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                     Abstract     Recovered samples of Jilin H5 chondrite experi-

mentally shocked to 12–133 GPa were studied to explore 

the behavior of opaque minerals under shock loading using 

SEM–EDS, Raman spectroscopy, and TIMA. The follow-

ing results were obtained. Firstly, at pressures lower than 53 

GPa, the opaque minerals still keep the unmelted state, while 

at 78 GPa and higher, FeNi metal and troilite form eutectic 

intergrowths occurring as disorderly fi ne veinlets fi lling the 

shock-induced fractures in silicate minerals. Secondly, single 

kamacite grains still maintain their contour at 12 GPa, but 

a part of brittle troilite grains was fragmented and squeezed 

into the shock-induced fractures within kamacite grains. At 

53 and 133 GPa, many more troilite fragments are poured in 

the kamacite interior to form disordered hybrid aggregates 

or to form squiggly strips, respectively. Similar phenomena 

are observed within single troilite grains, but the mineral 

squeezed into troilite grains is kamacite. Thirdly, chromite 

is a hard and refractory oxide mineral. When the shock pres-

sure rises step by step from 12 to 133 GPa, the shock eff ect 

of chromite is only fragmentation. Its grain size decreases 

from tens of μm at 53 GPa to a few μm at 133 GPa. And, 

fourthly, native copper exhibits distinct redistribution behav-

ior at high temperature. In Jilin samples shock-loaded to 

12 GPa, copper initially located at troilite–kamacite inter-

faces partially transferred into small troilite grains contain-

ing fi ne FeNi particles. At 53 and 133 GPa, native copper 

preferentially transferred into larger troilite grains containing 

more particles of eutectic FeNi metal. 

   Keywords     Jilin chondrite    ·  Shock–recovery experiment    · 

 High-pressure    ·  Metallic minerals    ·  Shock eff ects  

       1  Introduction 

 Shock–recovery experiments on chondrites are an eff ective 

means of studying the behavior of minerals under extreme 

high pressures and high temperatures. Although the 

duration of the high-pressure regime of such experiments 

is very short, quite a lot of valuable information about the 

material composition, physical and chemical states, and P–T 

conditions of the deep Earth has been provided (Bogard 

et al.  1987 ; Dai et al.  1991 ; Miyahara et al.  2021 ; Schmitt 

and Stoffl  er  1995 ; Sears et al.  1984 ; Xie et al.  2000 ,  2001 ). 

However, most of these studies were concentrated on silicate 

minerals, mainly olivine, pyroxene, feldspar, and silicate 

melt. The studies of opaque minerals in experimentally 

shocked meteorites are quite rare. In our previous study on 

Jilin H5 chondrite experimentally shocked to 12–133 GPa, 

we also focused on silicate minerals and their high-pressure 

polymorphs (Xie et  al.  2001 ). In order to compensate 

for these defi ciencies, we recently conducted systematic 

research on the behavior of opaque minerals in recovered 

samples of Jilin chondrite experimentally shocked to 12–133 

GPa using a modern micro-mineralogical technique. This 

paper reports the results of this study. 
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     2   Samples and methods 

 Shock–recovery experiments were conducted by Dai et al. 

( 1991 ) with a two-stage light-gas gun. Samples of Jilin 

meteorite were shock-loaded to peak pressures of 12, 27, 

39, 53, 78, 93, and 133 GPa. After the experiments, the 

recovered samples were sectioned, polished, sealed in plastic 

containers, and stored in a desiccator to prevent humidity 

and oxidation. These well-preserved sections were used in 

this study. 

 Shock-loading experiments on the Jilin meteorite sam-

ples were performed on the dynamic high-pressure device 

equipped with a two-stage light gas gun ( φ 23 mm inner 

caliber). Experimental specimens were made into  φ 10 

mm × 2 mm discs. Each specimen was pre-mounted in 

the recovery capsule to prevent direct contact between the 

fl yer material or high-impedance material and the meteorite 

sample. Subsequently, the sample capsule was impacted by 

a hypervelocity fl yer plate, generating a shock wave that 

propagated through the capsule to the meteorite sample (Dai 

et al.  1991 ). The sample assembly and the shock recovery 

fi xture are plotted in Fig.  1 . Various impedance fl ying plates 

and the two shock techniques were used to boost the shock 

pressure (Jing  1986 ). Lexan, Ly-12Al, and copper were used 

as fl ying plates. Copper and tungsten plates were used as 

high-impedance materials to refl ect the shock wave. The 

impact velocity of the fl ying plates was measured by a mag-

netofl yer. The shock pressure was calculated by the imped-

ance matching method, and the temperature and residual 

temperature were calculated by the thermodynamic formulae 

(Dai et al.  1991 ). The shock-loading conditions of the Jilin 

meteorite samples are listed in Table  1 .          

