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ABStRACt

Crystallization is one of the most fundamental processes for both solid inorganic and organic 
materials in nature. The classical crystallization model mainly involves the monomer-by-monomer 
addition of simple chemical species. Recently, nanoparticle attachment has been realized as an important 
mechanism of crystallization in comparatively low-temperature aqueous natural and synthetic systems. 
However, no evidence of crystallization by particle attachment has been reported in petrologically 
important melts. In this study, we described spherical (Mg,Fe)-oxides with a protrusion surface in a 
shock-induced melt pocket from the martian meteorite Northwest Africa 7755. Transmission electron 
microscopic observations demonstrate that the (Mg,Fe)-oxides are structure-coherent intergrowth of 
ferropericlase and magnesioferrite. The magnesioferrite is mainly present adjacent to the interface 
between (Mg,Fe)-oxides spherules and surrounding silicate glass, but not in direct contact with the 
silicate glass. Thermodynamic and kinetic considerations suggest that development of the spherical 
(Mg,Fe)-oxides can be best interpreted with crystallization by particle attachment and subsequent 
Ostwald ripening. This indicates that crystallization by particle attachment can also take place in 
high-temperature melts and has potential implications for understanding the nucleation and growth of 
early-stage crystals in high-temperature melts, such as chondrules in the solar nebula, erupted volcanic 
melts, and probably even intrusive magmas.

Keywords: Crystallization by particle attachment, ferropericlase, magnesioferrite, shock-induced 
melt pocket, martian meteorite, Northwest Africa 7755

intRoDuCtion

Nucleation and growth of crystals are fundamental processes 
during the formation of natural and synthetic solid materials. 
Their mechanisms have been of long-term interest to scientists 
in the fields of physics, chemistry, material science, and Earth 
and planetary sciences. Understanding the nucleation and growth 
mechanisms of crystals are not only important to interpret the 
formation and evolution of organic and inorganic matters in 
nature, but also critical to control the physicochemical properties 
of synthetic materials.

Nucleation and growth models that involve the monomer-
by-monomer addition of simple chemical species can account 
for the development of crystals in most natural and synthetic 
systems. However, in the past two decades, crystallization models 
involving particle attachment have been proposed to interpret 

abundant phenomena that were difficult to be interpreted with 
the monomer-by-monomer nucleation and growth models (e.g., 
Penn and Banfield 1998; Banfield et al. 2000). Recently, the evi-
dence, indicators, consequences, pathways, and thermodynamic 
and kinetic considerations during crystallization by particle 
attachment have been reviewed (Ivanov et al. 2014; De Yoreo 
et al. 2015). The crystallization by particle attachment usually 
involves an intermediate phase, which could be nanocrystal, 
poorly crystalline nanoparticle, amorphous nanoparticle, droplet, 
complex, and oligomer (De Yoreo et al. 2015). However, most 
of the systems involving crystallization by particle attachment 
are comparatively low-temperature systems, covering synthetic 
solution systems with organic matters, biogenic systems, and 
hydrothermal systems (De Yoreo et al. 2015). Recently, a two-
step crystallization, which might be related to crystallization by 
particle attachment, has been proposed for the formation of Al2O3 
particles in supersaturated vapor (e.g., Ishizuka et al. 2016).

Crystallization in high-temperature melts, typically petrologi-
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cally important silicate melts, is one of the most ubiquitous and 
fundamental processes in our solar system, from the formation 
of earliest solids in the solar nebula 4.56 billion years ago to the 
consolidation of magma oceans at the early stages of differenti-
ated planets and asteroids and to the present-day eruptions of 
volcanos on Earth. However, whether crystallization by particle 
attachment could occur in the early-stage growth of crystals in 
melts remains unconstrained up to now due to the following 
limitations. First, since crystallization by particle attachment 
could only be prevalent at the early stages of crystallization (De 
Yoreo et al. 2015), minerals in natural rocks might have expe-
rienced complex recrystallization and metamorphism in which 
early-stage records probably have been obliterated. Second, it is 
very challenging to perform live observations on the nucleation 
and growth at a scale of nanoscale in silicate melts with in situ 
instruments (e.g., transmission electron microscope) at labora-
tory conditions.

