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Abstract–A correlative multi-technique approach, including electron microscopy and X-ray
synchrotron work, has been used to obtain both structural and compositional information of a
sulfur-bearing serpentine identified in several carbonaceous chondrites (Winchcombe CM2,
Aguas Zarcas CM2, Ivuna CI, and Orgueil CI), and in Ryugu samples returned by the
Hayabusa2 mission. S-K edge X-ray absorption spectroscopy was used to determine the
oxidation state of sulfur in the serpentine in all samples except Ryugu. The abundance of this
phase varies across these samples, with the largest amount in Winchcombe; �12 vol% of
phyllosilicates are identified as sulfur-bearing serpentine characterized by �10 wt% SO3

equivalent. HRTEM studies reveal a d001-spacing range of 0.64–0.70 nm across all sulfur-bearing
serpentine sites, averaging 0.68 nm, characteristic of serpentine. Sulfur-serpentine has variable
S6+/ΣStotal values and different sulfur species dependent on specimen type, with CM
sulfur-bearing serpentine having values of 0.1–0.2 and S2� as the dominant valency, and CIs
having values of 0.9–1.0 with S6+ as the dominant valency. We suggest sulfur is structurally
incorporated into serpentine as SH� partially replacing OH�, and trapped as SO4

2� ions, with an
approximate mineral formula of (Mg Fe2+ Fe3+ Al)2-3(Si Al)2O5(OH)5-6(HS�)1-2(SO4)

2�
0.1-0.7.

We conclude that much of the material identified in previous studies of carbonaceous chondrites
as TCI-like or PCPs could be sulfur-bearing serpentine. The relatively high abundance of
sulfur-bearing serpentine suggests that incorporation of sulfur into this phase was a significant
part of the S-cycle in the early Solar System.

INTRODUCTION

It is accepted that carbonaceous chondrites (CCs)
underwent extensive aqueous alteration on their parent

bodies (Brearley, 2006; Suttle et al., 2021; Tomeoka &
Buseck, 1988; Zolensky et al., 1993, 1997), producing
secondary minerals. Alteration of olivine and pyroxene
created abundant serpentine and saponite
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(Brearley, 2006; Howard et al., 2009; Suttle et al.,
2021; Tomeoka & Buseck, 1988; Zolensky et al., 1993).
It is these altered minerals, with water and other
volatiles trapped within their structures, which can be
studied to better understand the transport and
distribution of water and volatile elements in the Solar
System, including sulfur. Both the Mighei-type (CM)
and Ivuna-type (CI) chondrites are considered to
contain the most extensive evidence of aqueous
alteration (Bunch & Chang, 1980), where the resulting
materials are phyllosilicate-rich matrices. Phyllosilicates
are the most abundant mineral across CCs (Brearley &
Jones, 1998), with around 80% volume in both the
CM and CI chondrites (Garvie, 2021; Ito et al., 2022;
King et al., 2015, 2022). Analyses of samples from
C-class asteroids Ryugu and Bennu, returned by
Hayabusa2 and OSIRIS-REx, respectively, also find
phyllosilicate abundance of �78% in Ryugu (Ito et al.,
2022; Yamaguchi et al., 2023) and �80% in Bennu
(King et al., 2024), as expected from studies for CI
chondrites. The dominant phyllosilicate mineral phase
is serpentine-like material (Bates et al., 2020; Buseck &
Hua, 1993; McSween, 1987).

Serpentine, (Mg, Fe, Al)2�₃Si₂O₅(OH)₄, is a sheet
silicate with a structure that is built around a
repeating unit of tetrahedral and octahedral (T-O) site
occupancy layers in a 1:1 ratio, and a (0 0 1) basal
plane spacing of �0.70 nm (Hicks et al., 2014; Zega
et al., 2006) (Figure 1). The tetrahedral sites have
fourfold coordination, meaning that there are four
anions bonded to the central cation, forming a
tetrahedron. Similarly, the octahedral sites have sixfold
coordination, with six anions bonded to the central
cation, outlining an octahedron. The linked SiO4

tetrahedra form a pseudo-hexagonal layer, with all
tetrahedra pointing in the same direction. A brucite-
like, Mg(OH)2, layer is joined to the tetrahedral sheet
on one side, where two out of the three hydroxyls are
replaced by apical oxygens of the SiO4 tetrahedra
(Deer et al., 1992). In serpentine, common
substitutions occur in the cation sites, in the form of
Al3+ partially replacing Si4+, and Fe3+ substituting for
Al4+ and Si4+ in the tetrahedra, and Fe3+ and Al3+

substituting for Mg2+ in the octahedra. Despite the
physical and chemical structure of serpentine in CCs
being widely studied (e.g., Bischoff, 1998; King et al.,
2015, 2017; Velbel & Palmer, 2011), ongoing work
aims to further understand its complexities and the
formation and significance of these secondary minerals
in primitive meteorites. To date, there has been little
recognition of the role of sulfur in extraterrestrial
serpentine formation, with the exception of Zega
et al. (2004).

Sulfur in CCs

Sulfur is the tenth most abundant element in the Solar
System (Räisänen, 2005). It can take on a wide range of
oxidation states from S2� to S6+ and is present as various
chemical forms in both terrestrial and extraterrestrial
samples (Naraoka et al., 2023). Sulfur is significant as it is a
geochemically, mineralogically, and biologically important
element; it is one of the essential elements for life in forming
amino acids, the building blocks of proteins (Brosnan &
Brosnan, 2006; Sievert et al., 2007), and in the
biogeochemical cycling of sulfur (Charlson et al., 2000;
Jørgensen et al., 2019). Owing to its unique range of
valence states, sulfur is a key indicator of redox conditions
on parent bodies. Iron-sulfide is ubiquitous across all
chondrites (Schrader et al., 2021), largely in the form of
pyrrhotite (Fe1�x

2+S2�) and troilite (Fe2+S2�) and has been
used as an indicator of formation and alteration of small
Solar System bodies by analyzing the Fe to S ratios
(Schrader et al., 2016; Singerling & Brearley, 2020).
Studying the mineralogical aspects of the sulfur cycle offers
insights into water-rock reaction history on chondrite
parent bodies and the sulfur cycle in the early Solar System.

Several types of sulfur-bearing minerals (e.g., sulfides,
sulfates, tochilinite) are found in CCs (Bullock et al., 2010)
and abundance varies across CC types; the CMs contain
�1.7–3.4 wt% sulfur and the CIs contain �3.0–4.4 wt%
sulfur (Burgess et al., 1991), with sulfide abundances of

FIGURE 1. Schematic of the structure of serpentine showing
four unit cells. The tetrahedral and octahedral layers are
represented by blue triangles and orange squares, respectively.
The dashed vertical lines show the interlayer forces. The lattice
spacing for serpentine is 0.70 nm. Created using VESTA 3 (v
3.5.8) modeling software (Momma & Izumi, 2011).
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0.6–5.4 vol% in the CMs (Howard et al., 2015) and
2.2–7.0 vol% in the CIs (King et al., 2015). For the samples
used in this study, Winchcombe has bulk sulfur content of
�3.2 wt% (Bates et al., 2024), Aguas Zarcas �2.7 wt%
(Arai et al., 2022), Ivuna �4.8 wt% (Alexander et al., 2022;
Braukmüller et al., 2018, 2019; Burgess et al., 1991;
Dreibus et al., 1995), Orgueil �4.6 wt% (Alexander et al.,
2022; Braukmüller et al., 2018, 2019; Burgess et al., 1991;
Dreibus et al., 1995), and Ryugu �4.4 wt% (chamber A
samples, designated surface samples, Tachibana et al.,
2022) and �5.9 wt% (chamber C samples, designated
subsurface samples, Tachibana et al., 2022) (Nakamura
et al., 2022; Yokoyama et al., 2023; Yoshimura et al.,
2023). Thus Winchcombe does not have a bulk enrichment
in sulfur relative to other CCs.

During alteration on the earliest carbonaceous
parent bodies, amorphous silicate matrices, metals and
sulfides were aqueously altered to form Fe-Ni-S-rich
phases along with magnetite, secondary sulfides and
carbonates (calcite and, more rarely, dolomite).
Originally termed “poorly characterized phases” (PCPs)
by Fuchs et al. (1973) due to their complex mineralogy,
these Fe, S-rich alteration products are now often
described as tochilinite-cronstedtite intergrowths (TCIs)
after work by Mackinnon and Zolensky (1984).
Tochilinite (Fe2+5–6(Mg, Fe2+)5S6(OH)10) is a hydrated
Fe-sulfide and cronstedtite (Fe2+2Fe

3+(Si, Fe3+O5)(OH)4)
is an Fe-rich serpentine-like mineral. Since then, the term
TCI has been used as a descriptor of various Fe, S-
alteration phases in CM chondrites (Daly et al., 2024;
McSween, 1987; Pignatelli et al., 2017; Rubin et al., 2007;
Tomeoka & Buseck, 1985; Vacher et al., 2019) which are
characterized by a fibrous, acicular Fe, S-rich rim around
Mg-rich phyllosilicate cores, carbonates or void space.

TCIs are broadly categorized into two types; type I
TCIs are predominantly tochilinite with minor
abundances of cronstedtite and magnetite and mostly
occur in chondrules as large, rounded forms (Nakamura
& Nakamuta, 1996; Pignatelli et al., 2016). Conversely,
type II TCIs have fibrous textures and occur most
commonly in the matrix, where cronstedtite is the
dominant phase and tochilinite is also present,
alongside a mixed-layer mineral made up of both
cronstedtite and tochilinite (Pignatelli et al., 2016; Suttle
et al., 2021). Though several pathways have been
suggested for the formation of both type I and type II
TCIs (e.g., Lee & Greenwood, 1994; Lee et al., 2013;
Nakamura & Nakamuta, 1996; Tomeoka &
Buseck, 1985), their occurrence and exact mineralogy is
poorly understood.

These sulfur-bearing minerals can, however, provide
insights into the distribution and retention of sulfur during
planetary formation, temperatures, fluid composition and
timescales of alteration on CC parent bodies.

The presence of sulfur in serpentine in terrestrial
materials has previously been studied by Debret
et al. (2017), investigating the role of abyssal serpentine
minerals as sulfur carriers via microscale X-ray
absorption near-edge structure (μ-XANES), secondary
ion mass spectrometry (SIMS) analyses and X-ray
fluorescence (XRF) mapping. In these phases, the
occurrence of sulfur is associated with the
crystallization of sulfur-bearing minerals, notably
sulfides and sulfates; however, Debret et al. (2017)
concluded that sulfur (in the form of S6+ ions) is
structurally incorporated into the serpentine mineral
structure. Zega et al. (2004) have previously reported
the inclusion of sulfur in serpentine-like nanotubes in
the Mighei CM chondrite, identified using
high-resolution transmission electron microscopy
(HRTEM) imaging and electron energy-loss
spectroscopy (EELS) analyses, noting that the Fe,
S-rich composition is different to other meteoritic and
terrestrial mineral phases, and suggest this to be a new
type of serpentine. Based on the existence of a
sulfur-bearing mica and the homogenous distribution of
sulfur in these phases, Zega et al. (2004) suggested that
sulfur is a structural component of serpentine,
substituting O2� ions with S2�. This idea has been
referenced more recently in the Garvie (2021) study of
the CM chondrite Aguas Zarcas. S-bearing
phyllosilicate in Aguas Zarcas was attributed to
“unresolved sub-micrometer sulfides” in the
phyllosilicates, but the author also suggests sulfur may
be structurally incorporated into the serpentine, based
on the work of Zega et al. (2004). However,
Garvie (2021) does note that SEM-scale analyses do not
have the required high-spatial resolution needed to
resolve individual phases (micrometer to sub-
micrometer) that constitute the matrix mineralogy.

