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ABSTRACT: Impact-induced thermal modifications occur frequently in the solar system, and the microstructures of 

extraterrestrial samples can reveal the thermal-induced alterations that have occurred to their parent bodies. The characterization and 

reproduction of these sub-micron features are challenging and require new analytical techniques. The combination of a dual-beam 

system and transmission electron microscopy (TEM) techniques, with in situ TEM heating, is a promising method. This method can 

be used to systematically understand the chemical and microstructural 

changes in extraterrestrial samples resulting from thermal-induced 

alterations. To better reproduce the microstructures observed in the 

Chang’E-5 soil grains, a comprehensive series of TEM experiments was 

conducted by varying the in situ heating conditions and starting materials, 

including Martian meteorites and Earth samples. The experimental results 

showed that the nanophase iron (np-Fe0) particles, which appeared in both 

Fe-rich pigeonite and Fe-poor olivine, as well as the np-Fe0 content and 

morphology, varied with increasing heating time (0 – 90 min) at 800 °C. 

These results indicated that the formation mechanism of np-Fe0 particles 

varied in different matrices. Therefore, our established approach can reveal 

the thermal-induced alterations in celestial bodies and can be applied 

effectively for studying the formation of microscopic features in 

extraterrestrial bodies. 
 

INTRODUCTION 

Thermal events, ranging from the nebular stage to the present 

frequent impact processes, have a wide range of effects within the 

solar system and play an important role in the alteration of the 

surface material on solar system bodies.1-4 Studying the thermal-

induced alterations in the microstructure of extraterrestrial samples 

can be an effective way to explore the thermal history of their 

parent bodies.5,6 Several studies have tracked the early thermal 

evolution process of planetary surfaces and quantified key 

parameters (e.g., cooling rate and precise reaction temperature) by 

investigating the thermal metamorphism of minerals,7,8 which 

provides important insights for further understanding the thermal 

history of solar system bodies. However, the exact conditions 

responsible for the thermal-induced modification of minerals 

remain unclear. 

Most extraterrestrial samples have experienced extreme 

conditions (e.g., ultra-fast cooling rates), which cannot be simply 

understood using empirical calculations.7 Furthermore, the 

microstructures preserved in extraterrestrial samples are a result of 

multiple factors, and it can be difficult to determine which factor 

had the greatest impact on the formation of the observed features.9 

Lindsley et al.10 confirmed metastable properties of pyroxferroite 
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Table 1. Chemical composition of the studied minerals determined by EPMA 

 Fe-rich pigeonite (4) Augite (4) Olivine (4) 

 Avg 1-σ Avg 1-σ Avg 1-σ 

SiO2 46.12 1.10 50.39 0.33 40.24 0.05 

Al2O3 0.42 0.10 1.81 0.38 0.05 0.01 

TiO2 0.41 0.08 0.46 0.09 - - 

Cr2O3 - - 0.18 0.10 0.06 0.01 

FeO 44.16 5.71 18.62 1.75 9.55 0.08 

MnO 1.02 0.22 0.53 0.08 0.12 0.00 

MgO 3.14 2.78 13.09 0.75 48.22 0.16 

CaO 6.79 1.15 15.10 1.96 0.10 0.01 

Na2O 0.10 0.01 0.15 0.03 - - 

K2O - - 0.00 - - - 

P2O5 0.04 0.01 0.06 0.01 - - 

SO3 - - 0.03 - - - 

NiO - - 0.02 0.02 0.38 0.01 

Total 102.18 - 100.40 - 98.66 - 

Formula (O=24) 

Si 7.72 - 7.71 - 6.00 - 

Al 0.08 - 0.33 - - - 

Ti 0.05 - 0.06 - - - 

Cr - - 0.03 - - - 

Fe 6.19 - 2.38 - 1.19 - 

Mn 0.15 - 0.07 - 0.02 - 

Mg 0.78 - 2.99 - 10.72 - 

Ca 1.22 - 2.48 - - - 

Na 0.03 - 0.04 - - - 

K - - 0.00 - - - 

P - - 0.01 - - - 

S - - 0.00 - - - 

Ni - - 0.00 - 0.05 - 

Total 16.21 - 16.08 - 17.98 - 

Wo 14.87 - 31.55 - Fa 10 - 

En 9.51 - 38.08 - - - 

Fs 75.62 - 30.37 - - - 

using heating experiments in evacuated silica-glass tubes, which 

provided valuable quantitative conditions for explaining the 

formation of symplectite in lunar, Martian, and eucrite meteorites. 

However, the synthesis of the starting materials and the time-

consuming experimental process add complexity to these 

experiments. Meanwhile, high-temperature experiments in silica-

glass tubes do not allow real-time observations, resulting in 

inadequate evaluation of the critical conditions. 

