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Abstract–We report the first oxygen isotope measurements of tochilinite (δ17O: 11.0� 2.1‰,
δ18O: 23.5� 4.0‰ and Δ17O: �1.1� 1.2‰) in a CM chondrite (Winchcombe, lithology C
[CM2.2/2.3]). We analyzed type-I tochilinite-cronstedtite intergrowths (TCIs)—formed by
pseudomorphic replacement of kamacite. Alongside T1 and T2 calcite and magnetite, these
secondary phases define a linear trendline in δ17O-δ18O isotope space with a slope of 0.50,
slightly shallower than the mass-dependent slope (0.52). This demonstrates that, in addition to
dominant mass-dependent fractionation (controlled by mineral-specific and temperature-
dependent equilibrium processes), mass-independent mixing between 16O-rich anhydrous
silicates, and 16O-poor water influenced the evolving Δ17O composition of alteration fluids.
Petrographic evidence shows tochilinite and T1 calcite formed early and are closely associated
in the alteration sequence. Assuming isotopic equilibrium between these phases, we estimate
formation temperatures of approximately 135°C and a δ18Owater value of 28‰. These findings
align with previous hydrothermal synthesis experiments and underscore the value of multi-
phase isotopic measurements for reconstructing the fluid history of chondritic parent bodies.

INTRODUCTION

Tochilinite is a hydroxy-sulfide mineral belonging to
the valleriite group with the general formula: 2Fe1-xS � n
(Mg,Fe)(OH)2, where 0.08≤ x≤ 0.28 and 1.58 ≤ n≤ 1.75
(Gubaidulina et al., 2007; Kakos et al., 1994; Organova
et al., 1988). It forms a coherently interstratified
two-layer structure composed of alternating tetrahedrally
coordinated mackinawite-like metal-sulfide layers and
octahedrally coordinated brucite-like metal-hydroxide
layers (Mackinnon & Zolensky, 1984; Peng et al., 2009).
Charge balance between the negatively charged sulfide
layers and the positively charged hydroxide layers results
in weak electrostatic bonding. Substitution of Fe for Ni,
Mg, Cu, and Cr within the mackinawite-like layers and

replacement of Fe by Mg, Al, Ca, Na, and other cations
into the metal-hydroxide layers allow for a wide range of
naturally occurring compositions (Zolensky &
Mackinnon, 1986). Tochilinite very rarely forms
macrocrystals (>10 μm) under natural or synthetic
synthesis (Peng et al., 2009; Vacher, Truche, et al., 2019).
This presents challenges to its study.

Tochilinite forms by low-temperature hydrothermal
alteration, and on Earth, it is found within serpentinites
(e.g., Dietze & Kontny, 2003; Van de Vusse & Powell,
1983) and skarns (e.g., Muramatsu & Nambu, 1980). By
contrast, in extraterrestrial settings, tochilinite occurs
abundantly, in fact almost exclusively (approximately
<5 vol%; McSween Jr, 1987) within the CM chondrites
(e.g., Rubin et al., 2007; Suttle, King, et al., 2021;
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Tomeoka & Buseck, 1985). Trace concentrations of
tochilinite have been reported in the CR chondrites (table
8 in Abreu et al., 2020) and the CI chondrites (figure 3 in
Nakamura et al., 2022), and it is inferred as a former
phase in the metamorphosed CY chondrites (Suttle,
Greshake, et al., 2021). Owing to its limited stability field,
the presence of tochilinite potentially provides constraints
on the temperature (T= 120–160°C) and the composition
(alkaline) of the fluid present on the CM parent body
during the window of tochilinite formation (e.g., Vacher,
Truche, et al., 2019). As a salient example, its plenitude in
CM2 chondrites and sparsity in CM1 chondrites provide
evidence that the CM1s were aqueously altered at higher
temperatures than their CM2 cousins (King et al., 2017).

In CM2 chondrites, tochilinite often occurs in
intimate association with cronstedtite (the Fe-rich
serpentine end-member), forming nanoscale mixtures
termed tochilinite-cronstedtite intergrowths (TCIs)
(Mackinnon & Zolensky, 1984; Rubin et al., 2007;
Tomeoka & Buseck, 1985). They formed early in the
aqueous alteration sequence (from CM2.8 onwards, table
6 in Kimura et al., 2020) and were later reprocessed into
Fe-Mg-serpentine as aqueous alteration advanced (Rubin
et al., 2007; Suttle, King, et al., 2021). TCIs are absent in
the more altered CM1 chondrites (King et al., 2017).
Because the phyllosilicate in TCI clumps appears to have
evolved during aqueous alteration in a way that traces the
cation composition of the parent body fluid, their
compositions (specifically the Fe-to-Si ratio expressed as
“FeO”/SiO2 in wt%) have been utilized as a metric for
the degree of aqueous alteration experienced by the CM
lithology (e.g., Lentfort et al., 2021; Rubin et al., 2007;
Suttle, King, et al., 2021; Suttle et al., 2024). Two types of
TCI are recognized based upon the precursor phases that
they replaced:

1. Type-I TCIs form by the pseudomorphic replacement
of kamacite grains, resulting in large (>10 μm),
compact, rounded grains containing a relatively high
abundance of tochilinite intermixed with minor
quantities of cronstedtite, goethite, or magnetite
(Palmer & Lauretta, 2011; Pignatelli et al., 2016,
2017; Tomeoka & Buseck, 1985). They tend to be
Fe-rich (>40 wt%; Palmer & Lauretta, 2011) because
the dominant cation in both the mackinawite-like
and brucite-like layers is Fe. Furthermore, they may
contain appreciable amounts (>3 wt%) of Cr and Ni
(Pignatelli et al., 2017), reflecting inherited cations
from the precursor Fe-Ni-metal phase.

2. By contrast type-II TCIs have characteristic fibrous
textures and typically form masses within the
fine-grained matrix (previously referred to as “clumps”
or “Poorly Characterized Phases [PCP]”; e.g., Rubin
et al., 2007) or occur as mantles overgrowing other

mineral phases, most notably calcite (Vacher
et al., 2017). Compositionally, Type-II TCIs have
lower Fe contents (<35 wt%; Pignatelli et al., 2017)
and higher Mg abundances. They are dominated by
Fe-rich serpentines, (primarily cronstedtite) with minor
quantities of tochilinite and may show compositional
zoning in cation content resulting in predominantly
Mg-serpentine-rich cores. Crystallographic evidence
and rare occurrences of anhedral grains preserved in
the center of these TCI masses demonstrate that
anhydrous silicates (olivine and pyroxene) and
carbonates were the precursor minerals to type-II TCIs
(e.g., Daly et al., 2024; Lee et al., 2014; Pignatelli
et al., 2016, 2017; Suttle et al., 2024; Tomeoka &
Buseck, 1985). Type-II TCIs are significantly more
common than type-I TCIs, reflecting the higher
abundance of silicates and carbonates over metal in the
unaltered CM3 lithology.