Building upon the findings of Zega et al. (2004),
Debret et al. (2017) and Garvie (2021), we have
adopted a correlative, multi-technique approach
combining electron microscopy and X-ray absorption
near-edge spectroscopy (XANES) across a range of
CM- and CI-type samples to better understand a
potential link between serpentine formation, the sulfur
cycle and related redox conditions on CC parent
bodies. As phyllosilicates constitute �80 vol% of CM
chondrites, and if sulfur constitutes at least a minor
fraction of their chemical composition, then
phyllosilicates may have a significant role in the sulfur
cycle and distribution of volatiles in the early Solar
System. We note that 2:1 and 1:1 mix-layered
phyllosilicates (saponite-serpentine) have been identified
in Ryugu (Changela et al., 2024; Ito et al., 2022);
however, the focus of this study is on 1:1 serpentine,
which is the most abundant phyllosilicate.

Sulfur-bearing serpentine 3



MATERIALS AND METHODS

Five CCs have been studied as polished thin sections,
polished resin blocks and lamellae suitable for use in
transmission electron microscopy (TEM): Winchcombe
CM2 (NHM section P30543), Aguas Zarcas CM2 (U.
Leicester), Ivuna CI1 (NHM section P12628), Orgueil CI1
(NHM section P16061) and Ryugu lamellae (samples
C0105-035_000_00, A0058-C2001_08, A0104-017_006_02)
from the JAXA Hayabusa2 sample return mission.

Sample thin sections and blocks were studied and
characterized using back scattered electron (BSE) imaging
and energy dispersive X-ray spectroscopy (EDS) using a
FEG-SEM (FEI Quanta 650) equipped with a silicon drift
EDS detector (Oxford Instruments (OI) 20mm2 X-MaxN)
at the University of Leicester (UoL) Advanced Microscopy
Facility (AMF). EDS spectra were measured with an
accelerating voltage of 15 kV and spot size 5 (beam current
�1 nA) and analyzed using OI AZtec software (v. 6.0).

Standardized, “quant-optimized” EDS for
unnormalized compositional measurements was performed
using a FIB-SEM (Zeiss Crossbeam 350) equipped with a
silicon drift EDS detector (OI 100mm2 UltimMax) at the
Hercules Facility (UoL AMF). Data was collected with an
accelerating voltage of 15 kV and beam current �3.5 nA.
The following standards were used (MAC mineral block
no. 11582): albite (Na), labradorite (Al), pyrite (S),
orthoclase (K), wollastonite (Ca), ilmenite (Ti), chromite
(Cr), rhodochrosite (Mn), and olivine (Fe). Factory
standards, supplied by OI in AZtec, were used for two
elements; magnesium oxide (Mg) and silicon dioxide (Si).

TEM lamellae of approximate dimensions
5 μm × 15 μm and≤ 100 nm thickness were prepared
using standard lift-out procedures (Daly et al., 2020;
Hicks, 2015; Lee et al., 2003) on the following
instruments; FEI Quanta 200 3D Dual FIB-SEM (UoL
AMF), and a Zeiss Crossbeam 350 FIB-SEM (Hercules
Facility, UoL AMF). One Ivuna lamella was prepared
using a Helios 5 Hydra DualBeam FIB-SEM at CEITIC,
Masaryk University, Czechia (Petera et al., 2023). Ryugu
samples A0058-C2001_08 and A0104-017_006_02 were
prepared using a ThermoFisher Helios FIB-SEM at
Kyoto University (Noguchi et al., 2023).

Scanning transmission electron microscopy (STEM)
data for Winchcombe, Aguas Zargas, Ivuna and Ryugu
lamellae were collected using aberration-corrected TEM; a
JEOL ARM200CF (E01 from herein) and JEOL
ARM300CF (E02 from herein) at the electron Physical
Science Imaging Centre (ePSIC) of Diamond Light Source
(DLS), UK. STEM-EDS was obtained via E01,
and HRTEM imaging for lattice spacing measurements,
and four-dimensional-STEM (4D STEM) with correlative
EDS were collected using E02. Additional
non–aberration-corrected HRTEM imaging was

performed on a JEOL 2100 TEM at UoL AMF
(Winchcombe only), with further HRTEM and EDS
performed on a JEOL 2100+ TEM at the University of
Nottingham nanoscale and microscale Research Centre
(UoN nmRC) on Ryugu A0058-C2001_08 only. E01 EDS
measurements were carried out at an accelerating voltage
of 200 kV and beam current 41 pA, with step sizes between
6 and 20 nm dependent on the size of the site of interest.
The following standards were used to determine the
experimental k-factors used in the analysis of the STEM-
EDS data; San Carlos olivine, pyroxene within
Winchcombe, Aguas Zarcas and Ivuna lamella, and
olivine from a Martian nakhlite (NWA 15364). EDS data
were analyzed using the Hyperspy (v2.0.1) package in
Python (de la Peña et al., 2024). E02 HRTEM imaging
and lattice measurements were carried out at an
accelerating voltage of 200 kV (Ivuna only) and 300 kV
and beam currents 28 pA and 25 pA, respectively. These
were calibrated using a gold standard (gold nanoparticles
deposited on a carbon substrate) with known distance of
0.1442 nm for the (2 2 0) reflection of gold. Lattice
measurements were made using the open-source image
processing software ImageJ (Schneider et al., 2012).

Nanobeam 4D STEM and correlative EDS were
collected for Winchcombe only. Unlike conventional
STEMwhere scattered electrons falling into a specific range
of collection angles are recorded as the electron beam is
rastered over a sample, in 4D STEM a 2D diffraction
pattern is collected at every (2D) probe position, producing
a 4D dataset (Ophus, 2019, 2023). This technique is
enhanced further by combining with EDS, resulting in a
dataset with spatially correlated compositional (EDS) and
crystallographic (4D STEM) information. Measurements
were acquired with an accelerating voltage of 300 kV, beam
current 7.6 pA, step sizes of �2.9–7.4 nm, convergence
semi-angles �0.3 mrad, and each site of interest was
scanned twice with dwell times 1–8ms and camera lengths
(CL) 40 and 100 cm. A gold standard was used for
calibration of the microscope and the data. 4D STEM
datasets were analyzed in Python using the open-source
py4DSTEM package (Savitzky et al., 2021) and EDS using
the Hyperspy package (de la Peña et al., 2024). To clearly
analyze Bragg peaks that were produced from a mixed-
phase material or small crystals, each 2D diffraction pattern
was transformed into a 1D radial variance profile. The
3D (scan x and y dimensions, and 1D profile) radial
variance profile dataset was decomposed using non-
negative matrix factorization (NMF) to extract important
features from the dataset and visualize their distribution
across the scan area (Ryu et al., 2021; Uesugi et al., 2021).
The NMF analysis decomposes the radial profile dataset
into a linear combination of loading vectors that represent a
strong Bragg reflection component in the dataset. Using
this approach, the 4D STEM data were segmented into
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several groups, each corresponding to strong Bragg
reflections. The dataset presented here was segmented using
20 loading vectors. More details on the method used can be
found in the Supporting Information S3.

To analyze the oxidation state of sulfur, X-ray
absorption near-edge structure (XANES) measurements
were collected on the I18 microfocus beamline at DLS
synchrotron, with 2 μm resolution. XRF mapping of the
site of interest was first carried out on elements Fe and S, to
clearly identify the analysis regions, followed by S-K edge
XANES. Samples analyzed were Winchcombe, Ivuna,
Orgueil (polished blocks) and Aguas Zarcas (thin section)
and several standard reference materials: native sulfur (S0),
pyrite (FeS2; S

1�), chalcopyrite (CuFeS2; S
2�), sphalerite

((Zn, Fe)S; S2�), barite (BaSO4; S
6+), magnesium sulfate

(MgSO4; S6+), anhydrite (CaSO4; S6+) and gypsum
(CaSO4�2H2O; S6+). All were measured in fluorescence
mode at 45° to the beam and the detector. For the
standards, native sulfur, pyrite and magnesium sulfate, were
all powders, while a MAC (no. 11582) mineral standards
block was used for the remaining standards. All
measurements were taken over an energy range
2450–3000 eV, with varying energy resolutions; 0.5 eV in
the pre-edge region (2450–2464 eV), 0.2 eV in the edge
region (2464–2484 eV), 0.5 eV in the post-edge region
(2484–2500 kV) and 1.0 and 5.0 eV for the ranges
2500–2520 eV and 2520–2000 eV, respectively. Data were
acquired with 1 s acquisition time per energy step. The
XANES data were processed and normalized in the open-
source software Athena 0.9.26 (Anzures et al., 2020; Ravel
& Newville, 2005). All spectra were calibrated against
elemental sulfur by measuring the derivative of the S0

absorption edge in Athena and correcting to E0= 2472 eV.
Absorption edge energies were measured as the energy of
the normalized spectra at an intensity of 0.5 (a.u). Spectra
were summed for each phase identified in each meteoritic
sample, in order to improve the signal to noise ratio of the
spectra to better identify the characteristic peaks of
the different sulfur species, and to show the average S-K
edge XANES spectra for the different sulfur-bearing
serpentine phases. Approximate S6+/ΣS ratios were
determined via linear combination fitting (LCF) of the
standard spectra to the “unknown” spectra. Here, the
maximum number of standards chosen for the fit was two.
The LCF finds the most suitable ratio of the two standard
spectra that best represent the unknown spectrum, thus
allowing an approximate ratio of each sulfur species to be
determined.

Fe-K edge XANES measurements were collected
on Winchcombe to determine the ferric-ferrous ratio
(Fe3+/ΣFe) of the serpentine phases. These
measurements were collected at beamline I18 at DLS,
over an energy range 7000–7500 eV, with the highest
resolution step size of 0.1 eV in the edge region

between 7105 and 7125 eV. Data were also processed
and analyzed using Athena 0.9.26 (Ravel &
Newville, 2005). More details on Fe-K XANES are in
Supplementary Information S1.

