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Abstract 100 

We have investigated two particles collected during each of two touchdowns of the Hayausa2 101 

spacecraft at the surface of the C-type asteroid 162173 Ryugu using various electron microscope 102 

techniques. Our detailed transmission electron microscopy study shows the presence of magnetite 103 

with various morphologies coexisting in close proximity. This is characteristic of CI chondrite-104 

like materials and consistent with the mineral assemblages and compositions in the Ryugu parent 105 

body. We describe the microstructural characteristics of magnetite with different morphologies, 106 

which could have resulted from the chemical conditions (growth vs. diffusion rate) during their 107 

formation. Furthermore, we describe the presence of magnetites with a spherulitic structure 108 

composed of individual radiating fibers and that are characterized by pervasive, homogeneously 109 

distributed euhedral to subhedral pores that have been described in previous chondrite studies. This 110 

particular spherulitic structure is consistent with crystallization under nonequilibrium conditions. 111 

Additionally, the presence of a high density of defects within the magnetite fibers, the high 112 

surface/volume ratio of this morphology, and the presence of amorphous materials in several pores 113 

and at the edges of the acicular fibers further support their formation under nonequilibrium 114 

conditions. We suggest that the growth processes that lead to this structure were imposed by the 115 

reach of the solution of a supersaturated state, resulting in the adjustment to a lower free energy 116 

condition.  117 

  118 

Introduction 119 

Samples returned from the carbonaceous asteroid 162173 Ryugu by the Japan Aerospace 120 

Exploration Agency (JAXA)'s Hayabusa2 mission allow us to investigate primitive materials from 121 

a known target and their evolution (Yada et al., 2022; Nakamura et al., 2022; Yokoyama et al., 122 

2022). Recent studies have shown that the Ryugu samples are composed of minerals similar to 123 

those of CI (Ivuna-like) carbonaceous chondrites indicating that the parent planetesimal from 124 

which Ryugu was derived experienced severe aqueous alteration (Yada et al., 2021; Ito et al., 2022; 125 

Nakamura et al. 2022; Noguchi et al., 2022; Okazaki et al., 2022; Yokoyama et al., 2022). The 126 

present study focuses on magnetite (Fe3+(Fe2+Fe3+)2O4), which is one of the main minerals in the 127 

Ryugu samples (Nakamura et al., 2022) that was formed during these aqueous alteration events. 128 

The modal abundances of magnetite are similar in samples between the first (chamber A, 3.4 ± 1.6 129 

vol%) and second touchdowns (chamber C, 3.7 ± 1.7 vol%; Nakamura et al., 2022). However, the 130 



6 

magnetite abundance in the Ryugu asteroid is lower than in the CI chondrites (4.3 vol%, Alfing et 131 

al., 2019). Magnetite has been described in all Solar System materials, including chondritic 132 

meteorites (comprising carbonaceous chondrites (CCs) and ordinary chondrites (OCs)), Antarctic 133 

micrometeorites (AMMs), interplanetary dust particles (IDPs), and samples returned from the 134 

Moon, comet 81P/Wild 2, and asteroid Itokawa (Jedwab, 1967; Kerridge et al., 1979; Schramm et 135 

al., 1989; Rowe et al., 1994; Genge et al., 1997; Hua and Buseck, 1998; Noguchi et al., 2002; 136 

Brearley, 2006; Zolensky et al., 2008; Stodolna et al., 2012; Blinova et al., 2014; Doyle et al., 137 

2015; Joy et al., 2015; Hicks et al., 2017; Noguchi et al., 2017; Jilly-Rehak et al., 2018; Dobrică 138 

et al., 2019; Burgess and Stroud, 2021; Nakamura et al., 2022). However, magnetite only displays 139 

a unique variety of morphologies in CI chondrites and the ungrouped carbonaceous chondrite 140 

Tagish Lake, similar to the Ryugu samples (Jedwab, 1967; Kerridge et al., 1979; Hua and Buseck, 141 

1998; Blinova et al., 2014). Three major magnetite types have been identified: framboidal, 142 

spherules, and plaquette (Hua and Buseck, 1998). These complex morphologies were previously 143 

described in numerous studies starting in the 1960s (Ramdohr, 1963; Jedwab, 1965; Jedwab, 1967; 144 

Hua and Buseck, 1998; Chan et al. 2016). However, the conditions that constrain the formation of 145 

magnetite to each of these particular morphologies remain unknown. Better understanding of their 146 

formation mechanisms is essential to interpret if these different morphologies provide information 147 

about the evolution history of the aqueous alteration processes on the Ryugu asteroid. 148 

Magnetite is known to form in igneous, metamorphic, and sedimentary settings and through 149 

different reactions such as gas and liquid interactions on Earth, in the solar nebula, and on small 150 

Solar System parent bodies (Kerridge et al., 1979; Mittlefehldt et al., 1998; McSween and Treiman, 151 