Celestial collision is a dynamic process that has prevalently 
taken place in the solar system. It can cause localized high-
temperature and high-pressure melting and rapid crystallization 
in rocks at a timescale down to seconds to microseconds (Sharp 
and DeCarli 2006). It is very likely that early-stage development 
of crystals by particle attachment from high-temperature melts 
has been recorded in shock-melt veins or pockets, the products of 
celestial collision events. While studying mineralogy of shock-
induced melt veins and pockets in meteorites (Pang et al. 2016, 
2018; Wang et al. 2017), we observed the presence of spherical 
(Mg,Fe)-oxides with a protrusion surface in a shock-induced 
melt pocket from the martian meteorite Northwest Africa (NWA) 
7755. Here we report the textural, chemical, and structural 
features of these spherical (Mg,Fe)-oxides, based on detailed 
observations with analytical transmission electron microscopy 
(ATEM). We argue that these spherical (Mg,Fe)-oxides could 
be products of crystallization by particle attachment in high-
temperature melts.

AnALYtiCAL methoDS
Petrographic textures of the lherzolitic shergottite NWA 7755 were studied us-

ing JEOL JSM-7000F field-emission scanning electron microscope (FE-SEM) with 
backscattered electron (BSE) mode at Hokkaido University, Japan. An accelerating 
voltage of 15 kV with a beam current of 2–10 nA was used for making BSE images. 
Chemical compositions of ringwoodite were determined using a JEOL JXA-8100 
electron probe micro-analyzer (EPMA) at Nanjing University, China. A focused 
beam of 20 nA at an accelerating voltage of 15 kV was used. A few natural and 
synthetic materials were used as standards. All EPMA data were reduced with the 
atomic number-absorption-fluorescence (ZAF) correction procedure.

In this study, four TEM foils were prepared with focused ion beam (FIB) 
technique. Three transmission electron microscopy (TEM) foils were prepared at 
the Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing, 
China. The instrument is a Zeiss Auriga Compact SEM-FIB instrument. One TEM 
foil was prepared at the Institute of Geochemistry, Chinese Academy of Sciences, 
Guiyang, China. The instrument is FEI Scios field emission scanning electron 
microscope. For both instruments, we deposited a layer of Pt over the region of 
interest to protect the surface from ion beam damage during sample preparation. 
After cutting, the foils were mounted on Cu grids using a micromanipulator and 
thinned to approximately 100 nm in thickness by a Ga-ion beam at an accelerating 
voltage of 30 kV with various beam currents. The final polishing was performed 
at an accelerating voltage down to 2–4 kV.

The ultrathin foils were studied mainly using two FEI Tecnai F20 field emis-
sion transmission electron microscopes at Nanjing University. Both of the TEM 
instruments were operated at an accelerating voltage of 200 kV. The textures and 
morphology of minerals were observed with conventional TEM and high-angle 
annular dark-field scanning transmission electron microscopy (HAADF-STEM) 

modes. The crystallographic correlation between different phases was observed with 
high-resolution TEM (HRTEM) mode. The symmetry of minerals was determined 
using selected-area electron diffraction (SAED). Dark-field images of (Mg,Fe)-
oxides were taken to confirm the coexistence of multiple phases.

Chemical compositions of (Mg,Fe)-oxides and surrounding silicate glass were 
obtained with energy-dispersive X-ray spectroscopy (EDS) under STEM mode. 
The EDS detector was operated using AZtec software and FEI TEM User Interface 
control software. During the EDS analyses, the TEM sample stage was tilted for 
15° toward the EDS detector. A ringwoodite aggregate, which composition was 
determined with EPMA technique, was used as an external standard to calibrate 
the k-factors for Mg, Fe, and Si. Theoretical k-factors of preinstalled experimental 
k-factors of the instruments were used for other elements (P, Ti, Al, Mn, and Ca). 
Chemical mapping was also performed in STEM mode to the distribution of Mg 
and Fe in different phases and to identify different minor phases (Fe-sulfide and 
Fe-phosphide).

