the literature, that most
residual melt followed the path described above, it is possi-
ble some melts were fractionated or segregated to different
degrees and intersected the liquidus above the Liq +
Mg3(PO4)2 field during cooling, and only crystallized far-
ringtonite or farringtonite plus stanfieldite.

The silico-phosphates analyzed by Davis and Olsen
(1991) and Buseck and Holdsworth (1977) have very similar
compositions and are relatively sodium-rich, containing
�3.5 wt% Na2O. Though both known silico-phosphates
grains are found in Springwater, the melt they crystallized
from must have been more evolved than the other phos-
phates and outside the compositional space of the
Mg3(PO4)2–Ca3(PO4)2 phase diagram.

The presence of the two REE patterns in the phosphates
is also related to the sequence in which they crystallize.
Some phosphates, as noted above, have enriched concentra-
tions of REEs relative to CI chondrites; a pattern that de-
creases mildly from the light through heavy REEs and
contains a negative europium anomaly. This pattern is
essentially identical in both pallasite merrillite and stanfiel-
dite (Davis and Olsen, 1991) as well as merrillite of lunar
samples (Jolliff et al., 2006), and appears to reflect the sim-
ple partitioning behavior of the phosphates. However, the
concentration of the REEs (relative to CI) in those phos-
phates varies between 30–300� in pallasites and approaches
30,000� in lunar rocks, and consequently is source depen-
dent. In the pallasites, the predicted fractional crystalliza-
tion sequence for the phosphates is merrillite, stanfieldite
and then farringtonite. Hence, any REE-bearing liquid
present during phosphate formation, will concentrate the
highest proportion of the REEs in the merrillite. When
stanfieldite replaces merrillite as the liquidus phase, its
REE level will be lower since the liquid has now been de-
pleted. However, by the time farringtonite is the liquidus
phase, the REEs will be nearly or completely depleted from
the melt. The farringtonite therefore can absorb the only
REEs available, those in the olivine. Thus, the very de-
pleted, steep REE pattern that is common to the olivine,
now forms in the phosphate as well. Because of the likely
heterogeneous melt distribution in the pallasites during
their formation, in some cases, the REE depletion occurs
much earlier in the phosphate crystallization sequence, even
while merrillite or stanfieldite are the liquidus phase, such
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as seen in Albin, Imilac and Eagle Station (Davis and Ol-
sen, 1991; Hsu, 2003). Based on the literature, farringtonite
always contains the steep REE-depleted olivine-like pat-
tern. This indicates that although a sufficient phosphorus
reservoir was present in the late stage melt(s) to make phos-
phate, the REE reservoir was long exhausted.

3.9. Troilite

Among the most difficult problems to explain in palla-
sites, as well as iron meteorites, is the apparent troilite def-
icit. Several authors (Scott, 1977c; Ulff-Møller et al., 1998;
Wasson and Choi, 2003) have noted that based on the very
low Ir/Au ratios, pallasite metal can be the product of a
low-Ni IIIAB iron-like metallic melt that underwent
extensive (�82%) fractional crystallization. This is loosely
supported by oxygen isotopic data that show chromites in
pallasites overlap those in the IIIABs (Clayton and Maye-
da, 1978). Under such a scenario, the remaining liquid
would contain very high sulfur (>7 wt% S). However,
MG pallasites contain an average 2.34 wt% S (Buseck,
1977). The few pallasites that do not show this depletion
(i.e., Phillips County, Hambleton and Glorieta Mountain)
probably result from sulfide-rich melt pockets being
trapped in olivine-rich regions (Ulff-Møller et al., 1998).
Since sulfur is almost insoluble in solid metal, it is not pos-
sible to estimate the liquid concentration from which it
crystallized, based on analyses of the solidified metal in
the pallasites or iron meteorites. Studies by Jones and
Drake (1983), Haack and Scott (1993) and Chabot and
Drake (2000) have estimated the starting sulfur concentra-
tions by indirect methods using best fits to the available
data. The general consensus, based on reviews by Haack
and McCoy (2005) and Chabot and Haack (2006), is that
the Fe–Ni–S–P system requires a mechanism, such as
immiscibility, to inhibit the concentration of sulfur during
late-stage crystallization of the metal (Jones and Drake,
1983; Ulff-Møller, 1998; Chabot and Drake, 2000). It is
possible a drastic change in the partition coefficients is re-
quired (Wasson, 1999). Modeling of IIIAB metal by Ulff-
Møller (1998) shows that S-rich and P-rich metallic liquids
coexist as immiscible liquids and begin to have unique phys-
ical and chemical characteristics below 1280 �C.

3.10. Metal

FeNi metal constitutes roughly one-third of the total vol-
ume and one-half the mass of pallasites. Scott (1977b,c) first
suggested, based on the trace element chemistry, that palla-
site metal could be the product of a Ni-poor IIIAB iron
metallic melt which experienced�82% fractional crystalliza-
tion (�90% if starting from a chondritic source, such as an H
chondrite). Statistically speaking, this statement is accurate,
but not very precise. Many log element-log element plots of
siderophile trace element concentrations show that MG pall-
asite metal does not form tight linear trends, such as those
seen in the IIIAB iron metal data, or tight spherical clusters.
Plots of Au versus Ir, Ni, W, Co, Pt, Ga, Ge, Cu, and even Sb
do not show a IIIAB – pallasite continuum. In general, either
the data scatter in a loose shotgun with samples being both
above and below the most fractionated IIIAB members
(such as in Au versus Ni, Co or Sb) or spread out in loose
non-parallel (in some cases nearly perpendicular) trends to
the IIIABs, often containing members that deviate greatly
in their concentrations (Scott, 1977b; Wasson and Choi,
2003). Davis (1977) showed that some of these trends in
the trace elements, many of which do not appear to be simple
extensions of the IIIAB iron data in log element-log Ni (or
Au) plots, are the result of sampling errors caused by kama-
cite–taenite fractionation. This occurs because kamacite
nucleates on the olivine, and depending on the amount of
Ni diffusion through the parent taenite, causes variations
in the kamacite/taenite ratio. However, even accounting
for these complexities, the pallasites still contain siderophile
trace element concentrations that indicate variable and wide
degrees of fractional crystallization of the metal. Some sam-
ples contain metal with chondritic Ir concentrations
(>1 ppm Ir) and Ir/Ni ratios such as Pavlodar and Argonia
(Yang et al., 2010), others have intermediately fractionated
metal (>0.1 and <1 ppm Ir) such as Finmarken, Huckitta
and Otinapa, while still others have extremely fractionated
metal (<0.1 ppm Ir) such as Omolon, Glorieta Mountain
or Giroux (see Table 3). While it is acknowledged that the
population distribution of pallasite metal compositions,
based on meteorite samples, indicates that about half contain
extensively fractionated metal (�50% of those listed in Was-
son and Choi, 2003), there is no reason to think that this is
representative of the proportions in the parent body. In fact,
no meteorite group represented on Earth is likely to be pres-
ent in the same proportion they occupy in their parent aster-
oid and the models for the MG pallasites are the only ones
where this misleading approach has consistently been em-
ployed. The most important point of pallasite metal chemis-
try is that there is a wide range of compositions and the most
consistent means to form this distribution is by fractional
crystallization.

