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A B S T R A C T   

The CY chondrites are a group of thermally metamorphosed carbonaceous chondrites. Although they share 
similarities with the CM and CI chondrites, their primary properties argue for a distinct classification. Previous 
studies have highlighted their isotopically heavy bulk compositions (δ17O = 10 ‰, δ18O = 21 ‰, Δ17O = 0 ‰) 
and exceptionally high sulphide abundances (10–30 vol%). In this work we explore their petrography and 
alteration history. The CYs accreted low abundances of chondrules (15–20 area%) with average apparent di
ameters slightly larger (~320–340 µm) than the CM chondrites. In contrast to the CMs, the CYs record an early 
episode of brecciation prior to the main window of aqueous alteration. Subsequent fluid activity produced a 
range of alteration extents with both CY2 and CY1 chondrites documented. Phyllosilicate minerals in the CYs 
were a mix of serpentine and saponite (including occurrences of Na-saponite) with minor quantities of chlorite 
(within chondrules). An initial generation of Fe-sulphides formed by sulfidation of metal, and by precipitation 
from S-rich fluids. Three generations of carbonates are recognized, an early generation that infilled voids left by 
brecciation and co-precipitated with sulphide, a later generation that co-precipitated with magnetite and a final 
Fe-Mg-bearing generation which formed large (>100 µm) clasts. Only the first-generation carbonates are found 
in the CY2s, while the CY1s preserve all three generations. Phosphates occur as Ca-apatite or rarely as Mg- 
bearing apatite and have hydroxylapatite compositions, indicating low halogen activities in the alteration 
fluids. Refractory oxides (ilmenite and Cr-spinel) occur as precipitates adhering to the margins of phyllosilicates. 
They formed late in the alteration sequence and attest to oxidizing conditions. During the late-stages of aqueous 
alteration Fe-sulphides were replaced by magnetite. Thermal metamorphism (Stage II-IV: ~300–750 ◦C) over
printed aqueous alteration leading to dehydration and recrystallization of the phyllosilicate matrix and the 
decomposition of some carbonate phases. Most Fe-sulphide grains survived heating without decomposition as 
initial partial decomposition from pyrrhotite to troilite under closed system conditions led to elevated ƒS2 gas and 
resulted in a stabilizing effect. Retrograde reactions between trapped S2 gas and metal/magnetite formed a final 
generation of Fe-sulphides. The survival of Fe-sulphides and their stochiometric troilite compositions are evi
dence for near-closed system heating. Analysis of organic matter by Raman spectroscopy supports an interpre
tation of short-duration heating (on the scale of minutes to days), at peak temperatures between 750 and 900 ◦C. 
Thus, an impact event was the most likely cause of metamorphic heating.   
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1. Introduction 

Chondrites are a large and diverse set of primitive, undifferentiated 
meteorites united by the presence of chondrules; spherical particles with 
igneous textures, embedded within a matrix of fine-grained, volatile- 
rich material (Scott and Krot, 2003; Weisberg et al., 2006). Chondrites 
are relicts of the early Solar System representing precursor materials to 
(Chambers, 2004; Alexander, 2005) and/or by-products of planetary 
formation (Krot et al., 2005; Kleine et al., 2005). The carbonaceous 
chondrites are primitive and undifferentiated meteorites that appear to 
have formed in the outer regions of the early Solar System, most likely 
beyond the orbit of Jupiter (Warren, 2011; Kleine et al., 2020) and/or 
close to the protosolar water–ice “snowline” (Lipschutz et al., 1999; Krot 
et al., 2015). They have chemical compositions that closely match the 
composition of the Sun (Kallemeyn and Wasson, 1981) and most have 
high organic compound (Kerridge, 1985; Alexander et al., 2012, 2013; 
Kebukawa et al., 2017) and water contents (Vacher et al., 2020; Bates 
et al., 2023). Carbonaceous chondrites are also associated with primitive 
C-type asteroids (Feierberg et al., 1985; Beck et al., 2018), which are a 
principal focus of several recent space missions (e.g., Hayabusa-2, 
OSIRIS-REx and Dawn). 

The CY (“Yamato-type”) chondrites are a newly proposed group of 
carbonaceous chondrites (Bischoff and Metzler, 1991; Ikeda, 1992; King 
et al., 2019; Suttle et al., 2021a). They are a small class composed of six 
Antarctic meteorites (B-7904, Y-86720, Y-82162, Y-86029, Y-86789, Y- 
980115) recovered from the Yamato Mountains in East Antarctica (King 
et al., 2019), and three hot desert meteorites (Dho 225, Dho 735 and 
Dho 1988) recovered from Oman (Ivanova et al., 2010; Suttle et al., 
2021a). Additional unstudied meteorites which could be members of the 
CY group, based upon the O-isotope compositions and petrographic 
descriptions given in the Meteoritical Bulletin, include Dho 2046 
(Bouvier et al., 2017a), Dho 2066 (Gattacceca et al., 2019) and NWA 
4757 (Connolly et al., 2008). 