1998; Krot et al., 1997; Keller, 1998; Klein 2005; Chaumard et al., 2009; Hicks et al., 2017; Barth 152 

et al., 2018; Izawa et al., 2019). As a consequence, it is a useful mineral for studying a variety of 153 

processes such as variation in oxygen fugacity, paleomagnetism, water-rock interactions, and 154 

biogenic activity (McKay et al., 2003; Izawa et al., 2019; Sato et al. 2022). In chondrites, 155 

petrographic evidence suggests that magnetite is often formed during post-accretional aqueous 156 

alteration processes (Krot et al. 1997; Hua and Buseck, 1998; Brearley, 2006; Alfing et al., 2019). 157 

Kerridge et al. (1979) first proposed that magnetite in CI chondrites formed on the meteorite parent 158 

body from an aqueous gel-like phase containing colloidal crystals. Recent studies suggest that the 159 

formation of colloidal crystals implies several restrictions on the growth conditions, such as (1) 160 

supersaturation of the aqueous fluid; (2) confinement of the aqueous fluid in small voids, in which 161 
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colloidal crystallization takes place; and (3) nucleation occurring in a short period of time, with no 162 

further nucleation during subsequent growth (Nozawa et al., 2011; Kimura et al., 2013). The last 163 

restriction points to a sudden change in the conditions in the parent body, for instance, a change in 164 

temperature, pressure, or fluid composition, which rapidly alters the supersaturation or the 165 

temperature of the solution (Nozawa et al., 2011). Therefore, the objective of this study is to 166 

understand the formation mechanisms of magnetite and especially those with a spherulitic 167 

structure (a.k.a. spherulitic magnetite). We investigated several particles collected during both 168 

landing operations (from chamber A and chamber C) of the Hayabusa2 mission. The goal of this 169 

study is to assess the evolution of the aqueous alteration processes on carbonaceous (C-type) 170 

asteroids. 171 

  172 

Samples and Methods 173 

Multiple Ryugu particles returned by the Hayabusa2 spacecraft and collected during each of the 174 

two touchdowns (collected in chambers A and C, respectively, Tachibana et al., 2022) were 175 

analyzed in this study (Figs. 1-6). Four focused ion beam (FIB) sections were prepared and 176 

analyzed at Kyoto University, University of Hawai‘i at Mānoa, University of New Mexico, and 177 

University of Lille using different electron microscopes (scanning and transmission electron 178 

microscopes). Additionally, we analyzed one stub (C0105-039) with multiple grains collected 179 

during the second landing operation (chamber C). The stub was characterized by scanning electron 180 

microscopy (SEM) using backscattered electron imaging on a Helios 660 dual-beam focused ion 181 

beam SEM (FIB-SEM) instrument at the Advanced Electron Microscopy Center (AEMC) at the 182 

University of Hawai‘i at Mānoa.  183 

Each electron transparent section was prepared by the conventional in situ FIB technique: a 184 

platinum protective layer was deposited on top of the region of interest, first by electron beam 185 

deposition and then by ion beam deposition, to avoid gallium primary ion beam damage during 186 

the FIB sample preparation. The section was transferred to Cu TEM half grid with a 187 

micromanipulator. The final ion milling of the 2 µm thick section to electron transparency was 188 

carried out with the sample attached to the TEM grid. The final thinning stages were performed at 189 

2 kV with a current of 72 pA. 190 

All FIB sections were studied using a variety of transmission electron microscopy (TEM) 191 

techniques, including scanning transmission electron microscopy (STEM) imaging, nanobeam 192 
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diffraction (NBD), and energy-dispersive X-ray spectroscopy (EDS). The imaging and analyses 193 

were carried out at 200 kV and 300 kV using the Titan G2 analytical (S)TEM at the AEMC, the 194 

TitanX at the Molecular Foundry, Lawrence Berkeley National Laboratory, the JEOL NEOARM 195 

200CF aberration-corrected STEM/TEM instrument at the Nanomaterial Characterization Facility 196 

at the University of New Mexico (UNM), the JEOL JEM 2100F at the Kyoto University, and Titan 197 

Themis 300 S/TEM at the University of Lille. Nanobeam diffraction was obtained in the STEM 198 

mode condition and carried out using a collection semi-angle of 0.3 mrad. Mineral phases were 199 

identified by their elemental compositions, in addition to subsequent electron diffraction. 200 

Additional EDS hyperspectral maps of the sample A104-01300103 were collected at the 201 

University of Lille. For STEM-EDX elemental analysis the probe size has been about 2 nm, semi-202 

convergence angle 10 mrad and probe current of about 300 pA. The STEM−EDX mapping has 203 

been performed with a dwell time of 5 μm/px with continuous scanning over a series of up to 900 204 

frames during a total time of 10−15 min per acquisition. The elemental maps represent a sum of 205 

the total number of frames. Compositions were normalized to 100% of detectable elements. The 206 