Finally, despite the long association often thought to ex-
ist between IIIAB irons and pallasites, there is no inherent
reason why MG pallasite metal be derived from the IIIABs.
It can just as easily be derived from a melted and fraction-
ated chondritic source. The only change would be that the
chondritic source would require slightly greater metal frac-
tional crystallization than the IIIABs since the initial trace
element values would be lower.

3.11. Metallic cooling rates

Pallasite metal cooling rates have been refined a number
of times over the decades, since Wood (1964) first suggested
a means to determine them. The newest estimates are
2.5–18 �C per million years, and show no distinct trend
when plotted in the Yang et al. (2010) log–log graph of bulk
Ni versus the cooling rate (Fig. 10). Essentially, the plot is a
shotgun with a flat or perhaps slight decreasing trend in
cooling rate with increasing Ni. Under most conditions this
plot would be understandable, since the cooling rates them-
selves were determined based on the diffusion of this ele-
ment. However, both Davis (1977) and Wasson and Choi
(2003) have shown that bulk Ni should be avoided as an
indicator of most trends because of the difficulty in estimat-
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Fig. 10. Two log–log plots of the pallasite metal cooling rates. The
first using the bulk nickel composition versus metallic cooling rate
of eight pallasites from the recent work of Yang et al. (2010) and
the replotting of the same cooling rate data versus iridium (Bulk Ir
data from Wasson and Choi, 2003). Davis (1977) and Wasson and
Choi (2003) both noted the danger of using Ni when trying to show
consistent variations in pallasites (and iron meteorites in general).
Because of the difficulty in estimating the taenite/kamacite ratio,
there is large uncertainty in determining the bulk Ni composition.
Therefore, data interpretation becomes nearly ambiguous. How-
ever, when plotted against Ir, an element much less subject to
taenite/kamacite variations, the trend of increasing fractionation
(or decreasing Ir) with decreasing cooling rates becomes obvious.
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ing the taenite/kamacite ratio. Small changes in the ratio
can produce significant shifts that falsely indicate where
any one meteorite might plot. Re-plotting the cooling rate
data against the much less susceptible siderophile element
iridium (Fig. 10), results in the exciting discovery that there
is a distinct correlation between metallic cooling rate and
the fractionation of Ir. Primitive metal has cooled faster
than the more evolved metal, suggesting that pallasite metal

cooled concentrically inward.

4. MODELS

4.1. Mixing

Historically, pallasite formation has usually been mod-
eled by the mixing of an olivine layer with molten metal
(Table 4). The earliest models (Rayleigh, 1942; Urey,
1956) were limited by the prevalent concept of the time that
all meteorites derived from a single parent body. However,
despite this limitation, the basic idea of mixing had been
established. Rayleigh (1942) and Urey (1956) had proposed
that molten metal intruded into an olivine layer. More than
a decade later, Wasson and Wetherill (1968) had an alterna-
tive to metal injection. They suggested that the mantle oliv-
ine collapsed into the upper molten core, presumably as a
result of impacts on the surface and shock wave propagation
through the parent body. Scott (1977a,b,c) then returned to
the idea of metal injection and suggested that the olivine
clusters (or masses) were subsequently breaking up to form
the pallasite basic texture. Crystallization of the metal was
suggested as the means to keep the olivine and metal mixed.

As the ideas became more complex, so did the mecha-
nisms to mix olivine and metal, and impact mixing was
introduced. Mittlefehldt (1980) does not specifically men-
tion impact, but assumes that an external heat source par-
tially melts a portion of the surface of a parent body to
temperatures between the solidus and liquidus of chondritic
material. As accretion of the parent continues, the zone of
maximum temperature is buried to shallow depths. Dunitic
residues and/or cumulates form in the central region of the
heated zone, while harzburgites and metamorphosed chon-
drites form in cooler regions both above and below. Basal-
tic melts percolate to the top of this layered stratigraphy
and are removed from the central regions. Pallasites form
when olivine and metal mix during the collapse of the duni-
tic roof onto one or more contracting and crystallizing me-
tal pods, similar to the model of Wasson and Wetherill
(1968). The model attributes the small variation in pallasite
olivine compositions to their crystallization over a small
range of depths or temperatures.

A less subtle impact model was Malvin et al. (1985), who
proposed to form the ES pallasites by a double impact. In
the primary impact, a small layered magma body with me-
tal at its base, an olivine cumulate layer above and an oliv-
ine residue layer below is formed. During the second impact
mixing of the metal into the olivine layers occurs.

Impact models have since become more common and
are beginning to be mainstream. The impact model of Scott
and Taylor (1990) and subsequently modified by Scott
(2007) suggests that the pallasite parent bodies could be im-
pact-generated core–mantle mixtures formed as chains of
differentiated bodies with diverse metal–silicate ratios after
glancing impacts between large protoplanets (Asphaug
et al., 2006). Following the reassembly of the MG parent
body, the pallasitic layer is emplaced at shallow levels where
cooling rates are fast and recorded in the angular olivine,
and would be consistent with the preservation of olivine
Al, Ti, Ca, Cr, Mn, V and Ni trace element diffusion gradi-
ents as measured by Miyamoto (1997), Hsu (2003) and
Tomiyama and Huss (2006). Over time, a post-impact
regolith develops and buries the layer to deeper regions
(Scott and Taylor, 1990; Greenwood et al., 2006). The bur-
ial allows cooling to slow with continually increasing depth,
though the regolith required would be need to be extraordi-
narily substantial to get within the metallic cooling rates of
2.5–18 �C per Ma (Yang et al., 2010). Meanwhile, the slow
cooling anneals angular olivine to the round varieties. Such
collisions are enticing as the impactor does not deliver
material to the parent asteroid. Instead, impact dynamics
only remove and mix select portions.



Table 4
Prevalent concepts and models concerning the formation of pallasites.

Rayleigh (1942) Molten metal intrudes compact layer of olivine. Density separation of olivine and molten metal prevented by
pressure of pre-existing overlying material.

Urey (1956) Partial crystallization occurs with crystals forming loose structure within silicate liquid. Silicate liquid is
subsequently displaced by molten metal in a low gravity environment.

Ringwood (1961) Fractional melting of chondritic material produces (1) dunite and peridotite (pallasites) below and (2) segregated
basaltic magma (eucrites) above. Parent body contains mantle which grades downwards into pallasites,
mesosiderites and irons.

Lovering (1962) Pallasites form by igneous differentiation of chondritic body. Accumulations of olivine crystals are intruded by
molten melt that contains considerable iron sulfide.

Urey (1963, 1964) Pallasites with large olivine-free metal zones (like Brenham) derive from metal–silicate interface and such samples
should be rare. Metal is dispersed in small pools throughout silicate matrix in parent body, resulting in large metal–
silicate contact surface.

Mason (1963) Pallasites form by crystallization from chondritic melt. Metal and olivine crystallize in equilibrium from a common
source material.

Anders (1964) Pallasites represent transition zone between core and mantle. Metal channels, like those in Brenham, are dendrites
that intrude the silicate–metal mixture during solidification.

Wasson and Wetherill
(1968)

Collapse of mantle shell into molten upper core mixes solid olivine with molten metal.

Scott (1977a,b,c) Metal intrudes overlying olivine layer, dispersing olivine masses through metal. Gravitational separation of olivine
and metal prevented by metal crystallization. Pallasite metal resembles that calculated following 80% fractional
crystallization of a IIIAB metallic melt.