The petrography of the CYs records an extended period of aqueous 
alteration resulting in near-complete replacement of their primary 
texture with hydrated secondary phases (phyllosilicates, tochilinite, 
carbonates and magnetite) (Akai, 1990; Tomeoka et al., 1989; Tomeoka, 
1990; Ikeda, 1992; Tonui et al., 2002; King et al., 2019; Suttle et al., 
2021a). As with other hydrated chondrite groups, the CY chondrites 
span a range of aqueous alteration extents. Three of the CYs (Y-82162, 
Y86029 and Y-980115) lack chondrules and calcium-aluminium-rich 
inclusions (CAIs) and have historically been classified as CI or CI-like 
chondrites (King et al., 2015a, 2015b). A CY1 classification has been 
proposed (King et al., 2019; Bates et al., 2021). Conversely, the 
remaining CYs all contain aqueously altered chondrules and are 
considered CY2 chondrites (King et al., 2019; Bates et al., 2021; Suttle 
et al., 2021a). From this point forwards, we employ the term “CY” to 
encompass the entire group and use “CY1s” or “CY2s” to denote a subset 
of the population affected by a specific alteration extent. 

The CY meteorites were affected by short-duration post hydration 
thermal metamorphism, possibly caused by an impact event or solar 
radiation, as inferred from the rapid heating implied from Fe-Mg zoning 
profiles in primary mafic silicates within the CY2 B-7904 (10–1000 days 
at temperatures of <700 ◦C (or between 1 and 100 h at 890 ◦C), Nakato 
et al., 2008) and the depleted noble gas budget of the CY1 Y-980115 
(>500 ◦C for <100 min, Kikuchi et al., 2015). The entire CY group have 
low to moderate water contents (~2–8 wt%, Lipschutz et al., 1999; King 
et al., 2015b; Vacher et al., 2020) and matrices dominated by dehy
droxylated former phyllosilicates intermixed with microcrystalline sec
ondary olivine. Metamorphic temperatures are estimated between 500 
and 900 ◦C (Akai, 1992; Matsuoka et al., 1996; Nakamura, 2005; Nakato 
et al., 2008; King et al., 2015a; Suttle et al., 2021a). 

In this study, we provide the first detailed petrographic analysis of 
the wider CY group (six meteorites: B-7904, Dho 1988, Y-82162, Y- 
86029, Y-86720, and Y-86789) with the aim of defining their accre
tionary properties and deciphering alteration history. 

2. Methods 

2.1. Samples 

Meteorites were acquired by non-destructive research loan from 
National Institute of Polar Research (NIPR), Japan and the Museum für 
Naturkunde (MfN), Berlin (Table 1). In this study we investigated six 
meteorites, five are Antarctic specimens recovered from the Yamato 
mountains in East Antarctica and the remaining meteorite (Dho 1988) is 
a hot desert sample recovered from the Dhofar region in Oman and 
previously described in Suttle et al. (2021a). The combined surface area 
of the meteorite thin sections investigated in this work is 393 mm2. The 
smallest meteorite section (Y-86029) has an exposed area of 23.7 mm2, 
whereas the largest (B-7904) has an area of 99.0 mm2. 

Each sample was analysed petrographically at the Natural History 
Museum (NHM), London under scanning electron microscope (SEM) 
using a Zeiss EVO LS15 fitted with an Oxford Instruments’ 80 mm2 X- 
Max silicon drift detector energy dispersive spectrometer. We collected 
backscatter electron (BSE) images, quantitative standards-based energy 
dispersive X-ray spectrometry (EDS) point spectra and high-spatial res
olution elemental X-ray maps. 

2.2. SEM and elemental analysis 

Whole-section EDS maps were produced by montaging multiple in
dividual fields, each composed of 256 × 192 pixels (555 µm × 415 µm, 
approximately 0.23 mm2, with a pixel size of ~1.9 µm). Maps were 
collected at 20 kV, with a 1.5 nA beam current resulting in high output 
count rates (>50 kcps). Each field had a total acquisition time of 
approximately 270 s. Composite elemental maps for each section are 
given in the supplementary material. Maps were used to explore intra 
sample variability, coarse-scale texture, and the distribution of phases. 
Chondrules and CAIs were identified manually from map data and their 
apparent diameters measured using the ImageJ software (Schindelin 
et al., 2012) extracting Feret diameters (maximum and minimum 
lengths) for each object. 

Quantitative elemental data were obtained either by standards-based 
EDS or by wavelength dispersive spectrometry (WDS), depending on the 
phase under investigation. Silicates, oxides, and metals were analyzed 
by EDS. 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 (10 mm). Output count rates were typically between 40 and 60 
kcps for silicate minerals. Spot analyses were acquired with a 5 s 
acquisition time and ~30 % deadtime. The system’s beam current was 
monitored regularly using a built-in Faraday cup. We calibrated the EDS 
system (for peak position and intensity) using our internal cobalt metal 
reference sample. Data were processed using the Oxford Instruments 
AZtec software (version 5.0 SP1) applying standard XPP matrix 
correction routines (Pouchou and Pichoir, 1991). For silicates and ox
ides, weight totals (wt.%) were determined using the “oxygen by stoi
chiometry” quantification routine and metals were calculated using the 
“all elements” routine. The accuracy and precision for major rock- 
forming silicate cations were cross-checked against analyses on the 
Smithsonian reference sample augite NMNH 122142 (Kakanui, New 
Zealand), the composition of which is known from dissolution. Detec
tion limits are on the order of 0.1–0.3 wt%, and analytical uncertainties 
have a relative error dependent on the element’s concentration. Major 
elements (>10 wt%) have uncertainties of 1–3 %, minor elements (1–10 
wt%) have uncertainties of ~10 % and trace elements (<1 wt%) have 
uncertainties between 30 and 50 %. 

