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Intracellular magnetite crystal formation by magnetotactic bacteria
has emerged as a powerful model for investigating the cellular and
molecular mechanisms of biomineralization, a process common to
all branches of life. Although magnetotactic bacteria are phylo-
genetically diverse and their crystals morphologically diverse,
studies to date have focused on a few, closely related species
with similar crystal habits. Here, we investigate the process of
magnetite biomineralization in Desulfovibrio magneticus sp. RS-
1, the only reported species of cultured magnetotactic bacteria
that is outside of the α-Proteobacteria and that forms bullet-
shaped crystals. Using a variety of high-resolution imaging and
analytical tools, we show that RS-1 cells form amorphous, non-
crystalline granules containing iron and phosphorus before form-
ing magnetite crystals. Using NanoSIMS (dynamic secondary ion
mass spectroscopy), we show that the iron-phosphorus granules
and the magnetite crystals are likely formed through separate
cellular processes. Analysis of the cellular ultrastructure of RS-1
using cryo-ultramicrotomy, cryo-electron tomography, and tomog-
raphy of ultrathin sections reveals that the magnetite crystals are
not surrounded by membranes but that the iron-phosphorus gran-
ules are surrounded by membranous compartments. The varied
cellular paths for the formation of these two minerals lead us to
suggest that the iron-phosphorus granules constitute a distinct
bacterial organelle.
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Biomineralization, the biologically controlled transformation of
inorganic compounds into highly-ordered structures, is per-

formed by organisms in all branches of life, from bacteria to
humans. Because biogenic minerals often have superior properties
to their chemically synthesized counterparts, understanding bio-
mineralization is important to fields as diverse as inorganic
materials synthesis and medicine (1, 2). Among the numerous
organisms capable of biomineralization, magnetotactic bacteria
(MB), a group of microbes that form intracellular chains of
magnetic minerals including magnetite and greigite, have be-
come powerful models for studying biomineralization because of
their relatively fast growth rate and genetic tractability (3).
Investigation of the cellular ultrastructure of MB has shown that

the magnetite crystals are formed within membranous intracellular
compartments called magnetosomes, which are present before the
formation of magnetite (4, 5). Other studies have shown that when
magnetite formation is induced by decreasing oxygen levels or
adding iron to iron-deprived cells, multiple crystals in the chain
nucleate simultaneously (5, 6). These insights into the kinetics of
magnetite biomineralization have been complemented by molec-
ular studies. A genomic island called the magnetosome island
(MAI) has been found in all MB studied to date. Loss of the MAI
results in an absence of magnetosome membranes and magnetite

crystals, and genes found in the MAI have been shown to play
a role in the formation of the magnetite crystals and the magne-
tosome chain (7).
Although knowledge of magnetite biomineralization is growing,

our current understanding is based on studies of a relatively nar-
row subset of magnetotactic bacterial strains. All studies cited
above have focused on MB that belong to the α-Proteobacteria
and form magnetite crystals with octahedral or hexahedral habits
(1). However, MB have been identified in at least four phyloge-
netic branches of bacteria and have been found to exhibit a large
diversity of crystal morphologies, including octahedral, prismatic,
“tooth-shaped,” and “bullet-shaped” crystals (8–10). To know the
full spectrum of mechanisms that have evolved to direct magnetite
biomineralization, an examination of other magnetotactic bacte-
rial species is needed.
Desulfovibrio magneticus sp. RS-1 (RS-1) is an ideal system to

investigate the range of magnetite biomineralization mechanisms
used by MB, because it is the only axenically cultured magneto-
tactic bacterium outside of the α-Proteobacteria and forms crystals
that are irregular or bullet-shaped (11–13). Recently, the genome
of RS-1 was sequenced and found to contain a region resembling
a highly edited version of the MAI (14, 15). Many of the genes
in the RS-1 MAI are highly divergent from their homologs in
the magnetotactic α-Proteobacteria, and a number of the genes
thought to be important for crystal growth and morphology are
absent, raising the question of whether RS-1 has evolved a di-
vergent mechanism of magnetite biomineralization. However,
biomineralization in RS-1 has been difficult to investigate because
of the strain’s weak magnetotactic behavior, corresponding with
the production of relatively few, small magnetic crystals that show
“superparamagnetic-like” behavior (16, 17).
The goal of this work is to identify growth conditions that in-

crease RS-1’s magnetotactic behavior, to define the steps of
magnetite biomineralization in RS-1 and the cellular context in
which biomineralization occurs. Using a number of analytical and
imaging techniques, we show that RS-1 cells contain membranous
granules rich in iron and phosphorus that are distinct from their
bullet-shaped magnetite crystals. Additionally, we present evi-
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dence that, in contrast to otherMB, a lipid-bilayermembrane does
not surround the magnetosomes of RS-1.