Buseck (1977) Pallasites form deep in multiple parent bodies by recurring processes. Pallasites could be either the residue of
fractional fusion or cumulates produced by fractional crystallization. Metal and olivine form together. Pallasites
contain close-packed olivine. Possible multiple immiscible melts present during formation.

Wood (1978a,b, 1981) Olivine–molten metal assemblage accumulates stably with olivine in close-packed array. If only buoyancy is
considered, only tiny fractions of olivine plus metal (pallasite) assemblages can exist in large parent bodies
(>100 km) for long times. At molten metal temperatures, olivine would exclude metal and form a dunite by power-
law creep. Molten iron from core replaces silicate liquid between olivine grains.

Mittlefehldt (1980) External heat source partially melts a portion of chondritic parent body surface. Accretion buries zone of maximum
temperature. Dunites form in hot zone, while basaltic melts move toward surface. Pallasites form when dunite roof
collapses onto contracting and crystallizing metal pods.

Takahashi (1983) A chondritic source partially melts. Silicate melt density-separates leaving behind residue of metal-sulfide and
olivine.

Malvin et al. (1985) Double impact. First impact makes layered magma body composed of cumulate olivine over metal over residual
olivine. Second impact mixes olivine and metal.

Scott and Taylor (1990) Pallasites with large rounded olivines form when cumulate olivine is submerged into molten core by buoyant forces.
Pallasites with angular olivines form by mixing of fragments of olivine mantle with molten metal during impacts.

Ulff-Møller et al. (1998) Pallasites form by intrusion of highly evolved (low Ir, high Ni, Au and S) molten melt into fragmented olivine.
After intrusion, the degree of crystallization of molten melt varies with location. An FeS-rich liquid either escapes
or forms underrepresented FeS-rich pallasites.

Wasson and Choi
(2003)

Pallasite precursors may be required to interact with a gas phase to produce Ga and Ge concentrations in metal.

Scott (2007) Pallasites are impact-generated core-mantle mixtures formed as chains of differentiated bodies with diverse metal–
silicate ratios following glancing impacts between protoplanets (Asphaug et al., 2006). Following reassembly, the
pallasite layer is emplaced shallowly, where fast cooling rates are recorded in angular olivine. Post-impact regolith
buries layer deep, consistent with metal cooling rates.

Yang et al. (2010) Differentiated asteroid or protoplanet with an olivine-rich mantle and a metallic core that is 80% solidified impacts
larger body at a glancing angle. The differentiated body is torn apart forming the pallasite body from residual
molten metal and fragments of olivine mantle. Solid core and remaining mantle do not accrete.

J.S. Boesenberg et al. / Geochimica et Cosmochimica Acta 89 (2012) 134–158 147
Yang et al. (2010) have suggested the newest impact
model that takes advantage of this selective mixing. In their
model, a differentiated body with an olivine-rich mantle and
an 80% solidified metallic core impacts a larger body at a
glancing angle and is torn apart. The outermost molten
core metal is then mixed with the mantle to produce a full
size pallasite parent body. The remaining crust and solidi-
fied core do not accrete. The resulting parent body is pre-
sumed to still be of considerable size (�200 km radius) to
match the range of the metallic cooling rates.
Mixing models and particularly impact ones are attrac-
tive for a number of reasons. First and foremost there is
abundant evidence of impact modifying the surfaces of
small bodies and producing more spectacular mixed rocks
than the more mundane geologic processes that now oper-
ate on Earth. In more practical terms, however they allow
the selective combining of different components in a parent
body. For MG pallasites, they can allow the opportunity to
form rare phases, such as phosphoran olivine, which other-
wise might be difficult to explain (mixing of hot phospho-
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rus-bearing metal and cold olivine might produce a thin
film of olivine melt sufficient to crystallize the phase).
Also, parent body size can arbitrarily be set utilizing the
metal cooling rates and olivine textures can easily be as-
signed to regions of the parent body that seem the most
advantageous.

The problem with these models is that there are too many
free parameters, and they assume starting conditions for
which there is no direct evidence. Before the impact model
can be accepted as the favored pallasite formation process,
several questions must be answered by its advocates. First,
prior to the impact and development of the pallasite layer,
what is the detailed history of the initial differentiated body?
Second, following the impact, why is the differentiated aster-
oid not a jumbled mesosiderite-like body containing crust,
mantle and core rather than just clean olivine and metal?
Third, how is the massive olivine mantle efficiently mixed
with the molten metal and producing three types of olivine?
Fourth, how is the full range of fractionated metal compo-
sitions and olivine compositions produced? Fifth, can the
minor phases be produced? Sixth, how does the olivine
achieve its close-packed arrangement? And finally, how
repeatable is the process? Keep in mind, there are at least
five pallasite parent bodies that need to be accounted for.

At present, there is no a priori evidence found in the pall-
asite samples that requires impact mixing. In the authors’
opinion even the most recent impact model (Yang et al.,
2010) does not generate a sufficient number of physio-
chemical characteristics present in the pallasite meteorites
to think it is a realistic possibility. The lack of metal com-
positional range, production of only the endmember olivine
textures, a lack of detail of the original undestroyed parent
body and the reassembly of the new one, the lack of infor-
mation on the minor phases, and the non-repeatability of
the model are all causes for concern. While impact mixing
is possible, it requires both much stricter controls than have
so far been proposed and more detailed study, before it can
be considered a realistic possibility.

4.2. A fractional melting and crystallization model

As an alternative to mixing the authors have returned to
the more mundane and better understood geologic pro-
cesses that occur on all differentiated bodies. They have
developed a conceptual model that demonstrates that the
formation of an olivine–metal residue is a natural stage
reached during extensive fractional melting and the minor
phases are mostly produced on cooling by fractional crys-
tallization. The model places pallasites within a continuum
of thermal histories exemplified by: chondrite, acapulcoite,
lodranite, pallasite and magmatic irons. Acapulcoites are
essentially residues of chondrite partial melts. Lodranites
are similar to acapulcoites, but differ primarily by their lar-
ger grain size and their depletion in both sulfide and feld-
spathic components (McCoy et al., 1996). Pallasites are
depleted in the majority of their basaltic/pyroxenitic com-
ponents, while most magmatic irons have separated almost
completely from their silicate components. This sequence of
meteoritic rock types thus implies that a residual olivine–
metal layer is a major stage through which portions of dif-
ferentiated bodies almost certainly must pass, as they ap-
proach high proportions of melting.
4.2.1. The basic model

The basic model consists of a chondritic, moderately-
sized precursor asteroid undergoing fractional melting. At
the onset of melting, FeNi–FeS eutectic melts coalesce
and travel downward along fractures, eventually ponding
and forming a small, sulfide-rich core. With an increase in
temperature, silicate melts are generated, buoyantly travel-
ing upwards as a continuous series of partial batch melts
that erupt onto the surface or underplate it. The silicate
melts are mineralogically basalts initially, but as continued
eruption to the surface occurs the bulk composition of the
residue is altered and pyroxenitic melts are generated later
in the melting process. In the interior of the body, as sulfide,
basaltic and then pyroxenitic melts are removed, a residue
consisting of olivine, chromite and metal will ultimately re-
main. Because of the high olivine volume in this pallasitic
layer, much of the olivine ripens, and forms dense olivine
clusters that could potentially be meters to kilometers in
diameter. As temperatures approach their peak and the me-
tal becomes completely molten, many of the largest olivine
clusters buoyantly rise to form a rapidly-forming dunitic
layer in the upper portion of this pallasitic layer. The buoy-
ancy of the large clusters easily overwhelms any downward
forces that might be generated through convection, a pro-
cess that is now being fueled by the sulfide-rich core. How-
ever, many of these olivine clusters (particularly the smaller
ones and those in the lower portion of the pallasitic layer)
are not immune to the convective forces present. Metallic
melts invade the clusters, dispersing the individual euhedral
olivine grains into the molten metal.