RESULTS

Textures and Occurrence of S-bearing Serpentine

Serpentine-dominant regions were identified in the
samples using SEM-BSE imaging, and initial,
qualitative identification of sulfur-bearing serpentines
using SEM-EDS normalized to 100 wt% anhydrous
totals. Based on these initial findings, we classified the
sulfur-bearing serpentines into three categories: S-poor,
<1.0 wt% SO3; S-bearing, 1.0–10.0 wt% SO3; and S-
rich, ≥ 10.0 wt% SO3. Sulfur abundances are reported
as SO3 wt% equivalent, in order for ease of
comparison to the literature (with the exception of
Table 1 where results from the S-K edge XANES
analyses have been applied). The relative abundance of
the S-bearing and S-rich serpentine in Winchcombe is
approximately 15 vol% of the total phyllosilicate
present and �12 vol% of the whole Winchcombe
mineral assemblages. In our study, we seek to
distinguish between S-bearing serpentine and “TCI-like
objects” (Daly et al., 2024; Kerraouch et al., 2021;
Suttle et al., 2024) (e.g., see Figure 3e “TCI-object”).
This is considered further in the discussion. We
describe the groundmass, which hosts the serpentine
morphologies described below and the TCI-like objects
as the matrix; it is a heterogenous mix of both coarse
and fine-grained materials, and both anhydrous and
altered minerals (Metzler et al., 1992). For the CIs,
this groundmass is also called matrix, but it is noted
that the CI matrix is more homogenous and has no
TCI-like objects and few-to-no chondrules and clasts.

In Winchcombe, the serpentine regions are typically
present as �50 μm discrete domains, but with a range of
sizes and shapes, and having a characteristic zoned
appearance in BSE images, where the S-rich serpentines
appear as lighter gray consistent with a higher average
atomic number, compared to the darker gray S-bearing
and S-poor serpentines. Both S-bearing and S-rich
serpentine grow radially outwards from different
nucleation sites and have fibrous, radiating textures
(Figure 3a, labeled “S-Sp”). A common feature across all
three sites is a lack of distinct tochilinite filaments.
Characteristic serpentine morphology is shown in
Figure 3a,b, and in the case of Figure 3a, intergrown with
a 40 μm calcite grain.

Winchcombe sulfides are predominantly pentlandite,
(Ni, Fe)9S8, with 30–35 wt% Ni, occurring as large
subhedral grains up to 50 μm in size (Figure 4a). One
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small cluster (<10, each grain approximately 10 μm) of
pyrrhotite grains, Fe1-xS, was also identified in the section
under study. Some pentlandite grains show evidence of
partial alteration to phyllosilicate, where the remaining
sulfide is in direct contact with the new phyllosilicate
phase. Nearly all sulfides occur as isolated grains as part
of the clastic matrix, with the exception of some thin Fe,
Ni, S-rich rims around chondrules. The carbonates
identified are largely calcite in composition; however,
some occurrences of dolomite have also been found
(Suttle et al., 2024; this work).

In Aguas Zarcas, coarse-grained phyllosilicates
appear as characteristic “clumps” such as Figure 3e, with
dark Mg-rich serpentine cores (20–30 μm) and bright Fe-
rich rims, and are the dominant textural type in this
sample. There are TCI-like acicular filaments present at

core edges, as well as being surrounded by an Fe, S-rich
phyllosilicate-like (“TCI-like”) phase at the rim. Most of
the serpentines in these morphologies are S-poor or S-
bearing, but there is some occurrence of small, radial
growths of S-rich serpentine at core edges or in core
centers, similar to those in Figure 3a. Figure 3d of Aguas
Zarcas shows alteration of a relict chondrule to
phyllosilicate, with pyroxene fragments (�10–20 μm) and
an Fe, Ni sulfide rim.

Pentlandite (up to 35 wt% Ni) is the dominant
sulfide species in Aguas Zarcas and occurs as large (up
to 200 μm) isolated grains (Figure 4b). One large
300 μm chondrule is enclosed by a 20 μm thick Fe, Ni-
rich sulfide rim with micrometer-sized Fe-sulfides
within the brecciated anhydrous silicates in the
chondrule. The largest sulfide in Aguas Zarcas

TABLE 1. Standardized, quant-optimized SEM-EDS compositions of representative serpentine and S-bearing
serpentine phases.

Note: Quant-optimized SEM-EDS collected on Zeiss Crossbeam FIB-SEM at AMF, UoL. n is the number of analyses and values in parentheses

are 1σ. A description of the calculation of H2O by difference is provided in the Supporting Information. Sulfur abundances are reported as HS�

and (SO4)
2� equivalent, to correspond with the sulfur species identified via S-K edge XANES in S-K and Fe-K XANES Analyses Section and

in order to determine a suitable mineral formula for the sulfur-bearing serpentine phase.
aRaw data SO3 equivalent reported for ease of comparison to our definitions of S-bearing serpentine types and for comparison to the literature.
bDeer et al. (1992).
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(�200 μm) is an Fe, S-rich sulfide, with alteration to
phyllosilicate-like material at its center and 10 μm-sized
grains of an Fe, Ni, S-rich sulfide with traces of P and
K (4 wt% and <1 wt%, respectively), which are also
present at the edges of this large grain. It is in direct
contact with both altered and unaltered anhydrous
silicate grains and appears to be in the center of what
was once a chondrule.

Unlike the CMs, the CIs Ivuna and Orgueil have a
near-homogeneous distribution of phyllosilicate
materials, predominantly as fine-grained matrix (FGM)
with little-to-no coarse-grained, distinct serpentine
morphologies and an absence of phyllosilicate clumps
and TCI-like objects. The phyllosilicates in the CIs
(Figure 3f–h) mostly occur as dark FGM with framboidal
and plaquette magnetite morphologies embedded within

the FGM, along with sulfides and minor amounts of
carbonate. Instances of coarse-grained serpentine
fragments are rare across Ivuna and Orgueil; however,
one near-circular fragment of serpentine (�40 μm
diameter) was found in Ivuna (Figure 3g) with the coarse-
grained fibrous texture visible at the microscale.

The sulfides occur as large (up to 40–50 μm) isolated
hexagonal grains and lathes of low-Ni bearing pyrrhotite,
Fe1-xS, within the FGM (Figure 4). No pentlandite was
found in these samples. Some of the sulfide grains have
been partially corroded due to aqueous alteration, where
phyllosilicates and some sulfates have started to form. In
many cases, there is clear alteration of sulfides to form
magnetites, where traces of the primary sulfide are found
adjacent to framboidal magnetites. Large sulfides are
more readily found in the CIs compared to the CMs.

FIGURE 2. BSE images of the CM and the CI chondrites used in our study of S-bearing serpentine. Top row, L-R: CMs,
Winchcombe and Aguas Zarcas. Bottom row, L-R: CIs, Orgueil and Ivuna. Winchcombe and Aguas Zarcas (CMs) have
predominantly clastic matrix, with some fine-grained materials around chondrules and other inclusions. Ivuna and Orgueil have
typically fine-grained homogeneous matrix with few-to-no chondrules or remnant anhydrous phases. Regions labeled A–F
highlight where TEM lamellae were taken from sites of sulfur-bearing serpentine.
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There appears to be no correlation between the presence
of sulfides and serpentine composition.

Type II TCIs (Suttle et al., 2021; references therein)
are found in both Winchcombe and Aguas Zarcas, but
are more dominant in Aguas Zarcas. In Winchcombe,
they occur mostly in lithology B only (Suttle et al., 2024).
TCI-like objects are readily distinguished from the
matrix, occurring as isolated or clustered “clumps,” with
a light gray appearance in BSE images and well-defined
boundaries (Figure 3e, TCI-like object). Most TCI-like
objects defined here are zoned, with Fe-sulfide-like rims
and Mg phyllosilicate (serpentine) cores and have fibrous
textures. The inner rims have acicular growths radiating
into the serpentine cores. In some instances, the cores of
these objects are filled by calcite rather than
phyllosilicate.

There is some correlation between sites of S-rich and
S-bearing serpentine and TCI-like objects; particularly in
Aguas Zarcas all identified sites of S-bearing serpentine
have been serpentines in the cores of these objects. S-rich
serpentine was observed as a radial growth at the edge of a
TCI rim in Aguas Zarcas (Figure 3e). However, in
Winchcombe, with the exception of one site where S-rich
serpentine was found associated with tochilinite
(Figure 3c), there is little correlation between TCI-like
objects and S-bearing or S-rich serpentines.

Similarly, there is little-to-no correlation between
sulfides in Winchcombe and Aguas Zarcas and the
occurrence of S-bearing or S-rich serpentines. Where

sulfides have been partially altered to form
phyllosilicates, these were not considered in our analyses
of sulfur in serpentines due to their proximity to the
primary sulfide and intermixing of the two phases.

(S)TEM Analyses

Based on initial characterization using SEM-BSE
imaging and SEM-EDS, sites for FIB lift-outs were
identified on Winchcombe, Aguas Zarcas, and Ivuna, as
indicated by the black dashed boxes in Figure 3. High-
angle annular dark-field (HAADF) and bright-field (BF)
STEM images of some of these lamellae are shown in
Figure 5a–e. All show the characteristic fibrous texture of
serpentine, and a mix of fine- and coarse-grained material.
Figure 5a of Winchcombe site B (see Figure 3b) shows
acicular coarse-grained serpentine with large fibers
intergrown with more fine-grained material, where the
lighter gray contrast correlates with sulfur abundance.
Generally, in Winchcombe, the finer-grained serpentines
have lower sulfur abundances (e.g., left-hand side of
Figure 5a) compared to the larger serpentine “mats” such
as the band of S-rich serpentine running through the
center of Figure 5a.

BF-STEM images of Aguas Zarcas (Figure 5b,c;
lamellae locations Figure 3d,e) also show similar textural
differences in serpentine with correlations between grain
size and sulfur abundance. A key difference is the larger,
non-fibrous grains in the upper left of Figure 4b. This

FIGURE 3. BSE images of representative textures and occurrences of S-bearing serpentines in CM and CI CCs. (a–c) Winchcombe
and (D–E) Aguas Zarcas, (f–g) Ivuna and (h) Orgueil. S-bearing serpentines were initially qualitatively identified using SEM-EDS.
(e) Characteristic “TCI-like object” in Aguas Zarcas; these typically have a Mg-rich serpentine core surrounded by an Fe-S-rich
phase, with acicular TCI filaments at the edges of the serpentine core. CC, CaCO3; Mag, magnetite; Mtx, matrix material; Phy,
phyllosilicate; Serp, serpentine; S-serp, S-bearing serpentine; S-Sp, S-rich serpentine; Toch, tochilinite. Colored borders correspond
to the regions outlined in Figure 2 showing where TEM lift-outs were prepared; lift-out locations denoted by black dashed boxes.
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phase has indeterminate mineralogy; it is unclear whether
this phase is like other S-bearing serpentines in the CMs;
however, it does not have the composition expected of
tochilinite or cronstedtite. Unlike other phyllosilicates
studied here, Figure 5c has a platy appearance, where
crystalline S-bearing serpentine surrounds partially
crystalline clusters with little-to-no sulfur content.

Similar textures to those of Winchcombe and Aguas
Zarcas serpentines in Figure 5a,b are observed in CI and
CI-like samples. Ivuna (Figure 5d) has intergrown fine-
and coarse-grained material, but is largely dominated by
finer-grained serpentine with no magnetites or sulfides
present in the lamellae studied. In Ryugu, (Figure 5e)
there is a clear distinction between two serpentine
morphologies: radial growths of larger, coarse-grained
serpentine and fine-grained material with embedded
magnetites and sulfides. Unlike in the other samples,
there appears to be no correlation between S-bearing, S-
rich serpentines and S-poor serpentine morphologies, as
almost all serpentine analyzed in the Ryugu lamellae are
S-poor.