Results
This study initially focused on optimizing the growth of RS-1 to
increase the magnetic properties of the cells. The magnetic be-
havior of a culture of MB is often determined via its Cmag value,
which is the ratio of a culture’s maximal to its minimal optical
density as cells rotate in a turning magnetic field, and it has been
shown to serve as a reliable proxy for the average number of
single-domain magnetite crystals formed per cell (18). RS-1
cultures grown under standard conditions have Cmag values of
1.02 to 1.05 and, accordingly, only 30 to 50% of the cells contain
crystals. By optimizing various aspects of the growth medium, the
Cmag values increased to 1.40 to 1.60 and 100% of cells con-
tained crystals ranging in size from 32–85 nm (see SI Results and
Fig. S1 for more information).
The process of magnetite biomineralization in RS-1 was then

explored by examining magnetite formation following iron uptake
in iron-starved cells. Cultures of RS-1 were passaged several times
in medium without iron to obtain cells that lacked magnetite
crystals. These cells did not turn in a magnetic field (Cmag= 1.00)
and were free of magnetite crystals as verified by transmission
electron microscopy (TEM) (Fig. 1, 0 h). Ferric malate (100 μM)
was then added to cultures in early exponential growth, and the
cells were visualized by TEM at different time points after
iron addition. As early as 15 min following iron addition, round,
electron-dense granules, not organized in chains, were visible
throughout the cells. The granules reached a maximum number of
145 ± 31 per cell 3 h after iron addition and then decreased in
number at a rate faster than would be expected if they were merely
diluted through cell division, until almost nonewere visible 50 to 70
h after iron addition (Fig. 1 and Fig. S2A). Cells containing these

granulesdidnot turn in a rotatingmagneticfieldorbind tomagnetic
columns sensitive to superparamagnetic iron particles, indicating
that the granules are not magnetic. After 21 to 24 h, the cells began
to turn in a rotating magnetic field and bullet-shaped crystals be-
came visible by TEM (Fig. 1 and Fig. S2B). Instead of a complete
chain of nucleating crystals appearing simultaneously, as has been
seen in other MB (5), most RS-1 cells had only one to two crystals
initially. The average number of crystals increased with time, which
correlated with an increase in the cultures’ Cmag readings, until
there was an average of 13 to 15 crystals per cell after 50 h of growth
in iron (Fig. S2B).
The granules that appeared transiently following iron addition

have not previously been reported to form in MB. To determine
the structure and chemical composition of the electron-dense
granules, energy-dispersive X-ray spectroscopy (EDS) and high-
resolution TEM (HRTEM) were performed on RS-1 cells. EDS
analysis revealed that the round granules contain iron, oxygen,
and phosphorus, whereas the magnetite crystals contain iron and
oxygen only (Fig. S3). HRTEM imaging showed that although
the bullet-shaped magnetite particles were crystalline as expec-
ted (Fig. S4A), the round granules lacked an obvious crystalline
lattice and were in fact amorphous (Fig. S4B). In all iron-addi-
tion experiments, the iron-phosphorus (Fe-P) granules formed
before the magnetite crystals, raising the possibility that they
were precursors to the magnetite crystals.
To address the possibility that the granules transform into

magnetite, a pulse-chase experiment was conducted (Fig. 2). 56Fe,
in the form of naturally occurring iron (92% 56Fe), was given to
iron-starved RS-1 cells in early exponential growth. After 3 h, they
were washed and transferred to medium containing 57Fe (94%
purity) as the sole iron source. Cells were then collected at various
times, sectioned, and visualized by TEM and dynamic secondary
ion mass spectroscopy (NanoSIMS), a powerful technology that
allows spatial imaging of elemental and isotopic distribution with
a resolution of less than100nm(Fig. 2).The addition of 57Fedid not
affect the growth rate ofRS-1 cells (10–11 h doubling time under all
conditions), the number of magnetite crystals per cell, or the final
Cmag of the cultures, suggesting that the cells use both iron isotopes
equally well. If the Fe-P granules were direct precursors of the
magnetite crystals, then themagnetite crystals would be expected to
contain amounts of 56Fe similar to the granules.
The NanoSIMS analysis showed that after 3 h of growth in