Carbonate minerals in CM chondrites act as sensitive
records of the fluid conditions at their time of formation.
This is because oxygen self-diffusion in carbonates is very
low at the temperatures predicted for CM chondrite
alteration, preventing re-equilibration with evolving pore
fluids (Farver, 1994; Vacher, Piralla, et al., 2019). The
presence of multiple carbonate generations in CM
chondrites indicates an episodic alteration history
(Vacher et al., 2017), representing discrete periods with
characteristic fluid compositions and environmental
conditions (e.g., pH, temperature and water-to-rock
[W/R] mass ratios) during the alteration sequence (e.g.,
Lee et al., 2013, 2014; Tyra et al., 2016). First-generation
(T1) carbonates formed early in the aqueous alteration
sequence, before the main growth window for
phyllosilicate and pyrrhotite-troilite group Fe-sulfides
(Vacher et al., 2017; Lindgren et al., 2017). They are
characterized by overgrowth rims. Notably, T1a calcites
have rims of tochilinite, while T1b calcites have rims of
Fe-sulfide (pyrrhotite-troilite) or metal (Vacher
et al., 2017). Second-generation (T2) calcites formed after
the main growth windows for phyllosilicate and sulfides
and are therefore characterized by inclusions of Fe-sulfide
scattered through their interiors. Oxygen isotope analysis
of these individual carbonate generations has been used
to place constraints on the temperature range during
parent body alteration. This approach employs the (alpha
[α]) fractionation factor between calcite and water, and
calcite and serpentine (e.g., Lee et al., 2014; Telus
et al., 2019; Vacher et al. 2017; Vacher, Piralla, et al.,
2019; Verdier-Paoletti et al., 2017). Interestingly, TCIs
share a similar ability to record the composition of the
parent body fluid at their time of formation and to
partially preserve this compositional signature through
later protracted alteration (Suttle et al., 2024). However,
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no detailed isotopic investigations of TCIs have been
undertaken, and only their chemical compositions have
been investigated extensively (e.g., Lentfort et al., 2021).
One previous isotopic data point for tochilinite was
reported as an isotopographic SIMS measurement from
the Murchison meteorite (Sakamoto et al., 2007,
supplementary information). However, this measurement
was subject to significant and undefined uncertainty and
lacked petrographic context.

In this study, we provide the first high precision
O-isotope measurement of tochilinite in the CM
chondrite Winchcombe (King et al., 2022), using
NanoSIMS coupled with a correction on the matrix effect
using a terrestrial tochilinite standard. We use these data,
combined with O-isotope measurements on calcite and
magnetite, to quantitatively constrain the ambient
alteration temperatures on the CM chondrite parent
body during early-stage aqueous alteration, prior to the
formation of phyllosilicate.

METHODS

Samples

We studied tochilinite (carbonates and magnetite)
within a single resin-mounted polished section of the
Winchcombe meteorite, a CM2 chondrite (from
the Natural History Museum, London [NHM], with
section ID: P30423 and accession number: BM.2022, M1-
87). This section samples part of the main mass recovered
from the residential driveway (King et al., 2022; Russell
et al., 2023). It is approximately �40.2 mm2 in exposed
area and is composed exclusively of the Lithology C
material, as defined in Suttle et al. (2024). This lithology
was assigned a petrologic grade of CM2.2/2.3, reflecting
moderate-to-advanced aqueous alteration. Within this
section, three grains of near-pure tochilinite were
previously identified (figure 2b of Suttle et al., 2024).

In addition, we studied a single sample of terrestrial
tochilinite, collected from the Otamo Quarry, based in
Siikainen, Finland. At this site tochilinite occurs as thin
platy crystals, up to 5 mm across, bronze-black in color,
associated with dolomite. This sample was made
available by the mineral collector Ulf Nyberg. Additional
information on this locality can be found in
Sandström (2012). Owing to the relatively small amount
of pure tochilinite, our identification was confirmed using
X-ray powder diffraction collected in a Gandolfi-like
geometry using a Bruker D8 Venture single-crystal
X-ray diffractometer equipped with a Photon III
CCD area detector and microfocus CuKα radiation
(instrument based at the Centro per l’Integrazione della
Strumentazione scientifica dell’Università di Pisa,
CISUP, University of Pisa, Italy). Observed X-ray

diffraction lines from this sample are reported in
Table S1.

Petrographic Characterization

We used scanning electron microscope (SEM),
backscattered electron (BSE) imaging, and energy
dispersive spectroscopy (EDS) to characterize the texture
and chemical composition of the tochilinite grains. This was
performed at the Open University (OU) using a TESCAN
Clara SEM. This SEM is fitted with an Oxford Instruments
UltimMax 170mm2 detector and provides “standardless”
EDS data calibrated to the Oxford Instruments “Extended
Factory Set” (in-factory using a collection of pure elemental
standards). Prior to analysis, we performed energy channel
calibration (peak position and intensity) using a pure
copper metal reference. All spot analyses were performed at
high-vacuum, with an accelerating voltage of 20 kV, a beam
current of 1.5 nA, and a fixed optimal working distance
(10mm). We used the Oxford Instruments AZtec software
(version 6.1 HF3). Acquisition settings were as follows:
“process time 4,” 2048 energy channels, and a live
acquisition time of 20 s. Resulting quantitative EDS data
were processed with standard XPP matrix correction
routines (Pouchou & Pichoir, 1991). We applied the “all
elements” quantification routine, meaning that no apriori
assumptions are made on the anion composition of the
sample, and therefore the abundance of all elements
(including oxygen) was determined from their individual
K/L peak intensities. All geochemical data are quoted as
uncorrected weight totals (wt%) and given to one decimal
place (Table 1).

After SEM analysis, the carbon coat was removed
and the tochilinite masses were analyzed with Raman
spectroscopy to confirm their phase identification as
tochilinite. We used a Horiba Jobin-Yvon LabRam HR
Raman microscope, located at the OU. Analyses were
performed using a 514 nm (green) laser and a 100× long
working distance objective lens, giving a beam diameter
of �2 μm. Spectra were collected for three cycles of
between 60 and 120 s with a 600 grooves/mm grating and
a backlit CCD detector. Laser power at the sample
surface was <50 μW in order to prevent damage to the
grains. The resulting spectra were compared against a
tochilinite spectrum obtained from the RRUFF database
(RRUFF ID: R060887).

O-isotope Measurements—Developing A Terrestrial

Tochilinite Standard

All O-isotope data presented in this study are quoted
in ‰ and given in relation to VSMOW. We measured the
O-isotope composition of the Winchcombe tochilinite
using a Cameca NanoSIMS 50 L based at the OU.

