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Abstract–We report the mineralogy and texture of magnetite grains, a magnetite-dolomite
assemblage, and the adjacent mineral phases in five hydrated fine-grained Antarctic
micrometeorites (H-FgMMs). Additionally, we measured the oxygen isotopic composition
of magnetite grains and a magnetite-dolomite assemblage in these samples. Our
mineralogical study shows that the secondary phases identified in H-FgMMs have similar
textures and chemical compositions to those described previously in other primitive solar
system materials, such as carbonaceous chondrites. However, the oxygen isotopic
compositions of magnetite in H-FgMMs span a range of Δ17O values from +1.3& to
+4.2&, which is intermediate between magnetites measured in carbonaceous and ordinary
chondrites (CCs and OCs). The d18O values of magnetites in one H-FgMM have a ~27&
mass-dependent spread in a single 100 9 200 lm particle, indicating that there was a
localized control of the fluid composition, probably due to a low water-to-rock mass ratio.
The Δ17O values of magnetite indicate that H-FgMMs sampled a different aqueous fluid
than ordinary and carbonaceous chondrites, implying that the source of H-FgMMs is
probably distinct from the asteroidal source of CCs and OCs. Additionally, we analyzed the
oxygen isotopic composition of a magnetite-dolomite assemblage in one of the H-FgMMs
(sample 03-36-46) to investigate the temperature at which these minerals coprecipitated. We
have used the oxygen isotope fractionation between the coexisting magnetite and dolomite
to infer a precipitation temperature between 160 and 280 °C for this sample. This alteration
temperature is ~100–200 °C warmer than that determined from a calcite-magnetite
assemblage from the CR2 chondrite Al Rais, but similar to the estimated temperature of
aqueous alteration for unequilibrated OCs, CIs, and CMs. This suggests that the sample 03-
36-46 could come from a parent body that was large enough to attain temperatures as high
as the OCs, CIs, and CMs, which implies an asteroidal origin for this particular H-FgMM.

INTRODUCTION

Aqueous alteration is one of the most widespread
processes that affected primitive solar system materials
such as chondritic meteorites (carbonaceous and
ordinary chondrites—CCs and OCs), micrometeorites
(Antarctic micrometeorites—AMMs), and interplanetary

dust particles (IDPs) (Germani et al. 1990; Bradley and
Brownlee 1991; Keller et al. 1992; Kurat et al. 1992;
Rietmeijer 1996; Brearley 2006; Zolensky et al. 2008a;
Noguchi et al. 2017). Previous studies have shown
several lines of chemical and mineralogical evidence for
the alteration of AMMs. First, aqueous alteration by the
water in Antarctica (for the collection from blue ice

Meteoritics & Planetary Science 1–17 (2019)

doi: 10.1111/maps.13366

1 © The Meteoritical Society, 2019.

https://orcid.org/0000-0002-7653-3431
https://orcid.org/0000-0002-7653-3431
https://orcid.org/0000-0002-7653-3431
https://orcid.org/0000-0002-7364-8815
https://orcid.org/0000-0002-7364-8815
https://orcid.org/0000-0002-7364-8815
mailto:


fields) such as depletions (within a factor of two of the
chondritic abundance) of Ca, S, and Ni in Cap-

Prudhomme AMMs (collected in ice) compared to

Concordia AMMs (from snow), which show a

chondritic abundance, and the absence of Fe-sulfides

and Fe-Ni metal minerals in Cap-Prudhomme AMMs,

whereas they are abundant in Concordia AMMs

(Duprat et al. 2007). Second, the aqueous alteration

took place on the parent body, indicated by the presence

of phyllosilicates and redeposition of mobile elements

(Duprat et al. 2007; Dobric�a et al. 2009, 2012).

However, up to now, only a limited number of

mineralogical, chemical, or isotopic studies have been

conducted on the effects of aqueous alteration that took

place on the AMMs’ parent bodies (Kurat et al. 1992,

1994; Engrand and Maurette 1998; Noguchi et al. 2017).

Phyllosilicates were identified for the first time in AMMs

in the mid-1990s (Kurat et al. 1994), but aqueous

alteration processes in AMMs were only vaguely

mentioned for the first time a decade later (Noguchi

et al. 2002). At that time, the abundance of

phyllosilicate-rich AMMs was estimated to be <1%
(Noguchi et al. 2002). Currently, the abundance of

AMMs that have experienced aqueous alteration is still

poorly constrained and these AMMs have not received

the same attention as anhydrous AMMs. This is

primarily due to their micrometer size that makes them

difficult to study and the assumption that these

aqueously altered AMMs originated from similar

asteroidal bodies to the CI, CM, and CR carbonaceous

chondrites (Noguchi et al. 2017), and therefore did not

merit detailed studies. Furthermore, there was generally

a salient goal to focus on the most fluffy, fragile, fine-

grained pristine particles that have experienced the least

parent body aqueous alteration or terrestrial weathering,

that is, such as the AMM particles collected in snow at

the Concordia station (Duprat et al. 2007, 2010;

Dobric�a et al. 2012). This bias and the limited number

of samples have hindered the development of a new,

separate class of micrometeorites in the nomenclature

scheme of micrometeorites (Genge et al. 2008).

Nevertheless, the hydrated fine-grained AMMs were

included in the unmelted FgMMs category of

micrometeorites (Genge et al. 2008). Even IDPs, the

smallest and most fine-grained primitive solar system

materials available for laboratory investigation, have a

designated class for particles that show clear evidence of

aqueous alteration. This class is named chondritic

smooth (CS) IDPs (Bradley 2014). Therefore, following

this precedent for all other solar system samples,

hereafter, we classified all AMMs showing evidence of

aqueous alteration in a new class called hydrated fine-

grained AMMs (H-FgMMs).

The oxygen isotopic composition of magnetite
(Fe3O4) in chondrites has been used successfully to
provide constraints on the water reservoir that altered
these meteorites. Magnetite in H-FgMMs provides the
opportunity to determine if H-FgMMs come from parent
bodies with the same composition water reservoir as CCs,
or might provide evidence that they came from a distinct
reservoir, since known asteroidal materials have specific
compositions, but are limited by our imperfect sampling
of the asteroid belt. Therefore, magnetite in H-FgMMs
should show an oxygen isotopic signature from their
likely formation by aqueous processes, in either cometary
or asteroidal parent body(ies). Asteroidal water may be
distinguishable from cometary water in its oxygen
isotopic composition. The oxygen isotopic composition
(Δ17O = d17O�0.52 9 d18O) of water from an asteroidal
source could be between ~+1.7& (CI, avg. value
calculated from Rowe et al. 1994) and ~�1.8& (CO, avg.
value calculated from Doyle et al. 2015) if their parent
body is CC-like (similar to CS IDPs measured so far by
Al�eon et al. 2009) or Δ17O ~+6.6& if their parent body is
OC-like (Choi et al. 1998). Any H-FgMMs with
significantly different Δ17O values would be evidence that
these particles formed from a distinct water reservoir that
was not sampled by these meteorite groups. If Jupiter-
family comets (JFCs) accreted outer solar nebular water,
the oxygen isotopic composition of their secondary
phases could be similar to the cosmic symplectites (COSs)
from Acfer 094 (Sakamoto et al. 2007; Seto et al. 2008).