 The shock-recovered Jilin samples were analyzed using 

scanning electron microscopy (Thermo Fisher Scientifi c 

FEI Helios CX5) with energy dispersive spectroscopy 

(SEM–EDS), electron probe microanalysis (EPMA; 

CAMECA SX FE electron probe microanalyzer, Raman 

spectroscopy, and a texture and image-based mineral 

analysis (TIMA-X integrated mineral analyzer; TESCAN). 

 High-resolution mineral phase identifi cation analysis was 

performed using the integrated mineral analyzer. Analytical 

conditions included a pixel spacing of 1.5  μm, 10,000 

X-ray counts per pixel, a scanning speed of 50 μm/s, and an 

accelerating voltage of 25 kV with a beam current of 8.5 nA. 

 Microstructural observations of the minerals were 

conducted using SEM. Backscattered electron (BSE) images 

were acquired under an accelerating voltage of 10 kV and a 

beam current of 2.8 nA. 

 Raman spectra were acquired using a Renishaw in Via 

spectrometer with a 785-nm Ar⁺ laser (1 mW) to avoid 

laser-induced thermal eff ects. Each spectrum was collected 

in step mode (0.5 s per step, 60 accumulations). After each 

acquisition, the sample was inspected to confi rm the absence 

of laser ablation. Spectra were processed using WiRE 5.5 

software for cosmic ray removal, baseline correction, and 

smoothing. 

 Quantitative chemical compositions of minerals were 

determined using EPMA. Analytical conditions were: 

20 kV accelerating voltage, 20 nA beam current, and a   Fig. 1       Scheme of sample assembly and the shock recovery fi xture  

  Table 1       Shock-loading 

conditions of Jilin meteorite 

 samples a   

  a    After Dai et al. ( 1991 ) 

  No.    Impact    Shock pressure (GPa)    Temperature (K)    Flyer 

 material  

  High-

impedance 

 material    of shoot    velocity 

 (km/s)  

  Initial    Peak    Shock    Residual  

  1    2.508    8.0    12    336    297    Lexan    Cu  

   2    2.258    18.2    27    472    386    Ly-12 Al    Cu  

  3    2.621    39.0    39    624    502    Cu    /  

  4    2.388    35.0    53    720    550    Cu    W  

  5    2.691    40.5    78    1120    832    Cu    W  

  6    3.066    48.2    93    1460    1064    Cu    W  

  7    3.927    68.5    133    2426    1725    Cu    W  
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beam diameter of 1 μm (point mode for fi ne-grained miner-

als; nominal 0-μm setting corresponding to the minimum 

focused spot, ca. 1–2 μm in actual size). 

     3   Results 

    3.1   Occurrence of opaque minerals in unshock-loaded 
Jilin meteorite 

 The opaque minerals identifi ed so far in the Jilin meteorite 

chiefl y consist of FeNi metal (kamacite and taenite), troilite, 

and chromite. We also found some trace opaque minerals, 

such as native copper, ilmenite, sphalerite, and schreibersite. 

We were only able to study the behavior of FeNi metal, 

troilite, ilmenite, and native copper in the experimentally 

shocked Jilin samples, as the remaining opaque minerals 

occurred in extremely small amounts. 

 Kamacite occurs mostly as irregular grains or aggregate, 

packing interstitially in the crystal grains of silicate minerals 

olivine and pyroxene (Fig.  2 a). Most kamacite grains are 

smaller than 1 mm in size, but the largest grains can reach 

1.8 × 2.0 mm in diameter. The chemical composition of 

kamacite (average of 5 analyses, in wt%) is: Fe–93.13, 

Ni–6.25, Co–0.48, Zn–0.03, Cu–0.02, total–99.89. The dis-

tribution of Ni in kamacite seems to be very uniform.         