Sulphides and the fine-grained matrix were analyzed by WDS using a 
Cameca SX100 electron microprobe, equipped with 5 WD spectrome
ters. Analyses were performed using a 20 kV accelerating voltage and 20 
nA beam current. Sulphides were investigated using a small spot size (4 
μm), and matrix analyses used a “broad beam” approach (~10 × 10 μm 
region) (e.g., Lauretta et al., 2001). This approach violates a key 
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assumption of the matrix correction routine (a homogenous interaction 
volume). Under these conditions the matrix correction is likely to 
generate high totals (Llovet et al., 2021). Despite these limitations broad 
beam techniques are frequently used as a means of obtaining an 
approximate chemical composition from the mixed phase, fine-grained 
matrix in chondritic meteorites which are otherwise difficult to obtain 
compositional data from. Prior to analysis, the system was calibrated 
using a suite of mineral references, specific to each element investigated. 
Oxygen was calculated by stoichiometry. After analysis, the in-house 
Cameca PAP matrix correction software was used to remove artefacts 
arising from atomic number, absorption and secondary fluorescence 
(ZAF) effects. Elemental detection limits for this instrument are on the 
order of 0.02–0.05 wt%. 

Carbonates were analysed by EDS under the same beam conditions as 
the silicates, oxides and metal (20 kV, 1.5 nA). We employed a “carbon 
by difference” quantification routine which performs direct quantifica
tion of the O-K line and infers the abundance of C assuming an idealized 
100% weight total. Analysis of beam sensitive carbonates under these 
conditions is suboptimal but sufficient to determine approximate major 
element cation composition (Ca, Mg, Fe and Mn abundance). We used 
these data to discriminate different carbonate species (e.g., calcite, 
dolomite, magnesite and siderite) (Fig. S12). 

2.3. Raman spectroscopy 

Raman spectroscopic analysis was used to analyse the polished sur
faces of the meteorite thin sections using a Jobin-Yvon Horiba LabRam 
HR (800 mm) Raman microprobe located at The Open University (OU). 
The six CY chondrites were analysed alongside other meteorites, 
including CI1 Ivuna, CM2 Mighei, CR2 Al Rais, CV3 Allende, and LL3 
Huacachina. These non-CY chondrites were analysed to provide a 
reference to the peak metamorphic temperature experienced by the CY 
members and allow comparisons between our data with that presented 
in previous studies (e.g., Chan et al., 2017, 2019a, 2019b). Mechanical 
polishing artifacts have been previously reported to influence Raman 
spectra due to the disruption of the soft, opaque carbonaceous phases, of 
which only the uppermost layer (<1 µm) of the thin section disrupted by 
mechanical polishing can be excited by the laser (Fries and Steele, 
2011). The difference manifested by mechanical polishing is present, 
though minor, as reflected by the variations between the Raman spectral 
data of the Allende meteorite thin section and its insoluble organic 
matter prepared by the demineralization of the bulk meteorite with CsF- 
HF dissolution (i.e., IOM/acid residue) according to the methods 
described in Cody and Alexander (2005). 

The excitation source was a 514.5 nm (green) laser. Between 12 and 
24 spectra were acquired for each sample studied (except Y-82162 from 
which 315 spectra in total were acquired) in the spectral region 

800–2,200 cm− 1, which includes the first (~1,000–1,800 cm− 1) Raman 
bands of carbon. The analytical areas were selected to avoid chondrules 
(i.e., data were collected from the sample matrix), and only the interior 
of the meteorites was analysed. The slit width and the confocal pinhole 
aperture were set at 150 μm and 300 μm, respectively, and a 600 grooves 
mm− 1 grating was used to disperse the Raman signal, leading to a 
spectral resolution of approximately 3 cm− 1. The laser beam was 
focused through a microscope equipped with a 100× objective lens 
(numerical aperture = 0.75). At this magnification and for the laser 
used, the spot size of the Raman probe was ~1 μm, and the laser power 
at the sample surface was ~50 μW. The exposure time for each spectrum 
was 20 s and three accumulations were obtained for each analytical spot 
to identify and discard spurious signals, such as those from cosmic rays, 
leading to a total acquisition time of up to 180 s. Peak position was 
calibrated daily against a silicon wafer prior to sample analyses and no 
significant shift was observed. Laser power was also checked daily prior 
to analyses to ensure that the laser power was consistent amongst all 
samples. The sample surface was re-examined by the optical microscope 
to check for any damage, and we confirm that no sign of physical 
damage was observed. Spectral peak identification and methods used in 
the present study were the same as outlined in the literature (Chan et al., 
2019a, 2019b). The peak position (ω) and full width half-maximum 
(FWHM, Γ) of each Raman band were determined by simultaneous 
peak fitting to the two-peak Lorentzian and Breit–Wigner–Fano (LBWF) 
model (Ferrari and Robertson, 2000) and linear baseline correction. 
Details of the Raman peak fitting procedures and rationales are given in 
the literature (Chan et al., 2017, 2019a, 2019b). Raman band parame
ters for each sample were reported as the average of all selected spectra 
and the uncertainties are the 1σ standard error of the mean of all used 
spectra. Only fitted data with R2 values >0.9 are shown in this study. 