This study aims to improve our understanding of
the origin of aqueously altered AMMs, through detailed
characterization of their secondary mineralogy and
measurements of their oxygen isotopic compositions. In
particular, we have focused on magnetite and coexisting
carbonates, since these minerals are useful recorders of
parent body conditions, such as (1) the isotopic
composition of the water reservoir, which interacted
with H-FgMMs and (2) the temperature at which
magnetite coprecipitated with other secondary phases.

SAMPLES AND METHODS

Five unmelted H-FgMMs (94-4B-21, 99-12-45, 03-
26-59, 03-36-46, and 07-13-01) were analyzed in this
study (Fig. 1). The first two samples were collected
from blue ice fields at Cap-Prudhomme (Maurette et al.
1991) and the last three from the pristine Concordia
snow during the 2002 and 2006 campaigns (Duprat
et al. 2007). In this study, the H-FgMMs were analyzed
as whole particles collected from ice or snow, except for
sample 07-13-01, which is a fragment of a larger
micrometeorite. The H-FgMMs vary in size from
25 9 50 lm (07-13-01) to 100 9 200 lm (94-4B-21).
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Fig. 1. Backscattered (a, b, d–f) and secondary electron (c) images showing the hydrated fine-grained Antarctic micrometeorites
(H-FgMMs) analyzed in this study (94-4B-21, 99-12-45, 03-26-59, 03-36-46, and 07-13-01). Framboidal magnetite was identified
in all five particles. Additionally, plaquette and anhedral magnetite are present in particles 94-4B-21 (a) and 07-13-01 (d). f)
Particle 03-36-46 contains one magnetite-dolomite assemblage (details of the white square in [e]. S = sulfide, Mt = magnetite,
Do = dolomite, En = enstatite, P = Ca-phosphate, Fe-ox = iron oxide containing variable amount of silica.
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The initial size before the fragmentation of the
micrometeorite 07-13-01 was 90 9 130 lm. Magnetite
was identified in polished blocks of five different H-
FgMMs (94-4B-21, 99-12-45, 03-26-59, 03-36-46, and 07-
13-01). These H-FgMMs have representative textures and
chemical compositions, typical of unmelted AMMs, since
(1) they contain phyllosilicates; (2) they are not depleted
in volatile elements and mineral phases like Fe-Ni sulfides
and carbonates; and (3) they lack vesicles, which are
common in partially melted scoriaceous AMMs (Dobric�a
et al. 2008, 2009). The polished blocks were first
characterized by scanning electron microscopy (SEM)
using backscattered electron imaging on a FEI Quanta
3D Dualbeam� field emission gun (FEG) SEM/focused
ion beam (FIB) operating at 30 kV. Then, electron
transparent sections of eight different regions containing
magnetite were prepared by the in situ FIB technique
using the FEI Quanta 3D Dualbeam� FIB instruments at
the University of New Mexico and Washington
University in St. Louis. We prepared FIB sections of four
H-FgMMs (99-12-45, 94-4B-21, 03-26-59, and 07-13-01).
No FIB sections were made in the particle 03-36-46 since
the magnetites are intimately mixed with carbonates,
which will be measured for 53Mn-53Cr isotopes in a future
study. A platinum protective layer (2 lm in thickness and
2 lm in width) was deposited on top of the region of
interest to avoid gallium primary ion beam damage
during the FIB sample preparation. The section was
transferred to Cu transmission electron microscopy
(TEM) half grids with an Omniprobe 200
micromanipulator. The final ion milling of the 2 lm thick
section to electron transparency was carried out with the
sample attached to the TEM grid. The final thinning
stages were performed at 5 kV with a current of 10 pA.
Each FIB section was studied using a variety of TEM
techniques, including bright-field TEM imaging, high-
angle annular dark-field scanning TEM, selected area
electron diffraction, and energy-dispersive X-ray
spectroscopy (EDS). All imaging and analysis were
carried out at 200 kV on a JEOL 2010F FEG-TEM/
Scanning TEM. In situ energy-dispersive X-ray analyses
were obtained using an Oxford Instruments AZtec EDS
system equipped with an Oxford X-MaxN 80T SDD EDS
detector (80 mm2 sensor).

Secondary ion mass spectrometer (SIMS) analyses
were carried out using a Cameca ims-1280 ion
microprobe in the W. M. Keck Cosmochemistry
Laboratory, at the University of Hawai’i at M�anoa. We
used a ~25 pA Cs+ primary beam focused to ~2 lm with
total impact energy of 20 keV. Masses 16O�, 17O�, and
18O� were measured simultaneously in multicollection
mode on a Faraday cup and two electron multipliers,
respectively. Prior to the SIMS measurements, the
regions of interest were marked/sputtered using the ion

beam from the FEI Quanta 3D Dualbeam� FIB
instrument. The mass-resolving power for 17O� was
~5500 to minimize the contribution from 16OH�. We also
measured 16OH� in each measurement cycle by
electrostatically deflecting secondary ions (using DSP2-x)
without changing magnetic field, to quantify any
contribution of this interference to 17O (<0.5&). Data for
magnetite and dolomite were corrected for instrumental
mass fractionation using terrestrial magnetite (Kusakabe
et al. 2004) and UW6250 dolomite (�Sliwi�nski et al. 2015)
standards, respectively. After SIMS measurements, the
sputtered craters were investigated in the SEM to
ascertain the clean isotopic measurement of the desired
phases without having a mixing of adjacent phases.

Quantitative bulk chemical analyses of the larger
(>10 lm) phases were determined by wavelength-
dispersive spectrometry (WDS) using two different JEOL
JXA-8200 electron microprobes (EPMA), operating at an
acceleration voltage of 15 kV and a 20 nA beam current.
The measurements were performed at the University of
New Mexico and Washington University in St. Louis.
The detection limit for the EPMA WDS measurements is
estimated to be <0.05 wt%. In order to avoid Na loss,
analyses were obtained by broad-beam analysis using a
10 lm beam diameter. A variety of mineral standards
including orthoclase (K), albite (Al, Na), chromite (Cr,
Fe), forsterite (Mg), spessartine (Mn), diopside (Si, Ca),
and rutile (Ti) were used as standards. Data reduction
was carried out using standard ZAF matrix correction
procedures.

RESULTS

Petrography of the Hydrated Micrometeorites

The SEM images of the five H-FgMMs (polished
blocks) show coarse-grained minerals embedded in a very
homogeneous, fine-grained material composed of
phyllosilicates (Table 1; Fig. 1). These minerals are
enstatite, sulfides, Ca-phosphates, iron silicates, possibly
cronstedtite, dolomite, and magnetite (Fig. 1). Table 1
shows the chemical compositions of the coarse-grained
minerals, which were measured using the electron
microprobe. The enstatite grain (En88) identified in the
sample 07-13-01 is ~15 lm in length and has an anhedral
morphology. The iron silicates, possibly cronstedtite (see
Table 1), were identified using EMPA in the center of
particle 94-4B-21 and at the edge of sample 99-12-45
(Fig. 1).