 Taenite largely occurs as granular grains distributed along 

margins of some kamacite grains (Fig.  2 a), or as ribbons 

distributed within coarse-grained metallic phases. These 

two types of taenite exhibit distinct Fe/Ni ratios, namely 

 Fe 2 Ni(Co) for the granular form and FeNi(Co) for the ribbon 

form. The former, varying from 10 to 200 μm in diameter 

with the composition of (average of 5 analyses, in wt%) 

Fe–67.26, Ni–31.60, Co–0.15, Cu–0.16, total–99.25, and the 

latter (ribbon occurrence) has the width by length of ribbons 

to be (10–30) × (50–150) μm, and with the composition 

of Fe–51.12226, Ni–46.2137, Co–0.08, Zn–0.02, Cu–0.28, 

total–97.77, respectively. 

 Troilite in the Jilin meteorite is mainly distributed 

in the matrix and tends to form closely packed mosaic 

  Fig. 2       BSE images showing the occurrence of opaque minerals in the Jilin H5 chondrite:  a  a kamacite ( Kam ) grain is connected with smaller 

grains of taenite ( Tan ) and chromite ( Chr );  b  troilite ( Tro ) grains are mainly distributed in the matrix and tend to form closely packed mosaic 

aggregates with Kam;  c  a troilite grain with unsmooth surface contains a chromite inclusion; and  d  two native copper grains are observed at the 

troilite–silicate interface.  Py  pyroxene,  Ol  olivine  
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aggregates together with kamacite (Fig.  2 b), or serves as 

fi lling material in the space between transparent mineral 

grains (Fig.   2 c) or within the fractures. The chemical 

composition of troilite seems relatively constant and the 

EPMA analyses gave the following results (average of 5 

analyses, in wt%): Fe–62.56, Ni–0.24, Co–0.01, S–36.08, 

total–98.96. 

 Chromite commonly occurs as euhedral to subhedral 

crystals embedded in kamacite (Fig.  2 a) and troilite (Fig.  2 c) 

with grain sizes from 10 to 200 μm. A small number of 

chromite crystals is present in the interstices between 

metallic and transparent mineral grains or in the space 

between the transparent mineral grains (Fig.  2 d). The EPMA 

analysis gave the following results (in wt%): FeO–28.96, 

MgO–2.83, MnO–0.67,  TiO 2 –2.09,  Cr 2 O 3 –55.39, 

 Al 2 O 3 –6.37,  V 2 O 5 –0.70, total–97.48. 

 Native copper is extremely rare in the Jilin meteorite, 

with only two irregularly shaped grains (< 5 μm in diameter) 

observed at a fracture between troilite, kamacite, and olivine 

(Fig.  2 d). In most cases, copper occurs as a trace element 

within kamacite, particularly concentrated along its serrated 

grain boundaries (Fig.  3 ). We could not obtain EPMA data 

for the native copper grains due to their small size.         

     3.2   General appearance of FeNi metal and troilite 
in the Jilin shock-loaded samples 

 The general pictures of FeNi metal and troilite in the Jilin 

meteorite experimentally shocked to 12–133 GPa are shown 

in Fig.  4 . Owing to the shock temperatures in the samples 

shock-loaded below 53 GPa (Table  1 ) being lower than the 

melting points of iron (1538 ºC), Ni (1453 ºC), and FeS 

(1194 ºC), the opaque minerals in these samples still keep 

the unmelted state, although their shapes and grain sizes are 

diff erent. Such phenomena are clearly showed in Fig.  4 a–e. 

However, in the samples shock-loaded at 78 GPa and higher, 

we see a big change in the appearance of these two min-

erals (Fig.  4 f–h). Except for a few larger grains, most of 

them occur as disorderly fi ne eutectic veinlets fi lling shock-

induced fractures in silicate minerals. The thickness of vein-

lets is varying in a range of 1 to 5 μm, but, for some thick 

veinlets, it can reach 10 μm. At 78 GPa, the veinlets are 

  Fig. 3       BSE images and EDS maps of Fe, Cu, and S from opaque minerals in the Jilin H5 chondrite.  Kam  kamacite,  Ol  olivine,  Pl  plagioclase, 

 Py  pyroxene,  Tro  troilite  
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thin and rather sparse, but, at 93 GPa, the veinlets become 

thinner and shorter but much denser. At 133 GPa, the shock 

temperature is very high and the veinlets begin to show some 

potential of aggregation to form irregular or strip-shaped 

grains and particles (Fig.  4 h).         