3. Results 

3.1. Brecciation 

Three (Y-86029 (CY1), Y-82162 (CY1) and Dho 1988 (CY2)) of the 
six CY meteorites show evidence of brecciation (Table 1, Figs. S1–S6). 
Dho 1988 contains a pronounced clastic texture with lithic fragments 
separated by fractures (Fig. S6). They are infilled by a mixed assemblage 
of carbonate, sulphide and thermally decomposed phyllosilicate min
erals forming veins (previously described in Suttle et al. (2021a)). 
Mineralized veins are not present in the other CYs, however both the 
CY1s (Y-86029 and Y-82162) have subtle brecciation textures. In Y- 
86029, the boundaries between clasts are easily resolvable, being 
marked by relatively sharp compositional changes (changes in Z value in 
BSE images). These boundaries are variably accompanied by thin open 
fractures. Despite the small surface area exposed in the Y-86029 section, 

Table 1 
List of meteorite sections studied in this work and data extracted from BSE maps. Note: Roman numerals given under the “proposed classification” heading reflect the 
heating stage, using the scheme of Nakamura (2005).  

Meteorite Source Sample ID Section surface 
area (mm2) 

Texture Chondrule 
abundance (N=?) 

Chondrule 
abundance (area 
%) 

Chondrule size, 
avg. (μm) 

CAI abundance 
(area%) 

Proposed 
classification 

Y-86029 NIPR 51-A  23.7 Brecciated No apparent chondrules.  ≪1.0 CY1, H:III 
Y-82162 NIPR 45–1  38.1 Minor 

brecciation 
No apparent chondrules.  ≪1.0 CY1, H:III 

B-7904 NIPR 64-A  99.0 No apparent 
brecciation 

189  18.4 320 <1.0 CY2, H:IV 

Y-86720 NIPR 59-A  82.4 No apparent 
brecciation 

110  9.6 310 <0.5 CY2, H:IV 

Y-86789 NIPR 81-A  85.0 No apparent 
brecciation 

59  7.1 360 N/A. CY2, H:IV 

Dho 1988 MfN MNB-XV- 
II-36  

65.0 Brecciated 38  15.2 530 9.8 CY2, H:III/IV  

Total 393.2 Average  12.6 340    
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at least ten approximately millimetre-sized clasts can be identified. They 
have brighter appearances (higher Z value in BSE images, reflecting Fe- 
enriched compositions) relative to the host matrix. The most prominent 
clast (found in the upper left corner of the section (Fig. S1)) preserves 
angular margins. In contrast, many of the other clasts in Y-86029 have 
rounded edges and transitional boundaries. The matrix in Y-82162 
(Fig. S2) has a relatively homogenous appearance with no sharp 
boundaries between lithologies. However, several subtle outlines 
reflecting the boundaries of former clasts can be discerned. Relative to Y- 
86029, Y-82162 has fewer clasts and all of these are small, rounded 
fragments. Among the remaining three CY sections, (all CY2s: B-7904, Y- 
86720 and Y-86789) evidence for brecciation is absent. 

3.2. Chondrules and CAIs 

Chondrules (Fig. 1) are preserved only in the CY2s. Most chondrules 
are readily distinguishable from the host fine-grained matrix. They 
typically have dark cores in BSE images and rounded or irregular shapes. 
Their margins are mantled by thin continuous fine-grained rims (FGRs) 
and may also be decorated by a locally high abundance of sulphides, 
forming “armored chondrules” (Bischoff et al., 1993; Marrocchi and 
Libourel, 2013). Many of the smaller chondrules are, however, less 
sharply defined, having indistinct boundaries, and lacking clear FGRs 
(Fig. 1C). These textures are the result of advanced aqueous alteration 
that progressively replaced anhydrous silicates with phyllosilicates. 

In general, chondrules in CY2s are heavily altered, having experi
enced >50 % (and often close to 100 %) replacement of their primary 
mineralogy. Several chondrules have coarse fibrous textures reflecting 
the existence of former phyllosilicates, since dehydrated and/or 
recrystallized to form secondary olivine (Fig. 1A and B). In addition, Fe- 
enriched phyllosilicates (and former phyllosilicates) with rounded and 
nodular textures are present in some chondrules (Fig. 1A and B). They 
typically have a discontinuous rim of micron-sized refractory oxides 
(ilmenite and Cr-spinel) and Fe-sulphide decorating their grain bound
aries (Fig. 1D). Where anhydrous silicates are preserved, they are almost 
universally Mg-rich olivine (Mg# > 90 and generally Mg# > 96 – where 

Mg# is calculated as: Mg/(Mg + Fe) atomic ratios, Fig. 2 and Fig. S7). 
Silicate glass is absent, and pyroxene is extremely rare (Fig. 1F). 
Chondrule Fe-Ni-metal survives only as poikilitic grains held within 
olivine crystals. 

The extent of aqueous alteration in B-7904 and Dho 1988 is less 
extreme than in Y-86720 and Y-86789. As a result, chondrules are more 
easily identified and their primary accretionary textures are better 
preserved. In B-7904, porphyritic chondrules are dominant although 
single crystal varieties are also common. Barred olivine and radiating 
pyroxene varieties are rare (Fig. 1). No cryptocrystalline chondrules 
were observed. Large angular isolated olivine grains, which are closely 
associated with chondrules (Jacquet et al., 2021), are abundant in B- 
7904. Owing to the less advanced state of aqueous alteration, B-7904 
preserves some Fe-rich olivines (Mg# 55–88). 

Chondrules (including heavily altered and pseudomorphic forms) 
represent between 7.1 area% (Y-86789) and 18.4 area% (B-7904) 
(Table 1). Sizes follow a skewed normal distribution with a long tail 
extending to large size fractions (Fig. 3, Fig. S8). Diameters range from 
~50–1,525 µm with a mean of 340 µm, a median of 280 µm and a modal 
average of 200 µm. 