EDS detection limit for major elements during the TEM measurements is estimated to be <0.5 207 

at%. Oxygen abundances should be viewed with caution (calculated oxide) because oxygen K X-208 

rays are subject to variable amounts of self-absorption by the sample. The EDS measurements of 209 

the sample from chamber C were acquired using the JEOL NEOARM 200CF at UNM, which is 210 

equipped with dual JEOL 100 mm2 EDS detectors controlled using Oxford Instruments AZtec 211 

software. 212 

  213 

Results 214 

The SEM images of several Ryugu particles collected during the second landing operation (in 215 

chamber C) show the presence of magnetite grains with a variety of different morphologies, 216 

including framboids (Fig. 1a), plaquettes (Fig. 1b), and spherules (Fig. 1c-f). The framboidal 217 

magnetites are generally found as aggregates up to 8 µm in length, composed of euhedral magnetite 218 

crystals. However, some of the individual crystals embedded in the fine-grained matrix of 219 

phyllosilicates are faceted (e.g., single dodecahedron, Fig. 1c). The largest dodecahedron observed 220 

is 4 µm in diameter (Fig. 1c). Magnetite plaquette aggregates are composed of magnetite discs 221 

with a constant thickness of ~0.15 µm. Magnetite spherules are common in the Ryugu samples 222 

and are characterized by either (1) a spherulitic structure defined by radiating fibers of magnetite 223 
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(a.k.a. spherulitic magnetite, Fig. 1e-f) or (2) they are texturally featureless (a.k.a. magnetite 224 

spherules, see Fig. 1 and Yokoyama et al., 2022). The magnetites with a spherulitic structure are 225 

easy to identify in backscattered electron (BSE) images (Fig. 1e); however, their fibrous surface 226 

structure is difficult to distinguish in the secondary electron (SE) image (Fig. 1f) because some 227 

regions are covered with thin layers of phyllosilicates. Generally, the magnetite spherules that are 228 

texturally featureless are similar in size (~10-15 µm in diameter, Yokoyama et al., 2022) to those 229 

with a spherulitic structure (~13 µm in diameter, Fig. 1e-f). However, several small magnetite 230 

spherules (~1 µm in diameter, Fig. 1) that are texturally featureless were identified in the FIB 231 

sections analyzed (Figs. 3a, 4, see further details below). In this study, we distinguish between 232 

magnetite spherules and framboidal magnetite which differ by their size and dispersion. 233 

Framboidal magnetites are generally characterized by densely packed aggregates of framboid 234 

crystal with a constant sizes distribution (avg. 0.5 µm); however, magnetite spherules are anhedral 235 

to subhedral and sparsely distributed with crystals that have variable sizes (0.35-1.2 µm, Figs. 1a, 236 

3a, 4). Figure 1a shows the association of framboidal and texturally featureless magnetite 237 

spherules. All magnetite grains are embedded in a fine-grained material composed of 238 

phyllosilicates, euhedral sulfides, and carbonates.  239 

Detailed TEM observations confirm that magnetite with two different morphologies is present 240 

in the four FIB sections analyzed in this study: (1) framboidal (Fig. 2a – A0104-00200201) and 241 

(2) spherules either with a spherulitic structure (Fig. 2 – A0104-00200201, Fig. 3 – C0105-039024, 242 

Fig. 5 – A0104-00100401, and Fig. 6 – A104-01300103), or texturally featureless spherules (Fig. 243 

3a – C0105-039024 and Fig. 4 – A104-01300103). No magnetite plaquettes were present in the 244 

TEM samples analyzed in this study. The framboidal aggregate observed is ~3 × 5.3 μm in size 245 

and is composed of euhedral magnetite crystals with a constant size (~500 nm in diameter). A few 246 

texturally featureless magnetite spherules are present in the FIB sections (Figs. 3-4). These 247 

anhedral spherules vary in size from 0.6 µm to 1.2 µm in diameter (Figs. 3-4). However, in this 248 

study, we focus on magnetite spherules that show a spherulitic structure identified in the FIB 249 

sections. Four spherulitic magnetites were analyzed in this study. They vary in size from ~2.9 μm 250 

in length and ~2 μm wide (sample A0104-00200201, Fig. 2) to ~13-16 µm in size (sample C0105-251 

039024, Fig. 3). Most of the spherulite analyzed have a regular, nearly spherical external shape 252 

with the exception of one spherulitic magnetite from sample A0104-00100401, which is irregular 253 

in shape (Fig. 5). In this heterogeneous spherulite the fibers vary in length from 0.9 µm to 2.3 µm 254 
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(see further details below). All spherulitic magnetites, except the one irregular in shape (A0104-255 

00100401, Fig. 5) are characterized by three main features. First, their structure is composed of 256 

individual radiating fibers, which vary in length from 0.8 µm to 8 µm for the three regular shaped 257 

spherulites analyzed in this study (Figs. 2-3, 5-6). The widths of the fibers vary in size from 70 nm 258 

to 140 nm. These spherulitic magnetites are essentially single crystals. Therefore, all fibers have 259 

the same crystallographic orientation even if they are not in contact with each other, as indicated 260 

in two of the multiple diffraction patterns measured in these grains that are shown in Figure 3b-d. 261 

However, some domains may have slight misorientations. The surface of the spherulitic magnetites 262 

shows euhedral laths of the radiating fibers, with laths up to ~50 nm wide. The fibers radiate from 263 

a spherical pore (~130 nm in diameter) located off-center in sample C0105-039024 (Figs. 3a and 264 

3g). However, in two of the spherulitic magnetites analyzed (A0104-0020020 – Fig. 5 and A104-265 