56Fe medium, strong 56Fe spots were present where Fe-P gran-
ules could be seen by TEM (Fig. 2A). Given the ubiquitous
presence of phosphorus-containing organic molecules, the entire
cellular space emits a faint 31P signal. And, as expected from the
EDS analysis, the Fe-P granules appear as strong 31P spots
over this faint background that colocalize with the 56Fe spots
(Fig. 2A). Cells grown in medium containing 56Fe for 3 h and
subsequently transferred to medium containing 57Fe for 18.5 h
began to turn in a magnetic field. These cells possess a few
magnetite crystals as revealed by TEM that contained primarily
57Fe (Fig. 2B), but the NanoSIMS images of areas containing Fe-
P granules revealed the presence of both 56Fe and 57Fe (Fig. 2C).
These results strongly suggested that the granules are not direct
precursors of the magnetite crystals. This hypothesis was bol-
stered by data from crystals formed after 3 h in 56Fe followed by
47 h in 57Fe. At this time point, almost no Fe-P granules were
detected by TEM and a large number of clearly identifiable
magnetite crystals could be observed. Most of these crystals had
strong Fe57 signals (Fig. 2D), which further supports the idea that
the granules formed in the first 3 h after iron addition do not
transform directly into magnetite crystals. There were, however,
chains of magnetite in some bacteria that contained relatively
small amounts of 56Fe (Fig. 2D). Some of the iron used to form
these magnetite crystals likely came from the dissolution of the
granules. It is also possible the background levels of 56Fe in the
57Fe preparation could make a disproportionate contribution to

0 hours + iron 3 hours + iron 

22 hours + iron 50 hours + iron 

Fig. 1. RS-1 forms round granules before magnetite crystals after the addi-
tion of iron to iron-starved cells. Transmission electron micrographs of RS-1
cells at various times after iron addition. At time 0, before iron addition, no
magnetite crystals or granules are visible. Three hours after iron addition,
round granules (enlarged in Inset) are present throughout the cytoplasm.
Twenty-two hours after iron addition, granules (Upper Right Inset) are still
present and magnetite crystals (Lower Left Inset) begin to appear. Fifty hours
after iron addition, almost no granules remain and chains of magnetite crystals
(enlarged in Inset) are present. [Scale bars = 500 nm and 100 nm (Insets).]
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these magnetite crystals, although iron isotope fractionation has
not been observed in other MB (19).
The NanoSIMS results suggested that the Fe-P granules and

the magnetite crystals are formed through separate cellular
processes. To investigate the connections between these two
iron-rich inclusions, cryo-ultramicrotomy followed by electron
microscopy was used to identify the cellular context in which
magnetite crystals and Fe-P granules are formed in RS-1. Cryo-
ultramicrotomy allows for a more faithful preservation of cellular
structures during sectioning and sample preparation for electron
microscopy. When used in imaging other MB, this technique can
distinguish empty magnetosome membranes from other cellular
structures (5). TEM study of the cryo-ultrathin sections showed
that the cytoplasm of RS-1 cells was filled with intracellular
compartments (Fig. 3). Unlike magnetosome membranes, these
intracellular compartments were not aligned in a chain, and
small crystals nucleating and growing within the membranous
compartments were not observed. In fact, TEM of cryo-ultrathin
sections stained with uranyl oxalic acid in water (0.3 M) for 5 min
and cryo-protected from drying by a thin film of 2% methylcel-
lulose containing 4% uranyl acetate showed that the density of
the material inside these vesicles is similar to the material within
the periplasmic space.
RS-1 forms small crystals that are idiomorphous or diamond-

shaped and larger crystals that are bullet-shaped (Fig. S4B). If
biomineralization proceeded in the same manner as in the mag-
netotactic α-Proteobacteria, these smaller diamond-shaped crys-
tals should reside in compartments that resemble the mature
bullet-shaped crystals. Yet, no small crystals of any kind were
observed within larger membranous compartments described
above. Although we did observe halos surrounding the crystals at
extreme underfocus conditions, an enveloping membrane around
the magnetite crystals could not be detected (Fig. 3 C and D, and
Fig. S5). Thus, in contrast to other MB, the magnetite crystals of
RS-1 do not reside within membranous compartments.
Cryo-electron tomography (CET) was used to further in-

vestigate the intracellular membranous compartments and their

relationship with the magnetite crystals and Fe-P granules. CET
allows the visualization of the 3D ultrastructure of small (ideally
less than 500 nm thick) cells in a near-native or “frozen hy-
drated” state (20). This technique has been used previously to