Impacts occurring on the surface of the differentiating
parent body create a regolith and transmit shock waves into
the layers below. Because of the dynamics involved, the
shock waves primarily affect the most fragile objects within
the body, the dunitic layer and the olivine clusters. These
shocks not only assist the clusters in splitting apart, but
shatter and splinter them into the fragmental olivine seen
dispersed throughout the molten metal.

The residual silicate melt in the pallasitic layer reacts
with both individual olivine grains and clusters heteroge-
neously. Where relatively large volumes of silicate melt re-
side for short periods or smaller volumes reside for longer
periods, many euhedral and some fragmental olivines get
rounded and reduced in diameter by resorption.

On cooling, phosphorus is oxidized and exsolved from
the metal into residual silicate melt pockets. The minor
phases, such as phosphate and phosphoran olivine are pro-
duced by the fractional crystallization of this melt. The metal
crystallizes downward, beginning at the base of the dunite
crust, while convection stirs the metal–olivine assemblage
of the pallasitic layer. Slowly, metal crystallization proceeds
and the buoyant olivine at the molten–solid metal interface is
overgrown. Cooling of the metal slows as fractionation con-
tinues and an ever-thickening insulating layer is produced.
Evidence for this cooling trend and its direction are finally
reflected in the metal cooling rates (Yang et al., 2010).
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The idea for fractional fusion as a formational process
for the pallasites is not new and has been proposed by sev-
eral authors over the decades. Ringwood (1961) first sug-
gested it, but was limited in his model by trying to force
other achondrites and irons into the same parent body. An-
ders (1964) thought pallasites represented a transition zone
between core and mantle, and chose to use fractional fusion
to remove the remaining (crustal) silicates. Buseck (1977),
who did not define a specific model, suggested that the me-
tal and olivine in pallasites formed together and were resi-
dues. Finally, Takahashi (1983) approached the pallasite
problem from an experimental viewpoint demonstrating
that the density-separation of silicate melt (i.e., fractional
fusion) from a chondritic precursor could produce a residue
composed of metal-sulfide and olivine.

The details of the basic model just described are given
below.
4.2.2. The assumptions

The model is largely based on two observations. First, a
chondrite can be considered to have three broad compo-
nents: (1) basalt plus pyroxenite, (2) olivine and (3) metal
plus sulfide. In other words, they represent crust, mantle
and core materials, respectively. Second, mineralogically
a pallasite can be thought of as a chondrite that is missing
its basaltic and pyroxenitic components (i.e., feldspar plus
pyroxene = the crust). The model uses an H chondrite as
the starting bulk composition of the parent body. Any
chondrite might be chosen, but the proportion of metal
will typically decrease, while olivine increases. This will al-
ter the final proportions of the interior structure of the dif-
ferentiated asteroid slightly, but will not affect the
petrologic outcome of the model. The degree of fraction-
ation required for the individual phases, such as metal,
must also change to match the elemental concentration
levels seen in the pallasites. We also make two additional
assumptions. First, based on the pallasite parent body size
estimates (McSween, 1999) and cooling rate considerations
(Yang et al., 2010), the parent body is assumed to have a
radius of 100 km and contain an insulating regolith
(Haack et al., 1990). The exact size is somewhat arbitrary
and not critical to the outcome. The proportions of the
body being more critical. The body might be as large as
400 km in radius if no insulating regolith is present (Yang
et al., 2010). Second, the oxygen fugacity established with-
in the parent body is appropriate for the formation of
equilibrium pallasite Fo88 olivine [approximately one-half
log unit below the iron–wüstite buffer (Righter et al.,
1990). Calculating a simple mineral norm for the H chon-
drite bulk composition to determine both the weight and
volumetric percents represented by the chondritic compo-
nents, yields proportions of:
Basaltic plus pyroxenitic melt ðfeldspar and pyroxeneÞ
ðq � 3150 kg=m3Þ ¼ 46:0 wt% or 56:3 vol%

Olivine plus chromite
ðq � 3400 kg=m3Þ ¼ 25:0 wt% or 28:3 vol%
FeNi metalþ 20% FeS
ðq � 7500 kg=m3Þ ¼ 24:0 wt% or 12:3 vol%

FeNi–FeS
ðq � 5000 kg=m3Þ ¼ 4:0 wt% or 3:0 vol%

Using MELTS (Ghiorso and Sack, 1995; Asimow and
Ghiorso, 1998) to determine the wt% amount of basaltic
plus pyroxenitic melt generated by progressive melting
yields practically the same answer as that above
(43.5 wt% versus 46.0 wt%).

4.2.3. Heating of the parent body and the development of the

pallasite layer

Melting on the chondritic parent probably [H chondrite
q � 3600 kg/m3, (Consolmagno et al., 2006)] began by the
decay of 26Al and 60Fe (Bizzarro et al., 2005), shortly after
the body accretes. The earliest melts to form are eutectic
FeNi–FeS rich melts (McCoy et al., 2006) with a density
of q � 5000 kg/m3. Under static conditions there is no sig-
nificant movement of this melt within the parent body
(Herpfer and Larimer, 1993; Ballhaus and Ellis, 1996;
Minarik et al., 1996; Shannon and Agee, 1996; Gaetani
and Grove, 1999). Under dynamic conditions, the melt gen-
erated can move through veins and cracks. Considering its
density, some of this sulfide melt should begin to travel
downward. Once silicates begin to melt (q = 3000–
3400 kg/m3), a large proportion of the eutectic FeNi–FeS
melt can coalesce and become a primitive core. When sili-
cate melt begins to form near the peritectic (�1050–
1100 �C) (Kushiro and Mysen, 1979; Takahashi, 1983),
the earliest melts are plagioclase-rich basaltic. Melts gener-
ated later and at higher temperatures have increasingly
pyroxene-normative compositions. When sufficient silicate
melt accumulates, it rises and separates to form a crust as
either extrusives or intrusives, making the system behave
as if undergoing fractional fusion. Based on observations
of McCoy et al. (1996) on lodranites and acapulcoites, sili-
cate melt migration likely occurs when �10–20% partial
melting is achieved. Over a long series of melting and erup-
tive/intrusive events, the parent body is transformed, with
increasing temperature, from an initially chondritic source
(Fig. 11, Stage I); to a slightly melted body containing
chondritic remnants, silicate melt, olivine, pyroxene and
metal (Stage II); to a layered body consisting of crust, a
mixed region containing abundant olivine, pyroxene, sili-
cate melt and metal, and a small S-rich core (Stage III);
to a fully developing differentiated body (Stage IV). In the
final stage, the pallasite olivine–metal layer is formed,
where olivine concentration gradationally decreases with
depth (Stage V). Based on the composition of most pallasite
olivine (Fo88), the preservation of Cr–Al zoning in chromite
and the need to fractionate FeNi metal from a liquid, peak
temperatures in the majority of the parent body probably
did not exceed �1600–1700 �C.