01300103 – Fig. 6), no central pore was identified in the region where the magnetite fibers start 266 

radiating. This could be because the FIB section did not intersect the central pore. Second, 267 

numerous nanometric euhedral to subhedral pores were identified mainly decorating the 268 

boundaries between the fibers. These pervasive pores were identified in all spherulitic magnetites 269 

(Figs. 2-3), except the irregular shaped spherulitic magnetite. Their sizes vary from a few 270 

nanometers up to ~2.2 µm in length, and they are homogeneously distributed in both spherulite 271 

magnetites. The pores are located mainly at the boundaries between the fibers; however, the 272 

thickness of the FIB sections is larger than the size of the pores, so it is difficult to exclude their 273 

presence inside the magnetite fibers. In sample C0105-039024, most euhedral pores are elongated 274 

parallel to the radiating fibers (Fig. 3h). The pores are absent in the framboidal cluster (Fig. 2) that 275 

coexist in close proximity to the spherulitic magnetite. However, the several magnetite spherules 276 

contain anhedral to subhedral pores up to a few tens of nanometer in diameter (Fig. 4, sample 277 

A104-01300103); however, no pores were observed in the magnetite spherules from sample 278 

A0104-00200201 (Fig. 2a). Third, diffraction contrast STEM images (Fig. 3e-f) show the 279 

occurrence of pervasive dislocations in the magnetite fibers (Fig. 3e-f). Most of these features are 280 

visible only in the STEM micrographs taken using a convergent angle 2⍺ of the electron beam of 281 

0.3 mrad that provides better contrast, especially in deformed crystals (Alloyeau et al., 2008; Zhu 282 

et al., 2018).  283 

Several differences are observed between the irregular shaped spherulitic magnetite and those 284 

with a regular, spherical, shape. First, no pores were identified in this magnetite. Second, the 285 
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irregular shaped spherulitic magnetite consists of multiple crystal domains (~100 nm in diameter), 286 

some of which show 3-fold periodicity along one of the <111> directions (Fig. 5). The neighboring 287 

crystals in the aggregate have epitaxial relationships.  288 

No clear evidence of space weathering was observed in the magnetite crystals identified in these 289 

FIB sections. However, a recent study shows that framboidal and spherulitic magnetite surfaces 290 

could be modified by solar wind implantation and micrometeorite impacts (Matsumoto et al. 291 

2022). The compositions of these magnetites were measured by EDS/TEM and no elements other 292 

than oxygen and iron were identified. However, one spherulitic magnetite (sample A104-293 

01300103, Fig. 6) contains Si- and Mg-rich amorphous materials at the edges of the acicular fibers 294 

(Fig. 6d-e). Furthermore, we identified amorphous Si-rich materials in several pores (Fig. 6a-c). 295 

Table 1 shows the chemical composition of these nonstoichiometric amorphous materials.  296 

Additionally, associated with magnetite in the FIB sections analyzed, we identified sulfides and 297 

organic nanoglobules (430 x 630 nm in size) that are embedded in a groundmass consisting of 298 

coarse-grained phyllosilicates (up to ~150 nm in length), with basal spacings of 1 nm.  299 

 300 

Discussion 301 

Ryugu samples have been shown to resemble a CI chondrite that exhibit some notable 302 

differences from CI meteorites (Yada et al., 2021; Nakamura et al. 2022; Yokoyama et al., 2022). 303 

One of the major similarities in Ryugu asteroid to CI chondrites is the presence of magnetites with 304 

different morphologies. Magnetite with a variety of morphologies has been studied for almost sixty 305 

years in one of the rarest groups of meteorites, the CI chondrites (only 9 meteorites belong to this 306 

group), and more recently in the unique, ungrouped Tagish Lake meteorite (Jedwab, 1967; 307 

Kerridge et al., 1979; Hua and Buseck, 1998; Brearley, 2006; Kimura et al. 2013). Our TEM 308 

observations further expand on the implications of magnetite formation in the Ryugu samples that 309 

show some difference to known CI chondrites (Yada et al., 2022; Nakamura et al., 2022; 310 

Yokoyama et al., 2022). The observations presented in this study show the presence of magnetite 311 

with different morphologies coexisting in close proximity. Further discussion focuses on magnetite 312 

with a spherulitic structure that exhibits unique porosity that has not been described in previous 313 

studies. Previous studies have suggested that all spherical magnetites in CI meteorites possess a 314 

spherulitic structure and that those without a structure may have lost their structure during 315 

polishing (Kerridge et al., 1979). However, our TEM observations show that both structures of 316 
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spherules (either a spherulitic structure or texturally featureless) coexist in the Ryugu samples and 317 

that they are not a product of sample preparation. 318 

 319 

Formation of spherulitic magnetite 320 

Spherulites are common in terrestrial and extraterrestrial materials (Kerridge et al., 1979; 321 

Gránásy et al., 2005; Shtukenberg et al., 2012; Zheng et al., 2019). They have been identified in a 322 

wide range of materials such as metals, alloys, polymers, oxides, liquid crystals, and various 323 

biological molecules. Spherulites are generally defined as two- or three-dimensional branched 324 

solids with nearly spherical external shapes but notable internal textures. In contrast to dendritic 325 

structures with fractal branches, spherulites have more densely packed branches (Zheng et al., 326 