Because CAIs are Poisson distributed, Hezel et al. (2008) concluded 
that the statistical analysis of CAI abundance in chondritic meteorites is 
unreliable when only small surface areas (<1,000 mm2) are investi
gated. Our data supports this conclusion, most sections contain very few 
CAIs (<1 area%) with apparent diameters between 200 and 700 µm. 
However, the CY2 Dho 1988 is an exception where the presence of three 
CAIs with apparent diameters between ~500 and 1600 µm compose 
~10 area% of the studied section. Rare pseudomorphic CAIs (outlines of 
former CAIs) are present with the CY1s. An example of aqueously altered 
former CAI within Y-82162 is shown in Fig. S9. Its presence is inferred 
based on the local enrichment in Ca and occurrence of a thin (<5 µm) 
fine-grained rim. 

3.3. Fine-grained matrix 

Like the CM and CI chondrites, the CY chondrites are dominated by 

Fig. 1. Backscattered electron images of altered chondrules found in the CY2 chondrites. Panels A and B feature large heavily altered chondrules whose cores 
preserve relict textures, revealing the former existence of coarse fibrous phyllosilicates. The bright region in the core of B is composed of Al-rich phyllosilicates. 
Rounded nodular and Fe-rich phyllosilicates are visible in both chondrules. Panel C shows a pseudomorphic chondrule, also a common feature in the CY chondrites. 
Panel D shows a magnified region within an altered chondrule core, the bright phases adhering to the edge of the phyllosilicate grain are ilmenite and Cr-spinel 
grains. Panel E shows a mildly altered barred olivine chondrule, note the absence of interstitial chondrule glass. Instead Fe-sulphide minerals have formed be
tween olivine lamellae. Panel F shows a rare radiating pyroxene chondrule fragment. 
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fine-grained matrix, with abundances varying between approximately 
75–90 area%. Phyllosilicate minerals comprise the bulk of the matrix 
material, but owing to post hydration thermal metamorphism, these 
phases experienced dehydration, amorphization and, in most instances 
recrystallization, leaving a poorly crystalline groundmass of secondary 
olivine (Akai, 1990; 1992; Ikeda, 1992; King et al., 2019; Suttle et al., 
2021a). Dehydration cracks (Fig. 1A–C), reflecting volume loss associ
ated with dehydration of former phyllosilicates, are common features 
and clearly resolvable in localized regions of matrix. Elemental analysis 
of the matrix allows the approximate composition of former phyllosili
cate minerals to be inferred. Combined Si + Al concentrations vary 
between 10 and 22 at.% and indicate the (former) presence of both 
serpentine and saponite (Fig. 4). High Na concentrations (0–4 at.%) are 
also common and correlate with increasing Si + Al, implying the exis
tence of Na-saponite minerals (Fig. 4). Al-rich phyllosilicates (Al: 4–10 
at.%) are found only in the CY2 chondrites. They have modest Fe con
tents (Mg# 68 ± 5.0 (1σ)) and low Na contents (avg: 1.1 at.%) and are 
interpreted as chlorite. This phase occurs only in the cores of some 

altered chondrules (Fig. 1B). In addition to those described above, the 
CY1s also have coarse phyllosilicate mineral clumps (Fig. 5A and B) 
reaching sizes of 100–300 µm. These clumps have high Na contents (Na 
> 1.5 at.%), and Mg-rich compositions (Mg#: 70 ± 10 (1σ)), and may 
contain embedded magnetite platelets and sulphides, as well as dense 
rims of magnetite (Fig. 5A). 

3.4. Sulphides, metal and magnetite 

All of the meteorites investigated in this study contain abundant Fe- 
sulphides (Fig. 6, overwhelmingly these are members of the pyrrhotite- 
troilite solid solution, and primarily have (Fe + Ni/S) atomic ratios close 
to the stochiometric ideal for troilite). Small-scale inclusions of pent
landite are present in some sulphide grains. They vary greatly in size and 
morphology from coarse aggregates (>250 µm in diameter) to small 
submicron grains embedded in the fine-grained matrix. Euhedral tabular 
sulphide laths are relatively common in the CYs and produce a distinc
tive texture in several of the meteorites. They are abundant in both CY1s 

Fig. 2. Histogram illustrating the variation in olivine cation chemistry among the CY chondrites. Note data from all six meteorites are combined (individual plots for 
each meteorite are shown in Fig. S7). Primary olivine is plotted in (translucent) blue while secondary olivine (representing former phyllosilicates that subsequently 
recrystallized as olivine during thermal metamorphism) are plotted in (translucent) green. The two datasets overlap producing the mixed-shading seen. 

Fig. 3. Collective chondrule size distribution among the four CY2 chondrites. Diameters vary between 55 µm and 1525 µm. The mean average chondrule diameter is 
340 µm, the median average is 280 µm and the modal average is 200 µm. Equivalent plots for each individual CY2 meteorite are shown in Fig. S8. 
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and in two of the CY2s (Y-86720 and Y-86789), however, laths are less 
common in the two least aqueously altered meteorites (the CY2s: B-7904 
and Dho 1988). Instead, the large sulphides in these meteorites have 
rounded morphologies and irregular shapes. Elemental analysis (WDS) 
of the larger (>5 µm) Fe-sulphides in the CY2s reveal consistent com
positions with low Co (<0.7 wt%), low Cr (<0.8 wt%) and low Mn 
(<0.1 wt%) concentrations but variable Ni (generally < 12 wt% 
(equivalent to ~14 at.%), Fig. 6, Fig. S10). Ni and Co abundances are 
weakly correlated with Ni/Co (wt.%/wt.%) ratios varying between 
0 and ~300 and a median average value of 4. For the CY1s, Fe-sulphide 
compositions are similar with low Co (<0.5 wt%), low Cr (<0.8 wt%) 
and low Mn (<0.1 wt%) and Ni < 7.3 wt% (Fig. 6). Ni and Co abun
dances are more strongly correlated than in the CY2s – Ni/Co (wt.%/wt. 
%) ratios in the CY1s vary between 2 and 37, with a median average 
value of 14. 