Analysis of the S-bearing serpentines at the
nanometer scale allowed us to check for any potential
association with sulfides, and the possibility of sub-
micrometer sulfides being embedded in the phyllosilicate

material which was not resolved using SEM. In the BF-
STEM images of Winchcombe, there is no association of
S-rich and S-bearing serpentine with sulfides and there
are no micro- to nanosized grains of sulfide present
(Figures 5a and 7). In the lamellae taken from the TCI-
like object in Aguas Zarcas (Figure 5e), there are some
micrometer-sized sulfides present at the boundary
between the fine-grained serpentine core and the outer
Fe, S-rich rim. In HRTEM imaging, no nanometer-sized
sulfides are seen within the serpentines. In Ivuna, there
are no sulfides observed at the sub-micrometer level;
however, texturally the serpentines are more acicular in
nature and generally more Fe-rich, as well as S-rich or S-
bearing. It is possible that some of the fibers in the
lamella are phases such as ferrihydroxide, intermixed
with the serpentine. In Ryugu, we observe some
difference in the association of serpentine and sulfide
distribution. Almost all serpentine analyzed in the Ryugu
lamellae are S-poor (Table S3), and there is an increase in
the number of sub-micrometer (<1 μm) sulfides relative
to other carbonaceous samples. Several pyrrhotite-like
sulfides are seen adjacent to a coarse-grained S-poor
serpentine in Figure 5e, and a cluster of sub-micrometer
sulfides is also seen with the fine-grained phyllosilicate,
which is again S-poor. Overall, there appears to be an

FIGURE 4. Representative sulfides present in the samples studied. (a) Winchcombe, Ni-rich sulfide, pentlandite, (Ni, Fe)9S8. (b)
Aguas Zarcas, Ni-rich pentlandite. (c) Orgueil, lathe-shaped pyrrhotite, Fe1-xS, with some alteration to phyllosilicate at its center.
(d) Ivuna, typical hexagonally shaped pyrrhotite showing corrosion and alteration to an Fe-sulfate and phyllosilicate on the
right-hand side. Phases characterized via SEM-EDS analyses.
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anti-correlation between the abundance of sulfides and
the abundance of sulfur within serpentine in the CMs.

TEM Lattice Spacings

Lattice spacing measurements were taken across S-
poor, S-bearing and S-rich serpentine sites on TEM
sections from Winchcombe, Aguas Zarcas, Ivuna and
Ryugu (e.g., Figure 6). The d001-spacings were found in
the range 0.64–0.70 nm across all sites, where the average
d001-spacing for both the CMs and the CIs was equal to
0.68� 0.02 nm, within error of the expected 0.70 nm
spacing of serpentine (Hicks et al., 2014; Zega et al., 2006).
Figure 6 shows the lattice structure observed when looking
along the (1 0 0) or (0 1 0) planes, that is, with the electron
beam oriented perpendicular to the (0 0 1) basal planes,
with the structure visible as repeating two-layer units. The
two layers are the pairing of an octahedral (O) cation layer
with a tetrahedral (T) layer, making a 1:1 layered T-O

phyllosilicate, characteristic of serpentine (Hicks et al.,
2014; Zega et al., 2006). There was a near absence of
smectite-like lattice spacings �1.0 nm (Deer et al., 1992;
Hicks et al., 2014) in the areas analyzed.

Winchcombe site B was selected, due to the clear
distinction between S-bearing and S-rich serpentine regions,
for more detailed analyses into whether sulfur abundance
has any effect on the lattice spacings observed (Figure 6).
Some measurements in the S-rich regions appear to indicate
a reduced d001-spacing of 0.64� 0.02 nm. Initial evaluation
of this relationship in Winchcombe produced a correlation
coefficient, R=�0.963, indicative of an anti-correlation
between sulfur abundance and lattice spacing; as sulfur
content increases, the d001-spacing decreases (see
Figure S2). However, further work is needed, as initial
comparisons with the other samples do not provide further
clarity on this finding.

A tochilinite lamella from Winchcombe (Figure 3c)
was used for measurements of tochilinite lattice spacings,

FIGURE 5. Representative sub-micrometer textures of serpentines in the CM and CI chondrites. Colored borders correspond to
the colored borders of the regions shown in Figure 3. Top row: (a) HAADF-STEM image of serpentine and S-bearing serpentine
in Winchcombe showing coarse- and fine-grained matted fibrous texture. (b) HAADF-STEM image of fibrous S-bearing
serpentine in Aguas Zarcas, with large coarse filaments and finer-grained mats. (c) BF-STEM image of “platy” serpentine
structure in Aguas Zarcas, consisting of crystalline serpentine surrounding partially crystalline regions. Bottom row: (d)
HAADF-STEM image of fibrous serpentines observed in Ivuna. (e) HAADF-STEM image of Ryugu showing large radial
growths of coarse-grained serpentine with smaller, fine-grained serpentine, and micro- and nanoscale magnetite and sulfide
grains. S-serp= S-bearing serpentine, S-Sp= S-rich serpentine, Serp= serpentine.
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which were found to be �0.54� 0.02 nm, as expected
for the d002-spacing of tochilinite (Mackinnon &
Zolensky, 1984; Organova et al., 1973; Pekov et al., 2013;
Vacher et al., 2019). By comparing the tochilinite second-
order reflections identified here, and the basal lattice
spacings given in the literature (0.54 and 1.1 nm,
respectively) (Mackinnon & Zolensky, 1984; Vacher
et al., 2019) to those of the S-bearing serpentine, we
further confirm we are observing a serpentine phase and
not tochilinite.

Furthermore, the serpentine d001-spacings identified
do not correlate with the basal spacings of TCIs, which
constitute interstratified layers of tochilinite and
serpentine/Fe-rich serpentine (cronstedtite), and these
TCIs are found to have spacings in the range of
1.70–1.84 nm (Lauretta et al., 2000; Peng et al., 2007;
Peng & Jing, 2014).

Composition of S-bearing Serpentine

Compositional characterization of regions of interest
(ROI) has been carried out using SEM-EDS, while
STEM-EDS was used for higher spatial resolution EDS
characterization. High-spatial resolution EDS is crucial
for local, nanoscale compositions in order to avoid
mixing of signals from different phases, which is
particularly important in this work, for example to avoid
nanosized sulfides near the serpentines. In addition to
Ivuna and Orgueil, due to its CI-like composition and
similarities to the CI chondrites (Nakamura et al., 2022;
Yada et al., 2022) Ryugu has been included in these
analyses as a pristine comparison, as it is known that
both Ivuna and Orgueil (in particular) have experienced
some degree of terrestrial weathering (Gounelle &
Zolensky, 2001, 2014; King et al., 2020).

S-bearing serpentine is observed in both the CMs and
the CIs. We have defined that where sulfur content is

≥10.0 wt% SO3 (equiv.), this is sulfur-rich (“S-rich”)
serpentine. Anything below this amount is designated as
S-bearing. Where sulfur is not detected, this is simply
referred to as serpentine. Results from both SEM-EDS
and STEM-EDS are plotted on a (Si+Al) – Mg – Fe
ternary, shown in Figure 8, with full compositional
information and site occupancies of the different phases
shown in Table 1 (STEM-EDS analyses, including
Ryugu, are shown in Table S3). In order to determine a
suitable mineral formula for sulfur-bearing serpentine,
sulfur abundances are recorded as HS� and (SO4)

2�

equivalent, based on the sulfur species identified via S-K
edge XANES in S-K and Fe-K XANES Analyses
Section. The raw compositional data were recorded as
SO3 wt% equivalent, and then converted to the relevant
HS� and (SO4)

2� abundances using the S6+/ΣStotal ratios
determined from the S-K edge XANES (see Supporting
Information for further detail).

In the two CM samples studied here, S-rich serpentine
is more prevalent in Winchcombe than in Aguas Zarcas.
Although sulfur has been detected in serpentine in Aguas
Zarcas it is mostly S-bearing rather than S-rich; however,
there are a few instances of S-rich serpentine, for example
at the rims of TCI-like material surrounding serpentine
formations (see Textures and Occurrence of S-bearing
Serpentine Section and Figure 3e). This is further
confirmed with STEM-EDS measurements. For the CIs,
SEM-EDS (Orgueil) and STEM-EDS (Ivuna) analyses
were carried out on the brighter regions seen in BSE
images (Figure 3f–h) corresponding to greater sulfur (and
Fe) concentrations. The exception is Ryugu as there are no
SEM-BSE images prior to TEM lift-out; however, several
points with increased sulfur abundance in the
phyllosilicates were still detected.

As discussed in Textures and Occurrence of S-bearing
Serpentine Section, visually brighter BSE regions of
serpentine correspond to increased sulfur concentrations.

FIGURE 6. Insets show inverse Fourier-filtered images of S-bearing and S-rich serpentines, from Winchcombe Site B
(Figure 3a). Basal lattice spacings were found in the range 0.64–0.70 nm for all serpentines in Winchcombe, with an average of
0.68� 0.02 nm, within error of the expected value for serpentine (Hicks et al., 2014; Zega et al., 2006). Spacings were determined
via HRTEM imaging and measuring an average of five sites per image, by selecting crystalline regions, applying a fast Fourier
transform (FFT) and taking the average over as many peaks as possible in the resulting plot. The top left overview image is a
composite of several images, hence the appearance of artifacts in the form of contrast steps towards the top right.
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This was also seen at the sub-micrometer scale using EDS
mapping, as shown in the sulfur map of Winchcombe site
B in Figure 7. The relative intensity of the S-rich
serpentine is greater than that of the surrounding Mg
phyllosilicate, owing to both sulfur being a higher Z
element than Mg (S, Z= 16; Mg, Z= 12) and greater
sulfur abundance in these regions. These areas of greatest
intensity also correlate with the brighter, S-rich serpentine
in the left-hand dark-field image of Figure 7.

The greater sulfur content relating to higher intensity
(Figure 7) is evidenced by STEM-EDS measurements in
the same areas; the most intense regions have sulfur
content of �9.7 wt% SO3 equivalent while the rest have
�3.2 wt% SO3, corresponding to our definitions of S-rich
and S-bearing serpentines. While whole sample EDS maps
were not taken of the Aguas Zarcas and Ivuna lamella,
sulfur maps were produced at a local scale of the ROI
where EDS data were collected, and also showed that in
the fibrous serpentines of these two samples sulfur is
present across the ROIs, but not in the form of sulfide
grains. Again, EDS on these ROIs in the lamella confirms
a significant variation in the abundance of sulfur in the
serpentine compositions.

The exceptions to these findings are Orgueil and
Ryugu. While some S-bearing serpentine was identified in
the Ryugu lamella studied, it was not as prevalent as in the
other samples with only a small number of S-bearing
serpentine grains found (representative compositions are
shown in Table S3). In Orgueil, SEM-EDS results showed
that all S-bearing serpentines in this sample are actually S-
rich; that is, all the compositions have sulfur abundances
≥10.0 wt% SO3. For Ryugu, consideration needs to be

given in regard to the sampling site(s) of Hayabusa2, and
for Orgueil the effects of terrestrial weathering. These are
discussed further in PCPs, TCIs and Sulfur-bearing
serpentine in the CM Chondrites Section.