Magnetite is present in a variety of different
morphologies including framboids, plaquettes, and
spherules, as well subhedral to anhedral grains embedded
in fine-grained materials (Fig. 1). The magnetite grains
vary in size from ~200 nm up to 7 lm. The framboidal
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magnetites always occurs in irregular-shaped clusters,
with sizes up to ~25 lm in length (Fig. 1). The magnetites
in irregular-shaped clusters have sizes between 5 and
20 lm. Sample 03-36-46 contains multiple Ca-phosphate
grains (Table 1), from a few hundreds of nanometers to
~3 lm in size (see white arrow in Fig. 1e). Additionally,
we identified a magnetite-dolomite assemblage in 03-36-
46 (Figs. 1e and 1f). The size of the magnetite-dolomite
assemblage is about 13 9 15 lm. The dolomite aggregate
is composed of multiple grains with sizes between ~1.5
and ~3.8 lm (Fig. 1f).

Detailed TEM observations confirm that the
magnetite has different morphologies (framboidal,
plaquettes, subhedral to anhedral, and spherules) (Fig. 2).
Sample 99-12-45 is the only one that contains magnetite
with all four morphologies (Fig. 2d); however, the
plaquette discs are the dominant morphology in this
sample. The magnetite framboids have different (1)
morphologies varying from euhedral to anhedral and (2)
apparent diameter varying from a few nm up to 1.7 lm.
Vesicles were identified in the framboidal magnetite grains

(94-4B-21) that are in contact with a continuous, <1 lm-
thick magnetite rim at the exterior of the sample caused
by atmospheric entry heating (Fig. 3b). The plaquette
discs from the barrel-shaped stack shown in Fig. 2d vary
in width from 200 to 300 nm and in length from 1.9 to
3 lm. The adjacent plaquette discs are found in contact
with each other and only rare, elongated pore spaces
(~200 nm in width) were observed in between these discs.
The subhedral to anhedral magnetites are found either in
contact with magnetites with different morphologies
(~2 9 2 lm, Fig. 2d) or isolated, embedded in the fine-
grained materials (~2.5 9 3 lm, Fig. 3a). The spherules
show smooth, well-rounded exteriors with no radiating
textures. The largest sphere identified in the FIB sections
is about 4 lm in diameter (Fig. 2d). The EDS/TEM
analyses of the framboidal magnetite grains in the sample
07-13-01 and the magnetite grains from 94-4B-21 that
were identified in the rim modified by the atmospheric
entry heating show that they contain minor quantities of
MgO (07-13-01: up to 5.2 wt%, N = 12, avg. 2.7 wt%,
SD 1.3; 94-4B-21: up to 3.3 wt%, N = 7, avg. 1.8 wt%,
SD 0.9) and SiO2 (07-13-01: up to 6.7 wt%, N = 12, avg.
3.5 wt%, SD 1.4; 94-4B-21: up to 3.2 wt%, N = 7, avg.
0.8 wt%, SD 0.5). No other minor elements higher than
the detection limit (<0.5 wt%) were measured in other
magnetite crystals.

Figure 3 shows one representative FIB section of each
H-FgMM analyzed in this study. We observe that
magnetite is associated with Mg- and Fe-rich coarse-
grained and fine-grained phyllosilicates (Figs. 3d–g and 4,
respectively) in all the samples analyzed. The chemical
compositions of the phyllosilicates (serpentine and
smectites were identified by EDS) are shown in Table 2
(Fig. 4). Sample 03-26-59 contains a coronal, “flower”-like,
microtexture consisting of coarse-grained phyllosilicates
(serpentine, Figs. 3a and 3b; Table 2). The materials
around the framboidal magnetites in sample 07-13-01 are
vesicular, fine-grained, and polycrystalline as shown in the
diffraction ring pattern indicating that they are thermally
modified Fe-rich phyllosilicates (15.5 wt% FeO, Fig. 3g).
However, the chemical composition of thermally modified
phyllosilicates is similar to that of the phyllosilicates and to
the composition of the materials identified around the
magnetites in sample 94-4B-21 (Table 2). Additionally, the
DF-STEM images show atmospheric entry modification of
the AMM and the formation of micron-sized vesicles and
the magnetite shell rim in sample 94-4B-21 (Fig. 3).

Oxygen Isotopes of Hydrated Micrometeorites

Oxygen isotope compositions of magnetite and one
dolomite were measured in situ with the UH Cameca ims-
1280 ion microprobe. These data are listed in Table 3 and
plotted in Fig. 5. The Δ17O values of magnetites in the H-

Table 1. Electron microprobe analyses (in atom% and
wt% oxide) of the phases associated with the magnetite.

Sample 03-26-59 99-12-45 94-4B-21 03-36-46

Mineral F-g mx Cronst.* Cronst.* Phosphate Dolomite
Figure 1c 1b 1a 1e 1f

Si 19.68 8.28 3.83 0.36 3.19

Al 1.40 0.45 0.97 0.03 0.45
Cr 0.13 0.26 0.12 0.02 0.01
Fe 2.73 29.68 33.38 0.30 5.11

Mn 0.00 0.02 0.01 0.13 2.47
Mg 15.08 0.38 0.06 0.41 15.67
Ca 0.03 0.22 0.00 23.40 15.67

Na 0.25 0.11 0.32 0.70 0.22
K 0.06 0.03 0.04 0.00 0.00
S 0.00 0.00 0.00 0.00 1.00
P 0.00 0.46 0.17 13.91 0.28

Ni 0.00 0.04 0.16 0.00 0.00
O 60.64 59.86 59.38 60.60 54.40
SiO2 56.56 17.91 8.04 0.85 1.31

Al2O3 3.41 0.82 1.73 0.07 0.08
Cr2O3 0.95 1.42 0.65 0.13 0.05
FeO 9.39 76.74 83.86 0.85 3.56

MnO 0.02 0.05 0.03 0.38 3.73
MgO 29.08 0.56 0.09 0.66 18.02
CaO 0.07 0.45 0.00 52.17 24.57