In recent years, a growing number of nanotechnologies and 

methods have been widely used in planetary science, and more 

microstructures have been detected in extraterrestrial samples. For 

example, dual-beam focused ion beam (FIB)-scanning electron 

microscopy (SEM) techniques combined with transmission 

electron microscopy (TEM) have brought the study of complex 

geological samples to the nanometer scale.11,12 The increasing 

discovery of microstructures in lunar soil has highlighted the 

complexity of thermal-induced alterations occurring in the space 

environment; however, the conditions for the formation of diverse 

microstructures are still poorly understood.13-15 Thompson et al.16 

proposed a new in situ TEM heating experimental method to 

understand the growth mechanisms of nanophase iron (np-Fe0) 

particles in lunar soil, shedding light on the importance of in situ 

heating in planetary sciences. They focused on analyzing the 

growth and size distribution of np-Fe0 particles on the surface of 

grains caused by heating mature soils, which have a high 

probability of containing solar wind-implanted elemental 

hydrogen and helium. The growth mechanism of np-Fe0 particles, 

in accordance with Ostwald ripening, may provide a new 

methodology for evaluating the age of soil grains. However, the 

formation mechanism of np-Fe0 particles in immature lunar soils, 

such as extraterrestrial samples, has not yet been sufficiently 

explored. Understanding the formation mechanism of np-Fe0 

particles is important for investigating the effect of thermal 

alterations on the reflectance spectra obtained from remote sensing 

spacecrafts. 

FIB technology has effectively solved the problem of in situ 

extraction of the internal areas of the samples. To determine the 

conditions for the thermal-induced formation of specific 

microstructures in extraterrestrial samples, especially in the 

interior of lunar soil grains, we used a combination of FIB and 

TEM heating technology to establish a new technical method for 

studying the thermal-induced alterations of mineral structures in 

extraterrestrial samples, including the different formation 

mechanisms of np-Fe0 particles, mineral phase decomposition, 

and diffusion of exsolution processes. This work quantifies 

thermodynamic parameters, provides data support for theoretical 

calculations, and more importantly, provides a new approach for 

studying samples returned by Chang’E-5 (CE-5) and subsequent 

asteroidal exploration program. 

EXPERIMENTAL 

Two natural samples and CE-5 soil grains 

(CE5C0400YJFM00505) were used in this study. Pigeonite (Fs 

75.6) and augite (Wo 31.6) TEM foils were extracted from a 

Martian meteorite section (NWA 12522). An olivine single-crystal 

(Fa 10) sample used to prepare the TEM foil was selected from the 

lherzolite powder collected in Damaping, Hebei Province, China 

(Table 1). Petrographic analysis of the sample sections and mineral 

selection was conducted using an FEI Scios dual-beam (FIB-SEM) 

system at the Institute of Geochemistry, Chinese Academy of 

Sciences (IGCAS), Guiyang, China. Chemical analysis of the 

studied minerals was performed using a field-emission electron 

probe microanalyzer (EPMA, JXA-8530F plus) at the IGCAS. 

TEM foils were extracted using the FIB method, according to 

the following procedure (Fig. 1): The sections were first extracted 

in situ from the cross-sections of the sample with dimensions of 

approximately 12 µm × 10 µm × 1 µm. A Wildfire Si3N4 nanochip, 

with high-temperature accuracy, excellent temperature stability 

and homogeneity, and a short response time, was placed 

horizontally on a 45°-tilted sample holder and then transferred into  
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Fig. 1 Preparation steps for the nanochip TEM samples using an FIB- SEM 

system. (a) Extracted in situ cross-sections of a sample. (b) Position of the 

nanochip in the vacuum chamber. (c) Slices welded to the viewing 

windows of the nanochip. (d) TEM slices of the sample using FIB method. 

 

 

 

 

 

 

 

 

Fig. 2 TEM images of pigeonite lamellae that underwent a single thermal 

shock at 800 °C for 30 min. The exsolution change of the same area in (a 

and c) HAADF and EDS mapping is shown pre- and post-heating. (b and 

d) Yellow represent Fe-rich exsolution and blue represents Ca-rich 

exsolution. Notice that the blue band becomes significantly wider after 

heating. 

the chamber of the dual-beam system. The sample holder was 

rotated 36°, such that the surface of the chip was perpendicular to 

the ion beam. The prepared slices were then welded to the 

observation window of the nanochip. The lamellae on the chip 

were exposed to the FIB to further reduce their thickness below 

100 nm. 