In the phyllosilicate ternary plot (Figure 8), it can be
seen that most values for both the CMs and CIs lie close
to the stoichiometric solid-solution line of serpentine and
do not lie within the typical plotting area of TCIs in CM
chondrites (Suttle et al., 2021), nor on the tochilinite-
cronstedtite mixing line (Palmer & Lauretta, 2011). There
is some spread on either side of the serpentine solid-
solution line, and this suggests that there is a range of
compositions for these serpentine-like phyllosilicates in
meteoritic materials and which cannot be tied to one ideal
stoichiometry model. For Ryugu, this compositional range
has been presented in several other studies of Ryugu
phyllosilicates (Ito et al., 2022; Nakamura et al., 2022,
2023; Yamaguchi et al., 2023). A more recent study by
Aléon-Toppani et al. (2024) suggests there is
compositional range observed in Ryugu phyllosilicates due
to differences between the coarse- and fine-grained
textures (30–100 nm width and <10–30 nm width,
respectively), where coarse-grained phyllosilicates have
compositions that fall between saponite and serpentine,
and fine-grained phyllosilicates are more saponite-like.
Due to the scatter of serpentine compositional values seen
in Figure 8, showing that serpentine stoichiometry can
vary across sample types, a further important question is
to determine the proportion of these phyllosilicates that
are saponite, based on lattice spacing information.

Some tochilinite was also found in Winchcombe via
SEM-EDS and a TEM lift-out made from the region, for

FIGURE 7. Left: HAADF image of Winchcombe site B lamella, extracted from the site shown in Figure 3b, where the brighter
gray regions correspond to S-rich serpentine. Darker grays correspond to regions of S-bearing serpentine. Right: STEM-EDS
map showing the intensity and distribution of sulfur across the lamella, where sites of increased intensity can be seen to correlate
with the S-rich serpentine on the left HAADF image. The same site was further selected for analysis using 4D STEM and
correlative EDS due to the clear distinction between the two phases (Figure 11). Px, pyroxene.

12 N. Topping et al.



comparison to the S-bearing serpentine analyses.
Tochilinite varies in composition compared to serpentine
as it has much higher S and Fe content, �30–40 wt% SO3

equivalent and �40–50 wt% FeO equivalent, and much
lower Si content, �≤ 10 wt% SiO2 (King et al., 2022;
Mackinnon & Zolensky, 1984; Vacher et al., 2019) (see
also Table S3 for tochilinite analyses from this study).
Therefore, based on the compositions observed in S-
bearing serpentines, the lattice spacings and comparing to
tochilinite, we can confirm we do not observe tochilinite or
tochilinite–serpentine mixtures in the ROI analyses plotted
in Figure 8 and shown Table 1.

S-K and Fe-K XANES Analyses

To constrain the valence state of sulfur found in S-
bearing serpentines, a set of standard sulfur compounds
covering the range of sulfur valences was analyzed as
reference materials. Figure 9 shows all S-K XANES
spectra from the analyzed standards: sulfides (S2� and/or
S�), sulfur (S0) and sulfates (S6+). Each of the spectra is
characterized by an intense edge peak, followed by a

broad shoulder or further oscillations, relating to the
probability of absorption of the incident photon due to
the local atomic structure around the emitting atom.
Table 2 shows the measured edge position values of the
standards used in this experiment, along with two
standards taken from literature.

The edge position of the Fe-sulfides (chalcopyrite,
pyrite) is between �2470 and 2472 eV. Sphalerite differs
slightly and has an edge position at �2474 eV, and the
usual prominent edge peak of �2470–2472 eV for
sulfides is absent from the sphalerite spectrum. It has
been noted in previous studies (Debret et al., 2017;
Fleet, 2005; Wilke et al., 2011) that when Zn is
incorporated (as in sphalerite) the usual “sulfide peak”
disappears and there are considerable oscillations
preceding the edge position, as seen in Figure 9. The
sulfates (anhydrite, MgSO4, barite, gypsum) have the
highest energy edge positions and display a strong peak
at �2482 eV (Figure 9). The various oscillations
proceeding this intense peak vary in position and
intensity for the different sulfates depending on the
structural bonding environment around the sulfur.

FIGURE 8. STEM-EDS (Orgueil only) and TEM-EDS plotted on an (Si+Al)–Mg–Fetotal ternary in atomic %. The S-bearing
serpentine values largely cluster around the serpentine solid-solution line. No points lie within the expected regions for TCIs and
nor do they plot close to stoichiometric tochilinite or on the tochilinite–cronstedtite tie line. Representative SEM-EDS
compositional values are shown in Table 1, and representative STEM-EDS compositions are shown in Table S3. Serpentine
values from Deer et al. (1992). Dark purple line= 1Palmer and Lauretta (2011). Purple shaded region= 2Suttle et al. (2021).
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The S-K XANES spectra of the serpentines in the
CM and CI samples are shown in Figure 10. The XANES
spectra of known tochilinite and Fe-sulfide phases have
been included to demonstrate the difference between the
sulfur-bearing serpentine phases and other S-bearing
minerals in the CMs and the CIs. The peak energies and
shapes of the sulfur-bearing serpentine phases were
compared to the reference spectra collected. Table 3
shows the energy values of the main absorption edges in
the spectra, along with other notable features.

The spectra displayed in Figure 10 of the CMs and
the CIs are summed spectra of both the S-bearing and S-
rich serpentines, and the low sulfur serpentines.
Representative, individual spectra from Winchcombe are
also plotted in Figure 10, and show that even in singular
spectra, the characteristic peaks for S2� and S6+ are still

clear. From the annotated sites shown in Figure 10, it can
be noted that even in sites designated S-bearing (rather
than S-rich), we are still able to retrieve S-K edge
XANES individual spectra from these regions.
Comparing the measured edge positions to those of the
standards, we found that in the CMs the sulfur has
valencies S2� and S6+, and in the CIs the sulfur
has valences S� and S6+. In some spectra, notably those
with larger S6+ intensities, a small pre-edge feature is
observed at �2478.5 eV. This feature is likely due to the
reduction of S6+ to S4+ by the X-ray beam (Lerner et al.,
2021; Wilke et al., 2008), and with varying broadness due
to the presence of a second, wide absorption feature seen
in sulfides (see Figure 9). In the tochilinite spectrum
(Figure 10), an additional peak centered around 2473 eV
is observed and can be attributed to the H-S bond in
tochilinite (Prange et al., 2002).

The abundances of the two endmember species
identified can be estimated using S-K edge XANES
spectra as abundance correlates with peak amplitude
(Anzures et al., 2020; Fleet 2005). To estimate the relative
abundances of S2� and S6+ in the samples, LCF of the
standards to the samples was performed (Ravel &
Newville, 2005). Combining LCF and comparing edge
positions and appearance of the spectra to the standards,
we have identified that the dominant sulfur oxidation
state in the CM chondrites is S2�, with some oxidized
sulfur, that is, S6+. In the CI chondrites, we observed the
opposite; in Ivuna, the dominant phase is purely oxidized
sulfur, S6+, and in Orgueil it is both oxidized and reduced
sulfur; however, the valency of the reduced sulfur is S�

rather than S2�. Again, for Orgueil in particular we note
that the valency of sulfur may be affected by terrestrial
weathering.

FIGURE 9. Plot of normalized S-K edge XANES intensities
against energy (eV) for the sulfur-bearing compounds used as
standards in this experiment. Compounds are ordered from
those with reduced S2� to those with oxidized S6+. The
absorption edge energies for S2� and S6+ are marked in gray.
[a] S-K XANES data from Fleet (2005).

TABLE 2. Main XAS features of sulfur standards as
measured in the S-K edge XANES experiment.

Standard Formula
Edge position
(eV)

Chalcopyrite CuFeS2 2470.2

Pyrite FeS2 2471.8
Native sulfur S 2472.0
Sphalerite (Zn, Fe)S 2473.5
Anhydrite CaSO4 2481.8

Magnesium
sulfate

MgSO4 2482.0

Barite BaSO4 2482.2

Gypsum CaSO4�2H2O 2482.2
Haüynea Na6Ca2(Al6Si6O24)(SO4)2 2481.7
Lazuritea Na7Ca(Al6Si6O24)(SO4)(S3)

� H2O

2472.2, 2481.9

Note: Mineral formula for haüyne and lazurite taken from Hassan and

Grundy (1991) and Sapozhnikov et al. (2022), respectively.
aLiterature values for haüyne and lazurite from Fleet (2005). Other

literature values from ESRF (2018).
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Results from Fe-K edge XANES analyses found that
the serpentines have Fe3+/ΣFe ratios equal to 0.57� 0.04
so they have higher ferric content, while the sulfur-

bearing serpentines have ratios equal to 0.48� 0.04 and
are, therefore, slightly more ferrous. Estimations for both
serpentine and S-bearing serpentine Fe3+/ΣFe ratios
averaged �0.55� 0.04, despite their differing
compositions (Table 1 and Tables S1 and S3), but
roughly there is a 50:50 split across the two Fe species
present in sulfur-bearing serpentines, which is only a
minor difference compared to S-poor serpentine. Further
details are reported in Supporting Information S1.

4D STEM and Correlative EDS

The BF-STEM images in Figure 11 show the regions
in the Winchcombe site B lamella which were examined
using nanobeam 4D STEM (convergence angle �1 mrad)
and correlative EDS, along with a higher magnification
image of the area discussed in further detail here, which
shows the typical heterogenous mix of fine- and coarse-
grained phyllosilicates; both S-rich serpentine (the darker
triangle-shaped area) and S-bearing serpentine surrounding
it. The identification of these regions as serpentine and their
sulfur content was confirmed via both structural and
compositional analyses prior to 4D STEM and correlative
EDS data collection (see previous TEM Lattice Spacings
and Composition of S-bearing Serpentine). Nanobeam 4D
STEM data was first reduced via radial profile analysis (see
Supporting Information S3 for details), and NMF was
used to segment the data into a linear combination of
loading vectors, representing strong Bragg reflections. Here,
the data was segmented into 20 loading vectors which best
represented the original dataset (Ryu et al., 2021; Uesugi
et al., 2021). The loading vectors were categorized into
three groups; those that represent serpentine, S-bearing
serpentine and others (the latter includes contributions
from noise, background signal, amorphous and/or complex
mixes, and an unidentified/under-reported phase). Out of
the 20 loading vectors extracted, only loading vectors 5 and
19 are interpreted below as these best represent the two
phyllosilicate phases being studied here, and both loading
vectors show compositional and structural (d-spacing)
differences based on the two sulfur-bearing serpentine

FIGURE 10. Plot of representative summed S-K XANES
spectra of the CM and CI chondrites, including individual
spectra from sulfur-serpentine sites in Winchcombe. The gray
lines correspond to the absorption edge energies of S2� and S6+.
Spectra were summed for the different samples to show an
average spectrum for that particular phase; that is, multiple
measurements were taken of the same phase(s) from different
sites in each sample. Individual spectra are shown for the
annotated sites in Winchcombe, showing that the characteristic
peaks are still easily retrievable from individual spectra.
Representative tochilinite and Fe-sulfide spectra are shown for
comparison.
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phases. The remaining outputs for the other loading vectors
are shown in section S6 of the Supporting Information.