Na2O 0.07 0.45 0.00 0.86 0.06
K2O 0.13 0.05 0.07 0.00 0.00
SO3 0.00 0.57 4.34 4.78 0.23
P2O5 0.00 1.18 0.43 39.25 0.08

NiO 0.00 0.12 0.42 0.00 0.00
Total 99.98 100.32 99.66 100.00 51.69

Cronst.* = iron silicate mineral, possibly cronstedtite.
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FgMMs range from +1.3& to +4.2& (Fig. 5). The
magnetite d18O values span a range of ~+30& (d18O:
�12.5& to 17.4&). Generally, the magnetites measured
show a large range within individual H-FgMMs. For
example, the magnetites measured in sample 94-4B-21
span the largest range in d18O: �9.8& to +17.4&. The
oxygen isotope compositions of magnetite also vary as a
function of the morphology (see Table 4). The d18O
values measured in framboidal and subhedral magnetite
are different than the values measured in the magnetite
spherules from the same sample 99-4B-21 (framboids and
subhedral: avg. 1.6& d18O after 1.6& and spherules: avg.
�9.1& d18O; see Table 4 for more details). Additionally,
we observe that the average d18O of the spherules
identified in 99-4B-21 (avg. �9.07& d18O) is similar to
the average d18O of the plaquettes measured in sample
99-12-45 (avg. �8.44& d18O). Furthermore, the oxygen
isotopic compositions of different morphologies are not
the same in different samples, there is not consistency in

the isotopic compositions (99-12-45: plaquettes avg.
1.74& Δ17O and 99-4B-21: framboids, subhedral, and
spherical magnetite varies between 2.61& Δ17O to 3.47&
Δ17O; see Table 4 for more details). We measured both
magnetite and dolomite in the magnetite-dolomite
assemblage in 03-36-46. Their Δ17O values are similar
within uncertainty (Δ17O ~1.6 to ~3.0&), but the
magnetite (2.6& d18O) and dolomite (20.6& d18O) d18O
values are different by 18�3& (2r).

DISCUSSION

Despite the extensive documentation of secondary
phases in chondritic meteorites (carbonaceous and
ordinary chondrites), the effects of aqueous alteration
have been largely overlooked in the most abundant
extraterrestrials materials that fall on Earth,
micrometeorites and IDPs (Love and Brownlee 1993;
Duprat et al. 2005). Therefore, this is the first study

Fig. 2. Dark-field scanning transmission electron microscopy (DF-STEM) images of the different morphologies of magnetites
identified in the hydrated fine-grained Antarctic micrometeorites (H-FgMMs) studied (a—framboidal, b—plaquettes, c—
spherules, d—subhedral). Most adjacent plaquette discs have similar sizes, with the exception of the adjacent discs shown in (d)
and indicated by the black arrow. Fram = framboids, Subh = subhedral, Shp = spherules, Plaq = plaquettes.

6 E. Dobric�a et al.



Fig. 3. Dark-field scanning transmission electron microscopy (DF-STEM) images showing the mineralogy and textures of one
representative focused ion beam (FIB) section of each Antarctic micrometeorite (AMM) analyzed by transmission electron
microscopy (94-4B-21, 99-12-45, 03-26-59, and 07-13- 01). a, b) Framboidal and anhedral (top, right) magnetite in the sample 94-
4B-21. The DF-STEM images show the atmospheric entry modification of the AMM and the formation of micron-sized vesicles
and the magnetite shell rim. The white square from (a) outlines the area shown in (b). c) DF-STEM mosaic of one of the FIB
sections made in sample 99-12-45 showing the association of magnetite plaquettes and coarse-grained phyllosilicates.
d) Higher magnification DF-STEM image of the white square from (c) showing the association of magnetite (left, top corner)
and coarse-grained phyllosilicates. e, f) Detailed DF-STEM image of the coarse-grained phyllosilicates similar to the ones
described by Blinova et al. (2014) in Tagish Lake. The composition of these coarse-grained phyllosilicates is shown in Table 2. g,
h) DF-STEM mosaic of the FIB section made in sample 07-13-01 showing the presence of framboidal magnetite associated with
fine-grained phyllosilicates. h) Higher magnification DF-STEM image of the white square from (g) showing the presence of
micron-sized vesicles. The sample was heated during atmospheric entry, which is indicated by the presence of micron-sized
vesicles. However, the atmospheric-entry heating was limited since the phyllosilicates are still crystalline (see the selected area
electron diffraction (SAED) ring pattern, [g]. C-g phyllo = coarse-grained phyllosilicates, F-g phyllo = fine-grained
phyllosilicates, Mt = magnetite, Pt = platinum.

Mineralogy and oxygen isotope systematics of micrometeorites 7



reporting a combined mineralogical and oxygen isotopic
study of magnetites from H-FgMMs.

Formation Processes of Secondary Phases

Magnetite with different morphologies was identified
in five H-FgMMs. Several magnetite grains identified in
two H-FgMMs (94-4B-21, 07-13-01) contain minor
quantities of SiO2 and MgO. These minor element
contents could be explained by the fact that these
particles were heated during atmospheric entry, since
these magnetites were either in contact with the fusion
crust (Figs. 3e and 3f, H-FgMM 94-4B-21) or in the
interior of sample 07-13-01 that was slightly heated at the
time of atmospheric entry, as indicated by the presence of
micron-sized vesicles (Figs. 3g and 3h). However, most of
the magnetites analyzed in this study have escaped
heating during the atmospheric entry, as indicated by the
presence of phyllosilicates and sulfides around the
magnetite crystals.

Previous studies have identified magnetite in all
primitive solar system materials including chondritic
meteorites (CCs and OCs), AMMs, IDPs, and even in
cometary samples (81P/Wild 2) returned by the Stardust
mission (Kerridge et al. 1979; Schramm et al. 1989; Rowe
et al. 1994; Genge et al. 1997, 2008; Noguchi et al. 2002,
2017; Brearley 2006; Zolensky et al. 2008a; Stodolna et al.
2012; Blinova et al. 2014; Doyle et al. 2015; Jilly-Rehak
et al. 2018). However, not all the aqueously formed
magnetite morphologies are present in all these different
types of samples. For example, in the case of OCs,
magnetite forms by a very different mechanism, that is, by
the replacement of primary Fe,Ni metal (Krot et al. 1997)
and framboidal and plaquette magnetite morphologies do
not occur in OCs. Magnetite with different morphologies
was only identified in CI chondrites and Tagish Lake
(Greshake et al. 2005; Chang et al. 2016). In the other

Fig. 4. Ternary diagram (Si-Fe-Mg, in atom% element)
showing the compositions of the Mg- and Fe-rich coarse-
grained and fine-grained phyllosilicates (serpentine and
smectites were identified by EDS) identified in association with
the magnetite in all the focused ion beam sections analyzed.
Three of the micrometeorites contain Mg-rich phyllosilicates
(07-13-01—orange circles, 03-26-59—red circles, and 94-4B-21
—blue circles). Only sample 99-12-45 contains Fe-rich
phyllosilicates (green circles). Table 2 shows the major and
minor element compositions (in atom% and wt% oxide)
determined by energy-dispersive X-ray spectroscopy (EDS) of
these coarse-grained (c-g) and fine-grained (f-g) phyllosilicates
(phyllo.) associated with the magnetite. Additionally, we show
the chemical compositions of the phyllosilicates identified in
the matrix of Bells (CM chondrites—light gray, Brearley
1995), Tagish Lake (C2-ungrouped—dark gray, Zolensky
et al. 2002), Semarkona (OC—black, Alexander et al. 1989),
and AMMs (area and squares—line pattern, Sakamoto et al.
[2010] and Noguchi et al. [2017]).