The nanochip with the prepared TEM foils was mounted on a 

heating sample holder (Wildfire, DENS solutions) and loaded into 

an FEI Talos F200S TEM instrument (operated at 200 kV) at the 

Guangzhou Institute of Geochemistry, CAS. Rapid in situ TEM 

heating experiments were then conducted, and the heating process 

was observed by TEM in real-time. The temperature could heat up 

to the target temperature in 1 s or return to room temperature in 1 

s. When temperature was set to 800 °C in these experiments and 

then held for 30 and 60 min, respectively. Bright-field images, 

high-angle annular dark-field (HAADF) images, electron energy 

loss spectra (EELS), high-resolution TEM (HRTEM) images, and 

energy-dispersive X-ray spectroscopy (EDS) maps of the pre- and 

post-heating samples were acquired in either TEM or scanning 

TEM mode. 

RESULTS AND DISCUSSION 

Modification of pyroxene-exsolved lamellae. Fe-rich pigeonite 

with fine exsolution lamellae was analyzed by TEM prior to 

heating (Fig. 2a). The original exsolution width of the Ca-rich 

component before heating is approximately 84 nm (Fig. 2b). The 

change of the same region shows that the width of the Ca-rich band 

increases to approximately 139 nm, after heating at 800 °C for 30 

min (Figs. 2c and 2d). This demonstrates that the thermal event 

causes the diffusion and migration of Fe2+ and Ca2+ within the 

mineral under sub-solidus conditions. Such exsolved lamellae 

have been widely found in extraterrestrial samples (including 

lunar and Howardite-Eucrite-Diogenite meteorites), and are 

generally considered a direct product of thermal metamorphism in 

parent bodies.17-19 Exsolved lamellae in pyroxene have been used 

to estimate the equilibrium temperature of thermal metamorphism 

on planets, and relatively wide exsolved lamellae have 

consistently been assumed to have experienced longer thermal 

events than thinner lamellae. However, few methods, other than 

model calculations, are available to constrain the Fe-Mg diffusion 

rate ratio under thermal metamorphism conditions.7 Our in situ 

heating experiments verify that this approach can be used to study 

elemental diffusion processes. Further experimental conditions are 

required to quantify pyroxene exsolution on thermal 

metamorphism timescales. 

Formation of np-Fe0 particles in Fe-rich pigeonite and Fe-

poor olivine. Before heating, the pigeonite foil exhibits a 

homogeneous exsolution-band composition (Fig. 3a). However, a 

complex mineralogy is observed after one heating event (800 °C, 

30 min), and many np-Fe0 particles precipitate throughout the 

sample (Fig. 3b). The np-Fe0 particles have diameters ranging 

from a few nanometers to tens of nanometers (Fig. 3c). The EDS 

data show that np-Fe0 particles are highly enriched in Fe, and the 

HRTEM images of these np-Fe0 particles can be indexed as ⍺-Fe 

(Fig. 3c). In addition to np-Fe0 particles, we observe the formation  
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Fig. 3 TEM images obtained after the decomposition of pigeonite and olivine that underwent a single thermal shock at 800 °C for 30 min. (a) HAADF image 

of pigeonite prior to heating. The selected area electron diffraction (SAED) pattern of the [01̅3] zone axis of pigeonite is shown in the bottom-left corner. (b) 

Bright-field image of pigeonite with post-heating, with black dots indicating Fe nanoparticles. (c) HRTEM image of a randomly chosen np-Fe0 particle in 

panel (b). The SAED pattern of the (110) lattice fringes of α-Fe is shown in the bottom-left corner. (d and e) HAADF images showing the decomposition of 

pigeonite, including np-Fe0, silica, and vesicles. (f) HRTEM image of the region indicated in panel (d). (g) HAADF image of olivine with post-heating. (h) 

HAADF image of a randomly chosen np-Fe0 particle in panel (g). (i) Change in the EELS near the np-Fe0 particle along the yellow dotted line indicated in 

panel (c). (j) Change in the EELS near the np-Fe0 along the yellow dotted line indicated in panel (h). Pgt: pigeonite; Ol: olivine; Px: pyroxene. 

of amorphous silica and many nanovesicles after heating (Figs. 3d 

and 3e). These microscopic features demonstrate that np-Fe0 

particles likely form as a result of the decomposition of Fe-rich 

pigeonite under sub-solidus conditions. The reaction that explains 

the formation of the observed assembly is as follows:20 

FeSiO3 → Fe + SiO2 +  1 2 O2  ⁄                         (1) 

To investigate the change in the iron valence state upon heating, 

line-scan EELS were measured across the np-Fe0 grain and the 

surrounding matrix. The results show no significant differences in 

iron valence between the np-Fe0 particles and matrix, further 

demonstrating that the formation of np-Fe0 particles cannot be a 

result of a disproportionation reaction (Fig. 3i). 