Figure 11 (top right panel) shows a virtual bright-field
image (vBF) of the 4D STEM and EDS dataset. Loading
vector maps for two of the loading vectors (LV) chosen here
are shown in Figure 11, overlaid on the vBF image, where
blue corresponds to LV 5 and purple to LV 19. These are
threshold maps, showing the highest coefficients which
contribute to each loading vector. These maps show which
phases are present that are producing the corresponding
diffraction patterns in the dataset, but it should be noted
that not all S-bearing serpentine (and other phases) are
represented by one loading vector; it is the case that one
phase may be represented by several loading vectors. Two
are shown here for simplicity. The averaged radial variance
profile (RVP) of the pixels with the highest coefficients
(≥90% threshold) for the same two loading vectors is
shown in the bottom two panels of Figure 11. That is, the
averaged RVPs originate from the data produced when
using a threshold to generate the high-coefficient maps. The
normalized coefficient maps, averaged RVPs and the
summed original loading vector RVPs are presented in the
Supporting Information for all 20 LVs.

In agreement with literature values (Brindley &
Brown, 1984; Hicks et al., 2014; Mellini, 1982; Mellini
et al., 2010; Viennet et al., 2023) the peaks located at 7.02,
3.66, and 2.54–2.57 Å in Figure 11 correspond to the 001,
002 and 111 lattice planes of serpentine, respectively. The
SD of all 001 reflections identified across all loading vectors
(total number of loading vectors was 20) is σ� 0.22 Å. The
additional peak at 4.57 Å in the bottom right panel of

Figure 11 corresponds to the 100 plane, and based on our
findings with conventional HRTEM and STEM-EDS in
this work, the peak located at �6.39 Å could be attributed
to S-bearing serpentine. While this feature only appears in
one loading vector, it is still a genuine feature as the high-
coefficient map area is unique, and does not have the
random scattering associated with noise. The peak can also
be seen in the summed RVP for this area.

To further constrain the 4D STEM results, correlative
EDS data were collected simultaneously with the 4D
STEM data. Qualitative analysis of the EDS spectra found
that both LVs represented S-bearing serpentine, with LV
19 being more S-rich than LV 5 (around double the SO3

equivalent abundance). Both LVs also displayed a
phyllosilicate-like composition. Initial quantitative EDS
results are shown in Section S5 (Table S4). Full
quantification to determine relative abundances is
ongoing and will form future work in the application of
this new technique to more planetary materials.
Combining the EDS spectra and the structural
information from the 4D STEM, it demonstrates that 4D
STEM and correlative EDS show the association of
sulfur with serpentine phases in CC samples.

DISCUSSION

PCPs, TCIs and Sulfur-bearing Serpentine in the CM

Chondrites

Fe, S-rich phyllosilicate-like phases were first called
PCPs by Fuchs et al., 1973. Since then, many studies of

TABLE 3. Absorption edge energies identified for the different features of serpentines in the CM and CI chondrites.

Phase
Main absorption
edge position (eV) Other peaks (eV)

Sample name

Winchcombe Tochilinite 2470.3 2473.3, 2478.9, 2482.6
Ivuna Fe-sulfide 2470.2
Winchcombe S-rich serpentine 2470.2 2478.5, 2482.2

S-bearing serpentine 2470.3 2478.7, 2482.3
Aguas Zarcas S-rich serpentine 2470.3 2478.7, 2482.6

S-bearing serpentine 2470.2 2478.9, 2482.6

Ivuna S-rich serpentine 2482.5 2472.6, 2478.3
S-bearing serpentine 2482.5 2473.3, 2478.3

Orgueil S-rich serpentine 2482.3 2472.6, 2479.3
Site number

214762 S-rich serpentine 2470.3 2478.5, 2482.2
214763 S-bearing serpentine 2470.3 2478.5, 2482.3
214764 S-bearing serpentine 2470.3 2478.5, 2481.9

214765 S-bearing serpentine 2470.3 2478.3, 2482.6
214766 S-bearing serpentine 2470.3 2478.7, 2482.4
214767 S-rich serpentine 2470.3 2478.5, 2482.3

Note: The main energy of the absorption edge peaks are shown, along with any other notable peaks in both the summed and individual spectra.

Absorption edge energies were measured as the energy of the normalized spectra at an intensity of 0.5 (a.u), that is, at FWHM. The error on all

measurements is �0.2 eV.
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the CM and CI chondrites have identified these PCPs as
clumps of tochilinite and cronstedtite intergrowths, TCIs
(e.g., Krämer Ruggiu et al., 2022; Pignatelli et al., 2016;
Tomeoka & Buseck, 1985; Zolensky, 1984). In several
works, these PCP/TCI phases have also been described as
serpentine-tochilinite intergrowths (e.g., Mackinnon &

Zolensky, 1984; Rubin et al., 2007; Zega & Buseck, 2003);
however, the descriptions of PCP/TCIs have been
retained for these Fe, S-rich phyllosilicate intergrowths
due to limited mineralogical characterization via electron
microscopy techniques and the fine-grained nature of
these phases. TEM studies by Tomeoka and

FIGURE 11. Top: The left and center panels show BF-STEM images of the Winchcombe lamella from site B. The boxes labeled
A–C show the regions where both 4D STEM and correlative EDS data were collected. Region A (center panel) shows the
heterogeneous mix of fine- and coarse-grained phyllosilicates, typical of this sample type. The right-hand panel shows the
reconstructed virtual bright-field (vBF) STEM image of the same region A (rotated 45°) with the high-coefficient threshold maps
overlayed. The threshold maps show the pixels with the highest coefficients (top 10%) for each loading vector. The threshold
data are used to produce the averaged radial profile plots; thus, these plots correspond to the 10% highest coefficients for each
loading vector. Blue corresponds to loading vector 5, and purple to loading vector 19. Bottom: Two plots showing the 1D
averaged radial variance for each loading vector and the corresponding lattice spacings, following the same color scheme as the
maps. The dashed lines with gray shading highlight the peaks with attributed spacings. Though sulfur is found throughout this
region, the phase represented by loading vector 19 is more sulfur-rich (nearly double) than the phase represented by loading
vector 5 (Table S4). The peaks located at 7.02, 4.57, 3.66 and 2.54–2.57 Å correspond to the 001, 100, 002 and 111 lattice planes
of serpentine, respectively (Brindley & Brown, 1984; Hicks et al., 2014; Mellini, 1982; Mellini et al., 2010; Viennet et al., 2023).
Additionally, based on HRTEM measurements, the peak located at 6.39 Å can be attributed to the first-order reflection of S-
bearing serpentine. The top left overview image is a composite of several images; hence the appearance of artifacts in the form of
contrast steps towards the top right.
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Buseck (1985) were able to place further mineralogical
constraints on these PCP/TCI compositions, identifying
them as Fe, Ni, S, O-rich minerals intergrown with
cronstedtite. Based on these previous analyses, in
subsequent works bright clumps of Fe, S-rich
phyllosilicate-like material identified using SEM-BSE
imaging and SEM-EDS have been classified as PCPs or
TCIs. However, without mineralogical and structural
analyses of these alteration products at both the micro
and nanoscale, detailed compositions and classifications
of these phases are not possible. By combining different
techniques such as high-resolution electron microscopy
and X-ray synchrotron analyses, we can improve upon
the characterization of these abundant phases in the CCs.

From herein, all serpentine with >1 wt% SO3

abundance (i.e., S-bearing and S-rich) is referred to as
sulfur-bearing serpentine. From our correlative, multi-
technique characterization of sulfur-bearing serpentine-like
phases across several CM and CI chondrites, we suggest
that there is another mineral phase present that is an
intermediate stage of the progressive alteration of CCs,
alongside true TCIs, and that rather than “serpentine-
tochilinite intergrowth” or PCPs and “TCI-like” materials
(e.g., Kerraouch et al., 2021; Lentfort et al., 2021; Rubin
et al., 2007), there is generally sulfur-bearing serpentine
instead. Our EDS analyses at the micrometer and
nanometer scales found that the composition of the sulfur-
bearing serpentine phase is closer to that of stoichiometric
serpentine than tochilinite and/or cronstedtite. Nanoscale
structural analyses further confirmed the phase as
serpentine, with characteristic �0.70 nm serpentine
spacings and not the �1.1 or �0.54 nm spacings of
tochilinite, or the �1.75 nm spacings of TCIs. In the S-K
edge XANES spectra, the peak at �2473 eV attributed to
the H-S bonding of tochilinite is unique to this spectrum
and is not observed in the spectra of the S-bearing
serpentines, further confirming the phase is not tochilinite.
Future work would include re-examining more TCI-like
phases across CMs with detailed SEM analyses, and
STEM analyses for high-resolution compositional and
structural information.

Location of Sulfur in Serpentine

From S-K edge XANES analyses, the valences of
sulfur in serpentine have been identified as reduced sulfur,
S2�/S�, and oxidized sulfur, S6+, with the dominant
valency differing between the chondrite types studied
here. In both lazurite and haüyne, AlO4 and SiO4

tetrahedra are corner-linked and form cubo-octahedral
cages which are able to accommodate different cations
and anions such as Ca+, SO4

2� and S2� (Deer et al., 1992;
Hassan & Grundy, 1991; Wang, 2021). Serpentine
displays a structure of pseudo-hexagonal vacancies

formed by rings of six SiO4 tetrahedra, which can
accommodate small ions in their center (Brearley et al.,
2007; Wunder et al., 2010). When comparing sulfur-
bearing serpentine XANES spectra to haüyne (Figure 9,
Table 1), as in Debret et al. (2017), it is important to note
that the low-energy side of the absorption peak is largely
featureless, and any absorption peaks in this range would
be indicative of sulfur present in a reduced state (Fleet
2005). Therefore, a better comparison for the S-K
XANES spectra observed for sulfur-bearing serpentine is
lazurite (Figure 9, Table 1). Thus, owing to the
similarities between both spectra of lazurite and haüyne,
and following on from the work of Debret et al. (2017)
and the identification of S6+ species in terrestrial abyssal
serpentines via S-K XANES, we suggest the location of
S6+ as SO4

2� ions, located in the hexagonal vacancies of
the serpentine tetrahedral layers. Finally, as both the
sulfur-bearing serpentine and lazurite spectra share
similar absorption peaks, this further supports the
suggestion of sulfur trapped as SO4

2� or S2� ions in the
structural vacancies, charge balanced by the presence of
Fe3+cations in the octahedra.

An additional suggestion for the location of reduced
sulfur is that it is incorporated into the serpentine via
partial replacement of OH� groups as either S2� or HS�.
During their study of serpentine nanotubes in the Mighei
CM2-chondrite, Zega et al. (2004) suggested the
formation of a new type of sulfur-bearing serpentine,
where the sulfur substitutes for oxygen in the OH�

species, similar to the occurrence of sulfur in the S-
bearing mica anandite (Filut et al., 1985). Sulfur was
found to occur homogenously across the Mighei
serpentine nanotubes by Zega et al. (2004) implying that
it is an integral element of the serpentine and its
structure. Similarly, we have found that where sulfur-
bearing serpentine has been identified, the sulfur is
distributed uniformly across it (Figure 12).