Isotopic analysis of tochilinite (carbonate and magnetite) in Winchcombe 2361
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However, appropriate corrections must be applied to any
of the raw NanoSIMS data to account for artifacts that
introduce inaccuracies in the measured isotopic
composition of a given mineral phase. Most significantly,
we must account for (1) matrix effects arising because the
chemical composition, crystallography, and sputtering
behavior of the target mineral impact the efficiency of
secondary ionization and emission and (2) instrumental
mass fractionation effects that arise as different mass ions
are systematically influenced by the instrument’s
electromagnetic fields (e.g., Riciputi et al., 1998). To
overcome these issues, we apply correction factors
determined by applying calibration factors based on the
measurement of mineral standards, whose isotopic
compositions are known independently. These corrections
ensure that the measured isotopic ratios on the sample
accurately reflect the true isotopic composition of the
target mineral phase (e.g., Hauri et al., 2016; Scicchitano
et al., 2018).

To date, the absence of a readily available and
well-characterized terrestrial isotopic tochilinite standard
has prevented the quantitative isotopic analysis of
tochilinite in CM chondrites. However, we were able to
acquire a sufficient quantity of terrestrial tochilinite from
the Otamo Quarry for this work. The triple oxygen isotope
composition of the terrestrial Otamo quarry tochilinite was
determined at the OU, using our bespoke infrared
laser-assisted fluorination mass spectrometry instrument
(outlined in Miller et al., 1999). We measured 341 μg of
tochilinite using the modified single-shot laser fluorination
method (outlined in Greenwood et al., 2023, 2024).

The Otamo quarry tochilinite was loaded as a single
sample into a nickel tray alongside two obsidian
standards (one large, one small). The advantage of only
loading one unknown is that it prevents the possible
pre-reaction of tochilinite with BrF5 at room
temperature. The analysis tray was sealed between two
knife edges using a copper gasket and allowed to pump to
a high vacuum overnight at 80°C. The following day, the
tochilinite was reacted in the presence of BrF5 using a
50W CO2 fusion laser. Tochilinite has a modest oxygen
budget (approximately 10–15 wt%), all of which is
located as hydroxyl molecules with the octahedrally
coordinated brucite-like layers.

The combination of a low oxygen budget and a small
sample mass (<1 g) necessitated a microvolume analysis
followed by a blank correction applied to the data
(Greenwood et al., 2024). The blank correction was
calculated by assessing the deviation of the small obsidian
standard from the known value. The resulting
composition of the terrestrial Otamo Quarry tochilinite
reported from the laser line was: δ17O: �2.03‰, δ18O:
�3.65‰, and Δ17O: �0.13‰. System precision for small
analyses, as defined by repeat, small (0.12 mg) blank

corrected analyses (N= 21) of the OU obsidian standard
is: �0.094‰ for δ17O; �0.163‰ for δ18O; �0.018‰ for
Δ17O (2σ) (Greenwood et al., 2024).

NanoSIMS Measurements (Tochilinite, Carbonate and

Magnetite)

The in situ O-isotope composition of target phases
was analyzed using a CAMECA NanoSIMS 50 L based
at the OU. Prior to analysis, each area of interest was
pre-sputtered with a 100 pA Cs+ probe for 3 min over an
area of 7 × 7 μm to remove the carbon coat, any potential
surface contamination, and to achieve sputter
equilibrium. Analyses were performed with a 100 pA Cs+

probe rastered over a 5 × 5 μm region in “spot” mode. An
electron “flood gun” was used for charge compensation.
Seven different secondary ion species were collected
simultaneously, with 16O� measured on a Faraday
detector, while 17O�, 18O�, 30Si�, 24Mg16O�, 40Ca16O�,
and 56Fe16O� were measured on electron multipliers. The
stated mass resolving power is �10,000 (CAMECA
definition, based on the measured peak width between
10% and 90% of the peak), sufficient to resolve the
16OH� interference from 17O�.

Analyses lasted approximately 7min, providing a total
of (1.5–2.0) x 1010 counts for the 16O� isotope. Standard
samples of NHM calcite (δ18O: 15.47‰; Tomkinson, 2012),
magnetite (δ18O: 6.47‰), and terrestrial tochilinite (δ18O:
�3.65‰) were analyzed before and after each block of
unknown samples to correct the instrumental mass
fractionation. Analytical uncertainty (all 2σ), incorporating
internal precision and external precision from standard
replicates, is typically �1.3‰ for δ17O, �1.0‰ for δ18O
and approximately �1.0‰ for Δ17O. Analyses of the
extraterrestrial (Winchcombe) tochilinite were subject to
much higher 16OH� signal than calcite and magnetite
grains. In such circumstances, the mass resolving power
employed results in a small contribution of 16OH� to the
17O� signal. To correct for this interference, the 16OH�

signal was measured for 10 seconds at the start and end of
each measurement, and the δ17O adjusted according to a
calibration of Δ17O versus the measured 16OH�/17O�

intensity determined by analyses of terrestrial tochilinite
and San Carlos olivine.

All NanoSIMS O-isotope measurements on
Winchcombe tochilinite, carbonate, and magnetite collected
in this study are given in Table 2.

RESULTS

Petrography

The Winchcombe tochilinite analyzed in this study
occurs as three small (<200 μm) dense and homogenous

Isotopic analysis of tochilinite (carbonate and magnetite) in Winchcombe 2363
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grains, containing abundant radial fractures (Figure 1).
Raman spectra, collected after removal of the carbon
coat (Figure S1) confirm our phase identification as
tochilinite, having characteristic peaks centered at 235,
300, and 360 cm�1, which match that of terrestrial
tochilinite measured under the same conditions.

The Winchcombe tochilinite masses have
approximate diameters of 165 μm (Figure 1a), 25 μm
(Figure 1b) and 90 μm (Figure 1c). Two of these grains
have rounded shapes (Figure 1a,b), while the third can be
approximated to a rectangle in section view (Figure 1c).
Two of the grains have well-defined, thin (<15 μm) Ni-
rich rims, with Ni contents up to 21 wt%. In addition,
two of the grains have mantles containing magnetite
(occurring either as equant grains or as framboids)

intermixed with small (<10 μm) rounded Ca-carbonate
(calcite) grains. Spot EDS analyses on the tochilinite
(Table 1) revealed compositions containing (in order of
abundance): O (24.2–39.8 wt%), Fe (26.5–35.4), S
(8.1–19.7 wt%), Mg (3.9–6.2 wt%), Si (2.4–6.8 wt%), Cr
(2.3–3.4 wt%), and Ni (1.6–4.6 wt%), with trace
quantities (<0.8 wt%) of Na, Al, P, Mn, and Co. EDS
weight totals on tochilinite are low (<90 wt%). The
missing mass is attributed to artifacts (porosity and
minor beam overlap effects) and the inability to detect
hydrogen. All three grains have similar compositions
(Table 1) although the smallest grain (Figure 1b) contains
elevated Si contents (6.1� 0.7 wt%), indicating nanoscale
intermixed cronstedtite. The average tochilinite
composition (N= 10), based on data from all three

TABLE 2. Oxygen isotope compositions of tochilinite, carbonates (T1 and T2) and magnetite from Winchcombe
lithology C.