In contrast, under the same experimental conditions (800 °C, 30 

min), abundant newly formed np-Fe0 particles also precipitate 

from the studied Fe-poor olivine foils; however, no complex 

mineralogical changes are observed, contrasting with the post-

heating Fe-rich pigeonite (Fig. 3g). The line-scan results from 

EELS show that np-Fe0 particles exhibit Fe0 L3 peaks, whereas the 

matrix contains a significant Fe3+ content (Fig. 3j). Therefore, we 

can speculate that the np-Fe0 particles formed in olivine are a result 

of a disproportionation reaction, which can be written as follows: 

3Fe2+ → 2Fe3+ + Fe0                    (2) 

We also performed a second heating event on the samples. The 

results show a slight increase in the np-Fe0 content, which 

demonstrates that np-Fe0 production rapidly reaches saturation 

during the heating process. 
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Fig. 4 Comparison of the growth of np-Fe0 particles in CE-5 samples and 

in other minerals. (a) HAADF image showing np-Fe0 particles in lunar soil 

grains of CE-5 samples. (b) HRTEM image showing an intermediate state 

in which two np-Fe0 particles gradually merge and grow along the (110) 

lattice fringes after contacting. (c) Sub-millimeter vesicular glass-cemented 

grains resulting in larger np-Fe0 particles in the lunar soils of CE-5 samples. 

(d-g) Growth trend of np-Fe0 particles in different minerals during the 

heating experiments at different heating times. The HAADF images in 

panels (d and e) show the growth and merging morphology of np-Fe0 

particles in pigeonite after heating for 30 and 60 min, respectively. The 

HAADF images in panels (f and g) show the growth and merging 

morphology of np-Fe0 particles in olivine after heating for 30 and 60 min, 

respectively. Agg: agglutinate; Pgt: pigeonite; Ol: olivine. 

The np-Fe0 particles related to space weathering significantly 

affect the optical properties of airless body surfaces, which is an 

essential aspect of research within the scope of planetary sciences, 

especially in the lunar environment.3,4,21-23 Only vapor deposition 

has strongly proven to be a possible formation mechanism of np-

Fe0 particles under natural conditions based on the Apollo and 

Itokawa samples, whereas other proposed formation mechanisms 

remain questionable.3,24,25 This study demonstrates that np-Fe0 

particles can be rapidly produced by the decomposition and 

disproportionation reactions of mafic silicate under sub-solidus 

conditions. However, the contribution of these two mechanisms to 

the formation of np-Fe0 particles in lunar soils requires further 

investigation of the returned CE-5 lunar soil samples. 

Growth of np-Fe0 particles. There are two main types of np-Fe0 

particles within lunar soils21,26: (1) sub-micrometer np-Fe0 

globules that occur on the rims of lunar soil grains and (2) sub-

millimeter vesicular glass-cemented grains called agglutinates. 

Both morphologies are observed in CE-5 lunar soils (Figs. 4a and 

4c). We determined that two nearby Fe particles tend to merge into 

one and build topotaxis along the (110) lattice fringes (Fig. 4b). 

Our heating experiments show a similar phenomenon, where 

the np-Fe0 particles in pyroxene and olivine merge into larger 

particles with increasing time at 800 °C (Figs. 4d–4g). This 

suggests that np-Fe0 particles can grow under sub-solidus 

conditions, rather than melting conditions as previously thought.26 

In situ TEM heating is an effective method to reproduce the 

thermal-induced microscopic features in extraterrestrial samples 

and to further constrain their formation conditions. 

CONCLUSIONS 

Using a combination of FIB and TEM with heating capabilities, 

we provide a new in situ technical method to study thermal-

induced alterations in extraterrestrial bodies. Rapid in situ heating 

observations at the microscale can be used to study the thermal 

evolution process of minerals by multiple micrometeorite impacts. 

We successfully observed the effects of such thermal events, 

including the phase transitions, decomposition, and elemental 

diffusion of the mineral phases. Future studies can supplement or 

update the experimental parameters of elemental diffusion to 

accurately estimate the cooling rates of the surfaces of different 

celestial bodies, which will provide data support for a possible 

metamorphic heat source in the lower crust or mantle. 

Furthermore, because of the particularity of metastable mineral 

phases, the features formed via rapid crystallization and 

preservation during rapid cooling cannot be found on Earth. Thus, 

this technique provides a new perspective for studying metastable 

phases. More importantly, when compared with traditional 

simulations of heating events using pulse-laser irradiation, in situ 

TEM heating is more accurate and can record the thermal-induced 

alterations of np-Fe0 particles in different mineral interiors. A 

comprehensive understanding of the microstructure, formation 

mechanism, and optical properties of np-Fe0 particles is critical for 

determining the nature of the thermal alteration process. Thus, this 

method can help elucidate the characteristics of the reflectance 

spectra obtained from the remote sensing of different celestial 

bodies. 
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