Metal occurs as an accessory phase in the CYs and primarily as small 
grains embedded within Fe-sulphides (either completely enclosed or 
partially exposed at the grain margin (Fig. 7)). Metal is also rarely 
present within chondrule olivines. Fe-sulphide-hosted metal grains are 
small (<15 µm) with anhedral morphologies and variable compositions. 
Both kamacite (Ni < 10 at.%) and taenite (Ni > 10 at.%) are found in the 
CY2s, whereas only taenite is preserved in the CY1s (Fig. 6). Taenite 
contains Co with abundances <3 wt% (Table 2). 

Magnetite is identifiable only in the CY1s and occurs with a range of 
morphologies including as small crystals dispersed within the matrix, as 
platelets and as grain clusters (Fig. 5). Magnetite grains typically contain 
both Mn (<2.5 wt%) and Mg (<3.0 wt%) (Table 2). Both CY1s have 
several large (~200 µm) dense magnetite clusters composed of coarse, 
subhedral magnetite crystals embedded within a fine-grained phyllosi
licate (Mg# ~65) and co-occurring with occasional small (~10 µm) Ca- 
phosphate grains (Fig. 5). Most of these magnetite clusters have a clearly 
defined rim of Mn-bearing (Mn: 0.8–1.6 wt%) phyllosilicate material. 

3.5. Phosphates 

Phosphates, in the form of apatite, are present in all the CYs, where 
they occur as an accessory phase (Table 2) and typically, in close asso
ciation with Fe-sulphides. In the CY2s they have anhedral morphologies 
and survive as a series of residual grains typically <10 µm in size. In B- 
7904 they occur as a thin discontinuous rim on a radiating pyroxene 
chondrule. Conversely, in Y-86789 they have Mg-rich compositions 
whose textures reveal the former outlines of much larger phosphate 
minerals and appear to occupy fractures, forming infilled mineral veins 
(Fig. S11). Phosphates are more abundant in the CY1s, appearing as 
larger grains, again identified as apatite but preserving euhedral mor
phologies. Apatite in the CY1s is typically found in association with 
phyllosilicate and magnetite (Fig. 5) or alone embedded within the fine- 
grained matrix. 

3.6. Carbonates 

Carbonates are present in the CY1s where they co-occur with 
magnetite. In Y-86029 (CY1) a single loose cluster of carbonate minerals 
was observed (Fig. 8B and 8C) with a mottled texture. By contrast, 
thermally decomposed Ca-rich masses, interpreted as former carbonate 
minerals, are found in the CY2s in association with sulphides (Fig. 8E 
and in Suttle et al., 2021a). They commonly occur as infill material 
forming veins and vugs (Fig. 8D and F). Thus, there are (at least) two 
distinct generations of carbonate formation in the CYs. For both the 
CY1s and CY2s elemental analyses reveal low Fe concentrations (<5 at. 
%), but variable Ca and Mg contents (Fig. S12) with compositions cor
responding to both calcite and dolomite. (Combined four-element EDX 
maps showing Ni, S, Ca and P distribution help reveal the occurrence of 
apatite, carbonates and Fe-Ni-sulphides. These are given in the supple
mentary material with sections Y-86029, Y-86720 and Y-86789 
(Figs. S13, S14 and S15 respectively) shown as examples). 

Fig. 4. Inferring (former) phyllosilicate cation composition and species from matrix EDX analyses. Data from all six CY meteorites are combined. CY2 data are shown 
as red diamonds and CY1 data as orange squares. The stochiometric ideal compositions for serpentine and saponite are marked by vertical dashed lines. Both 
petrologic subtypes of CY chondrite contain a mix of serpentine and saponite although saponite is more common in the CY1s. Saponite minerals have elevated Na 
abundances, indicating the former presence of Na-saponite. 
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3.7. Refractory oxides 

Refractory oxides (Cr-spinel and ilmenite) are present in the CY2s. 
Two distinct generations are recognizable based on texture and grain 
size. The first generation are euhedral grains (<30 µm) primarily found 
in chondrule cores. The second generation occurs as micron and 
submicron-sized crystallites with anhedral morphologies, located only 
on the edges of coarse phyllosilicate (and former phyllosilicate) min
erals. Spot EDX analyses reveal different compositions (Fig. 9). 

3.8. Ferropericlase 

Ferropericlase is an Fe-Mg oxide ([Fe,Mg]O) not reported in other 
carbonaceous chondrites, but previously identified in the CY1s (Ikeda, 
1992; King et al., 2019). We found ferropericlase clasts only in the CY1s, 
Y-86029 and Y-82162 (Fig. 5C and D). They appear as large (>150 µm) 
irregular-shaped objects with high porosity (visible in BSE images and 
evidenced by low EDS totals). Grain interiors contain Fe-oxide in
clusions and are cut by abundant subparallel fracture sets and infilled 
with small Fe-sulphide grains (Fig. 6C and D). 