Phase Grain δ17O 2σ δ18O 2σ Δ17O 2σ

Tochilinite Large 165 μm grain
(Figure 1a)

9.0 1.2 20.6 1.0 �1.8 1.2
10.0 1.2 19.5 1.0 �0.1 1.2

11.8 1.3 27.2 1.1 �2.3 1.2
13.8 1.2 26.6 1.0 0.0 1.2

Avg. 11.2 — 23.5 — �1.1 —
SD 2.13 — 4.00 — 1.16 —

T1 calcite Grain 1 21.9 0.9 40.9 0.5 0.7 1.0
18.6 0.9 35.6 0.5 0.1 1.0

Grain 2 21.4 0.9 40.5 0.5 0.4 1.0

20.6 0.9 39.9 0.5 �0.1 1.0
20.1 0.9 39.2 0.5 �0.3 1.0
21.8 1.0 42.2 0.5 �0.2 1.0

Grain 3 21.9 1.0 41.6 0.5 0.2 1.0
23.0 0.9 42.6 0.5 0.9 1.0
23.2 1.0 42.5 0.5 1.1 1.0

Grain 4 20.0 1.0 39.6 0.5 �0.6 1.0
Avg. 21.3 — 40.5 — 0.2 —
SD 1.43 — 2.11 — 0.55 —

T2 calcite Grain 1 17.3 1.2 33.7 0.7 �0.2 1.0

15.0 1.2 31.0 0.6 �1.2 1.0
16.9 1.2 35.0 0.7 �1.2 1.0

Avg. 16.4 — 33.2 — �0.9 —
SD 1.24 — 2.01 — 0.56 —

Magnetite Grain 1 �5.0 0.9 �12.3 0.5 1.4 1.0
�4.8 0.9 �11.2 0.5 1.0 1.0

�5.7 0.9 �13.7 0.5 1.4 1.0
�6.2 1.1 �10.8 0.7 �0.6 1.0
�4.6 1.1 �8.9 0.7 0.0 1.0

Grain 2 �3.9 0.9 �11.2 0.5 1.9 1.0
�3.7 0.8 �11.6 0.4 2.3 1.0

Avg. �4.9 — �11.4 — 1.1 —
SD 0.91 — 1.45 — 1.04 —

Note: Data are displayed in permille (‰) and quoted relative to VSMOW. Uncertainties given in the “2σ” column represent analytical

uncertainties quoted at the 2× standard deviation level. For each phase, the average composition and standard deviation (arising exclusively

from intrasample variation and not accounting for analytical uncertainty) are quoted as labeled rows.
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grains, is: 32 wt% Fe, 29 wt% O, 15 wt% S, 5 wt%Mg,
4 wt% Si, 4 wt% Ni, and 3 wt% Cr. The terrestrial
tochilinite standard has a similar composition (Table 1)
but is Mg-enriched (Mg: 11.4� 0.3 wt%) and Fe-rich
(Fe: 49.9� 10.6 wt%) and, correspondingly, contains no
detectable Ni, Cr, and Si, which are otherwise found at
>1.5 wt% level in the Winchcombe tochilinite. Thus, the
morphology (rounded, isolated grains embedded within
the fine-grained matrix) combined with the presence of Ni
and Cr and low Si content is consistent with the
descriptions of type-I TCIs previously reported in CM
chondrites (e.g., Palmer & Lauretta, 2011; Pignatelli
et al., 2016, 2017; Tomeoka & Buseck, 1985).

Winchcombe’s lithology C also contains carbonates
and magnetite. These phases are studied to provide
additional context that supports the interpretation of the
O-isotope composition of the measured tochilinite grains.
Carbonates are found only as calcite and occur across
multiple generations. T1 calcites are overwhelmingly the
dominant type, while T2 calcites are rare. A third

generation consists of dense clusters of small (1–20 μm),
ellipsoidal calcite grains that are closely associated with
magnetite. These typically infill cracks, fractures, and
vugs, as described in Suttle et al. (2024).

Magnetite appears in two forms. Rare, large
polyhedral grains with subhedral morphologies and
rippled textures are the most prominent expression
(Figure 2). All of these large magnetite grains are mixed-
phase, containing Fe-sulfide (pentlandite) either as
inclusions or as clusters along grain margins. Magnetite
also occurs as framboids within the fine-grained matrix
and in association with the small carbonate grains (e.g.,
Figures 1 and 2).

Tochilinite O-Isotope Composition

Four O-isotope measurements were collected from
the largest tochilinite grain (Figure 1a, Figure S2).
Compositions range from δ17O: 9.0–13.8‰, δ18O:
19.5–27.2‰, and Δ17O: �2.3–0.0‰. The analytical

FIGURE 1. Textures of the tochilinite grains analyzed in this study, shown in BSE (a–e) and under optical microscope (f).
Panels (a–c) depict tochilinite found in Winchcombe’s lithology C (Suttle et al., 2024). They are type-I TCIs, formed by the
pseudomorphic replacement of Fe-Ni-metal (kamacite) grains (Palmer & Lauretta, 2011; Pignatelli et al., 2017) and contain Ni-
rich rims, reflecting the concentration of Ni along the grain’s perimeter formed during fluid-induced replacement (Ni being less
compatible within the tochilinite structure than Fe). In panels (b) and (c), the tochilinite masses are mantled by magnetite (either
as equant grains or framboids), and Ca-carbonates (calcite). All three tochilinite masses have large radial fractures. Panels (d–f)
depict a sample of pure terrestrial tochilinite (>500 μm in length) with its characteristic fibrous habit (e). Pure tochilinite appears
a dull metallic gray color in optical light with a texture similar to crumpled “tin-foil” (f). (Color figure can be viewed at
wileyonlinelibrary.com)
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uncertainty at the 2σ level is �1.3‰, �1.1‰ and �1.2‰
(2σ) respectively for δ17O, δ18O, and Δ17O (Figure 3 and
Table 2). These values give an averaged tochilinite
composition ofδ17O: 11.0� 2.1‰, δ18O: 23.5� 4.0‰,
and Δ17O: �1.1� 1.2‰, where the quoted uncertainties
for the average composition are given to 1 SD.

Carbonate O-Isotope Compositions

We collected O-isotope data (Table 2 and Figure 3)
on a suite of carbonates in the same Winchcombe section
(Figure S3). Owing to their abundance within lithology
C, we focus on the T1a calcites (hereafter referred to as
T1 calcite). We measured 10 spots on four different T1
calcite grains. They have averaged compositions of: δ17O:
21.3� 1.4‰, δ18O: 40.5� 2.1‰, and Δ17O: 0.2� 0.6‰,
where the quoted uncertainties here are 1 SD (individual
spot data are given in Table 2).