 In order to reveal the nature of the opaque veinlets, we 

conducted EDS mapping of elements Fe, Ni, and S for the 

veinlets occurring in a pyroxene grain within the Jilin mete-

orite sample shock-loaded to 133 GPa (Fig.  5 ). The obtained 

maps clearly show that these opaque veinlets consist of FeNi 

metal and FeS, e.g., kamacite + taenite and troilite. Since 

the shock temperature in this shocked sample (1460 K or 

1188 ºC; Table  1 ) is much higher than that for the forma-

tion of FeNi–FeS eutectics (988 ºC), we assume that these 

veinlets must consist of FeNi metal, FeS, or their eutectic 

mixtures. Figure  5 e, f shows a thick FeNi–FeS eutectic vein-

let of 8 μm in width fi lling a fracture in a shock-fractured 

pyroxene grain. This veinlet consists of numerous white-

colored tiny rounded or elongated FeNi metal particles and 

the gray-colored FeS ground mass.         

     3.3   Behavior of single kamacite and taenite grains 
in shock-loaded samples of Jilin meteorite 

 The Jilin shock-loaded samples showed obvious shock 

effects in single kamacite and taenite grains. Since the 

taenite in the Jilin meteorite occurs in close contact with 

kamacite, and the content of taenite is much smaller than 

kamacite, and their main constituent elements are the same 

(Fe and Ni), we just use kamacite as the representative of 

these two FeNi minerals. 

 At 12 GPa, most of single kamacite grains still maintain 

their contour and smooth surface (Fig.  6 a), but a part of the 

brittle troilite grains were fragmented and squeezed into the 

shock-produced fractures within tenacious kamacite grains 

(Fig.  6 b). At 53 GPa, the single kamacite grains show corro-

sion borders, and many more troilite fragments are poured in 

the kamacide interior to form disordered hybrid aggregates 

(Fig.  6 c, d). According to the phase diagram, the FeNi and 

FeS will form a eutectic mixture at the temperature of ≥ 988 

ºC (Villars et al.  1995 ) .  The shock temperature (2436 K or 

2164 ºC) at 133 GPa is much higher than the melting points 

of Fe, Ni, and FeS, and the troilite fragments and aggre-

gates at this condition would be further fused within the hot 

molten kamacite grains to form squiggly strips (Fig  6 e, f).         

     3.4   Behavior of single troilite grains in shock-loaded 
samples of Jilin meteorite 

 The Jilin shock-loaded samples also show obvious shock 

eff ects in single troilite grains. At 12 GPa, single troilite 

grains still maintain their contour, but abundant shock-pro-

duced fractures are developed within them (Fig.  7 a), and 

a few irregular kamacite grains were squeezed into some 

troilite grains along shock-induced fractures (Fig.  7 b). At 53 

GPa, the single troilite grains show corrosion borders, and 

many more kamacite fragments are poured into the troilite 

interior to form disordered hybrid aggregates of these two 

minerals (Fig.  7 c, d). At 133 GPa, the kamacite fragments 

would be further fused within the hot molten troilite grains 

to form squiggly aggregates or irregular-shapes particles 

(Fig.  7 e, f).         

 We conducted Raman spectroscopic analysis on the 

troilite in the shock-loaded samples of the Jilin meteorite 

(Fig.  8 a), and it was revealed that the troilite in the unshock-

loaded Jilin sample (0 GPa) shows typical Raman vibra-

tion peaks of Fe-S at 148, 197, and 308  cm -1 . Troilite in 

the sample shocked at 12 GPa gives similar Raman peaks 

to that of the unshocked sample., indicating that the crystal 

structure of troilite does not show an obvious change when 

the sample is shocked to pressures lower than 12 GPa. The 

Raman spectra of troilite in the samples shocked to 27‒83 

GPa showed notable changed in the drifting of the peak posi-

tion and the weakening of signals, which might be caused 

by shock-induced lattice distortion and thermal disturbance. 