The Fe L2,3 electron energy loss spectra (EELS) of (Mg,Fe)-oxides, ring-
woodite, and silicate glass were obtained using an FEI Titan Cubed G2 60-300 
aberration corrected TEM instrument at Nanjing University with mapping mode. 
The instrument was operated at an accelerating voltage of 300 kV using the dual-
channel STEM-EELS acquisition for near-simultaneous low-loss and core-loss 
acquisition. The final EELS spectra for (Mg,Fe)-oxides, ringwoodite, and silicate 
glass were produced by integrating the spectra from selected areas to ensure the 
signal-to-noise ratio.

ReSuLtS

The meteorite NWA 7755 is a lherzolitic shergottite and 
consists mainly of olivine, pyroxene, plagioclase, chromite, 
ilmenite, and Ca-phosphate minerals. Its petrography and min-
eralogy have been reported in Wang et al. (2017). Due to strong 
shock metamorphism, both shock-induced melt veins and shock-
induced melt pockets are present in NWA 7755. Olivine grains 
within and directly adjacent to shock-induced melt veins and 
shock-induced melt pockets have transformed into ringwoodite 
and (Mg,Fe)2SiO4 glass or have decomposed into ferropericlase 
and vitrified bridgmanite (Wang et al. 2017). Shock-induced melt 
veins in NWA 7755 consist of predominant bridgmanite with mi-
nor (Mg,Fe)-oxides, Fe-sulfide, Fe-phosphide, and Ca-phosphate 
minerals (Wang et al. 2017). The (Mg,Fe)-oxides associated with 
dissociation of olivine/ringwoodite mainly occur as spherical 
grains within silicate glass; however, those in shock-induced melt 
veins usually occur as an interstitial phase with an anhedral shape 
(Fig. 6b of Wang et al. 2017). In a shock-induced melt pocket 
of ~100 μm in its largest dimension, (Mg,Fe)-oxides commonly 
occur as spherules within silicate glass, especially adjacent to the 
surrounding ringwoodite (Fig. 1a). Some of them tend to form 
aggregates of oval-shaped grains (Fig. 1b). In some regions of the 
shock-induced melt pocket, a sandwich-like texture is observed 
that a (Mg,Fe)-oxides-rich zone is located at the middle of two 
(Mg,Fe)-oxides-free zones (Fig. 1b).

All of the four FIB foils consist mainly of (Mg,Fe)-oxides 
(60 to 600 nm in diameter) and silicate glass. All the (Mg,Fe)-
oxides grains have a protrusion surface (Fig. 2). Based on the 
HAADF-STEM images (e.g., Fig. 2), the protrusion usually var-
ies at a scale of 10–20 nm. Fine-grained sulfide and phosphide 
(20–80 nm in size) are observed in the FIB foils, and some of 
them occur as inclusions in spherules of (Mg,Fe)-oxides. Two 
grains of ringwoodite are present in one of the FIB foils (Fig. 3a). 
The composition of (Mg,Fe)-oxides that was determined by 
STEM-EDS has a small variation, with the Mg# value [Mg# = 
Mg/(Mg+Fe) in mole] varying from 0.58 to 0.67 (Supplemental1 
Table S1). The silicate glass surrounding the (Mg,Fe)-oxides 
contains major SiO2, MgO, FeO, and minor CaO, Al2O3, and 
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FiguRe 1. Shock-induced melt pocket in NWA 7755. The melt pocket 
is partly enclosed by ringwoodite. In the melt pocket, spherical and 
oval-shaped (Mg,Fe)-oxides occur in silicate glass and form aggregates 
parallel to the boundary between ringwoodite and melt pocket.

FiguRe 2. HAADF-STEM images of spherical grains of (Mg,Fe)-oxides in NWA 7755. (a–b) The spherical grains of (Mg,Fe)-oxides are 
surrounded by silicate glass. All of these spherical grains of (Mg,Fe)-oxides have surface protrusions.

P2O5 (Supplemental1 Table S2). The (Mg+Fe+Ca)/Si value in 
mole varies from 1.25 to 1.32, which is largely deviated from 
that for stoichiometric bridgmanite [(Mg+Fe+Ca)/Si = 1]. The 
Mg# value (0.60–0.67) of the silicate glass is comparable to that 
of (Mg,Fe)-oxides.