Table 2. Major and minor element compositions (in
atom% and wt% oxide) determined by energy-
dispersive X-ray spectroscopy of the coarse-grained (c-g)
and fine-grained (f-g) phyllosilicates (phyllo.) associated
with the magnetite.

Sample 03-26-59 99-12-45 94-4B-21 07-13-01

Mineral
C-g
serpentine

C-g
smectite F-g phyllo F-g phyllo

Figure 3e,f 3c,d 3a 3g

N 10 SD 3 SD 3 SD 3 SD

Si 16.4 0.6 13.7 0.8 17.0 0.4 16.4 0.7
Al 1.1 0.2 0.8 0.1 1.3 0.0 1.8 0.1
Cr 0.1 0.0 0.2 0.1 0.2 0.0 0.2 0.1

Fe 2.2 0.2 10.4 1.1 3.3 0.2 4.4 0.4
Mn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Mg 14.4 0.8 0.0 0.3 14.0 0.4 14.0 0.3
Ca 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0

Na 0.5 0.3 0.0 0.0 0.7 0.4 0.4 0.1
K 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0
S 0.0 0.0 0.3 0.3 0.1 0.1 0.2 0.0

P 0.0 0.1 0.3 0.3 0.0 0.0 0.1 0.1
Ni 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0
O 65.0 1.0 71.9 0.7 63.1 0.1 62.2 0.9

SiO2 53.7 1.1 46.8 3.9 52.0 1.5 48.8 0.7
Al2O3 3.0 0.4 2.3 0.5 3.3 0.1 4.5 0.4
Cr2O3 0.7 0.4 2.1 0.7 1.4 0.1 1.4 0.6

FeO 9.4 0.6 42.5 3.5 13.0 0.8 15.5 1.0
MnO 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.0
MgO 31.7 1.4 2.3 0.7 29.2 0.7 27.9 1.2
CaO 0.0 0.1 0.8 0.1 0.1 0.1 0.1 0.1

Na2O 0.8 0.4 0.0 0.0 1.0 0.5 0.6 0.3
K2O 0.1 0.1 0.2 0.2 0.1 0.0 0.0 0.0
SO3 0.1 0.2 1.4 1.3 0.3 0.3 0.7 0.1

P2O5 0.2 0.3 1.4 1.3 0.1 0.1 0.4 0.3
NiO 0.0 0.0 0.0 0.0 0.1 0.2 0.1 0.1

N = number of analyses, SD = standard deviation.
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classes of chondrites (e.g., CV, CO, CK, etc.), magnetite
does not occur as plaquettes (Chang et al. 2016).
Therefore, the question is what are the limiting conditions
for the formation of magnetite with these particular
morphologies? Kerridge et al. (1979) first proposed that
magnetite in CI chondrites formed on the meteorite
parent body from an aqueous gel-like phase containing
colloidal crystals. Recent studies suggest that the
formation of colloidal crystals implies several restrictions
on the growth conditions, such as (1) supersaturation of
the aqueous fluid; (2) the aqueous fluid must have been
confined in small voids, in which colloidal crystallization
takes place; and (3) the nucleation must have taken place

at the same moment in a short period of time, with no
further nucleation occurring during subsequent growth
(Nozawa et al. 2011; Kimura et al. 2013). The last
restriction points to a sudden change of the conditions in
the parent body, for instance, a change in temperature or
pressure, which rapidly altered the supersaturation of the
solution (Nozawa et al. 2011). Therefore, the lack of
framboidal and plaquette magnetite morphologies in OCs
could be explained by the absence of any of these
restrictions on the OCs’ parent bodies. In AMMs,
previous studies indicate that the abundance of
framboidal-bearing AMMs is ~4% (Kurat et al. 1992;
Genge et al. 2008). Therefore, the presence of framboidal

Table 3. Oxygen isotopic composition of magnetites (mt) and one dolomite (do) measured in five hydrated fine-
grained Antarctic micrometeorites (H-FgMMs).

Samples Measurements d18O d18O 2 r d17O d17O 2 r Δ17O Δ17O 2 r

99-4B-21 99-4B-21_01 �2.68 2.72 0.49 1.52 1.89 1.30
99-4B-21_02 �3.89 2.72 �0.48 1.52 1.54 1.30

99-4B-21_03 5.70 2.72 6.20 1.52 3.24 1.30
99-4B-21_04 �8.94 2.72 �3.35 1.52 1.29 1.30
99-4B-21_05 �0.74 2.72 2.18 1.52 2.57 1.30
99-4B-21_06 �2.15 2.72 1.94 1.52 3.05 1.30

99-4B-21_07 17.39 2.72 12.26 1.52 3.22 1.30
99-4B-21_08 9.99 2.42 7.78 1.53 2.59 1.43
99-4B-21_09 7.04 2.42 6.10 1.53 2.44 1.43

99-4B-21_10 �1.50 2.42 2.08 1.53 2.86 1.43
99-4B-21_11 4.66 2.42 5.31 1.53 2.88 1.43
99-4B-21_12 �3.35 2.42 1.84 1.53 3.58 1.43

99-4B-21_13 �0.93 2.42 1.98 1.53 2.47 1.43
99-4B-21_14 �8.62 2.42 �0.57 1.53 3.91 1.43
99-4B-21_15 �10.72 2.42 �2.07 1.53 3.51 1.43

99-4B-21_16 �0.51 2.42 3.39 1.53 3.66 1.43
99-4B-21_17 �8.04 2.42 �1.42 1.53 2.76 1.43
99-4B-21_18 �8.20 2.42 �1.23 1.53 3.03 1.43
99-4B-21_19 �9.78 2.42 �0.94 1.53 4.14 1.43

99-4B-21_20 6.64 2.42 6.42 1.53 2.97 1.43
99-4B-21_21 8.85 2.42 7.80 1.53 3.20 1.43
99-4B-21_22 �6.40 2.42 �0.34 1.53 2.99 1.43

99-4B-21_24 �2.82 2.42 2.14 1.53 3.60 1.43
99-12-45 99-12-45_01 �12.53 2.72 �4.52 1.52 2.00 1.30

99-12-45_02 �11.87 2.72 �4.38 1.52 1.80 1.30

99-12-45_03 �10.70 2.72 �4.08 1.52 1.48 1.30
99-12-45_04 �3.88 2.72 �0.55 1.52 1.46 1.30
99-12-45_05 �4.87 2.72 �1.04 1.52 1.49 1.30

99-12-45_06 �4.69 2.72 �0.88 1.52 1.56 1.30
99-12-45_07 �10.52 2.72 �3.09 1.52 2.38 1.30

03-26-59 03-26-59_02 14.59 2.42 9.08 1.53 1.50 1.43
03-26-59_03 �10.70 2.42 �1.35 1.53 4.21 1.43

03-26-59_04 10.44 2.42 9.45 1.53 4.02 1.43
03-26-59_5 7.43 2.42 7.25 1.53 3.39 1.43

03-36-46 03-36-46 dolomite 20.6 2.37 12.3 2.36 1.63 1.67

03-36-46 magnetite 2.6 1.71 4.4 1.18 3.01 1.60
07-13-01 07-13-1_01 �12.32 2.42 �2.84 1.53 3.57 1.43

07-13-1_02 �2.79 2.42 2.34 1.53 3.79 1.43

All values reported in permil deviation from SMOW (&).
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magnetite was used to define AMMs that have a similar
origin as CI chondrites but not necessarily the same
source (Kurat et al. 1992; Genge et al. 2008). Our study
indicates that the magnetite grains identified in H-FgMMs
show similar textures to those described previously in CIs,
indicating that similar processes and conditions took
place on the H-FgMMs’ parent body.