In addition, we measured three spots on a single (T2)
calcite grain; these averaged: δ17O: 16.4� 1.2‰, δ18O:
33.2� 2.0‰, and Δ17O: �0.9� 0.6‰, where the quoted
uncertainties here are 1 SD (individual spot data are
given in Table 2).

Magnetite O-Isotope Compositions

We collected O-isotope data (Table 2 and Figure 3)
on two large polyhedral magnetite grains within lithology

C (in total seven spots). They give an average value of
δ17O: �4.9� 0.9‰, δ18O: �11.4� 1.5‰, and Δ17O:
1.1� 1.0‰, where the quoted uncertainties here are 1
standard deviation (individual spot data are given in
Table 2).

DISCUSSION

Section 1: The Δ17
O Composition of Winchcombe’s

Parent Body Fluid

We evaluated the distribution of our entire O-isotope
dataset (tochilinite, carbonates, and magnetite),
calculated a line-of-best-fit, and used this to test whether
all the secondary phases could be defined by a single
linear trendline in δ17O-δ18O isotope space. If so, the
slope of this line would define the inferred Δ17O
composition of the fluid phase during secondary mineral
formation.

We used orthogonal distance regression (ODR) for the
fitting process because it accounts for analytical
uncertainties in both δ17O and δ18O values. Our line-of-
best-fit yields a slope of 0.50� 0.01 and an R2 coefficient of
determination of 0.99 (Figure 3, Table 3). This was
evaluated further by statistical testing using a t-test applied
to the ODR-estimated slope parameter, comparing it
against a hypothesized slope value of 0.52 (reflecting a
mass-dependent process) and using the ODR-derived

FIGURE 2. Example images of (a) T1 calcite and (b) magnetite grains measured in this study for O-isotopes. (a) T1 calcite
grains are common in Winchcombe’s lithology C and appear as small, euhedral grains with uniform composition and an absence
of fractures, pores, or inclusions. They have well-developed rims of TCI material (labeled here as tochilinite for simplicity) which
penetrate into the calcite core, exploiting the microstructure of the host calcite during progressive replacement. (b) Rare large
magnetite grains are present in Winchcombe’s lithology C. They have subhedral morphologies with rippled textures and a close
association with Ni-rich Fe-sulfide (pentlandite). This texture is interpreted as incomplete replacement of Fe-sulfide by magnetite
during aqueous alteration. Most likely, the low-Ni sulfide (pyrrhotite-troilite) has been replaced while the more resistant
pentlandite remains. Magnetite is also present as smaller framboids, which occur abundantly across the sample interstitially
within the matrix and in close association with small euhedral Ca-carbonate grains.

2366 M. D. Suttle et al.
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standard error and n-2 degrees of freedom. Statistical
testing confirmed that our trendline is distinct, at the 95%
confidence level (p= 0.0107), from a mass-dependent
slope. Thus, the full suite of Winchcombe’s secondary
minerals cannot have precipitated from a fluid with
uniform Δ17O composition. Instead, the fluid’s Δ17O
composition must have varied over time, requiring that
some degree of mass-independent mixing occurred between
isotopic reservoirs during aqueous alteration.

This interpretation is consistent with the
understanding that aqueous alteration on the CM parent
body records water-rock interactions that progressively
replaced anhydrous silicates with hydrated phyllosilicates
(e.g., Howard et al., 2015). The anhydrous silicates are
16O-rich and plot along a primitive slope-1 line (e.g., the
primitive chondrules mineral [PCM] line), while
the starting fluid composition was not on this line, but
instead at an isotopically heavier value (e.g., Clayton &
Mayeda, 1999; Fujiya, 2018; Suttle, King, et al., 2021).
As alteration progressed, the Δ17O composition of the
fluid would have evolved. At the same time, secondary

phases that precipitated from that fluid would reflect the
instantaneous isotopic composition of the water at that
point in time but further fractionated by mineral-specific
and temperature-dependent (mass-dependent) processes.
These processes would cause newly formed secondary
minerals to migrate off the anhydrous silicate-water
tie-line and along a slope-0.52 trendline. Consequently,
any evaluation of the O-isotope composition of
secondary minerals in CM chondrites should define a
trendline with a slope ≠ 0.52 if they precipitated from
fluids undergoing Δ17O isotopic evolution (as seen in
Figure 3). However, for any given moment in the
alteration sequence, when the fluid Δ17O composition
was temporarily static, minerals formed under those
conditions may define a slope 0.52 trendline, consistent
with isotopic equilibrium and, therefore, subsets of
secondary phases may themselves define slope-0.52
trendlines when considered separately from the entire
secondary mineral population.

To test which minerals may have formed under such
equilibrium conditions, we systematically evaluated all

FIGURE 3. The O-isotope composition of measured secondary phases (tochilinite [blue diamonds], T1 calcite [dark green
squares], T2 calcite [light green squares] and magnetite [red triangles]) in Winchcombe’s lithology C (CM2.2/2.3). For all
measured NanoSIMS data, 2σ error bars are shown, representing instrumental analytical uncertainty. We fitted a line-of-best-fit
(ODR fit) against all our measured secondary phases (marked as a dotted black line). This reveals a slope value of 0.50� 0.01
and an R2 value of 0.99. Another line-of-best-fit against only the tochilinite and T2 calcite data reveals a slope of 0.54� 0.06
(within error of a mass-dependent slope) and an R2 value of 0.99. This suggests that only the tochilinite and T2 calcite formed
from a fluid of the same Δ17O composition and, potentially in isotopic equilibrium. Also shown are data for the Winchcombe
bulk composition, which reflects the average composition from several different lithologies in this meteorite (King et al., 2022)
(black circle). For reference we include a gray shaded region denoting the range occupied by previous literature measurements of
bulk CM chondrite compositions (N= 135). The data used to define this area are from: Clayton and Mayeda (1999), Tyra
et al. (2007), Moriarty et al. (2009), Alexander et al. (2018), King et al. (2019), Verdier-Paoletti et al. (2019), Kimura
et al. (2020), Lee et al. (2016, 2019), Fan et al. (2022), Greenwood et al. (2024) and The Meteoritical Bulletin (2024) (and shown
in Table S2). The dashed black line shows the slope-1 Primary Chondrule Mineral (PCM) line, as defined by Ushikubo
et al. (2012). (Color figure can be viewed at wileyonlinelibrary.com)
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possible combinations of the four secondary phases
(tochilinite, T1 calcite, T2 calcite, and magnetite) and
assessed whether any scenario could be described by a
linear trendline, consistent with a slope of 0.52. The
results (Table 3) indicate that the only combination
potentially consistent with formation from a common
fluid source is tochilinite and T2 calcite, which yield a
trendline slope of 0.54� 0.06 (R2= 0.99, p= 0.82). The
relatively large uncertainty is due to the small number of
data points (N= 7), compared to a median of N= 14
and a maximum of N= 24 across other combinations.
While this slope appears broadly consistent with a
mass-dependent value (0.52), the limited dataset makes
the result statistically ambiguous and highlights the
influence of small-number statistics on the interpretation.
Thus, we conclude that none of the measured phases
appear to have formed in isotopic equilibrium with
another phase.