The Raman spectra of troilite in the samples shocked to 93 

and 133 GPa become rather fl at and more cluttered, indicat-

ing that the crystal lattice of troilite has been severely dam-

aged or even decrystallized. At the same time, the appear-

ance of weak Raman peaks of magnetite at 666 and 540 

 cm -1  implies that, under such extremely high  P–T  conditions, 

troilite may experience some loss of S and oxidation of Fe 

to form secondary mineral magnetite during the decompres-

sion process.         

     3.5   Behavior of chromite in shock-loaded samples 
of Jilin meteorite 

 Chromite is a hard and refractory oxide mineral with its 

melting point at 1857 ºC. It has a cubic spinel structure and 

the oxygen ions exhibits cubic close-packing. Chromite in 

the unshocked Jilin meteorite occurs as single euhedral and 

subhedral grains of 10 μm in size. Owing to its hard and 

refractory characteristics, as well as its close-packing struc-

ture, the behavior of chromite in the shock-loaded samples 

of Jilin meteorite is rather simple. When the shock pressure 

rises step by step from 12 to 133 GPa, the shock eff ects 

of chromite mainly present as a continuous increase of the 

degree of fragmentation. For instance, the size of broken 

chromite fragments in the sample shocked to 53 GPa var-

ies in the range of 50 to 100 μm, while that in the sample 

shocked to 133 GPa is reduced to 1 to 10 μm (Fig.  9 ).         

 The Raman spectra of chromite with typical peaks at 

496, 598, and 688  cm −1  in the Jilin samples shock-loaded to 

12–133 GPa are shown in Fig.  8 b, and it can be seen that all 

the Raman spectra of these samples look very similar despite 
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the diff erences in pressure that they experienced being quite 

large. A small change can be noticed only in the slight drift-

ing of the peak position and the weakening of signals at 496 

and 598  cm −1  for the chromite in the samples shock-loaded 

to 93 and 133 GPa, respectively. 

     3.6   Behavior of native cooper in shock-loaded samples 
of Jilin meteorite 

 Copper possesses very strong chalcophile properties, but, 

under the conditions found in meteorites, its behavior is like 

that of siderophile elements (Xie et al.  2024 ). It was found 

that troilite may be the primary carrier of copper in meteor-

ites, but taenite is another important carrier phase (Łuszczek 

  Fig. 4       BSE images of a set of shock-loaded samples of Jilin meteor-

ite showing the formation and evolution of opaque veinlets at pres-

sures higher than 53 GPa:  a  –e  The opaque minerals still keep the 

unmelted state, although their shapes and grain sizes are diff er;  f  the 

opaque minerals appear in the form of fi ne veinlets fi lling the frac-

tures in silicate minerals;  g  the veinlets become more thinner and 

much denser;  h  The veinlets begin to show some potential of aggre-

gation to form irregular or strip-shaped grains and particles  

◂

100 μm 100 μm
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S                                                        Ni
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  Fig. 5       BSE images and corresponding EDS maps of Fe, S, and Ni taken from a Jilin sample shock-loaded to 133 GPa:  a  –d  BSE images and 

Fe, S, and Ni maps showing fi ne vein-like intergrowths of troilite ( Tro ) and kamacite ( Kam ) within pyroxene ( Py ) fractures.  e ,  f  magnifi ed BSE 

images of the FeNi–FeS eutectic vein in ( a ). Note the numerous white-colored tiny rounded or elongated FeNi metal particles dispersed in the 

gray-colored FeS ground mass  
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and Krzesińska  2020 ), It was also revealed that, during natu-

ral shock events, copper could become redistributed in mete-

orites; namely, copper is transferred into the intergrowths of 

FeNi metal and troilite (Xie et al.  2024 ). Such a phenomenon 

has also been observed in the Jilin meteorite samples experi-

mentally shocked to 12–133 GPa (Fig.  10 ).         

 Native copper has melting point (1083 ºC) much lower 

than kamacite and troilite, and it diff uses easily at high tem-

peratures. Hence, in the Jilin sample shock-loaded to 12 GPa, 

some diff used copper is transferred into small troilite grains 

containing some tiny particles of FeNi metal (Fig.  10 c, d). 