Phyllosilicates are ubiquitous minerals in most
extraterrestrial samples, including those of asteroidal and
cometary origins, although no evidence for phyllosilicates
has been reported in comet 81P/Wild 2 samples (Tomeoka
and Buseck 1984; Sandford and Walker 1985; Maurette
et al. 1990; Thomas et al. 1990; Zolensky and Lindstrom
1992; Kurat et al. 1994; Genge et al. 1997; Noguchi et al.
2002; Brearley 2006; Lisse et al. 2006; Zolensky et al.

2008b; Dobric�a et al. 2009; Sakamoto et al. 2010). They
are indicative of parent body aqueous alteration (Brearley
2006). We have identified fine- and coarse-grained Mg-
rich and Fe-rich phyllosilicates associated with magnetite
in all FIB sections made in H-FgMMs. Previous studies
indicate that phyllosilicates in AMMs collected from
surface snow near the Dome Fuji Station are either Mg-
rich (Sakamoto et al. 2010) or Fe-rich (Noguchi et al.
2017). Noguchi et al. (2017) concluded that the presence
of phyllosilicates in AMMs and their absence among the
returned samples of comet 81P/Wild 2 suggest that
AMMs may have been derived from porous icy asteroids
such as active asteroids, as well as P- and D-type
asteroids, rather than comets. However, although no
evidence for phyllosilicates has been reported in comet

Fig. 5. Comparisons between d18O values and Δ17O values of the magnetite from the five AMMs (this work 94-4B-21, 99-12-45,
03-26-59, 03-36-46, and 07-13-01) and one dolomite (03-36-46*, aquamarine circle, this work), OCs (gray squares, Choi et al.
1997, 1998, 2000), IDPs (black triangles, Al�eon et al. 2009), carbonaceous chondrites CO, CR, CV with gray symbols (Doyle
et al. 2015; Jilly-Rehak et al. 2018), CM, and CI (Rowe et al. 1994). The oxygen isotopic compositions of magnetites in CM and
CI chondrites have been determined for whole-rock and separated components compared with the other data that were measured
in situ using secondary ion mass spectrometer (SIMS). Framboidal magnetites (fram—blue circles) measured in the same particle
94-4B-21 have higher average d18O (avg. +1.9&) than the spherule magnetites (sph—yellow circles with black lines, d18O = avg.
�9.1&). The subhedral magnetites have similar d18O values (subh—yellow circles with red lines, d18O = avg. 1.3&) to the
framboidal magnetites measured in the same particle (94-4B-21). Uncertainties are 2r.

Table 4. Oxygen isotopic composition of magnetites as a function of their morphologies.

Sample Morphologies d18O SD d17O SD Δ17O SD

99-4B-21 Fram 1.65 8.17 3.44 4.51 2.58 0.67

Subh 1.66 6.38 4.34 3.10 3.48 0.43
Sph �9.07 1.15 �1.24 0.56 3.47 0.58

99-12-45 Plaq �8.44 3.78 �2.65 1.77 1.74 0.35

Fram = framboids, Subh = subhedral, Shp = spherules, Plaq = plaquettes, SD = standard deviation.

10 E. Dobric�a et al.



81P/Wild 2 samples (Zolensky et al. 2008b), this could be
explained by laboratory simulations of hypervelocity
capture, which showed that phyllosilicates <1 lm are
melted on impact (Noguchi et al. 2007). Therefore, it is
hard to determine the origin of AMMs with certainty
based only on the texture and chemical composition of
phyllosilicates.

A coronal, “flower”-like, microtexture consisting of
coarse-grained serpentine was identified in sample 03-26-
59 (Figs. 3a and 3b; Table 2). A similar texture was
described by Blinova et al. (2014) in Tagish Lake, a C2-
ungrouped meteorite. They proposed a formation of this
microstructure by different pulses of fluids with changing
composition and varying duration. The presence of this
microtexture could suggest that there are some affinities
between H-FgMMs and the Tagish Lake parent body or
that similar processes took place on the parent body(ies)
of AMMs.

Carbonates have been commonly identified in
carbonaceous chondrites, micrometeorites, and IDPs
(Sandford and Walker 1985; Tomeoka and Buseck 1986;
Germani et al. 1990; Rietmeijer 1990; Bradley et al. 1992;
Zolensky and Lindstrom 1992; Brearley 2006; Duprat
et al. 2007; Al�eon et al. 2009; Dobric�a et al. 2009).
Several calcite (CaCO3) grains and one dolomite (CaMg
[CO3]2) grain with diameters up to 14 lm have been
identified in Concordia AMMs, so far (Duprat et al.
2007, 2010; Dobric�a et al. 2009, 2012). However,
carbonates are rare in Cap-Prudhomme AMMs, due to
terrestrial weathering in the ice (Dobric�a et al. 2009).
These carbonates are mostly found in fine-grained fluffy
and ultracarbonaceous AMMs (Dobric�a et al. 2009;
Sakamoto et al. 2010). No systematic mineralogical study
of carbonates in AMMs is currently available. However,
the average Ca content of the fine-grained matrix of
Concordia AMMs (Ca = 0.54 atom%) is not depleted
compared to CI (Ca = 0.5 atom%; see Lodders 2003) and
CM chondrites (Ca = 0.62 atom%). This depletion in Ca
content was observed in Cap-Prudhomme AMMs (Kurat
et al. 1994; Duprat et al. 2007; Dobric�a et al. 2009).
Additionally, many AMMs display chemical and
mineralogical affinities with CM carbonaceous
chondrites, which contain a bulk carbonate abundance of
about 2.3 vol% (Engrand et al. 1999; Lee et al. 2014;
Alexander et al. 2015). Previous studies indicate that in
MM, cronstedtite does not coexist with tochilinite, which
is different from CM2 chondrites that experienced weak
to moderate aqueous alteration (Noguchi et al. 2007). CS
IDPs have systematic Ca and Mg depletions relative to
CI abundances and contain a stoichiometric excess of
oxygen consistent with the presence of hydrous phases
(Schramm et al. 1989). A similar depletion of Ca in CM
matrices has been attributed to leaching and
sequestration into carbonates, and, by analogy, it has