Based on previous works of Hicks et al. (2014) on Fe-
serpentine and Zega et al. (2004) on sulfur-bearing
serpentine, and the formula for the S-bearing mica
anandite (Brindley & Brown, 1984), we suggest this
sulfur-bearing serpentine has an approximate
stoichiometric formula of (Mg, Fe2+, Fe3+, Al)2-3(Si,
Al)2O5(OH)5-6(HS�)1-2(SO4)

2�
0.1-0.7 (Table 1).

Replacement of OH� is possible in naturally
occurring S-bearing micas (e.g., Filut et al., 1985) and via
synthetic means by sulfidation of clays (e.g. Wang et al.,
2020). The replacement could also occur via ligand
exchange of the OH� group by adsorption of S2� or HS�

at the serpentine surface, as seen in other phyllosilicates
(e.g., Feuillie et al., 2013). Although the H-S peak
observed in S-K XANES spectra of tochilinite is absent
in the sulfur-bearing serpentine spectra, this does not
necessarily prove there is no H-S bonding at all in sulfur-
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bearing serpentine; it is plausible that as the
concentrations are much lower in sulfur-bearing
serpentine than in tochilinite (as seen in EDS
comparisons, Composition of S-Bearing Serpentine
Section) that this peak is unidentifiable in the S-K
XANES spectra.

The reduced d001-spacings of sulfur-bearing serpentine
in some samples could be explained by the partial
incorporation of SO4

2� ions into the pseudo-hexagonal
vacancies of the serpentine tetrahedra. As an analogy, in
anandite (Ba, K)(Fe2+, Mg)3((Si, Al, Fe)4O10)(S, OH)2, an
S-bearing mica (Brindley & Brown, 1984), the interlayer
Ba2+ ions are strongly attracted to the S2� ions, shifting
them towards each other by �0.16 Å (Filut et al., 1985);
thus the distance between Ba2+ and OH� is greater than the
distance between Ba2+ and S2�, due to repulsion from H+.
For sulfur in serpentine, a similar theory is suggested, in
that an attraction between the SO4

2� ions in the tetrahedra
and the cations (Fe2+, Mg2+, Fe3+) in the octahedra may
cause a reduction in lattice spacings between the T-O layers.
The partial replacement of OH� by SH� is, however,
unlikely to cause a noticeable difference in lattice spacing
distances. Though there is a difference in polarity between
OH� and SH� due to oxygen being more electronegative
than sulfur, the repulsion between the T-O layers caused by
H+ would be of similar, if not the same, magnitude.
However, we note that this relationship was only
determined to be statistically significant (R=� 0.963) for
Winchcombe and further work is needed to establish the
significance in other samples.

The sequestration of sulfur in serpentine, rather than
as sulfates such as gypsum, CaSO4, may also be related to
the prior formation of carbonates and thus a geochemical
deficit of Ca and Mg in subsequent alteration fluids. The
initial Ca and Mg budget available has been fixed as

carbonates during the carbonation of ferromagnesian
silicates during parent body alteration, as evidenced by
the presence of carbonates in the CM and CI chondrites
(de Leuw et al., 2010; Johnson & Prinz, 1993; Lee et al.,
2014) including the samples studied here.

The presence of both S2� and SO4
2� implies a charge

imbalance between the T-O layers in serpentine; however,
this would be mitigated by the inclusion of ferric iron,
Fe3+, in the tetrahedral and octahedral sites, as identified
via our Fe-K edge XANES results (Table 1 and
Supporting Information S3). The nature of serpentine in
CCs as being ferric serpentine is shown in our Fe-K
XANES and is documented elsewhere (e.g., Buseck &
Hua, 1993; Calvin & King, 1997; Elmaleh et al., 2015;
Suttle et al., 2021; Tomeoka & Buseck, 1985, 1988; Velbel
& Palmer, 2011; Zega et al., 2006), thus the inclusion of
Fe3+ in our samples is expected.

Further analyses to determine the sulfur valences in
Ryugu and related specimens (e.g., Bennu) would include
energy-loss spectroscopy (EELS) and electron
ptychography for establishing site occupancies, which
would be techniques suitable for analyzing TEM lamella.
To fully characterize the location and bonding
environment of sulfur in serpentine, further work using
X-ray diffraction (XRD), Extended X-ray Absorption
Fine Structure spectroscopy (EXAFS), nano-Fourier
Transform Infrared spectroscopy (nano-FTIR) and tip-
enhanced Raman spectroscopy techniques will be useful
for identifying and characterizing bond lengths in the
material. Though the structural observations presented
here are a good baseline comparison for the sulfur-
bearing serpentine, a full structural solution is also
needed, using techniques such as nanodiffraction and/or
electron ptychography, along with those suggested above
for determining the bonding environment.

FIGURE 12. (a) Partial replacement of some OH� ions by HS� ions in the lattice of serpentine. (b) Possible location of sulfate
ion in the hexagonal vacancies of the serpentine tetrahedral layer. The molecule is small enough to fit within the vacancy (size of
hexagon > size of ion). This causes a charge imbalance but this may be mitigated by having ferric (Fe3+) iron in the tetrahedra.
Created using VESTA 3 (v 3.5.8) modeling software (Momma & Izumi, 2011)
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Source of Sulfur for Serpentine

Alteration of Primary Sulfides
The parent bodies of CM and CI chondrites

underwent widespread alteration (Bischoff, 1998; King
et al., 2017, 2022; McSween, 1987; Rubin et al., 2007;
Suttle et al., 2021; Takir et al., 2013) leading to the
formation of secondary mineral assemblages. Fluid
interactions caused alteration of primary minerals such as
ferromagnesian silicates olivine and pyroxene, and of iron
sulfides via oxidation. During serpentinization of Fe
endmembers of olivine and pyroxene (fayalite and
ferrosilite, respectively), Fe3+ ions are produced.
Simultaneously, the serpentinization of Mg endmembers
(forsterite and enstatite, respectively) led to some of the
ferric Fe3+ ions being sequestered in the serpentine,
forming ferric-serpentine. In Bassez (2017), it is inferred
from enthalpy calculations that the oxidation of iron
sulfides can proceed simultaneously with the oxidation
(and carbonation) of ferromagnesian silicates during
serpentinization. We propose that during parent body
alteration there is concurrent oxidation of
ferromagnesian silicates and iron sulfides, during which
the sequestration of sulfur in serpentine takes place.

It is likely that the sulfur found in serpentine became
available during the alteration of primary sulfides, as
described in Singerling and Brearley (2018, 2020) and
Singerling et al. (2024), 2024 eventually leading to the
formation of magnetites. There are two key equations
which are considered for the source of sulfur:

Alteration of pyrrhotite to magnetite:

3Fe1�xS sð Þ þ 4H2O lð Þ ! Fe3O4 þ 3HS�aqð Þ þ 5Hþ
aqð Þ þ 2e�aqð Þ (1)

Alteration of pentlandite to magnetite:

2Fe4:5Ni4:5S8 sð Þ þ 7:5O2 aqð Þ þ 6Hþ
aqð Þ

! 3Fe2þFe3þ2O4 sð Þ þ 9Ni2þ aqð Þ þ 16S2� aqð Þ þ 3H2O lð Þ
(2)

Equations (1) and (2) demonstrate two sources for
the reduced sulfur species, as HS� and S2�. As these
ions are in aqueous solution, it is likely that they were
part of the wider fluid circulation on the parent body
during alteration. Equation (2) further illustrates that
the system must have been oxidizing, as in order to
form magnetite from pentlandite, the pentlandite gains
O2 but loses Ni2+ and S2� ions (Singerling et al.,
2024). The remaining HS� product from Equation (1),
if not sequestered in serpentine, can form sulfate
as oxidation of the parent body progresses

(Zolotov, 2016), providing a potential source of sulfate
ions for the serpentine:

HS� aqð Þ þ 4H2O lð Þ ! SO4
2�

aqð Þ þHþ
aqð Þ þ 4H2 aqð Þ (3)

For Equation (3) to occur, temperatures of
�150–200°C are required (Bassez, 2017; Zolotov, 2016). It
has previously been shown that alteration temperatures on
both the CM (Brearley, 2006; Clayton & Mayeda, 1984;
Fujiya, 2018; King et al., 2021, 2022) and the CI
(Brearley, 2006; Clayton &Mayeda, 1999; King et al., 2015)
chondrites did reach �150°C, a temperature high enough
for Equation (3) to take place. In the CM chondrites, HS�

and SO4
2� are the “most probable and stable” (Singerling

and Brearley, 2020) species observed under the oxygen
fugacity fO2 and pH 7–14 conditions on the CM parent
body (see Figure 15 of Singerling and Brearley, 2020).

Pignatelli et al. (2016) also suggest that the alteration
of primary troilite and other sulfides releases the sulfur
needed for the S-rich fluid which allowed for the
formation of tochilinite for both Type I and Type II
TCIs; thus, it is plausible that the same fluid allowed for
the formation of sulfur-bearing serpentine.

During aqueous alteration of these primary sulfides,
metals and anhydrous silicates, TCIs and TCI-like material
precipitated out and as alteration progressed, these TCIs
were altered further and reprocessed to form phyllosilicates
and secondary sulfides (Howard et al., 2009; Pignatelli
et al., 2016, 2017; Rubin et al., 2007; Suttle et al., 2021;
Tomeoka et al., 1989). Howard et al. (2009, and references
therein) detail the chemical reactions in which tochilinite
forms from primary metals (kamacite) and a S-rich fluid:
the final products after continued tochilinite consumption
are Mg- serpentines and Fe, Ni sulfides. Our suggested
alteration sequence is in agreement with the equations
described by Howard et al. (2009); however, we
additionally suggest that these interactions are not
sequential but are contemporaneous with each other. We
also suggest that as part of the reprocessing of TCIs
(particularly Type II) and TCI-like material, sulfur-bearing
serpentine may form as an intermediate mineral phase,
and/or sulfur-bearing serpentine remains or is (re)formed
as a final alteration product alongside Mg phyllosilicates
and secondary Fe, Ni sulfides and that the sulfur is not all
sequestered in the sulfides.

The presence of sulfur associated with phyllosilicates
has been previously reported by Brearley (2011),
Singerling and Brearley (2020) and Singerling et al.
(2024), where they note that a “fibrous oxysulfide” has
formed alongside altered pyrrhotite-pentlandite
intergrowth (PPI) grains and suggest this is one stage as
part of the wider alteration of primary sulfides.
According to Equation (2), an S2�-rich fluid is present
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and the sulfur must have a geochemical sink; thus there is
potential for fluid flow elsewhere to form the fibrous
oxysulfides, or, as we have identified, sulfur-bearing
serpentine. It is noted that aside from the inclusions of
micrometer-sized grains of pyrrhotite in the fibrous
oxysulfide and the large sulfide grains around which it
forms (Brearley, 2011), at the sub-micrometer level, the
sulfur-bearing serpentines identified here and the
oxysulfide have similar textures and appearance.