57Fe16O-56Fe16O-31P- FeO sum/31P-12C14N-D
3 hours 56Fe

47 hours 57Fe

3 hours 56Fe 57FeO
undetected

56Fe16O-31P- FeO sum/31P-12C14N-A

3 hours 56Fe

18.5 hours 57Fe 56Fe16O-

57Fe16O-56Fe16O-31P- FeO sum/31P-12C14N-

57Fe16O-31P- FeO sum/31P-12C14N-

B

C

Fig. 2. NanoSIMS analysis of biomineralization in RS-1. Iron-starved RS-1 cells were given 200 μM ferric (56Fe) malate for 3 h, then transferred to medium
containing 200 μM ferric (57Fe) malate. At each time point, thin sections of cells were imaged by TEM (Far Left) and analyzed by NanoSIMS for 12C14N−, 31P−,
56Fe16O−, and 57Fe16O−. The CN and P signals indicate the presence of ubiquitous organic molecules and thus highlight the entire cellular space. When present,
the Fe-P granules emit a strong 31P signal over the fainter background signal. The far-right panels show a dual merge of the sum of both FeO− signals (green)
and the 31P− signal (red). (A) Fe-P granules in a cell grown with 56Fe for 3 h. (B) A single magnetite crystal in a cell grown with 56Fe for 3 h then 57Fe for 18.5 h.
(C) A cluster of Fe-P granules in a cell grown with 56Fe for 3 h then 57Fe for 18.5 h. (D) A chain of magnetite crystals in a cell grown with 56Fe for 3 h then 57Fe
for 47 h. (Scale bars, 200 nm.)

Fig. 3. RS-1 contains numerous and varied intracellular membranous com-
partments. (A and B) TEM images of cryo-ultrathin sections of RS-1 cells grown
in iron-free medium. (B) Arrows highlight invaginations of the inner mem-
brane. (C) Cryo-ultrathin sections of RS-1 cells, grown for 24 h in medium with
iron. Arrows highlight magnetite crystals. (D) Enlargement of crystals from
C. Arrow highlights halo seen around some crystals in underfocus conditions.
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observe magnetosome membranes, including those that are filled
with mature magnetite crystals (21). Three-dimensional recon-
structions of intact cells revealed internal structures and invagi-
nations of the inner membrane, but the overall thickness of the
RS-1 cells (800 nm to 1 μm) prevented clear visualization of
these structures (Fig. S6). To overcome this obstacle, the cells
were gently lysed by freezing and thawing to decrease their di-
ameter. The reconstructed tomograms of the partially lysed RS-1
cells showed intracellular structures similar to what was seen
by cryo-ultramicrotomy, including elongated compartments (Fig.
4C), invaginations of the inner membrane (Fig. 4D), and round
vesicles (Fig. 4 D and E and Movie S1). CET also revealed
membranes around the Fe-P granules (Fig. 4A), but none were
apparent around the magnetite crystals (Fig. 4B). Although we
observed a halo-effect around the magnetite crystals that pre-
sumably might obscure membranes, this bright signal was also
present around the Fe-P granules where membranes could
clearly be seen.
Finally, we used a third high-resolution microscopic technique

to image the ultrastructure of RS-1 cells. Electron tomography of
cryo-ultrathin sections of a fixed RS-1 cell revealed intracellular
compartments similar to what had been observed through CET of
whole cells, including long tubular compartments at the periphery
of the cell (Fig. 5A). However, a series of 7-nm-thick tomographic
x-y slices through the magnetite crystals revealed no membranes
around the crystals. This observation was made clearer by super-
posing 3D reconstructions of the magnetite crystals on a central
slice of the volume (Fig. 5C). The crystals are directly adjacent to
each other, with no surrounding bilayer membranes.
Together, these microscopic analyses revealed that the Fe-P

granules and the magnetite crystals clearly were localized within
different parts of the cellular ultrastructure, further supporting the conclusion that they are formed through independent

cellular processes.