been suggested that CS IDPs have also been processed by
aqueous alteration (Schramm et al. 1989; Zolensky et al.
1989). Compared with carbonaceous chondrites, IDP
carbonates are typically associated with Fe-Ni sulfide
rather than with magnetite or tochilinite (Zolensky et al.
2008a). The occurrence of carbonates associated with
phyllosilicates provides additional evidence that a
significant number of the CS IDPs have undergone
substantial aqueous processing (Schramm et al. 1989).
Carbonates occur both as separate, euhedral, single
crystals and as anhedral aggregates (Tomeoka and
Buseck 1986; Zolensky and Lindstrom 1992; Zolensky
et al. 2008a; Al�eon et al. 2009). Although submicrometer
carbonates (calcite, dolomite, and possibly breunnerite)
have been reported in comet 81P/Wild 2 samples
(Mikouchi et al. 2007; Wirick et al. 2007; Flynn et al.
2008; Tomeoka et al. 2008), these may be contaminants,
rather than being indicative of aqueous alteration.
Nevertheless, our mineralogical study of H-FgMMs
shows that carbonates are associated with magnetite,
which indicates that the interaction of aqueous fluids,
produced by melting of water ice that accreted together
with anhydrous silicate, was common on these
micrometeorite parent body(ies). The formation of these
phases in the H-FgMMs is consistent with an origin by
precipitation from an aqueous fluid, similar to their
formation in other primitive solar system materials
(Fujiya et al. 2013; Alexander et al. 2015; Doyle et al.
2015; e.g., Tyra et al. 2012).

Aqueous Fluid Composition

One question that this study aims to answer is what
is the oxygen isotopic composition of the aqueous fluid
from which H-FgMMs are formed? This is the first
oxygen isotopic study of the secondary phases
(magnetite and a magnetite-dolomite assemblage)
identified in H-FgMMs.

Bulk oxygen isotopic compositions were reported for
hydrated IDPs by Al�eon et al. (2009) and Starkey and
Franchi (2013). All of the measured particles had oxygen
isotopic compositions that lie on the terrestrial
fractionation line, with a few particles that show evidence
of mass fractionation to heavier values (d18O � +30&,
d17O � +15&). However, a total of only 14 hydrated
IDPs have so far been analyzed for oxygen isotopes. In
meteorites, the oxygen isotopic composition of water on
the LL chondrite parent body is estimated to be
d18O = +21.0&, d17O = +17.5&, Δ17O = +6.6&, inferred
from SIMS measurements of magnetite (Choi et al. 1998).
Recently, Doyle et al. (2015) showed that magnetites in
OCs span a range of Δ17O values from +3.1& to +5.9&,
with an average of +4.5&. Secondary magnetites in CCs
have Δ17O values between �5.2& and +4.4& (see Fig. 5)
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(Rowe et al. 1994; Choi et al. 1997, 2000; Doyle et al.
2015; Jilly-Rehak et al. 2018). However, the oxygen
isotopic compositions of magnetites in CM and CI
chondrites have been determined for whole-rock and
separated components compared with the other data that
were measured in situ using SIMS. Water in comet 1P/
Halley was measured by the Giotto spacecraft
(d18O = +12 � 75&, 3r) and it is consistent with
terrestrial water (Δ17O = 0&), though the uncertainties
are comparatively large (Eberhardt et al. 1995). The
oxygen isotopic composition of an unambiguous
secondary phase in the comet 81P/Wild 2 samples has not
been measured so far, owing to the scarcity and small sizes
of these phases. There are no spectroscopic measurements
that constrain the oxygen isotope composition of water
from JFCs. Additionally, Sakamoto et al. (2007) reported
the presence of isotopically unique materials in the matrix
of the primitive carbonaceous chondrite Acfer 094
(ungrouped), the first evidence for an extremely 17,18O-
rich water reservoir (d17,18O = +180&, Δ17O = +86&) in
the early solar system, which is consistent with the
expected composition of water ice from a molecular cloud
based on self-shielding models (Yurimoto and Kuramoto
2004). These materials are composed of nanocrystalline
magnetite and iron sulfides with a symplectic texture, and
are referred to as COSs (Seto et al. 2008). A survey of
COSs’ abundance in various chondrites showed that this
type of aggregate is present only in Acfer 094 (Abe et al.
2008). Recently, Starkey et al. (2014a, 2014b) described a
largely anhydrous IDP enriched in heavy oxygen isotopes
that could be related to COSs in Acfer 094; however, the
mineralogy is quite distinct from that of COS.

It was postulated that ~90% of small debris particles
(~10–300 lm) from the zodiacal cloud originate from the
breakup of JFCs, and the remaining ~10% come from
Oort cloud comets and/or asteroid collisions (Nesvorn�y
et al. 2010). However, in the cosmic dust collections,
approximately half of the particles are dominated by
hydrous, secondary phases (Zolensky et al. 2008a) that are
traditionally thought to have formed by aqueous processes
on asteroids. The origin of AMMs is not very well
constrained. Previous studies suggest that some of the
collected AMMs are of cometary origin (e.g.,
ultracarbonaceous micrometeorites) and some of them
show similarities with asteroidal materials (Kurat et al.
1994; Engrand and Maurette 1998; Genge et al. 2008;
Dobric�a et al. 2009, 2012; Duprat et al. 2010). To
constrain the possible source(s) of AMM, we have
measured the oxygen isotopic compositions of magnetites
with different morphologies and one dolomite from five
H-FgMMs. Their oxygen isotopic compositions span a
range of Δ17O from ~0 & to ~+5 & (Fig. 5), covering a
different range from that measured in other solar system
materials. These data could indicate that the aqueous fluid

in the H-FgMMs parent bodies had different, intermediate
oxygen isotope compositions compared with the aqueous
fluids in the CC and OC parent bodies (see Fig. 5). A
caveat is discussed by Davidson et al. (2014), which
indicated that the Δ17O of magnetite might not represent
the original isotopic composition of water, since it is not
known (1) whether significant O isotope exchange
occurred between water and silicates before and/or during
magnetite formation, and (2) whether subsequent thermal
metamorphism disturbed the O isotope composition of
magnetite after formation. However, their study was made
on magnetite formed by the oxidation of pre-existing
metal grains identified in chondrules from the anomalous
CK chondrite, Watson 002, and the metamorphosed
ungrouped chondrites Asuka-881595 that have completely
different thermal metamorphic histories than the
unmetamorphosed H-FgMMs samples. Additionally,
whole-rock Δ17O and nucleosynthetic isotopic variations
for chromium, titanium, and nickel in meteorites define
two isotopically distinct populations between CCs and
OCs, which indicate that the former originated in the
outer part of the solar system, probably beyond the orbit
of Jupiter and the ordinary chondrites represent inner
solar system material (Warren 2011a, 2011b; Scott et al.
2018). Therefore, there is clearly evidence for spatial and/
or temporal variations in the source of chondritic
materials and, by inference, the water they contain or
interacted with. This implies that the source of H-FgMMs
is not similar to the asteroidal sources of CCs and OCs.
Recently, similar conclusion were obtained by the IR and
Raman measurements of hydrated fine-grained AMMs,
indicating that the AMMs sampled parent bodies different
from CR and CM chondrites (Battandier et al. 2018).