However, not all of the sulfur may necessarily be
sequestered in serpentine via the partial replacement of
OH� and SO4

2� ions; some sulfur may have been lost via
other processes, such as volatile loss. This is also suggested
by Singerling and Brearley (2018) as they observed
variable sulfur content in the final sulfide products of
alteration in the CMs, assuming some sulfur is lost as
volatiles. However, we suggest it is possible that some
sulfur content variability is due to a range of sulfur
sequestration in serpentine.

Research on the CI chondrites (e.g., Buseck &
Hua, 1993; Tomeoka & Buseck, 1988) states that
ferrihydrite is present in equal proportions to, and mixed
in with, the phyllosilicates. The fine-grained nature of the
ferrihydrite led to adsorption of sulfur (and other volatiles)
onto its surface, which could explain the high sulfur
content seen in CI chondrite matrices (Buseck &
Hua, 1993). However, the ferrihydrite is distinctly different
from the phyllosilicate matrix, as observed with BSE
imaging where the ferrihydrite appears much brighter than
the matrix materials, and with EDS measurements which
show compositional differences between the two mineral
phases. Thus, adsorption of sulfur to the ferrihydrite
cannot explain the sulfur content in the CI phyllosilicate
matrix, as observed with STEM-EDS measurements in
this work on Ivuna, where ferrihydrite was not detected.

Tomeoka and Buseck (1988) suggest a sulfate-rich
solution was responsible for the presence of sulfur on
ferrihydrite and that this period of alteration occurred
simultaneously with sulfate vein formation. Although the
sulfur seen in the CIs in this work has been identified as
S6+, thus agreeing with the conclusions of Tomeoka and
Buseck (1988) regarding the presence of sulfate, we
propose the sulfur is not just adsorbed to ferrihydrite
surfaces but is trapped in the matrix serpentines as SO4

2�

ions, as discussed in Sulfur in Carbonaceous Chondrites
Section. The presence of sulfur in its most oxidized state,
S6+, and the abundance of magnetites seen in the CIs
(Alfing et al., 2019; Hyman & Rowe, 1983; King et al.,
2015) imply that the CI chondrites experienced a more
advanced degree of oxidation than the CMs. From
Equation (3) and in the works of Singerling and Brearley
(2020) and Singerling et al., (2024) the products that form
at the most advanced stages of oxidation of primary
minerals (notably, iron sulfides) and their subsequent

products, are sulfates and magnetite. It is widely agreed
within the literature (Bischoff, 1998; King et al., 2015;
Suttle et al., 2019) that the CIs experienced more alteration
than the CMs, and the largest degree of alteration of all
CCs, thus explaining the abundances of S6+ and magnetite
in these specimens. It is, however, crucial to note that any
alteration within the CIs, especially in the case of Orgueil,
the effects of terrestrial weathering need to be considered.

Less sulfur is observed in the S2� state (as S2� in
sulfur-bearing serpentine) in the CIs, which could be
attributed to the fact that they have experienced the most
aqueous alteration on their parent bodies. Sulfur-bearing
serpentine is likely an intermediate step in the alteration
process; thus the CMs contain more of this mineral as
they have experienced less alteration compared to the
CIs. In the CIs, it is possible that a large amount of the
sulfur has been re-consumed as part of the cycling of
sulfur within the alteration process, forming tochilinite
and TCIs from sulfur-bearing serpentine and progressing
further to form sulfides and finally, magnetite. This also
fits with the number of micro and nanoscale magnetite
grains that are observed in the CI chondrites and CI-like
carbonaceous asteroid samples.

Implications for the Sulfur Cycle

The terrestrial sulfur cycle is important in bio- and
geochemical processes; the global cycling of sulfur
through different oxidation states produces species of
varying valency, which play important roles in both
geological and biological systems. The sulfur content
(normalized relative to Si) of CI chondrites has a 1:1
correspondence to that of the solar photosphere (Anders
& Grevesse, 1989); thus, the bulk meteoritic sulfur
content is a reasonable approximation for the bulk
planetary sulfur abundance. The CM chondrites have a
similar photosphere correspondence to the CIs; however,
they are depleted in volatile elements, � 0.63 ×CI, and
have some enrichment of refractory elements, � 1.2 ×CI
(Bland et al., 2005; Braukmüller et al., 2018; Suttle et al.,
2021). Both are considered to be likely candidates for the
starting materials for the formation of the rocky inner
planets in the early Solar System.

As approximately 15% of phyllosilicates identified in
Winchcombe are sulfur-bearing serpentine, and the bulk
volume of CM and CI chondrites is largely phyllosilicate
material, then phyllosilicates can play a key, previously
unidentified role in the sulfur cycle and distribution of
volatiles in the early Solar System.

CONCLUSIONS

Correlative multi-technique structural and
compositional analyses at μm–nm scales of Winchcombe
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(CM2), Aguas Zarcas (CM2), Ivuna (CI), Orgueil (CI)
and Ryugu have revealed that sulfur-bearing serpentines
are an important component of these samples. In
Winchcombe, 12 vol% of the sectioned studied here is
sulfur-bearing serpentine, with sulfur abundance up to
10 wt% SO3 equivalent. There are similar abundances
noted in the other samples, averaging 15 wt% in Aguas
Zarcas, 15 wt% in Ivuna and Orgueil, and 6 wt% in
Ryugu (all SO3 equivalent). On the basis of our studies,
we conclude that much of the material identified in
previous studies of CCs as TCI-like or PCPs is in fact
sulfur-bearing serpentine.

Fourier-filtered HRTEM measurments
determinedthe d001-spacings were 0.64–0.70 nm across all
sulfur-bearing serpentine sites in Winchcombe. The
average d001-spacings for both the CMs and the CIs were
equal to 0.68� 0.02 nm. In Winchcombe, we were able to
identify an anti-correlation between these basal lattice
spacings and sulfur abundance. We suggest that the
attraction between the S2� (in HS� species) or SO4

2- and
the Fe2+ in the octahedral sites may cause a reduction in
lattice spacings between the T-O layers. Thus far, we have
only positively identified this anti-correlation in
Winchcombe.

On the basis of our S-K edge XANES analyses we
determine that sulfur is in the form S2� (forming part of
an HS� species) and S6+, that is, (SO4

2�). CM sulfur-
bearing serpentines have S6+/ΣStotal values of 0.1–0.2 and
S2� as the dominant species, whereas the CIs have values
of 0.9–1.0 with S6+ as the dominant species. On the basis
of our combined analyses we suggest that sulfur-bearing,
ferric serpentine has an approximate mineral formula
(Mg, Fe2+, Fe3+, Al)2-3(Si, Al)2O5(OH)5-6(HS�)1-2
(SO4)

2�
0.1-0.7. Fe-K XANES confirm the ferric

abundances of around 50% (Fe3+/ΣFe=�0.5).
It is possible that sulfur-bearing serpentine is an

intermediate product that forms as part of the progressive
aqueous alteration that occurred on CC parent bodies. A
sulfur-rich fluid formed part of the wider alteration
pathway, and during alteration, there was simultaneous
oxidation of ferromagnesian silicates and Fe-sulfides,
during which sulfur was variably sequestered in
serpentine.

The heterogeneity observed in both sulfur-bearing
serpentine abundance and differing morphologies may be
explained by the varying degrees of aqueous alteration,
and thus oxidation, across the CMs and CIs. Sulfur-
bearing serpentines that were once present in CI
precursor material may have been re-consumed as part of
the extensive alteration, recycling of sulfur and the
formation of secondary sulfides and magnetite on CI
parent asteroid(s).

As sulfur-bearing serpentine has a variable and
sometimes, as in Winchcombe, a large abundance, we

conclude that a significant amount of sulfur is
sequestered in serpentines within CM and CI chondrite
material and related asteroids. Thus, we suggest that
phyllosilicates and in particular serpentine, had a
previously unrecognized important role in the sulfur cycle
of the early Solar System.
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SUPPORTING INFORMATION

Additional supporting information may be found in
the online version of this article.

Figure S1. SEM backscatter images showing selected
features in Winchcombe CM2 (P30453), with points (a–f)
measured for SEM–EDX and Fe-K XANES (right)
highlighted. A stack of baseline subtracted Fe-K XANES
1s→3d pre-edge centroids (right) for ferrous (Fe2+) and
ferric (Fe3+) Fe-silicate references, San Carlos olivine and
nontronite (NG-1), respectively, compared to the Fe-
silicates (a–e) and Fe-sulfide-hydroxide (f) features
observed in Winchcombe (P30453). Fe3+/ΣFe values are
estimated for Fe-silicates only (see Table S2 for Fe-K
XANES pre-edge centroid and absorption edge values).

Table S2. Fe-K XANES 1s→ 3d pre-edge and
absorption edge for Winchcombe olivine (a), Fe-silicate
clay features (b–e) and Fe-sulfide-hydroxide (f), with
estimations of Fe3+/ΣFe. The reference minerals (below)
include the experiment estimations of Fe3+/ΣFe with the
theoretical values.

Figure S2. Plot of SO3 equiv. in oxide wt%
equivalent against lattice spacings measured using
HRTEM in the Winchcombe site B lamella. The sites
taken for STEM-EDS measurements are the same sites
where lattice spacing measurements were taken. The plot
shows a clear anti-correlation between these two
parameters, with R=�0.96. It should be noted that this
is a preliminary suggestion of a relationship between
these two parameters, and further work is needed to
investigate whether the same is true for other sites in
Winchcombe and for other samples.

Table S3. Normalized TEM-EDS compositions of
representative serpentine and S-serpentine phases.

Table S4. Normalized compositions acquired from
correlative EDS measurements and the respective loading
vectors (LV).

Figure S3. Full non-negative matrix factorization
(NMF) results using 20 loading vectors (LVs) in the
segmentation of 4D STEM data from Winchcombe site B
lamella. Virtual bright-field (vBF) images are shown with
the corresponding phase maps (produced by each loading
vector) plotted on top, along with the corresponding 1D
averaged radial variance profile plots (RVPs), and the
original loading vector RVPs. The peaks are annotated
with their respective d-spacings. All maps are displayed
with normalized intensity. Differences seen between the
averaged RVPs and the original loading vector RVPs are
due to normalization of the data for the averaged RVPs.
This makes all features of the original LV plots relatively
comparable with each other, meaning that even small
features are augmented. Aside from the characteristic
serpentine reflections at �0.70 nm (7 Å) seen in LVs 3, 5,
9, 14, 20 (7.44, 7.02, 7.44, 7.02 and 7.33 Å, respectively),
other reflections that appear in nearly every LV plot
correspond to the 100, 002 and 111 planes (averages of
4.60, 3.70 and 2.55 Å, respectively). Two exceptions are
LVs 4 and 16, which are missing peaks at �2.55 Å (111
plane); however, they do have reflections at 2.64 Å,
corresponding to the 110 plane of serpentine. The
diagonal features seen in LVs 1, 12 and 15 are likely due
to variations in sample thickness resulting from FIB
milling. All comparisons and identifications made using
data compiled from Mellini (1982), Brindley and Brown
(1984); Mellini and Cressey (2010); Hicks et al. (2014);
Viennet et al. (2023).
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