Based on the H chondrite proportions (100 km radius),
the parent body would consist of a 24 km thick crust, an
11 km thick olivine (dunite) layer, a 34 km thick pallasite
layer and a core of sulfide-rich metal with a radius of
31 km. The regolith is assumed to be a few kilometers thick
and composed of crustal material. The thickness of the



Fig. 11. A five stage schematic diagram illustrating the authors’ model for the formation of pallasites. Words in capital letters refer to the
major phases and their approximate order of abundance (from high to low) present within each region. Arrows and lower case words refer to
the movement of different types of melt through the parent body. Upon melting of the chondritic precursor (Stage I), sulfide-rich metallic
liquid and basaltic liquid begins to form (Stage II). When sufficient melt coalesces, basaltic melt rises to become the newly forming-crust while
sulfide melt percolates downward to form a core. A residue of olivine, pyroxene and metal are left in the central region of the parent body
(Stage III). With continued melting and ejection of sulfide, basaltic and pyroxenitic-rich melt, the interior layer becomes enriched in olivine
and metal and depleted in other silicates (Stage IV). By the final stage (Stage V), nearly all of the silicate melt has been expelled, leaving behind
an olivine and metal (pallasitic) layer. Because of the effects of compaction, dissolution and reprecipitation, the interior layer likely contains a
gradational decrease in olivine from top to bottom. Minor phases such as the phosphates, orthopyroxene and phosphoran olivine all form
during cooling in the latter half of Stage V. The diagram is not to scale. See Sections 4.2.2 and 4.2.3 for thickness estimates.
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crust is based solely on the chondritic mineral norm of feld-
spar plus pyroxene. The pallasite layer is calculated using a
maximum metal/olivine volume ratio of 1, since convection
is not likely if the crystal fraction of the layer exceeds 50%
of the volume. With a gradational pallasite layer, once crys-
tallization of the metal begins and significant olivine is re-
moved from the convected portion almost immediately,
the net crystal fraction of that convected portion will only
decrease thereafter. The remaining olivine is in the overly-
ing dunite layer. Metal is divided between the pallasite layer
and the core, with most of it remaining in the pallasite
layer. Based on the settling dynamics discussed, the core
is compositionally similar to the Fe–FeS eutectic. Approx-
imately 80% of the FeS is relegated to the core, since pall-
asites contain only about 20% of an initial H chondrite
concentration. The densities (and therefore final thick-
nesses) used in the calculation are based on the solid densi-
ties of the phase(s) present, not the melt densities. The
proportions of the layers could easily be modified with no
substantial effects on the model if other assumptions are
made about the thermal structure of the body or its internal
processes are made. This model, for example, assumes
nearly perfect fractional melting with no loss of olivine to
the crust, which probably never occurs.

The formation of the gradational pallasite layer is the re-
sult of two primary factors. First, the metal cooling rates
indicate inward concentric metal fractional crystallization
(Fig. 10). Second, pallasites contain olivine in a variety of
packing proportions including and exceeding fcc close-
packing (Fig. 8). To achieve both of these requirements,
metal crystallization and convection of the olivine and me-
tal in the pallasite layer need to balance one another
(Fig. 12). As metal crystallization proceeds, convection acts
to homogenize the molten melt which is becoming less
dense. Without convection, the metallic melt at the solid–
liquid interface would likely not fractionally crystallize to
the degree measured in the pallasites as it would build up
along the interface. Additionally, close-packing of olivine
does not occur instantaneously. It requires that buoyancy
keep a portion of the olivines at the solid–liquid interface
to allow the molten metal to crystallize. In fact, the li-
quid–solid interface is likely an area of olivine–metal mush,
where evolved melt is expelled as buoyant forces add oli-
vines from below into the crystallizing region. One would
predict that the deeper regions of this layer should contain
fewer close-packed olivine assemblages since the proportion
of olivine must decrease with depth, though the shapes of
the olivines (close-packing with fragmental olivine is more
efficient than using euhedral or round olivine) present can
influence the final result dramatically.

As discussed above, the early core of the model parent
body consists of an Fe–FeS melt. Following the separation
of a large portion of the olivine into the dunite layer and
upper pallasite layer, the average density of the lower pall-



Fig. 12. A simplified, three-step look at the formation of the pallasite layer. (a) Molten metal crystallizes downward off the base of the
overlying dunite layer. (b) Metal slowly engulfs some of the buoyant olivines as others are swept away in the convection, driven by the heat
released from the molten sulfide-rich core. (c) New buoyant olivines become part of the growing pallasite layer.
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asite layer is going to rise. Metal from the lower pallasite
layer will likely begin to leak into the now less dense Fe–
FeS core and vice verse until neutral buoyancy is attained.
Because of the relatively tiny volume of the core (3.0 vol%)
relative to the pallasite layer, this should have a negligible
effect on the pallasite layer and the downward crystalliza-
tion of the metal. Sulfur-rich metal pockets buoyantly rising
from the core into the pallasite layer however, may help ex-
plain how sulfide-rich pallasites such as Phillips County
form.

4.2.4. Main group pallasite phosphorus and sulfur budgets

Two topics which require brief discussion are the sulfur
and phosphorus abundances. Within our model, the initial
amount of sulfur was estimated based on the abundance in
an H chondrite, and the final proportion assumed based
on the pallasites themselves. This however is an uncon-
strained factor within the model and one that needs to tested
in the future, once the problem of the sulfur budgets in all
iron meteorites is accounted for. An H chondrite contains
1.98 wt% S (5.43 wt% FeS from Jarosewich, 1990). The dis-
tribution coefficient for sulfur between molten metal and sil-
icate melt at IW-1 is Dmtl(liq)/sil(liq) � 100. [This value is
extrapolated from Kilburn and Wood (1997), who ran
experiments at 1750 �C and 2.5 GPa. These conditions are
both hotter and substantially higher in pressure than those
envisioned for pallasite parent body, but give a general mag-
nitude of influence.] Because of its preference to reside in
metallic liquid rather than silicate liquid, little sulfur
(�0.02 wt%) is lost by dissolution in the basaltic/pyroxenitic
melts during crustal formation. The assumption has been
made in our model that the sulfur is all FeS (as opposed to
being sulfate, S or H2S such as might be considered with
other differentiated bodies, including Earth, Mars or Jupi-
ter’s moon, Io that all show signs of extensive transport of
sulfur/sulfate/sulfide to their surfaces and beyond (Moore
and Schilling, 1973; Gerlach, 1986; Kargel et al., 1999; Gail-
lard and Scaillet, 2009). Entrainment of a separate sulfide li-
quid by the basaltic/pyroxenitic melt (Naldrett, 2004) during
crustal formation is one possibility, even though based on
the level of sulfides found within extraterrestrial basalts
and pyroxenites, such as the howardites, eucrites and dioge-
nites (�0.1–0.3 wt% S) (Jarosewich, 1990), this is not an effi-
cient process and would leave more than 95% of the initial
sulfur intact. Adjusting for the mass loss of the silicate melt
by metal–silicate partitioning, the metallic portion would
still contain 7 wt% S. The effects on the sulfur budget of frac-
tional crystallization of the metallic melt have not been con-
sidered yet and the abundance already exceeds that found in
most pallasites by three times. Pallasites are clearly depleted
in troilite, but the exact mechanism for its removal remains
unknown. We model the segregation and loss of the most
of the troilite from the pallasitic layer as the most plausible
result of early eutectic FeNi–FeS-rich melts sinking to form
an early core as evidenced by its movement in the lodranites
and acapulcoites (McCoy et al., 1996).