Additionally, our study shows that the d18O values of
magnetites in AMM 94-4B-21 have a ~27& mass-
dependent spread (~15% d17O) in a single 100 9 200 lm
particle. This spread is larger than that for d18O values of
magnetites measured in the thin sections of CR chondrite
Renazzo (~23&; Jilly-Rehak et al. 2018) and CV
chondrites (~24&, Allende, Kaba, Mokoia; Choi et al.
1997, 2000), which are orders of magnitude larger in size.
Huberty et al. (2010) indicated that the instrumental bias in
d18O for magnetite varies due to crystal orientation effects.
However, our magnetite d18O values span a range of
~30&, which is much larger than that of any possible
analytical artifact (~3& d18O; Huberty et al. 2010).
Additionally, Caplan et al. (2015) conducted similar studies
of randomly oriented terrestrial magnetite and chromite
single crystals to assess the magnitude of such crystal
orientation effects; however, no correlation between
orientation and the degree of fractionation was observed.
Jilly-Rehak et al. (2018) concluded that the variations may
have reflected differences in crater-bottom roughness that
developed during ion probe sputtering; however, they
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suggested that it seems likely that the variations in oxygen
isotopes measured in Renazzo represent true mass-
dependent fractionation trends and could indicate changes
in temperature and/or fluid composition during magnetite
formation (Jilly-Rehak et al. 2018). We suggest that the
much larger heterogeneity of the oxygen isotopic
composition (d18O values) in the H-FgMMs could indicate
that there was a localized control of the fluid composition,
probably due to a low water-to-rock mass ratio, and not
because of the orientation or morphologies of the
magnetite crystals or the crater-bottom roughness.
However, no SIMS analyses of magnetite plaquettes were
made in this study to determine if the crystallographic
orientation of these minerals affects the oxygen isotopic
composition. Additionally, no systematic heavy oxygen
isotope enrichment due to the atmospheric entry heating
was observed in the magnetites analyzed in this study.
However, Engrand and Dobric�a (2012) showed that the
magnetite identified in the outer shell and measured by
SIMS presents systematic heavy oxygen isotope
enrichments that is due to atmospheric entry heating.

The presence of Mg-Fe carbonate in the sample 03-36-
46 constrains the upper limit of heating degree during its
atmospheric entry, which is ~600 °C for their
decomposition (Nozaki et al. 2006). As describe by Jilly-
Rehak et al. (2018) in section 4.7, we can use the relative
O-isotope fractionation between dolomite and magnetite
(equation 7 from Jilly-Rehak et al. 2018) as a
geothermometer for aqueous alteration (see additional
details in Jilly-Rehak et al. 2018). Therefore, if we assume
that the magnetite and dolomite formed in equilibrium, as
indicated by petrographic evidence, the relative equilibrium
oxygen isotope fractionation between dolomite and
magnetite can be used to extract the temperature at which
these minerals coprecipitated (Zheng 2011; Jilly-Rehak
et al. 2018). This assemblage identified in sample 03-36-46
contains framboidal and anhedral magnetite intergrown
with dolomite (Fig. 3f; Table 1). The isotopic difference
between magnetite and dolomite in this assemblage is
~18& in d18O (Table 3). This corresponds to the
precipitation temperature that yields a range between 160
and 280 °C. These temperatures are higher than those
determined for a calcite-magnetite assemblage from the
CR2 chondrite, Al Rais (~60 °C, Jilly-Rehak et al. 2018)
but overlap with the range estimated for the aqueous
alteration of CM chondrites (~20–300 °C, Clayton and
Mayeda 1999; Nakamura et al. 2003; Guo and Eiler 2007;
Verdier-Paoletti et al. 2017; Vacher et al. 2019). These
aqueous alteration temperature conditions are similar to
estimates for the CI-chondrite parent bodies (~150 °C,
Clayton and Mayeda 1999; and <220 °C, Busemann et al.
2007). However, a recent study indicates low-temperature
alteration for the CI-chondrite parent body (~210 °C),
which is supported by the presence of mercury sulfide, 4C

monoclinic pyrrhotite, and cubanite (Berger et al. 2011).
The temperature range determined for sample 03-36-46
could suggest that the H-FgMM was altered at relatively
high temperatures, similar to the estimated temperatures
for unequilibrated OCs (<260 °C, Alexander et al. 1989),
and compatible with some values obtained CI, and CM
chondrites (Busemann et al. 2007; Verdier-Paoletti et al.
2017). The D17O of the magnetite in the magnetite-dolomite
assemblage (D17O = +3&) is similar to the values of the
magnetite measured in the other H-FgMMs. The oxygen
isotopic compositions of the secondary phases in sample
03-36-46 have different compositions than the primordial
water of the solar system sampled by the secondary phases
identified in COSs or potentially by the JFCs (Sakamoto
et al. 2007; Seto et al. 2008). Therefore, the relatively high
temperatures estimated for this sample and the lack of
oxygen isotopic compositions with a primordial water
signature could suggest that this particular H-FgMM
comes from a parent body that was large enough to attain
temperatures as high as the OCs, CIs, and CMs, which
implies an asteroidal origin; however, this origin remains
speculative.

SUMMARY

We have conducted transmission electron microscope
(TEM) observations and SIMS measurements of five
hydrated, fine-grained Antarctic micrometeorites (H-
FgMMs). We characterized the petrography and oxygen
isotopic of magnetite with different morphologies and one
magnetite-dolomite assemblage in H-FgMMs. This is the
first oxygen isotopic study of the secondary phases
identified in hydrated fine-grained AMMs. This study
provides useful constraints on the conditions of alteration
experienced by these dust particles. Our mineralogical
study of H-FgMMs shows the association of magnetite,
phyllosilicates, and carbonates and indicates a close
affinity with the carbonaceous chondrites. These
secondary phases demonstrate that the interaction of
aqueous fluids produced by melting of water ice that
accreted together with anhydrous silicate was common on
the micrometeorite parent body(ies). Additionally, we
have shown that magnetite and dolomite formed at a
temperature between 160 and 280 °C, which is similar to
the estimated temperature for alteration of unequilibrated
OCs. This suggests that the sample 03-36-46 could come
from a parent body that was large enough to attain
temperatures as high as the OCs, which implies an
asteroidal origin for this particular H-FgMM. Our study
shows that magnetite in H-FgMMs formed through
similar aqueous alteration processes as those described in
previous primitive solar system materials (chondritic
meteorites, AMMs, IDPs, and possibly in cometary
samples); however, the oxygen isotopic compositions of
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magnetite in H-FgMMs indicate that the aqueous fluid
from which these secondary minerals formed is different
than the aqueous fluid from which secondary minerals on
the OCs, CCs, or COSs, parent body(ies) formed, which
implies that the source of H-FgMMs is different from the
asteroidal source of CCs and OCs.
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