Discussion
In this study, we examined the process of magnetite crystal bio-
mineralization in RS-1, a strain of MB that forms bullet-shaped
magnetite crystals and is a member of the δ-Proteobacteria. Our
results revealed a number of unusual features that necessitate
a reexamination of the mechanisms of biomineralization in this
organism. Following the addition of iron to iron-starved cells, RS-1
formed noncrystalline, iron- and phosphorus-containing granules
within membranous compartments. The Fe-P granules were tran-
sient, and few granules could be seen in RS-1 cells grown continu-
ously in iron-containing medium, similar to what was seen in cells
50 h after iron addition. Thisfinding suggests that the granules form
in response to an influx of iron and then disappear as the cells reach
ironhomeostasis. TheFe-P granulesmay be formed for the purpose
of iron storage or for the sequestration of iron, which otherwise
might be present at toxic concentrations within the cytoplasm fol-
lowing a large influx of iron.
With the recent development of high-resolution ion probes,

such as NanoSIMS, SIMS techniques have been increasingly
applied to biological systems (22). In this study, we demonstrated
the utility of this technique in examining the spatial progress
of biomineralization. This technique provided evidence that the
Fe-P granules are not direct precursors of the magnetite crystals.
This finding is supported by observations that the Fe-P granules
are not sufficient to allow magnetite formation if cells grown
transiently in iron-rich conditions are transferred to “no iron”
conditions (SI Results). In addition, using CET we observed that
the Fe-P granules are formed within membranous compartments
although the magnetite crystals, observed by multiple micro-
scopic techniques, appear to be free of membranes. Together,
these results suggest that the Fe-P granules and the magnetite
crystals form through distinct cellular processes, suggesting that
the compartment containing the Fe-P granules constitutes

A

EDC

B

Fig. 4. Cryo-electron microscopy of fully hydrated cells reveals intracellular
membranous compartments and membranes around the Fe-P granules, but
no membranes are visible around the magnetite crystals. Images are 19.2-nm
thick sections taken from reconstructed cryo-electron tomograms. (A) Fe-P
inclusions from a cell grown in medium with iron for 4.5 h. (B) Magnetite
crystals from a cell grown in medium with iron for 56 h. (C) Thin, elongated
compartments. (D) An invagination of the inner membrane and a round
vesicle. (E) Multiple round vesicles. (Scale bars, 100 nm.)

200 nm 100 nm 

A B

C

Fig. 5. Electron tomography analysis of a section of RS-1, grown for 96 hwith
iron, shows a chain of magnetite crystals with no membranes. (A) A tomo-
graphic x-y slice of ∼40 nm thickness of the bacteria. Highlighted are part of
the magnetosome chain, outer membrane (long arrow), periplasmic space
(large arrowhead), inner membrane (small arrowhead), and intracellular
membrane compartments (short arrows). (B) A series of tomographic x-y slices
of ∼7 nm thickness from bottom to top of the magnetosome chain. (C) The
magnetosome chain superposed with a central section of the volume. The
volume was manually segmented using IMOD, and each magnetosome was
given a different color.
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a bacterial organelle. Interestingly, RS-1 forms extensive in-
tracellular membranous structures, not only round vesicles but
also narrow, elongated compartments. Future work must be
done to determine if these two types of membranous compart-
ments represent different growth stages of the same structure, or
if they are separate structures with distinct cellular functions.
Although Desulfovibrio have traditionally been studied for

their role in biocorrosion of metals and the souring of oil fields
they also may have applications in the bioremediation of toxic
compounds and the recovery of precious metals (23). Combining
the industrial function of Desulfovibrio with a magnetic pheno-
type could well increase their usefulness. In addition, un-
derstanding the ultrastructure of Desulfovibrio may help to refine
the biotechnological application of these bacteria. To our
knowledge, this study is unique in showing extensive intracellular
membranes within a Desulfovibrio. However, Desulfovibrio gigas
has been found to form electron-dense, round granules con-
taining large amounts of P, K, and Mg under Fe2+- or NH4