Structures of the major phases in the FIB foils were 
determined with selected-area electron diffraction (SAED). The 
silicate glass always has a diffuse diffraction pattern, indicating 
a glassy state. All of the spherical and oval-shaped (Mg,Fe)-
oxides grains show well-defined SAED patterns and contain 
two sets of patterns with different reflection intensities (Fig. 4d). 
The stronger reflections can be indexed with a B1 structure 
of ferropericlase [(Mg,Fe)O], whereas the weaker reflections 
have spacing values just doubling those of ferropericlase and 
can be indexed only with a spinel structure. The two sets of 
SAED patterns always display a superposition relationship 
(e.g., Fp[001]//Mf[001], Fig. 4). Therefore, the SAED patterns 
(Fig. 4d) are derived from both ferropericlase and a phase with a 
spinel structure from each (Mg,Fe)-oxides grain with structural 
coherency, which is consistent with the dark-field observation 
of the (Mg,Fe)-oxides grains (Fig. 5).

To further confirm that the observed spherical and oval-
shaped (Mg,Fe)-oxides grains are an intergrowth of ferro-
periclase and a phase with a spinel structure, we performed 
STEM-EDS mapping and high-resolution TEM observations. 
In the HAADF-STEM image, a few spherical (Mg,Fe)-oxides 
grains have a thin and bright rim (Figs. 3b and 6a). The STEM-
EDS mapping results reveal that the bright rim contains higher 
Fe and lower Mg than the interior (Fig. 6). High-resolution 
TEM observations reveal that the high-Fe and low-Mg phase 
has a spinel structure. This indicates that the phase with a spinel 
structure could be magnesioferrite (Fig. 7). The magnesiofer-
rite occurs mainly adjacent to the boundary between silicate 
glass and the host ferropericlase and is structurally coherent 
to ferropericlase (Fig. 7). Meanwhile, it is noteworthy that 
magnesioferrite is not in direct contact with silicate glass. 
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Instead, there is a thin layer (<5 nm) of ferropericlase between 
magnesioferrite and silicate glass (Fig. 7). In addition, the host 
ferropericlase region shows mottled contrasts with each domain 
of 2–10 nm in size (Fig. 7), which could be due to local strain 
contrast from different domains (Langenhorst et al. 2011; Hu 
and Sharp 2017).

The EELS results for the (Mg,Fe)-oxides, silicate glass, and 
ringwoodite were obtained to constrain the iron valence states 
(Fig. 8). The Fe3+/ΣFe value calculated based on the universal 

technique by Van Aken and Liebscher (2002) is 0.33–0.42 for 
two different analyses on silicate glass. However, ferropericlase 
and relict ringwoodite have an Fe3+/ΣFe value of 0.14 and 0.11, 
respectively.

DiSCuSSion

Spherules of (Mg,Fe)-oxide in silicate glasses that are similar to 
those in this study in both spherical shape and SAED pattern have 
been reported in the shocked Tissint martian meteorite (Fig. 5 of 
Hallis et al. 2017). Its SAED pattern was interpreted as a superlat-
tice of ferropericlase (Hallis et al. 2017). In this study, however, the 
SAED patterns, dark-field image, and HRTEM observations indicate 
that the (Mg,Fe)-oxides spherules in NWA 7755 are an intergrowth 
of ferropericlase and magnesioferrite with structural coherency.

FiguRe 3. HAADF-STEM images of the TEM foils showing the occurrence of (Mg,Fe)-oxides spherules in silicate glass. All of the (Mg,Fe)-
oxides spherules show surface protrusion. In a, relict ringwoodite grains are present with curved outlines. Note the bright rims of (Mg,Fe)-oxides 
spherules indicated with red arrows in b. (Color online.)

FiguRe 4. Schematic and observed selected-area electron diffraction 
(SAED) patterns of (Mg,Fe)-oxides. (a–b) Schematic SAED patterns 
of ferropericlase (Fp) and magnesioferrite (Mf) along [001] zone axis. 
(c) Schematic SAED pattern of ferropericlase and magnesioferrite with 
Fp[001]//Mf[001]. (d) The SAED pattern of the ferropericlase and 
magnesioferrite intergrowth in NWA 7755. (Color online.)