3.9. Raman on carbonaceous phases 

Carbonaceous materials feature Raman bands in the first- and 
second-order regions. The most typical peaks are the first-order defect 
(D) band at ~1350–1380 cm− 1 and the graphite (G) band at 
~1580–1590 cm− 1 (Tuinstra and Koenig, 1970). The peak parameters of 
the D and G bands including the peak position (ω), peak widths in terms 
of full width half-maximum (FWHM, Γ), and the peak intensity ratios 

between the D and G bands (ID/IG) of the CY group meteorites, compared 
to other carbonaceous and ordinary chondrites are shown in Table S1, 
and the data is plotted in Fig. 10. In this figure data for the CY chondrites 
are plotted as black symbols for their easy identification from the other 
chondrites shown. (Dho 1988 is not included in the Raman dataset 
because we have not observed any carbonaceous features in this 
sample). 

The peak parameters of the D and G bands are systematically 
correlated with the maturation of organic matter (Fig. 10, Table S1). The 
combination of peak parameters describes the overall size distribution of 
the crystalline domains and the metamorphic history of the carbona
ceous host (e.g., Busemann et al., 2007; Bonal et al., 2006; Chan et al., 
2019a, 2019b). For example, ωD and ΓD values are low in heated me
teorites, as seen for Allende, which has experienced peak metamorphic 
temperature (PMT) of >600 ◦C and has low ωD and ΓD values of 1,351.5 
± 1.2 cm− 1 and 62.5 ± 1.9 cm− 1, respectively (Table S1). This contrasts 
with the high values (ωD = 1,378.5 ± 11.1 cm− 1; ΓD = 370.8 ± 54.2 
cm− 1) observed for primitive (CM, CI) meteorites like Mighei and Ivuna, 
which were estimated to have been heated <220 ◦C. The strong corre
lation between the ΓD and PMT has been observed and developed into a 
cosmothermometer for the estimation of PMTs of astromaterials (Buse
mann et al., 2007). Fig. 10A plots ωD vs. ΓD values; here, the CY chon
drites (both CY2s and CY1s) plot halfway between the nominally 
unheated CI Ivuna and the heated CV3 Allende. The position of the CY 
group implies an intermediate maturity stage and, therefore, some 
heating. Within the CYs, the maturation grade of the organic matter 
suggests the following metamorphic hierarchy from least to most ther
mally processed: Y-82162 (CY1) < Y-86029 (CY1) ≤ B-7904 (CY2) ≤ Y- 
86789 (CY2) ≤ Y-86720 (CY2). Notably, the CY2s have higher 

Fig. 5. Backscattered electron images of unique phases found in the CY1 chondrites. Panels A and B show coarse phyllosilicate clumps, while panels C and D show 
examples of ferropericlase clasts. 
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maturation grades and, therefore, either longer duration heating or 
higher peak temperatures relative to the more aqueously altered CY1s. 

The Raman graphite band width of chondritic organic matter, 
modified by short-term heating has been observed to differ significantly 
from that modified by long-term metamorphic heating (Chan et al., 
2019a). The ΓG values of the organic material in CY group meteorites, 
ranging from 87.8 ± 6.3 cm− 1 in Y-86720 up to 123.0 ± 11.3 cm− 1 in Y- 
82162, are distinctively larger than those in other carbonaceous and 

ordinary chondrites (<76 cm− 1) (Fig. 10C and D). Accordingly, the ωG 
values of the CY chondrites, ranging from 1,616.5 to 1,623.2 cm− 1, are 
also higher than those observed for most of the other chondrites 
(<1607.9 ± 1.4 cm− 1), except only for Huacachina (LL3), of which the 
ωG value (1,617.2 ± 1.9 cm− 1) is more comparable to Y-86029 (CY1) 
and Y-82162 (CY1) (1,617.0 ± 2.0 cm− 1 and 1,616.5 ± 2.9 cm− 1, 
respectively) (Fig. 10D). The trend observed in the ΓG values correlates 
to the ΓD values, where samples showing high ΓD values exhibiting low 

Fig. 6. Chemical compositions of Fe-sulphide and Fe-Ni-metal in the CY chondrites. This graph plots the cation/S ratio against Ni abundance, with data presented in 
atomic %. (Fe+Ni)/S ratios close to 1 represent sulphide minerals, while ratios >1 indicate metal phases (containing minor dissolved S). The compositional ranges of 
low-Ni metal (kamacite < 10 at.%) and high-Ni metal (taenite > 10 at.%) are shaded and labelled. Panel A depicts data from the four CY2 chondrites (shown as red 
diamonds), while panel B depicts data from the two CY1s (shown as orange squares). Surviving metal is rare in the CY1s and occurs only as taenite. 
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ΓG values, following the order Y-82162 (CY1) > Y-86029 (CY1) > B- 
7904 (CY2) > Y-86789 (CY2) > Y-86720 (CY2). 

4. Discussion 

4.1. Chondrules in the CY group 

Analysis of the less-altered CY2s provides insights into the primary 
accretionary properties of the CY chondrites. B-7904 and Dho 1988 are 
the least aqueously altered CY2s, and their chondrule outlines are 
clearly defined and easily resolvable. These meteorites also have the 
highest chondrule abundances of 18.4 area% (B-7904) and 15.2 area% 
(Dho 1988). In the more altered CY2s, estimated chondrule abundances 
are lower (7.1 area% and 9.6 area%). Conversely, in the CY1s chon
drules are absent, and chondrule pseudomorphs were not definitively 
identified. These relationships developed as progressive aqueous alter
ation replaced the primary mineralogy, metasomatizing chondrule 
outlines. Chondrule abundances in B-7904 and Dho 1988 (Fig. S8) are, 
therefore, most representative of the initial parent body and suggest that 
a theoretical initial CY3 parent body accreted chondrules at abundances 
between 15 and 20 area%. Chondrule size estimates are fairly consistent 
between each of the samples analysed, except for Dho 1988, which 
contains some larger chondrules, skewing the mean calculation. How
ever, we note that the relatively low number of chondrules (N = 38) in 
our Dho 1988 section means that its values are affected by small sample 
statistics. The combined mean average apparent chondrule diameter in 
the CY2s is 340 µm, or 320 µm if the data from Dho 1988 are excluded. 