Phosphorus also is depleted within pallasites. Davis
(1982) determined the phosphorus content of the metallic
portion (including schreibersite and rhabdites) to be
between 0.3 and 0.6 wt% P. If derived from an extensively
crystallized IIIAB metallic melt, he calculated the metallic
portion should contain between 2 and 4 wt% P. He sug-
gested that the missing phosphorus may have diffused into
the core or had a more complicated history. A possible
explanation for this discrepancy is that Davis (1982) calcu-
lated the pallasite phosphorus abundance from the IIIAB
irons, which may not be related (Yang and Goldstein,
2006; Yang et al., 2007). In addition, metal from IIIAB
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irons is a P-enriched source relative to chondrites and con-
sequently will produce a higher calculated value. Our model
calculations began with the median value of 0.45 wt% P for
pallasite metal. Pallasites also contain phosphates and
phosphoran olivine that contribute to the phosphorus bud-
get, but their trace level abundances do not significantly af-
fect the total. H chondrites contain 0.12 wt% P (Jarosewich,
1990). The distribution coefficient for P between metal and
silicate at �1600 �C and IW-1 has a value of Dmtl/sil � 100
(extrapolated from Schmitt et al., 1989). Therefore, upon
melting and crust formation, nearly all of the phosphorus
partitions into the metal and only about 1% is lost to the
silicate liquid, leaving essentially the same 0.12 wt% P.
Recalculating for the crustal mass loss and partitioning
yields a value of 0.43 wt% P in the metallic portion. To
determine the extent of fractional crystallization required
to enrich P to its proper abundance, the amount of P in
molten metal in equilibrium with the 0.45 wt% P in solid
metal in the pallasites is required. The distribution coeffi-
cient for P between metal solid and liquid at IW-1 is
Dmtl(s)/mtl(liq) = 0.12 (Narayan and Goldstein, 1981). There-
fore the liquid in equilibrium with 0.45 wt% P = 3.75 wt%
P. Using the fractional crystallization equation:

CL=C ¼ F ðD�1Þ;

where D ¼ 0:12; C ¼ 0:43 wt% P and CL ¼ 3:75 wt% P;

Therefore; 8:72 ¼ F ð�0:88Þ

�1:1069 ¼ log F

F ¼ 0:085 or � 92% fractional crystallization

If derived from an H chondrite and using our model rather
than a IIIAB iron source, pallasite metal does not appear to
be depleted in phosphorus. It does however require exten-
sive fractional crystallization (92%) to match the bulk P
content measured in the meteorites, but this is still consis-
tent with many of the fractionated siderophile elements of
the metal.
4.2.5. Textural considerations – ripening, resorption,

rounding and fracturing

Determining the sequence of events that pallasite oli-
vines experienced is largely the key to deciphering the for-
mation history of the parent body. Based on our model,
olivine forms as a residue, with the growth of large olivines
either by Ostwald ripening (for individual grains) or ground
boundary migration (for the olivine clusters). Experiments
by Cabane et al. (2005) and extrapolated to geologic time-
scales indicate that pallasite olivine growth by Ostwald rip-
ening (the presumed method considering the limited grain
size distribution in pallasites) takes in excess of 105 years,
with much of this occurring during Stages II and III of
our model.

Scott (1977a, 2007) focused on determining the timing of
both the rounding of the individual olivines and the breakup
of the olivine clusters. As pointed out earlier in the results
(Section 3.6), phosphoran olivine, being found on fragmental
olivines as well as rounded ones, post-dates both the round-
ing and the breakup. This would indicate that rounding
occurred during Stages IV and/or V (Fig. 11), during which
time silicate melt began resorbing and rounding the olivines
with which it was in contact. It is possible that the outer re-
gions of the clusters were also partially resorbed at this time,
but this evidence may be obscured by later processing.

The large olivine clusters in slabs of pallasite have been
observed to be heavily invaded by metal and often have
fragmental olivine nearby (Fig. 7). Even though only two
dimensions are visible in the slabs, it is evident that many
of the euhedral olivines that are released out of the clusters
have been somewhat rotated, indicating movement by mol-
ten metal. With increasing temperature, dispersal of the
individual olivines would only increase in an attempt to
achieve textural equilibrium. The fragmentation and round-
ing of the olivine edges (and/or resorption) appears to have
ceased concurrently, probably following the attainment of
peak temperatures and cooling of the region. The cause
of the fragmental olivines seems consistent with impact-
generated shock waves produced at the surface of the par-
ent body during bombardment in the early solar system
(Wetherill, 1975). Shock waves passing through the body
would be very effective in shattering the fragile olivine clus-
ters and the lowermost portion of the dunite layer. Utilizing
the list of 35 meteorites analyzed by Wasson and Choi
(2003) and the metal compositions from van Niekerk
et al. (2007) (Table 3), of the 17 pallasites that contain
the least fractionated metal, 13 have a significant portion
of fragmental olivine. This is quite different from the
remaining most fractionated pallasites, where only 6 of 18
contain significant fragmental olivine. These numbers seem
consistent for an inwardly crystallizing body, since the
shock waves should have greater effect in breaking up the
olivine clusters that are nearer the surface.

Shock wave phenomena may also explain conflicting
studies of olivine microstructures, where Matsui et al.
(1980) conclude that dislocations in olivine are not of im-
pact origin, but Desrousseaux et al. (1997) conclude they
are. The two groups studied different pallasites with the
only overlap being Brenham, which contains very few frac-
tures and has been subject to resorption (Boesenberg and
Hewins, 2010). While shock wave evidence would be pres-
ent in fragmental olivines, its presence in euhedral olivines
may be absent because of annealing, though both types
are located in the same immediate region (such as in or near
a cluster). Thus, without the selection of specific olivines
from the different pallasites in each study, it is quite possible
that random choice of the olivines measured may have
influenced the outcomes of these investigations. The other
six pallasites studied (three for each group) contain both
euhedral and fragmental olivine.
4.2.6. Metal fractionation

Many pallasite formation models have utilized mixing
because they viewed almost all of the metal in pallasites
as being extensively fractionated (82% fractionated relative
to a IIIAB iron starting liquid) (Wasson and Wetherill,
1968; Davis, 1977; Scott, 1977b,c, 2007; Scott and Taylor,
1990; Ulff-Møller et al., 1998; Wasson and Choi, 2003;
Yang et al., 2010). Many authors have even chosen to



J.S. Boesenberg et al. / Geochimica et Cosmochimica Acta 89 (2012) 134–158 153
exclude individual pallasite samples that contain chemical
compositions (or textures) that deviate much from the aver-
age, making them in multiple separate bodies. In our opin-
ion, chemical variation (or textural variation) on a
differentiated parent body must be expected. Therefore,
the range of metal compositions should be incorporated
into any proposed model and models that do not incorpo-
rate that range are ignoring vital information and key
chemical constraints. The only samples excluded from this
model are those that have different oxygen isotopic compo-
sitions, such as the Eagle Station pallasites, the presently
unique Milton or the pyroxene pallasites (Fig. 1).