+-
limited conditions (24), implying that this class of organelles may
be common to multiple strains of Desulfovibrio.
Magnetosome membranes have been observed around the

magnetite crystals formed in all α-Proteobacterial MB studied to
date. And a previous report has implied that purified magnetite
crystals from RS-1 appear to be surrounded by a diffuse organic
layer (25). However, we believe that this finding may be an artifact
of the imaging technique used. These findings are also con-
founded by the presence of numerous organic contaminants in the
magnetosome fractions of RS-1 that may bind to the crystals and
give the appearance of a membrane layer. Other than their ap-
pearance, the behavior of purified RS-1 magnetite particles also
implies a different mode of organization of magnetosomes in this
organism. Once isolated, RS-1 crystals tend to collapse into large
aggregates (Fig. S1) (25). In contrast, magnetite crystals isolated
from the magnetotactic α-Proteobacteria remain in chains and
aggregate only after being treated with detergents that dissolve
the magnetosome membrane (26, 27). For these reasons, we
used three different high-resolution microscopic techniques to
investigate the presence of a magnetosome membrane in vivo.
Surprisingly, all of these approaches showed that magnetite crys-
tals in RS-1 are not surrounded by membranes.
This conclusion is significant because the magnetosome mem-

brane is thought to be important for the localization of a specific
cohort of proteins that are critical for the formation of magnetite
crystals. However, an examination of RS-1’s potential magne-
tosome genes further supports our findings. The recently se-
quenced genome of RS-1 encodes for homologs of 10 of the
known magnetosome proteins that are thought to be important
for magnetosome formation in the magnetotactic α-Proteobac-
teria (14). However, some of the genes known to be involved in
crucial steps of magnetosome formation are missing from the
RS-1 genome. For instance,mamI andmamL, two genes that are
essential for the formation of the magnetosome membrane and
are present exclusively in MB, are missing from the RS-1 genome
(28). Furthermore, mamGFDC and mms6, which play roles in
regulation of crystal size and shape, are also missing from RS-1

(29, 30). Of the genes that are present some, such as mamM,
appear to encode proteins with transmembrane domains, raising
the possibility that some stage of biomineralization in RS-1 may
be associated with cellular membranes. Perhaps, RS-1 crystals are
only transiently associated with membranes and are released once
they mature. We also cannot rule out the possibility that mem-
branes are so tightly associated with these crystals that they cannot
be imaged by high-resolution microscopic techniques used in this
study. Finally, it is possible that bullet-shaped crystals, as a class,
are not formed within magnetosome membranes. Hanzlik et al.
previously reported in a study of Magnetotactic bavaricum, a bac-
terium that also forms bullet-shaped crystals, that they were not
able to detect membranes around the crystals, even after using
multiple sample preparation techniques (31).The intriguing dif-
ferences between RS-1 and the magnetotactic α-Proteobacteria
established by this and other studies demonstrate that further
investigation of the molecular mechanisms of magnetite forma-
tion in divergent species of MB is needed before a deeper un-
derstanding of the evolution of biomineralization can be achieved.

Materials and Methods
Growth Conditions and Medium Composition. D. magneticus sp. RS-1 was
obtained from the German Collection of Microorganisms and Cell Cultures
(DSMZ) (DSM no. 13731) and grown in a modified version of the DSMZ’s
“Desulfovibrio magneticus medium,” here called “RS-1 growth medium”

(11). Before inoculating with cells, Wolfe’s vitamins (0.8% total volume), 20
mM ferric malate (100 μM final), and 28.5 mM cysteine-HCl (285 μM final)
were added, and the medium was bubbled with nitrogen gas again. For
details, see SI Materials and Methods.

Whole-Cell TEM. Cells were placed on copper grids coated with 0.5% formvar
in ethylene dichloride and incubated for 5 min, after which the grids were
washed three times in distilled, de-ionized water and dried. No stain was
used. For details, see SI Materials and Methods.

Cryo-Ultramicrotomy and CET. Cells were collected by centrifugation at
8,000 × g for 10 min or filtering, washed twice in 1 mL, 1 mM PBS, layered
with 1 mL 2.5% glutaraldehyde in PBS, and stored at 4 °C. Cryo-fixation and
cryo-ultramicrotomy were performed as previously described (5). For details,
see SI Materials and Methods.

NanoSIMS. SIMS imaging was performed using a NanoSIMS-50 Ion Micro-
probe (CAMECA) operating in scanning mode (32, 33). The elemental
mapping was performed on the same thin section previously observed by
TEM. For details, see SI Materials and Methods.
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