2019). Shtukenberg et al.’s (2012) review of spherulites offers a detailed description of their 327 

formation and growth conditions, indicating that any substance (melt, amorphous solids, solutions, 328 

and gels) can be made to adopt a spherulitic morphology under some conditions. However, so far, 329 

there is no generally accepted theory that constrains spherulite crystallization mechanisms. The 330 

most important prerequisite for spherulitic growth is high crystallization driving forces, typical 331 

from a supersaturated or supercooled solution (Shtukenberg et al., 2012). Recently, the formation 332 

of iron oxide spherulites was directly observed in real-time, at a subnanometer resolution in a 333 

liquid cell using transmission electron microscopy (Zheng et al., 2019). In this experiment, the 334 

growth was initiated rapidly by electron beam irradiation of the solution. Other rapid, dynamic 335 

processes, such as quenching, spontaneous precipitation, and agitation processes are often 336 

described as the principal mechanisms used to explain the formation of spherulites (Grassmann et 337 

al., 2004; Gránásy et al., 2005; Prus et al., 2021; Cui et al., 2022).  338 

Furthermore, spherulites are ubiquitous in solids formed under nonequilibrium conditions 339 

(Magill, 2001; Gránásy et al., 2005; Siódmiak and Gadomski, 2022). Systems that are in 340 

equilibrium tend to grow crystals with simple morphologies unless they are forced out of 341 

equilibrium by imposing a change in the environmental conditions (Magill, 2001). Therefore, 342 

crystals can form complex spatial patterns in response to a disturbance from equilibrium that might 343 

induced kinetically driven growth to lower the free energy of the system. Though there are other 344 

factors that can influence the morphologies of crystals. For example, the presence of organic 345 

compounds can play a major role influencing growth of crystals by inhibiting growth on some 346 

crystal surfaces and favoring one morphology over another (Xu et al., 2014; Nakamura et al., 347 
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2022). Similarly, it is also possible that due to polarity certain anions or cations in solution can 348 

change the growth mechanism and change the morphology (Wark et al. 2008). 349 

In chondrites, multiple petrographic studies and thermodynamic models have suggested that 350 

aqueous precipitation of minerals occurred during local and temporal solution-solid equilibration 351 

(Zolensky et al., 1989; Bourcier and Zolensky, 1992; Rosenberg et al., 2001; Schulte and Shock, 352 

2004; McAlister and Kettler, 2008; Zolotov, 2012; Nakamura et al., 2022). However, evidence for 353 

nonequilibrium conditions, such as the presence of porous, amorphous, and spherulitic materials, 354 

and high surface/volume ratio textures, are observed in primitive meteorites and in hydrothermal 355 

experiments performed at conditions informed by our current state of knowledge of asteroidal 356 

alteration (Gránásy et al., 2005; Dobrică et al., 2022). For example, pores have been described 357 

previously in other materials that form under nonequilibrium conditions, such as euhedral, FeO-358 

rich olivines, which are similar to the ones described in CK and CV chondrites (Brearley, 1999, 359 

2009; Dobrică et al., 2022). However, it remains unclear why several magnetite spherules contain 360 

pores even if they do not show other characteristics for their formation during nonequilibrium 361 

processes (Fig. 4). Intra-crystalline porosity is still a poorly understood phenomenon, but is always 362 

attributed to the deposition and entrapment of a macromolecular phase at crystal surfaces (Rizzato 363 

et al., 2016). Furthermore, defects underlie spherulitic growth (Shtukenberg et al., 2012). It has 364 

been shown that the dislocation density increases as the spherulitic crystal grows (Shtukenberg et 365 

al., 2012). Additionally, pores are an important source of “defects” when crystallizing spherulites 366 

impinge (Magill, 2001). During crystallization, numerous small pores may accumulate at the 367 

impinging spherulite boundaries (Magill, 2001). The presence of amorphous, nonstoichiometric 368 

materials inside the pores and at the edges of the spherulitic fibers further supports the formation 369 

of spherulitic magnetite through nonequilibrium reactions. The amorphous materials probably 370 

formed from the remaining fluid or gel-like material, which probably contained, in addition to Fe 371 

hydroxide, minor amounts of Si and Mg (Fig. 6). Previous studies of carbonaceous chondrite 372 

matrices have suggested the formation of a gel-like phase, as a result of the modification during 373 

hydration processes of precursor anhydrous amorphous silicates at low temperatures, at near 374 

neutral pH and relatively oxidizing conditions (Zolensky et al., 1989; Chizmadia and Brearley, 375 

2008; McCollom et al., 2013; Le Guillou and Brearley, 2014; Le Guillou et al., 2015). Therefore, 376 

since all  spherulitic magnetites identified in the Ryugu samples are characterized by a high 377 

surface/volume ratio due to the individual fibers at the surface of each magnetite grain, unique 378 
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porosity, amorphous Si- and Mg-rich materials, and a high density of defects, we suggest that they 379 

were formed under nonequilibrium conditions (Kerridge et al., 1979; Magill, 2001; Gránásy et al., 380 