In our model, a chondritic source for the metal was the
only practical viable option as a starting composition, since
IIIAB irons have been found to be inconsistent as a source
based on their slower inferred metal cooling rates (2.5–
18 �C/Myr versus 50–350 �C/Myr) (Yang and Goldstein,
2006; Yang et al., 2010) and the 60 My younger Re–Os ages
(Chen et al., 2002). The pallasite metal initially forms as a
molten residue along with solid olivine. Crystallization
and fractionation of the metal occur during cooling of the
body by downward growth as indicated by the metal cooling
rate versus Ir data (Wasson and Choi, 2003; Yang et al.,
2010, Fig. 10). Crystallization of the metal probably began
by utilizing the overlying dunite layer as nucleation sites
(Fig. 12). Metal slowly crystallizes over and around the
buoyant olivines immediately at the solid–liquid metal inter-
face. Crystallization of the metal pushes out the late liquid
metal. Other olivines from below create a close-packed
arrangement of the olivine. Convection stirs and re-homog-
enizes the metallic melt and the rejected metallic compo-
nents from the solid–liquid interface, then rotates and
moves the individual olivine grains and olivine clusters dee-
per in the layer. The convection is driven by the heat released
from the molten sulfide-rich core. As this cycle continues,
the crystal fraction of the convecting layer decreases making
convection of the molten metal–olivine assemblage easier.

In older models, fractional crystallization of the metal
was thought to occur from the bottom up (prior to olivine
mixing) (Davis, 1977; Scott, 1977a,b,c; Wood, 1981; Was-
son and Wetherill, 1968). One of the problems with such
a model is that primitive metal, such as that in Finmarken,
is required to be deep, while the extensively fractionated
metal, such as in Glorieta Mountain is much more shallow.
Samples from these two very different regions should have
different cooling rates, with the prediction that the one
nearest the surface have the fastest cooling rate. This is just
the reverse seen in the metal cooling rate versus Ir plot
(Fig. 10), where Finmarken has the fastest cooling rate.

4.2.7. Evolution of the silicate melt

There is good evidence for the presence of a residual sil-
icate melt in the pallasite parent body as well as the compo-
sitional changes it underwent over time, based on our
model parameters. The primary evidence for its presence in-
cludes: (1) some phosphates have very enriched REE abun-
dances and REE patterns that decrease mildly from the
light to heavy REEs, and contain substantial negative euro-
pium anomalies (Olsen and Fredricksson, 1966; Davis and
Olsen, 1991); (2) the phosphates (merrillite, stanfieldite, far-
ringtonite, silico-phosphate, and an Fe-rich phosphate)
have compositions that indicate they were formed in a frac-
tional crystallization sequence (Fig. 9); and (3) phosphoran
olivine overgrowths are present on some normal olivine
grains, post-date the rounding of the olivine grains and re-
quire a melt from which to form (Boesenberg and Hewins,
2010). Based on this evidence and the presence of trace
orthopyroxene in pallasites, the melt composition must
have continually evolved over time. Initially, when forma-
tion of the crust began, the melt was basaltic and then be-
came pyroxenitic. However, as the temperature rose and
melt extraction continued, olivine was partially resorbed
by the melt present, and rounded olivines were formed. Be-
cause no major REE-loving phases were produced prior to
peak temperatures being attained, the silicate melt con-
tained high REE concentrations. Meanwhile, during both
heating and cooling of the pallasitic layer, solid chromite
and olivine exchanged with the melt, attempting to equili-
brate, but lagged behind because of the limited volume of
melt present relative to that of olivine and chromite. When
cooling finally began, P exsolved from the metal and en-
riched the silicate melt. When the earliest phosphates
formed, they severely depleted the melt of the REEs it con-
tained. Later phosphates and orthopyroxene would adopt
the REE pattern of the only available source, namely the
olivine and thus producing the two distinct REE patterns.
Until final melt exhaustion, melt compositions would crys-
tallize phosphate, olivine, orthopyroxene or phosphoran
olivine (or some combination).

If no melt had been present following peak tempera-
tures, producing orthopyroxene might be explained by dif-
fusion during cooling and redox, but phosphate and
phosphoran olivine formation would be extremely difficult.
Many of the phosphates could be made directly by subsol-
idus reactions, but would likely not follow the classic crys-
tallization sequence. In addition, their REE patterns would
be wildly complex. Formation of the Na-rich silico-phos-
phates of Davis and Olsen (1991) would probably be impos-
sible and solid state formation of phosphoran olivine would
be doubtful, based on its need to form from a melt (Boesen-
berg and Hewins, 2010).

4.2.8. Formation of the minor phases – phosphoran olivine,

the phosphates and orthopyroxene

Throughout the eruptive and intrusive phases of the sil-
icate melt in our model and persisting through the heating
and cooling of the pallasitic layer, there are a series of ex-
change reactions that occur as olivine, chromite and metal
attempt to reequilibrate with one another and with the crys-
tallizing minor phases. The exchange reactions include the
movement of Ca from olivine to phosphate; Fe, Cr and V
from olivine to chromite; Ni from olivine to metal; Ti from
olivine to either pyroxene or melt; Al and Ti from chromite
to pyroxene or melt; Mg from chromite to olivine; and P
from metal to phosphate and phosphoran olivine. Portions
of the exchange reactions occur in the presence of a silicate
melt during heating and the earliest period of cooling.
Much of the evidence for the early exchange is probably ob-
scured, since any elemental concentration profiles produced
across olivine or chromite would likely be flat (equilibrated)
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during high temperatures. It is only at lower temperatures
(perhaps 1300 �C or lower) that inverted U-shaped profiles
would be recorded by the trace and major elements (Fe–
Mg, Al, Ti, Ca, Cr, Mn, V and Ni) in olivine and chromite,
such as those measured in this study, Mittlefehldt (2005),
Miyamoto (1997), Hsu (2003) and Tomiyama and Huss
(2006). It is during cooling and the formation of these in-
verted profiles, aided by grain boundary diffusion at lower
temperatures, that most of the minor phases form.

During heating of the parent body, phosphorus in-
creases and is easily retained by the molten metal because
the distribution coefficients for P partitioning between me-
tal and silicate melt increase with temperature (Schmitt
et al., 1989; Chabot and Drake, 2000; Righter and Drake,
2000). However, during cooling, the Ds decrease and P is
forced out of the metal. Because of the relatively high tem-
perature at which this process begins, phosphorus is oxi-
dized and temporarily resides in a P-rich silicate melt
prior to its incorporation into various phosphates and
phosphoran olivine. The redox reaction, noted by
Mittlefehldt (2005) and Righter et al. (1990) of FeO being
reduced to Fe and recorded within the olivine and chromite
(Fig. 2) probably occurred as P was oxidized from the cool-
ing metal (Agosto et al., 1980; Harlow et al., 1982).