FiguRe 5. Dark-field image of (Mg,Fe)-oxides in NWA 7755. 
The 111 diffraction spot of magnesioferrite was used for the dark-field 
image. The bright phase is ferropericlase (Fp), and the dark phase is 
magnesioferrite (Mf).
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FiguRe 6. TEM-EDS mapping results of the intergrowth of ferropericlase and magnesioferrite. The magnesioferrite (Mf) occurs adjacent to 
the boundary between ferropericlase (Fp) and surrounding glass. The magnesioferrite contains higher Fe and less Mg than the ferropericlase. The 
magnesioferrite region was outlined based on the enrichment of Fe and depletion of Mg. (Color online.)

FiguRe 7. High-resolution TEM image of the intergrowth of 
ferropericlase (Fp) and magnesioferrite (Mf). The magnesioferrite is 
present adjacent to the boundary between ferropericlase and silicate 
glass. The magnesioferrite illustrates continuity of lattice fringes with 
ferropericlase. The ferropericlase region shows a mottled microtexture.

FiguRe 8. HAADF-STEM image and EELS spectra of (Mg,Fe)-oxides, ringwoodite, and silicate glass. The three colored rectangles indicate 
the areas where EELS spectra were integrated to obtain the spectra shown in b. (Color online.)

One of the striking features of (Mg,Fe)-oxides in this study 
is its spherical shape and the protrusion surface. The spherical 
shape imposes a possibility that the (Mg,Fe)-oxides within sili-
cate glass could be a product of immiscible melts. However, this 
possibility can be excluded based on the following facts. First, 
ferropericlase that crystallized from high-pressure and high-
temperature silicate melts has been observed in both natural and 
synthetic samples (e.g., Miyahara et al. 2011; Piet et al. 2016; Hu 
and Sharp 2017; Wang et al. 2017), with grain sizes similar to 
those in this study. If an (Mg,Fe)-oxide melt that is immiscible 
from a silicate melt under high-pressure and high-temperature 
conditions was originally present, then all of the ferropericlase 
grains would have a rounded shape due to the influence of sur-
face energy and Kelvin effects. However, although the silicate 
glasses in these samples have a relatively large variation in 
chemical composition, the ferropericlase grains do not exhibit 
a spherical shape (e.g., Miyahara et al. 2011; Piet et al. 2016). 
Instead, they have either a subhedral-euhedral shape (faceted 
morphology) or an anhedral shape, which probably depends on 
whether ferropericlase occurs as a liquidus phase or an interstitial 
phase, respectively. Second, immiscible melts are products of 
chemical segregation of an originally homogeneous melt due to 
changes of physicochemical conditions. During the segregation 
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process, immiscible mafic melts are expected to have different 
Mg# values (e.g., Zhang and Hsu 2009; Zhang et al. 2012). How-
ever, this is of conflict with the observation in this study that the 
(Mg,Fe)-oxides and surrounding silicate melt have comparable 
Mg# values. Thus, the spherical shape of (Mg,Fe)-oxides is not 
a product of immiscible melts.

A spherical shape and a protrusion surface are not unusual 
for minerals crystallized with either a monomer-by-monomer 
growth model or a polymer-by-polymer growth model (Kirk-
patrick 1975; Rodríguez-González et al. 2013; De Yoreo et al. 
2015). However, for minerals that crystallized from melts, their 
external morphologies are dependent on their latent heats of fu-
sion, as reviewed by Kirkpatrick (1975). Materials with small 
latent heats of fusion should have rough interfaces and grow with 
a nonfaceted morphology, while those with large latent heats 
should have smooth interfaces and grow with a faceted morphol-
ogy (Kirkpatrick 1975). Therefore, for minerals that crystallized 
as a liquidus phase from high-pressure and high-temperature 
melts, they should have either rough interfaces with a nonfaceted 
morphology or smooth interfaces with a faceted morphology. 
Given the distinction in interfaces and external morphologies of 
ferropericlase in Piet et al. (2016) and this study, it is very likely 
that the spherical ferropericlase grains with a protrusion surface 
in this study have crystallized with a nucleation and growth 
mechanism different from that for euhedral ferropericlase grains.