2005; Smith et al., 2001; Shtukenberg et al., 2012; Siódmiak and Gadomski, 2022; Dobrică et al., 381 

2022).  382 

Additionally, previous studies of spherulites in meteorites suggested that this particular 383 

structure requires crystallization from a colloidal Fe hydroxide gel-like material (Kerridge et al., 384 

1979). Studies of terrestrial spherulite show that a viscous medium (i.e., gel) is not always 385 

necessary for spherulitic growth; however, impurities encourage spherulite formation 386 

(Shtukenberg et al., 2012). The conditions necessary for the spherulite precipitation must maintain 387 

the growth rates (G) of the crystal itself higher than diffusion rates (D, G >> D, Lofgren, 1974; 388 

Kerridge et al., 1979). Previous studies showed that in a gel-like material compared with a solution 389 

system, convection is eliminated, and thus the mass transport is merely diffusive (Velásquez-390 

González et al., 2019). Any changes related to variation in D/G ratio could generate crystals with 391 

different morphologies (Lofgren, 1974). Therefore, the presence of magnetite in the returned 392 

samples with varying crystal morphologies, including the irregular shaped spherulitic magnetite 393 

suggests a variable range of crystal growth and diffusion rates in the Ryugu parent body. 394 

Furthermore, it has been suggested that gels could strongly inhibits the crystal nucleation with a 395 

preferential formation of fewer larger crystals rather than many smaller ones (Talla and Wagner, 396 

2022). Since few nuclei appear in a gel, this confirms that nucleation should occur at higher 397 

supersaturation in gel than in solution systems (Lefaucheux et al., 1982). The extent of nucleation 398 

suppression can vary by using different gel concentrations, with a high concentrated gel that 399 

generally leads to the formation of rounded individuals or radial spherulites (Talla and Wagner, 400 

2022). Therefore, in addition to the crystal growth and diffusion rates, the gel concentration could 401 

have played an important role in the formation of magnetite with variable crystal morphologies.  402 

Petrographic observations suggested that magnetites with a spherulitic morphology are one of 403 

the first minerals to crystallize from an aqueous fluid on the Ryugu parent body (Tsuchiyama et 404 

al., 2022). More precisely, the crystallization sequence of magnetite as a function of their 405 

morphologies is suggested to be: spherulitic – plaquette/framboidal – equant/elongated 406 

(Tsuchiyama et al., 2022). This previous study indicated that the conditions during magnetite 407 

precipitation changed from high to low supersaturations (Tsuchiyama et al., 2022), which supports 408 

our observations that the first magnetites that formed, the spherulitic crystals, precipitated from a 409 
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highly supersaturated fluid that evolved in the degree of saturation. Our TEM study further 410 

expands on these results suggesting that at the beginning of the crystallization sequence, when the 411 

spherulitic magnetite formed, the fluid could have been under nonequilibrium conditions. These 412 

processes lead to polycrystalline growth structures imposed by the reach of the solution of a 413 

supersaturated state where nucleation is able to occur, resulting in the adjustment to a lower free 414 

energy condition. Furthermore, as the previous petrographic observations suggested (Tsuchiyama 415 

et al., 2022), and the presence of numerous fragile, euhedral laths at the surfaces of these spherulitic 416 

magnetites, suggest that these crystals precipitated first in an unrestricted, high porous material.    417 

 418 

Implications for the presence of spherulitic magnetite in the Ryugu samples 419 

Magnetite is a particularly valuable tracer of a wide variety of processes. Three important 420 

implications arise from the study of spherulitic magnetite. First, our study shows evidence of 421 

magnetite formation under nonequilibrium condition suggesting a delicate balance between 422 

thermodynamics and kinetics, which govern the complicated dynamics of multiple episodes 423 

crystallization. These results are in agreement with previous studies, which indicated that CI 424 

chondrites were processed by multiple episodes of aqueous alteration under varying physical and 425 

chemical conditions (Endreß and Bischoff, 1996).  426 

Second, these crystals could potentially offer a unique opportunity to study the early aqueous 427 

fluids that circulated through the Ryugu parent body. No materials were identified in the unique 428 

pores identified in the spherulitic magnetite due to the sample preparation technique applied in this 429 

study; however, it is possible that these pores contain fluid inclusions prior to the FIB sample 430 

preparation. Some of the pores have perfect negative crystal shapes, i.e., the pores are polyhedral 431 

with their facets corresponding to rational planes of the host crystal (Cesare et al., 2021). Primary 432 

fluid inclusions are thought to be trapped only very rarely with negative crystal shapes (Roedder, 433 

1984). However, if some fibers grow faster than others, the surfaces of the crystal can become 434 

rough, having many angular reentrant features, and later growth covering these reentrants produces 435 

negative crystal cavities (Roedder, 1984). Primary (trapped during growth) and secondary (trapped 436 

at a later time along a healed fracture) fluid inclusions were first reported in Monahans and Zag 437 

halite and present proof that aqueous fluid inclusions exist in some extraterrestrial samples, and 438 

have led to a renewed search in other extraterrestrial samples (Zolensky et al., 1999; Zolensky et 439 

al., 2017; Tsuchiyama et al. 2021; Zolensky et al., 2022). Recently, Nakamura et al. (2022) and 440 
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Zolensky et al. (2022) identified fluid inclusions in pyrrhotite crystals in the Ryugu samples 441 

collected during the second touchdown (chambers C). These ancient fluids were trapped in the 442 

during the crystal growth and provide information on the water-rock interaction that took place on 443 

the Ryugu parent body. The chemical composition of the fluid inclusions identified in pyrrhotite 444 

from the Ryugu samples show the presence of a saline aqueous solution containing H2O, CO2, 445 

sulfur species, and nitrogen- and chondrite-bearing organic compounds (Nakamura et al., 2022; 446 