The exchange reactions discussed above aid in the for-
mation of the minor phases, while the reduction effects
are recorded within the residual phases, olivine and chro-
mite. Orthopyroxene crystallizes after merrillite and stanf-
ieldite, based on the exceedingly low Ca measured in MG
pallasites (Buseck, 1977) and is supplied with Al and Ti
from chromite. Farringtonite, Fe-rich phosphate and the
silico-phosphate form very late, consistent with both their
very low REE concentrations (Olsen and Fredricksson,
1966; Davis and Olsen, 1991; Hsu, 2003) and the phosphate
phase diagram (Ando, 1958) (Fig. 9). Phosphoran olivine is
formed in a similar fashion as the phosphates. Based on the
experiments of Boesenberg and Hewins (2010), phosphoran
olivine and tridymite can form as metastable products when
P abruptly enters a silicate melt. Typically, phosphoran
olivine, under conditions closer to equilibrium, breaks
down to form olivine plus phosphate, while tridymite reacts
with olivine to form orthopyroxene. However, preservation
of phosphoran olivine in some pallasites implies that its
crystallization probably exhausted all available melt, leav-
ing it unable to back react to form the stable phases. Obser-
vations of pallasite melt inclusions (Sonzogni et al., 2009)
that contain coexisting phosphoran olivine, silica, phos-
phate and phosphide support these ideas.

4.2.9. Isotopic considerations

Presently, a perplexing problem with MG pallasites is
whether the oxygen isotopic compositions form a single or a
bimodal distribution. Measurements by Ziegler and Young
(2007) show a bimodal distribution in D17O values. The main
peak is centered at�0.22 D17O while a secondary peak is cen-
tered at�0.16 D17O. Also overlapping with these two peaks is
a single but broad peak that includes the HED samples and a
bimodal set of peaks for mesosiderite samples. The main mes-
osiderite peak completely overlaps the main pallasite peak at
�0.22 D17O, while its secondary peak is more depleted at
�0.29 D17O. These data would imply that all three groups
could be related and might imply that pallasite parent body
was extensively melted, but was not homogenized in oxygen.
Meanwhile, Greenwood et al. (2006, 2008) show that palla-
sites form a single group centered at �0.185 D17O and can
be separated from the HEDs at�0.23 D17O and the mesoside-
rites at�0.25. These data would imply that the HEDs or mes-
osiderites could not be related to pallasites, but might be
related to each other. It would also indicate that pallasite oxy-
gen was homogenized on the parent body. There are definite
interlab differences in the measurements, despite using the
same technique, as the average for the Ziegler and Young
(2007) data plot is distinctly to the more negative side of the
Greenwood et al. (2006, 2008) data in D17O. One might also
be able to convince oneself that the Greenwood et al. (2006,
2008) data might be bimodal, if one looks at the average value
of each meteorite rather than including the 2r error bars. Se-
ven of the 13 pallasites contain more negative values than
�0.185 D17O and five contain more positive values. The two
groups would then have separate peaks at �0.195 and
�0.175. The difference between peaks would still be smaller
than that found by Ziegler and Young (2007), but there would
be closer agreement between the two labs. Ziegler and Young
(2007) point out that their bimodality exist within single mete-
orites as well (Brenham and Giroux), with variations of up to
0.06&. At present, the meaning of the measurements and the
discrepancies between the two labs is still unresolved.

Looking at other isotopic systems, the melting and pro-
cessing of the pallasite parent body appears clearer. Based
on deficits in radiogenic 26Mg and Al–Mg systematics,
Tomiyama et al. (2006) suggest that MG pallasite Al–Mg
fractionation occurred within the first million years following
bulk calcium–aluminum inclusion formation. This would be
consistent with the separation of the basaltic/pyroxenitic
melts from the pallasitic layer of our model. Measurements
of 182Hf–182W have been reported for MG (Quitté et al.,
2005) and Eagle Station pallasites (Dauphas et al., 2005;
Quitté et al., 2005). The model for pallasite formation pre-
sented by Quitté et al. (2005) assumes initial extensive differ-
entiation and subsequent mixing of metal and silicate. It is
also complicated by the inclusion of the mesosiderites and
HEDs. However, given these constraints they find that pall-
asite metal began to form 1.1 Myr after the Tlacotepec IVB
iron meteorite (nearly contemporaneous with CAI forma-
tion) and all pallasites, except for Glorieta Mountain, formed
within 12 million years based on their tungsten data. For our
model, Hf–W is would be consistent with the timing of the
separation of the crust (the main bearer of Hf) from the pall-
asitic layer, rather than mantle–core differentiation.

5. CONCLUSIONS

While MG pallasites typically have been modeled by
mixing molten metal and solid olivine, here we show they
can be successfully modeled by first fractional melting a
chondritic precursor to produce the basic metal–olivine tex-
ture and then fractionally crystallizing the remaining mol-
ten and silicate melts to produce the appropriate
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distribution of metal compositions and minor phases. Dur-
ing heating, a crust is formed by the eruption and intrusion
of basaltic and pyroxenitic melts generated, while a sulfide-
rich core is produced at depth. In between, a residue of oliv-
ine, metal and minor chromite remains. Based on the metal
cooling rates, the metal undergoes downward fractional
crystallization, and is able to produce both primitive (high
Ir/Ni ratios) and extensively fractionated (very low Ir/Ni
ratios) metal compositions.

Most olivine forms as euhedral crystals in the residue by
ripening, ultimately forming olivine clusters. Round oli-
vines are produced when euhedral or fragmental crystals
are partially resorbed by the decreasing volume of silicate
melt. Fragmental olivines are formed when impacts on
the surface propagate shocks through the body and shatter
many of the olivine clusters. Texturally, following crystalli-
zation of the metal, olivine simulates random close-packing
in pallasites and forms an interconnected bridgework.
Based on Fe–Mn–Mg systematics of olivines and chrom-
ites, MG pallasites experienced a redox reaction and partial
reequilibration. Fe–Mg profiles across olivine and Cr, Ti,
Al and Fe–Mg profiles across chromite are most consistent
with gradients produced at low temperature from grain
boundary diffusion and/or local heterogeneity, rather than
rapid cooling from high temperature.

Phosphates, orthopyroxene and phosphoran olivine form
by a combination of redox reactions and elemental ex-
changes involving solid olivine and chromite, metal and
residual silicate melt. Phosphates produce a classic fractional
crystallization cooling sequence of merrillite, stanfieldite,
farringtonite, Fe-rich phosphate and silico-phosphate. Orth-
opyroxene crystallizes from either trace amounts of residual
silicate melt or as a product of the redox reaction. Phospho-
ran olivine nucleates off existing olivine as overgrowths at
the metal–olivine interface and remains intact because no
melt persists from which it can back react to form stable
phosphate and olivine. Phosphorus in MG pallasites is pres-
ent in the expected abundance, if it is assumed that it derived
from a chondritic source and experienced the suggested
model formation events. Sulfur contents in pallasites, if rep-
resentative, suggest that it is mostly concentrated in the core
because of (1) early mobility during the initial melting of the
parent body and (2) the inward crystallization of the metal.

The formation of pallasites is thought to be caused by
separation of both high density metal-sulfide melts and low-
er density ‘basaltic’ fractions from the pallasite assemblage
as a result of the cycle of heating and cooling in a generally
chondritic precursor. The pallasites may be viewed as resi-
dues in a layer remaining after both upward and downward
transport of the complementary assemblages needed to
reconstruct the chondritic precursor. The detailed proper-
ties of the precursor assemblages remain to be determined.
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