The presence of magnesioferrite intergrowth with ferroperi-
clase cannot be readily interpreted with a monomer-by-monomer 
nucleation and growth model. Based on the latest phase rela-
tions of MgFe2O4 (Uenver-Thiele et al. 2017), magnesioferrite 
is stable up to approximately 9–10 GPa. It is not expected to 
be present under the high-temperature and high-pressure (HT-
HP) conditions when ferropericlase crystallized (~24 GPa and 
~1800–2000 °C, Wang et al. 2017). If the magnesioferrite had 
directly crystallized from the high-pressure and high-temperature 
silicate melt, postdating the formation of ferropericlase, it would 
be in direct contact with the silicate glass and relatively lower-
pressure silicate minerals might also be present. However, this is 
conflict with the observation (Fig. 7), although magnesioferrite 
mainly occurs adjacent to the interface between ferropericlase 
and surrounding silicate glass. Therefore, the magnesioferrite 
should be of secondary origin, and a nucleation and growth 
model other than a monomer-by-monomer addition should be 
proposed to interpret the development of the spherical inter-
growth of magnesioferrite and ferropericlase with a protrusion 
surface. Here, we suggest that crystallization by particle attach-
ment in HT-HP silicate melts may explain all of the features of 
the ferropericlase-magnesioferrite intergrowth.

Although not being definitive indicators of crystallization by 
particle attachment, external morphology is an important clue of 
particle attachment growth (De Yoreo et al. 2015). The spherical 
shape and the protrusion surface of (Mg,Fe)-oxides can be well 
explained with particle attachment within a silicate melt (cf. De 
Yoreo et al. 2015 and references therein). The small particles 
attached with each other and formed spherical clusters with a 
protrusion surface. The microtexture with mottle domains could 
be related to the presence of local lattice strain (Langenhorst et 
al. 2011; Hu and Sharp 2017), if it is not totally due to ion-beam 
damage during FIB sample preparation. If this is correct, the 

size of different domains probably reflects the size distribution 
of the primary particles prior to particle attachment. Besides the 
potential evidence from external morphology and microtexture, 
thermodynamic and kinetic factors will be considered to qualita-
tively explain the crystallization by particle attachment (De Yoreo 
et al. 2015). First, a free-energy landscape that determines the 
thermodynamic preference for particle structure, shape, and size 
distribution should be present during crystallization by particle 
attachment. When the cooling curve crosses the landscape, par-
ticle attachment may take place (De Yoreo et al. 2015). Second, 
dynamic processes, such as particle diffusion and relaxation, 
determine whether the growth process follows this preference 
or not (De Yoreo et al. 2015).

As stated above, magnesioferrite in the spherical grains of 
(Mg,Fe)-oxides should be a secondary phase. This implies the 
presence of a transitional precursor phase for the ferropericlase-
magnesioferrite intergrowth (Uenver-Thiele et al. 2017). We 
propose that the transitional phase is non-stoichiometric ferro-
periclase that contains both ferric ions and cation vacancy corre-
sponding to the magnesioferrite stoichiometry. With the presence 
of cation vacancy, the non-stoichiometric ferropericlase would 
have a slightly higher free energy and is a metastable phase under 
high-pressure and high-temperature conditions, compared to the 
stable phases (vacancy-free ferropericlase and magnesioferrite). 
Therefore, the presence of transitional Fe3+, vacancy-bearing 
ferropericlase meets the requirement for the presence of a free-
energy landscape (De Yoreo et al. 2015). The presence of such a 
transitional Fe3+, vacancy-bearing ferropericlase could be related 
to rapid cooling, which is supported by the almost identical Mg# 
values between the ferropericlase-magnesioferrite intergrowth 
and surrounding silicate glass. Previous investigations found 
large Mg-Fe differentiation between equilibrated ferropericlase 
and silicate phases (e.g., Miyahara et al. 2011; Nakajima et al. 
2012; Piet et al. 2016). If the ferropericlase-magnesioferrite inter-
growth is chemically equilibrated with surrounding silicate glass, 
the (Mg,Fe)-oxides intergrowth would be highly enriched in Fe 
compared to surrounding silicate glass (Miyahara et al. 2011). 
However, this is not observed in this study. The fact that no low-
pressure silicate minerals crystallized in the silicate glass also 
supports that the shocked melt pocket has quenched very rapidly.