Zolensky et al., 2022). According to the crystallization sequence of the major secondary phases 447 

identified in the Ryugu samples, pyrrhotite crystals formed after the formation of magnetite, 448 

especially those with a spherulitic structure (Tsuchiyama et al., 2022). Therefore, the presence of 449 

any fluid inclusion in these spherulitic magnetites could provide a unique opportunity (1) to 450 

measure the chemical composition of the primary aqueous fluids on the Ryugu asteroid and (2) to 451 

understand the evolution of fluid chemistry during multistage events.  452 

A third important implication that arises from the occurrence of spherulitic magnetite under 453 

nonequilibrium conditions is that a careful selection of the magnetite crystals is necessary for the 454 

use of the oxygen isotope fractionation between carbonates and magnetite to extract the 455 

temperature at which these minerals coprecipitated (Zheng, 2011; Jilly-Rehak et al., 2018; Dobrică 456 

et al., 2019; Yokoyama et al., 2022). Since multiple generations of magnetite were identified in 457 

the Ryugu samples, the question is what type of magnetite forms in equilibrium with the 458 

carbonates, especially since dolomite and breunnerite formed after the formation of pentlandite, 459 

pyrrhotite, and apatite according to the crystallization sequence (Tsuchiyama et al., 2022). We 460 

suggest avoiding spherulitic magnetite for these measurements since the necessary assumption of 461 

equilibrium between minerals is not supported by our observations indicating rapid magnetite 462 

growth. 463 

 464 

Summary 465 

Our TEM observations provide new insights into the complex formation of magnetite in the 466 

asteroid Ryugu. We describe the microstructural differences between magnetite with different 467 

morphologies, which could have resulted from the chemical conditions (growth vs. diffusion rate) 468 

that existed during their formation. Furthermore, we show for the first time that magnetites with a 469 

spherulitic structure are characterized by the presence of a unique porosity. Multiple characteristics 470 

such as (1) structure, (2) porosity, (3) high density of defects within the magnetite fibers, (4) 471 
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amorphous materials, and (5) the high surface/volume ratio of this structure indicate that they form 472 

through nonequilibrium processes. These processes lead to polycrystalline growth structures 473 

imposed by the reach of the fluid solution of a supersaturated state where nucleation is able to 474 

occur, resulting in the adjustment to a lower free energy condition. Therefore, their formation could 475 

have important implications in our fundamental understanding of the evolution of fluids on the 476 

Ryugu parent body.  477 
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Figure 1.  Backscattered (a-e) and secondary (f) electron images of magnetite with different 720 

morphologies (a – framboidal and magnetite spherules; b – plaquettes; and c – spherulitic and 721 

single dodecahedron) embedded in the fine-grained materials returned by the Hayabusa2 722 

spacecraft collected during the second touchdown (chamber C). Figure 1d-f shows one of the 723 

spherulitic magnetite (~13 µm in diameter) analyzed in this study (sample C0105-039024). One 724 

focused ion beam (FIB) section (e - white dashed line) was prepared for transmission electron 725 

microscopy (TEM) study in this sample. Minerals identified: mt – magnetite, phy – phyllosilicates, 726 

and S – sulfide. 727 

  728 
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Figure 2. Bright-field scanning transmission electron microscopy (STEM) images of the mineral 729 

phases identified in the one of the Hayabusa2 particles, focused ion beam section (FIB) A0104-730 

00200201, collected during the first touchdown (chambers A). Both framboidal and spherulitic 731 

magnetite (mt, Fig. 2a) are identified to be associated with euhedral sulfides (S), an organic 732 

nanoglobule embedded in a coarse-grained matrix of phyllosilicates (phy.). The spherulitic 733 

magnetite is composed of radial fibers (Fig. 2b). Euhedral (Fig. 2c, black arrows) to anhedral pores 734 

are homogeneously distributed in this magnetite. Additionally, euhedral laths (Fig. 2d) were 735 

identified at the surface of the spherulitic magnetite grain. The platinum (Pt) strap is at the top of 736 

the FIB section. Two diffraction patterns were indexed as [111] for the framboidal magnetite (Fig. 737 

2a) and [011] zone axis (directions are also shown) of spherulitic magnetite (Fig. 2d).  738 
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Figure 3. Bright- (a-b, e-f) and dark-field STEM (g-h) images and diffraction patterns (c-d) of the 740 

spherulitic magnetite analyzed from chamber C (C0105-039024). STEM micrographs (b, e-f) were 741 

taken using a beam convergence that provides better contrast. These diffraction contrast STEM 742 

images (Fig. 3b, and e-f) show the occurrence of pervasive dislocations (Fig. 3f) in the magnetite 743 

fibers. The TEM data show the texture of the radiating fibers and the pervasive distribution of 744 

euhedral to subhedral pores. Most euhedral pores are elongated parallel to the radiating fibers (Fig. 745 