Given the above analysis, we conclude that a
combination of both mass-independent mixing (via
water-rock fluid interaction between isotopically
distinct reservoirs—16O-rich solar-like silicates, formed in
the inner Solar System; e.g., Yurimoto et al., 2007) and
16O-poor water-ice condensed in the outer Solar
System (e.g., Clayton & Mayeda, 1999) and mass-
dependent processing—arising from mineral-specific

and temperature-dependent fractionation defines the
composition of Winchcombe’s secondary phases. But
which process was dominant? The observed maximum
Δ17O variation is small (�4.6‰) relative to the much
larger δ18O variation (�56.3‰), and all of our calculated
trendlines, regardless of which secondary phases are
included (Table 3), have slope values close to 0.52. This
implies that mass-dependent fractionation (variable
temperature) was the dominant variable controlling the
isotopic composition of the secondary phases.

With this knowledge, we can now consider how this
isotopic evidence relates to existing petrographic constraints
on the sequence of mineralization in CM chondrites. T1
calcite is a well-studied phase; both petrographic (euhedral
morphologies, absence of inclusions) and O-isotope
evidence (16O-poor compositions) demonstrate that it
formed early, as the first major generation of carbonate in
CM chondrites (e.g., Lindgren et al., 2017; Vacher
et al., 2017). The presence of tochilinite rims on T1 calcite
requires that tochilinite (or at least type-II TCIs) formed
after T1 calcites. However, the timing of type-I TCIs
relative to T1 calcite is less clear. Type-I TCIs formed by
metal replacement, and these are the tochilinite
morphologies that we have measured in this work. They
must also form very early in the alteration sequence. This is
because Fe-Ni metal is highly susceptible to attack and

TABLE 3. Outcome of ODR fitting and statistical testing on the secondary mineral phase O-isotope compositions
in Winchcombe.

Scenario Phases considered N=? Slope
Slope
uncertainty Intercept

Intercept
uncertainty

t
statistic

p
value R2

Potentially
consistent
with 0.52?

0 Tochilinite+ T2
Calcite

7 0.5357 0.0637 �1.457 1.8155 0.2459 0.8155 0.9867 Yes

1 T2 Calcite+Magnetite 10 0.4711 0.0156 0.713 0.2852 �3.1424 0.0138 0.9989 No
2 Tochilinite+Magnetite 11 0.4505 0.0198 0.4736 0.3036 �3.4996 0.0067 0.9978 No

3 T1 Calcite+ T2 Calcite 13 0.6616 0.041 �5.5186 1.6166 3.4523 0.0054 0.9923 No
4 Tochilinite+ T1

Calcite
14 0.5983 0.0254 �2.9497 0.9662 3.0863 0.0094 0.9959 No

5 Tochilinite+ T2
Calcite+Magnetite

14 0.4636 0.0131 0.5956 0.254 �4.3163 0.001 0.9986 No

6 T1 Calcite+Magnetite 17 0.4999 0.007 1.0321 0.2211 �2.8874 0.0113 0.9995 No

7 Tochilinite+ T1
Calcite+ T2 Calcite

17 0.6044 0.0241 �3.2441 0.9048 3.4942 0.0033 0.9953 No

8 T1 Calcite+ T2

Calcite+Magnetite

20 0.4974 0.0073 0.9612 0.2328 �3.1027 0.0061 0.9993 No

9 Tochilinite+ T1
Calcite+Magnetite

21 0.4988 0.0085 0.8659 0.2649 �2.4841 0.0225 0.9987 No

10 All (full group) 24 0.4967 0.0084 0.8165 0.2607 �2.7883 0.0107 0.9986 No

Note: We considered all potential combinations of secondary phases for the fit and test. A statistical t-test was used to assess whether the

calculated slope values are statistically indistinguishable from a reference slope of 0.52. Our results show that, for all combinations except

tochilinite+T2 calcite, the best-fit trendlines deviate from a slope of 0.52, indicating that these mineral pairs did not form from a single fluid

composition (constant Δ17O value). In the case of tochilinite+T2 calcite, the slope uncertainty is notably larger (�0.06) compared to other

combinations, due to the limited number of data points (N= 7). Therefore, while this scenario appears closer to a slope of 0.52, the elevated

uncertainty means it too could be distinct from that value.
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is one of the earliest phases in CM chondrites to be altered,
as demonstrated by observations of alteration even in the
least-altered (lowest petrographic grade) CM chondrites
(e.g., Kimura et al., 2020; Palmer & Lauretta, 2011;
Pignatelli et al., 2016, 2017). Whether type-I TCIs predate,
overlap with, or post-date T1 calcite remains an open
question. Conversely, T2 calcites formed later than both
tochilinite and T1 calcites, either during or after the main
phase of phyllosilicate growth and may have precipitated
contemporaneously with the dense Fe-sulfides (pyrrhotite-
troilite-pentlandite), as evidenced by the presence of these
sulfide phases as inclusions in T2 calcite (Vacher
et al., 2017). The magnetite measured for O-isotopes in this
work was exclusively polyhedral magnetite. It shows a close
association with dense Fe-sulfides (pentlandite) (Figure 2b)
and we interpret these as magnetite pseudomorphically
replacing sulfide in former pyrrhotite-pentlandite
intergrowth masses, with the more resistant Ni-rich sulfides
having survived. This type of replacement was well
documented in Singerling and Brearley (2020) and
demonstrates increasingly oxidizing conditions. The timing
of this replacement is late in the alteration sequence because
extensive magnetite formation and large magnetite masses
are correlated with more advanced alteration (e.g., figure 7
in Howard et al., 2015 and Singerling & Brearley, 2020).
Magnetite and tochilinite therefore cannot have formed at
similar times.

Taken together, the petrographic evidence suggests
that tochilinite (and particularly type-I TCIs) formed in
closest temporal proximity to T1 calcite, in contrast to
the later formed T2 calcite and magnetite. This close
timing implies that the fluids from which they
precipitated likely had similar isotopic compositions and
temperatures. In the following section, we explore how
the isotopic relationship between tochilinite and T1
calcite can offer further insight into the temperature of
alteration on the CM parent body.

Section 2: Temperature During Tochilinite/T1 Calcite

Formation—Assuming Equilibrium Conditions

Secondary minerals in carbonaceous chondrites
preserve a “snapshot” of fluid evolution at the time of
precipitation. However, the O-isotope composition
of secondary minerals does not directly reflect the fluid
from which they precipitated because different isotopes
preferentially partition between the two phases (fluid and
mineral). If the secondary minerals are in isotopic
equilibrium with the fluid, then the equilibrium
isotopic fractionation factor (α) quantifies the isotopic
offset between the fluid and the precipitating mineral.
Importantly, this fractionation factor is temperature-
dependent. At higher temperatures, the partitioning effect
is smaller because the enthalpy difference between

isotopes becomes less significant as they acquire more
kinetic energy (e.g., Urey, 1947; Watkins et al., 2013;
Zheng, 2011). Consequently, the ambient temperature on
the CM parent body at the time of secondary mineral
formation can be reconstructed if (1) the fractionation
factor (α) between the water and the target mineral has
been accurately determined through experimental
petrology and (2) the isotopic composition of the fluid at
the time of mineral precipitation is known.