The transitional Fe3+, vacancy-bearing ferropericlase could 
have a crystal structure similar to ferropericlase with a high 
crystallographic (isometric) symmetry. The high crystallographic 
symmetry increases the probability that the transitional particles 
attach with surrounding particles and do not detach again be-
cause the crystals with high symmetry can readily find lattice-
matched crystal faces to form relatively strong chemical bonds. 
At the early stage of crystallization, the transitional particles 
are small (probably 2–10 nm in size), and particle attachment 
would enhance the sizes of aggregates and their stability in 
high-temperature melts. Therefore, the presence of a transitional, 
Fe3+, vacancy-bearing ferropericlase meets the thermodynamic 
requirement for crystallization by particle attachment.

Although no simulation experiment about the particle mi-
gration speed of ferropericlase in silicate melt under HT-HP 
conditions has been reported, the layered distribution of the 
oxide spherules in silicate melt (Fig. 1b) strongly indicates 
particle migration of the (Mg,Fe)-oxides grains with a distance 
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of 1–2 μm. In theory, the Brownian motion of transitional Fe3+, 
vacancy-bearing ferropericlase in the silicate melt should have 
been enhanced by high temperatures and increases the prob-
ability of particle attachment (Huang et al. 2003; Penn 2004). 
High-temperature mafic melts contain a relatively low abundance 
of net-forming cations and would have a low viscosity, which 
is favorable for the Brownian motion of particles. This would 
account for the possibility of particle attachment during the short 
high-pressure and high-temperature intervals. Columbic interac-
tion, van der Waals attraction, and random Brownian force have 
been proposed as the driving forces for particle attachment in 
previous investigations (Gibbs et al. 2011; Zhang and Banfield 
2012; Raju et al. 2014; Zhang et al. 2014; Chen et al. 2015; 
Zhang et al. 2017). Some, if not all, of them probably play an 
important role as a driving force of particle attachment. In ad-
dition, Fe3+-bearing wüstite is magnetic (Gheisari et al. 2008). 
Therefore, it is also likely that magnetic attraction among the 
transitional Fe3+-bearing ferropericlase grains is another driving 
force for particle attachment.

After the particle attachment, when the pressure and tempera-
ture decrease, the small Fe3+, vacancy-bearing ferropericlase was 
unstable and vacancy-free-ferropericlase and magnesioferrite 
become stable instead. This process could be companied with 
Ostwald Ripening (Penn 2004; De Yoreo et al. 2015). During 
this process, ferric ions and cation vacancy would diffuse in fer-
ropericlase. The consequence is the formation of magnesioferrite 
adjacent to the interface between the oxides intergrowth and 
surrounding silicate glass and the elimination of cation vacancy. 
This structural rearrangement could be very fast if we mainly 
consider the motion of cation vacancy in ferropericlase. Using 
the diffusion coefficient reported in reference (Sempolinsky 
and Kingery 1980) and the upper limit of the temperature of the 
stability field for magnesioferrite (1600 °C, Uenver-Thiele et al. 
2017), it takes only 36 ns for an average diffusion distance of 100 
nm. This timescale is very short, even compared to the duration 
for solidification of the melts with a net thickness of several 
micrometers (hundreds of nanoseconds to tens of microseconds; 
Langenhorst and Poirier 2000). Therefore, kinetically, the forma-
tion of the ferropericlase-magnesioferrite intergrowth can also 
be well explained by crystallization via particle attachment.

Comparing crystallization by particle attachment in aqueous 
solutions (De Yoreo et al. 2015), high-temperature silicate melts 
(this study), and supersaturated vapor (Ishizuka et al. 2016), they 
probably share at least two similarities. The first similarity is 
their formation mechanisms. In aqueous solutions, crystallization 
by particle attachment always involves metastable particles or 
phases no matter what the pathway is (De Yoreo et al. 2015). In 
high-temperature melts and vapors, a transitional phase with a 
higher free energy is also involved (this study and Ishizuka et 
al. 2016). It seems that the presence of metastable particles or 
phases is one of the common factors for crystallization by particle 
attachment in various systems. The second similarity could be 
enough numbers and free motions of the metastable particles 
that enables efficient particle attachment.