When the pressure rises to 53 and 133 GPa, native cop-

per disappears and the released Cu is transferred into larger 

  Fig. 6       BSE images of Jilin shock-loaded samples showing the shock eff ects in kamacite:  a ,  b  at 12 GPa, single kamacite grains still maintain 

their contour, but a part of the brittle troilite grains were fragmented and squeezed into the shock-induced fractures within kamacite grains;  c ,  

d  at 53 GPa, the single kamacite grains show corrosion borders, and many more troilite fragments are poured in the kamacide interior to form 

disordered hybrid aggregates;  e ,  f  at 133 GPa, the troilite fragments and aggregates would be further fused within the hot molten kamacite grains 

to form squiggly strips  
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troilite grains (Fig.  10 e–h). As the behavior of copper in 

experimentally shocked Jilin samples is more complicated 

and quite interesting, the detailed description of the result 

of our study on this issue will be published in another paper. 

      4   Conclusions 

    1.      At pressures lower than 53 GPa, the opaque miner-

als still keep the unmelted state, while, at 78 GPa and 

  Fig. 7       BSE images of Jilin shock-loaded samples showing the shock eff ects in troilite:  a ,  b  At 12 GPa, troilite grains still maintain their contour, 

but abundant shock-produced fractures are developed within them, and a few of kamacite grains were squeezed into some fractures within troi-

lite grains;  c ,  d  at 53 GPa, the troilite grains show corrosion borders, and many more kamacite fragments are poured into the troilite interior to 

form disordered hybrid aggregates of these two minerals;  e ,  f  at 133 GPa, the kamacite fragments would be further fused within the hot molten 

troilite grains to form squiggly aggregates or irregular-shaped particles  
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higher, FeNi metal and troilite form eutectic inter-

growths appearing as fi ne, disordered veinlets that fi ll 

shock-induced fractures in silicate minerals.   

  2.      Single kamacite and troilite grains still maintain their 

contour at 12 GPa, although some brittle troilite grains 

are fragmented and squeezed into shock-induced frac-

tures within the kamacite. At 53 GPa, many more troilite 

fragments are poured in the kamacite interior to form 

disordered hybrid aggregates. At 133 GPa, the troilite 

fragments and aggregates would be further fused within 

the hot molten kamacite grains to form squiggly strips. 

Similar phenomena are observed within single troilite 

grains, but the mineral squeezed into troilite grains is 

kamacite.   

  3.      Chromite is a hard and refractory oxide mineral. When 

the shock pressure rises step by step from 12 to 133 GPa, 

  Fig. 8       Raman spectra of troilite 

( a ) and chromite ( b ) in the 

shock-loaded Jilin meteorite 

samples  

  Fig. 9       BSE image of Jilin shock-loaded Jilin samples showing the shock eff ects in chromite;  Ap  apatite,  Chr  chromite,  Kam  kamacite,  Ol  oli-

vine,  Pl  plagioclase,  Py  pyroxene,  Tro  troilite  
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the shock eff ect in chromite is only fragmentation. Its 

grain size decreases from tens of um at 53 GPa to a few 

μm at 133 GPa.   

  4.      Native copper has a melting point much lower than that 

of kamacite and troilite. Its mode of occurrence under-

goes notable changes at high temperatures. Hence, in 

  Fig. 10       BSE images and Cu maps showing the redistribution of copper in Jilin samples shock-loaded to: ( a ,  b ) 0 GPa, (c, d) 12 GPa, ( e, f ) 53 

GPa, and ( g, h ) 133 GPa. Note that the content of eutectic FeNi metal particles in troilite grains is increasing with the increasing of shock pres-

sures. In the Cu maps, the concentrations of Cu in are higher than those in  yellow . Tro + M Troilite + eutectic FeNi metal  
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the Jilin sample shock-loaded to 12 GPa, native cop-

per originally located at the troilite edges or within the 

kamacite partially transferred into small troilite grains 

containing some tiny particles of FeNi metal. At 53 and 

133 GPa, native copper preferentially transferred into 

larger troilite grains containing more particles of eutec-

tic FeNi metal.     
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