The problem is that, in most situations, we do not
know the isotopic composition of the fluid at the time of
mineral formation (the value δ18Owater is unknown) and
we are therefore forced to use an assumed value, and any
reconstructed temperature estimates are therefore
dependent on the accuracy of that assumption (e.g., Telus
et al., 2019; Vacher, Piralla, et al., 2019; Verdier-Paoletti
et al., 2017). Instead, this unknown can be avoided if we
can demonstrate two independent secondary minerals
precipitated in isotopic equilibrium (that is from the same
fluid composition [δ18Owater] and temperature [T]). Under
such an equilibrium scenario, the relative δ18O
fractionation between the two phases can be used to
estimate the temperature of co-precipitation. This
approach has previously been used in carbonaceous
chondrites, for example between magnetite-carbonate
associations in CR chondrites (Jilly-Rehak et al., 2018)
and magnetite-dolomite associations in fine-grained
micrometeorites (Dobrică et al., 2019).

Above, we argued that the similar timing of
formation, trendline slope values close to a value of 0.52,
and the close petrographic association between tochilinite
and T1 calcite suggest that they likely formed from fluids
with similar compositions and at similar temperatures.
Building on this, in Section 2 we explore what
temperature would be calculated under the assumption
that these two phases formed in isotopic equilibrium.
This approach requires well-constrained isotopic
fractionation equations that describe the behavior of
both mineral phases during precipitation.

(T1) Calcite Precipitation
The fractionation factor for calcite precipitation

from water (αCalcite-Water) is well-characterized (e.g., Kim
& O’Neil, 1997), largely due to its importance in
paleoclimatology and paleotemperature reconstructions
on Earth (e.g., Demeny et al., 2010; Zheng, 2011). We
opted to use the experimentally constrained equilibrium
isotopic fractionation factor for the calcite-water
precipitation reaction from Kim and O’Neil (1997). This
was derived for low temperatures (25–350°C) and
terrestrial pressure conditions (1 bar), which is consistent
with the conditions on the CM parent body. This work is
perhaps the most widely used experimental equation,
having been extensively applied over the last 27 years,

Isotopic analysis of tochilinite (carbonate and magnetite) in Winchcombe 2369
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including for hydrated C-type asteroid settings (e.g.,
Fujiya et al., 2020). Kim and O’Neil (1997) determined
the following relationship:

103lnαCalcite-Water = 18:03 � 103

T

� �
�32:42 (1)

where T represents temperature (K) and αCalcite-Water

represents the equilibrium O-isotopic fractionation
factor for calcite precipitation and is expressed as:

αCalcite-Water =
18O=16OCalcite

18O=16OWater

=
1000þ δ18OCalcite

1000þ δ18OWater

(2)

We now have two unknowns: the O-isotope
composition of the fluid at the time of calcite
precipitation (δ18Owater), and the temperature at which
the calcite formed (T ), while the δ18Ocalcite value for T1
calcite we have measured using NanoSIMS (Table 2).
The average value is δ18Ocalcite= 40.5� 2.1‰.

Tochilinite Precipitation
To date, no experimental fractionation factors have

been determined for the precipitation of tochilinite from
water. Nonetheless, because all of the oxygen present in
tochilinite is held within the brucite-like metal-hydroxide
layers (Mackinnon & Zolensky, 1984; Peng et al., 2009)
we could apply a water-brucite fractionation factor and
assume that the isotopic fractionation behavior for
tochilinite is similar.

Brucite (Mg(OH)2) is an end-member composition of
the amakinite group and forms a solid solution with the Fe-
rich end-member (Fe(OH)2) sometimes called “ferroan
brucite.” The isotopic behavior of brucite precipitation
from water at low temperatures (15–120 °C) and low
pressures (1 bar)—relevant to the ambient conditions on the
CM chondrite parent body (e.g., Suttle, King, et al., 2021)
has been investigated by Xu and Zheng (1999). They
determined the following relationship:

103lnαBrucite-Water = 1:56 106=T2
� ��14:1 (3)

where T represents temperature (K) and αBrucite-Water

represents the equilibrium O-isotopic fractionation
factor for the brucite precipitation reaction, expressed
as:

αBrucite-Water =
18O=16OBrucite

18O=16OWater

=
1000þ δ18OBrucite

1000þ δ18OWater

(4)

Xu and Zheng (1999) generated magnesium brucite
with water over a range of aging times, fluid pH, and

fluid compositions. Interestingly, they found that the O-
isotope fractionation factor between brucite and water is
independent of these variables. This implies that
Equation (4) should be applicable to a ferroan brucite,
although there is one limitation with this assumption;
namely, that the stiffness of the Fe-OH bond is likely to
be different from the Mg-OH bond (Schauble, 2004),
owing to differences in atomic radius and
electronegativities between these two cations (Fe
and Mg). However, as the lattice configuration (oxidation
state and coordination number of cations, plus the
position of OH groups) is similar between magnesian and
ferroan brucite, we assume the difference in fractionation
between the two phases is sufficiently small to facilitate
meaningful comparisons. This, by extension, permits
Equation (3) to be used for the metal-hydroxide
component within tochilinite.

We have measured the isotopic composition of the
tochilinite (δ18Otochilinite), with the average value given as
δ18Otochilinite= 23.5� 4.0‰ (Table 2). Therefore, we have
two unknowns, the O-isotope composition of the fluid
(δ18Owater), and the temperature at which the tochilinite
formed. However, because both these unknowns are the
same unknowns as in Equation (1). The two equations
(Equations 1 and 3) can be combined:

103lnαTochilinite-Calcite =
1:56 � 106

T2
� 18:03 � 103

T
þ 18:32

(5)

where αTochilinite-Calcite is given by:

αTochilinite-Calcite =
1000þ δ18OTochilinite

1000þ δ18OCalcite

(6)

Substituting in our measured values for
δ18Otochilinite= 23.5‰ and δ18Ocalcite= 40.5‰ gives
αTochilinite-Calcite of approximately 0.9837 and a
103lnαTochilinite-Calcite value of �16.47. Using
Equation (5), substituting in the calculated value of
103lnαTochilinite�Calcite and solving for temperature (T )
requires rearranging into a quadratic expression:

x=
�b�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2�4ac

p
2a

(7)

where: x= 1=T, a= 1:56 � 106, b=�18:03 � 103 and
c= 34:74.