Except for these similarities, there are a few differences for 
crystallization by particle attachment among various systems. 
The first is apparently temperature. Most cases that have been 
reported are under low-temperature aqueous solution conditions 

(see De Yoreo et al. 2015). The motion of particles or phases in 
aqueous solutions and high-temperature vapors could be very 
fast. However, at low temperatures, the motion of particles 
and phases in the silicate melts would be very slow due to its 
higher viscosity and the attachment efficiency will be very low. 
Therefore, the high temperature is very critical for the presence 
of particle attachments in silicate melts. Second, the interac-
tion forces between the transitional phase and the surrounding 
materials are largely different in various systems. For aqueous 
solutions, the interaction between hydroxyl and the metastable 
particles is an important force. However, this interaction force 
would not be so important in high-temperature vapors and 
anhydrous melts. For high-temperature low-pressure vapors 
(Ishizuka et al. 2016), molecules probably have weak interaction. 
Brownian motion could be the major driving force of particle 
attachment. In contrast, for anhydrous silicate melts, Al3+ and Si4+ 
would form well-polymerized silicate networks, which probably 
suppress the motion of metastable particles. However, the pres-
ence of abundant net-modifying cations such as Mg2+ and Fe2+ 
in ultramafic to mafic melts (the case in this study) reduce its 
viscosity (e.g., Giordano et al. 2008). The effect could enhance 
particle attachment in the melts. Since potential crystallization 
by particle attachment in high-temperature systems has only 
been realized recently (this study and Ishizuka et al. 2016), 
more investigations are needed to decipher the similarities and 
differences among different systems.

imPLiCAtionS

The formation of ferropericlase-magnesioferrite intergrowth 
in this study can best be explained with crystallization by 
particle attachment, which is probably followed by Ostwald 
ripening. A schematic diagram of this process is shown in 
Figure 9. The (Mg,Fe)-oxides intergrowth had a transitional, 
non-stoichiometric ferropericlase that contains both ferric ions 
and cation vacancy. Under HT-HP conditions, the transitional 
non-stoichiometric ferropericlase particles with a high crystal-
lographic symmetry aggregated with each other probably by 
random Brownian force, or/and van der Waals attraction or/and 
magnetic attraction and larger spherical and oval-like aggregates 
formed with a surface protrusion and internal microtexture. 
Subsequent to the particle attachment, the (Mg,Fe)-oxides 
experienced a process of Ostwald ripening. Small particles 
dissolved and large grains formed. Meanwhile, ferric ions and 
cation vacancy diffused in ferropericlase and then magnesiofer-
rite formed adjacent to the boundaries between ferropericlase 

FiguRe 9. Cartoon diagram of crystallization of spherical intergrowth 
of ferropericlase and magnesioferrite by particle attachment. (Color online.)
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and surrounding silicate glass.
As opposed to the comparatively low-temperature aque-

ous systems of previous investigations, the crystallization of 
(Mg,Fe)-oxides by particle attachment described in this study 
took place in high-temperature melts. This has significant 
implications for understanding the early-stage, especially 
nucleation and growth of crystalline phases with a relatively 
high crystallographic symmetry in high-temperature melts far 
from equilibrium. Combining with the work by Ishizuka et al. 
(2016), the potential high-temperature systems may contain, 
but are not limited to, exploding stars, chondrules in the solar 
nebula, erupted volcanic melts, and even intruded magmas. At 
the early stages of these high-temperature systems, transitional 
nanocrystalline phases with a high crystallographic symmetry 
(e.g., metal, sulfide, and oxide) may nucleate and aggregate with 
each other and form larger grains in subsequent Ostwald ripening 
processes. Due to the presence of metastable phases, the materi-
als that have crystallized by particle attachment probably have 
isotopic fractionation behaviors different from those formed by 
the monomer-by-monomer addition, which deserves to be studied 
by future synthetic experiments and theoretical calculations.
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