3h). The fibers’ orientation is marked with a black arrow with a dashed line, and the fibers’ 746 

boundaries with a withe dashed line (Fig. 3h). A spherical pore (~130 nm in diameter) located off-747 

center was identified in this spherulitic magnetite (Fig. 3b and 3g). Two diffraction patterns (Figs. 748 

3c-d) were indexed as [136] zone axis (directions are also shown) of magnetite showing the same 749 

crystallographic orientation between the magnetite fibers, indicating that this spherulitic magnetite 750 

is a single crystal; however, some domains may have slight misorientations. The locations of the 751 

diffraction patterns are indicated by the numbered white circles (Fig. 3b). An organic nanoglobule 752 

was identified in the phyllosilicates in contact with the spherulitic magnetite (Fig. 3e). Minerals 753 

identified: mt – magnetite, phy – phyllosilicates, and S – sulfide. 754 
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Figure 4. Dark-field STEM images of magnetite spherules identified in sample A104-01300103 756 

showing the presence of anhedral to subhedral pores with a diameter of ~10 nm (see arrows in Fig. 757 

4c); however, these spherules are texturally featureless compared with the spherulites. The 758 

magnetite spherules (Fig. 4a) have variable sizes from 0.6 µm to 1.2 µm in diameter. 759 
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Figure 5. a-b) Bright-field (BF) transmission electron microscope (TEM) images of an irregular 761 

shaped spherulitic magnetite analyzed from chamber A (A0104-00100401) consisting of crystal 762 

domains (~100 nm in diameter), some of which show 3-fold periodicity along one of the <111> 763 

directions. The neighboring crystals in the aggregate have epitaxial relationships. c-h) Nanobeam 764 

diffraction patterns of the irregular shaped spherulitic magnetite obtained from white rectangle 765 

shown in Figure 5b. c) Virtual BF image reconstructed from the nanobeam diffraction (NBD) 766 

dataset. d-f) Diffraction patterns extracted from the regions shown in Figure 5c. g) Virtual dark-767 

field image reconstructed from the virtual detectors shown in Figure 5h. Three images are 768 

superimposed as pseudocolor in (g) and (h); white corresponds to basic reflections of magnetite, 769 

red corresponds to superlattice reflections indicating 3-fold periodicity along [111]*, and green 770 

corresponds to superlattice reflections indicating 3-fold periodicity along [11
_ _

1]*.  771 
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Figure 6. Dark-field (Fig 6a-b, 6d) images and energy-dispersive X-ray spectroscopy (EDS) maps 773 

(Fig. 6c and 6e) made by scanning transmission electron microscopy (STEM) showing the 774 

spherulitic magnetite from sample A104-01300103, which contain amorphous materials in several 775 

pores (Fig. a-c) and at the edges of the acicular fibers (Fig. 6d-e). The compositions of these 776 

amorphous materials are shown in Table 1. The white rectangle (Fig. 6a) shows the region where 777 

the EDS map of Fe and Si was made. The composite EDS map (Fig. 6c) shows the distribution of 778 

amorphous Si-rich materials inside the pores. Additionally, we show the composite EDS map (Fig. 779 

6e) of the Fe, Si, and Mg at the edges of the acicular fibers of magnetite. The compositions of the 780 

two regions (A and B) are shown in Table 1.   781 

  782 
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Table 1. Concentration of major and minor elements (in atom%) determined by analytical 783 

scanning transmission electron microscopy (STEM) energy dispersive X-ray spectroscopy (EDS) 784 

of the amorphous materials (am. mat.) identified inside the pores (Fig. 6c) and at the edges of the 785 

acicular fibers (Fig. 6e, region A – Si-rich and region B – Si- and Mg-rich amorphous materials) 786 

and of the spherulitic magnetite from sample A104-01300103.  787 

 Pores Si-rich am. mat.* Si-, Mg-rich am. mat.** 
Locatio
n Fig. 6c  Fig. 6e Fig. 6e 

N 7 S.D. 7 
S.D

. 4 S.D. 
Si 6.6 1.5 25.4 4.7 10.9 1.2 
Al 0.1 0.1 0.2 0.2 0.2 0.4 
Ti 0.1 0.0 - - 0.1 0.0 
Cr 0.1 0.1 - - - - 
Fe 34.7 2.5 6.2 3.2 14.9 4.3 
Mg - - 1.4 1.7 8.8 1.9 
Ca   0.1 0.1 - - 
Na   0.1 0.1 1.9 1.7 
K - - - - 0.1 0.1 
S   0.1 0.1 0.2 0.3 
Ni - - - - 0.1 0.1 
O 58.4 1.7 66.4 1.6 62.7 0.6 
Total 100.0  100.0  100.0  

S. D. – standard deviation 788 
*Composition of region A from Figure 6e.  789 
**Composition of region B from Figure 6e.  790 