Solving this equation gives two possible solutions,
�163°C and 135°C. Among these, �163°C is
unrealistically low and can be discounted, while 135°C
seems reasonable. However, this calculation only
considered our average values for tochilinite and T1

2370 M. D. Suttle et al.
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calcite. If instead the intrasample standard deviation is
considered (i.e., tochilinite �4.0‰ and T1 calcite
�2.1‰), then our temperature estimate expands.
Specifically, the temperature solutions from these
boundary values yield a minimum plausible temperature
of 52°C and a maximum of 248°C.

Past laboratory experiments have demonstrated that
tochilinite forms under alkaline conditions and over a
temperature range from 80 to 320°C (Kozerenko
et al., 2001). More recently, Vacher, Truche, et al. (2019)
formed tochilinite in hydrothermal alteration experiments
simulating conditions on the CM chondrite parent body.
Based on an observed correlation between tochilinite
cation composition (Fe/Mg ratio) they suggested that
tochilinite in CM chondrites formed at temperatures of
120–160°C. This experiment hydrothermal synthesis-
based estimate is in close agreement with our estimate
from isotopic data; T= 135°C is very close to the median
value of 140°C given by Vacher, Truche, et al. (2019).
Together, these independent lines of evidence provide
strong support for the approximate formation
temperature of tochilinite.

For completeness, we should also consider the
scenario for tochilinite and T2 calcite formation under
isotopic equilibrium because this was partially supported
by the statistical testing of our O-isotope data (Table 3)
even though this seems unlikely based on existing
petrographic knowledge for the progression of aqueous
alteration and the relative timing of tochilinite and T2
calcite formation. If the above calculations are repeated
but this time using our measured average T2 calcite value
(δ18Ocalcite= 33.2‰) this again gives two possible
solutions, �170°C and 274°C. As before, the extremely
negative temperature can be discounted. This temperature
expands to a range (155°C< T< 452°C) if the intrasample
standard deviations are also considered. In contrast to the
T1 calcite scenario, the vast majority of this temperature
range exceeds the stability field of tochilinite, as
demonstrated from thermal decomposition experiments
and studies of naturally heated meteorites, which suggest
tochilinite decomposition occurs at temperatures above
�200°C (Fuchs et al., 1973; Jenkins et al., 2024;
Zolensky, 1984). As a result, we conclude that tochilinite
and T2 calcite co-precipitation is highly unlikely and
instead the data better supports an equilibrium formation
of tochilinite and T1 calcite.

Section 3: Temperature During Tochilinite/T1 Calcite

Formation—Under Non-Equilibrium Conditions

In Section 2, we assumed that tochilinite and T1
calcite formed under isotopic equilibrium conditions.
However, the analysis presented in Section 1 suggests that
while this assumption is broadly reasonable, it is not

strictly accurate. In Section 3, we therefore explore the
alternative scenario in which tochilinite and T1 calcite
formed under non-equilibrium conditions. As we have
seen, under non-equilibrium conditions our mineral-
specific fractionation equations have two unknowns, fluid
composition (δ18Owater) and temperature (T ). We can
rearrange Equations (1) and (3) to make the fluid
composition (δ18Owater) the subject, which for calcite
appears as:

δ18OWater =
1000þ δ18OCalcite

e

18:03� 103=T

� �
�32:42

103

� � �1000 (8)

And for tochilinite appears as:

δ18Owater =
1000þ δ18OTochilinite

e
1:56�103

T2
�0:0141

� � �1000 (9)

Next, by considering the relationship between the
two unknowns and taking a range of potential
temperatures, we can plot both equations on a single
graph (Figure 4) allowing us to visualize the parameter
space. On this plot, the intersection of the two curves
represents the equilibrium isotopic fractionation
conditions (those explored in Section 2), while any given
condition where the curves do not intersect represents a
non-equilibrium scenario. We know that, during aqueous
alteration, the O-isotope composition of the parent body
fluid evolved from high to low (e.g., Clayton &
Mayeda, 1999). Therefore, we can conclude that
temperatures lower than the intersection point (<135°C)
require tochilinite to have formed before T1 calcite, while
temperatures above the intersection point (>135°C)
require tochilinite to have formed after T1 calcite.
Unfortunately, based on the available evidence, we
cannot make a further, more refined estimate of
alteration temperatures (nor δ18Owater compositions) but
instead must leave the analysis at this point and wait for
future data to resolve the potential possibilities. This
might take the form of clear petrographic evidence
demonstrating the relative sequence of mineralization
between tochilinite (type-I TCIs) and T1 calcite, or
additional tochilinite and/or T1 calcite measurements in
other CM lithologies that more clearly demonstrate an
isotopic equilibrium scenario.

CONCLUSIONS

We present new oxygen isotope data for CM
chondrite parent body fluids, based on isotopic analyses
of secondary phases (type-I tochilinite, T1 and T2 calcite,
and magnetite) in the Winchcombe meteorite (lithology

Isotopic analysis of tochilinite (carbonate and magnetite) in Winchcombe 2371
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C, CM2.2/2.3). We begin by evaluating the distribution
of O-isotopes in these secondary phases and show that,
collectively, they define a linear trendline (slope 0.50)
which is close to, but distinct from, a slope 0.52 line. This
is interpreted as evidence of a complex fluid history
during aqueous alteration. Specifically, this deviation
reflects mass-independent mixing between 16O-rich
anhydrous silicates and 16O-poor water, resulting in a
progressive evolution in the Δ17O composition of
Winchcombe’s fluids. At the same time, as secondary
minerals precipitated, their isotopic signatures were
governed by the instantaneous fluid composition but
further modified by mineral-specific and temperature-
dependent fractionation. Given that the observed slope of
0.50 is close to 0.52, we interpret mass-dependent
processes as the dominant control on the isotopic
behavior of Winchcombe’s secondary phases.

Petrographic evidence indicates that tochilinite and
T1 calcite are closely associated and likely formed at a
similar, early stage in the alteration sequence. On this
basis, we investigate the temperature and fluid
composition given based on the assumption that both
minerals formed in isotopic equilibrium, sharing the same
Δ17O value and temperature. This approach yields an
estimated formation temperature of approximately 135°C
and a δ18Owater value of 28‰. This temperature value is
in close agreement with the experimental hydrothermal
synthesis of tochilinite under CM chondrite-like
conditions by Vacher, Truche, et al. (2019), lending
independent support to our interpretations.
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Additional supporting information may be found in
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Table S1. X-ray diffraction pattern of tochilinite
from the Otamo quarry.

Table S2. Bulk CM chondrite data extracted from
the literature and used in this work to plot the shaded
region in Figure 3.

Figure S1. Raman spectra comparing tochilinite in
Winchcombe to a terrestrial tochilinite standard (from
the RRUFF database).

Figure S2. SEM BSE images of the measured
tochilinite grain in this study.

Figure S3. SEM BSE images of the measured T1 and
T2 carbonates in this study.
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