This size is slightly larger than the average for CM chondrites, typi
cally quoted as between 270 and 300 µm (Rubin and Wasson, 1986; 
Weisberg et al., 2006). The larger chondrules in Dho 1988 could be a 
product of sampling a relatively small section area (65 mm2) or could 
indicate that Dho 1988 is somewhat distinct from the other CY2s. Dho 
1988 also includes relatively large CAIs, which are otherwise unsampled 
in the other sections, suggesting that the latter may apply. This obser
vation may also suggest that size sorting processes affected the region of 
space where the CY chondrites accreted (Wurm and Krauss, 2006) or 
size sorting after accretion whilst on the parent body (e.g. Pinto et al., 
2021). 

4.2. Brecciation predates aqueous alteration 

Several of the CYs have a brecciated texture. This is most pronounced 
in Y-86029 (CY1) and Dho 1988 (CY2). Previously, Suttle et al. (2021a) 
concluded that brecciation in Dho 1988 predated the main episode of 
aqueous alteration. This interpretation was based on the presence of 
veins composed of phyllosilicate, carbonate and sulphide minerals 
infilling fractures separating clasts, indicating that significant aqueous 
alteration occurred after fragmentation. Analysis of Y-86029 suggests a 
similar chronology. Although this meteorite lacks mineralized veins, the 
boundaries between clasts are diffuse, implying that post-brecciation 
alteration formed hydrous minerals that blurred the otherwise sharp 
contacts between fragments through geochemical exchange and mineral 
formation. In Y-82162, several small clasts are discernible, held within a 
main lithology (Fig. S2). Boundaries between clast and host lithology are 
often separated by thin open fractures. However, in many instances 
these boundaries completely lack fractures and are instead transitional. 
The absence of brecciation in the remaining three CY2s (B-7904, Y- 
86720 and Y-86789) studied implies either these samples escaped 
brecciation or that clast sizes are larger than the sampling scale of the 
section we have evaluated. In either instance, the lack of brecciation 
means we are unable to evaluate the relative chronology of brecciation 
and alteration in these meteorites. Nonetheless, the three brecciated CYs 
reveal the same geological history, either brecciation followed by 
aqueous alteration or aqueous alteration punctuated by brecciation. In 
both scenarios, aqueous alteration was active after fragmentation. This 
contrasts with the apparent alteration histories of the CM chondrites, in 
which there are typically sharp contacts between lithological clasts and 
often a disparate range of alteration extents found in close proximity 
(Nakamura et al., 1999; Verdier-Paoletti et al., 2017; Lentfort et al., 
2021; Suttle et al., 2023). The textures in CM chondrites, therefore, 
require that brecciation postdates fluid activity, potentially by millions 
of years (e.g. Amsellem et al., 2020). 

4.3. Reconstructing the aqueous alteration history of the CY group 

Analysis of the CY2s provides evidence for the early stages of hy
dration, while the CY1s record more advanced, late-stage aqueous 

Fig. 7. Backscattered electron images of sulphides, magnetite and metal in the CY chondrites. A-C show images of Fe-sulphides in the CY2s, metal can be identified as 
residual bright spots, appearing as inclusions within Fe-sulphides (A and B). Rare large aggregates of Fe-sulphide (megaclusters) are present in the CY2s. D-F show 
images of magnetite aggregates found only in the CY1s. They are composed of magnetite plus phyllosilicates, apatite and residual Fe-sulphide and are interpreted as 
having formed by aqueous alteration of the Fe-sulphide aggregates seen in the CY2s. 
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Table 2 
Elemental compositions (expressed as uncorrected weight totals [wt.%]) for various phases analysed in this work. The “†” symbol denotes EDS analyses, the remainder are WDS analyses  

Phase Setting Analysis N=? Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe Ni Co O Total 

Chlorite (at.%: Al > 4) CY2s Avg. 67  1.2  14.1  7.8  16.5  –  –  –  0.2  0.2  0.1  –  0.5  0.1  14.9  0.1  –  40.8  97.0 
Stdev.  0.6  1.8  2.0  1.5  –  –  –  0.1  0.5  0.1  –  0.4  0.1  2.5  0.2  –  1.8  4.2 

Na-Saponite (at.%: Na > 1) CYs Avg. 99  1.9  15.4  2.6  19.6  –  –  –  0.2  1.2  –  –  0.6  0.2  9.0  0.1  –  39.7  91.0 
Stdev.  0.8  1.9  1.0  5.3  –  –  –  0.1  3.9  –  –  0.6  0.3  3.5  0.2  –  4.0  6.0 

Serpentine (at.%: Si + Al < 17) CYs Avg. 244  0.3  14.9  1.4  15.7  –  –  –  0.1  1.0  0.1  –  0.5  0.3  17.5  1.2  0.1  35.6  88.7 
Stdev.  0.2  3.5  0.6  2.5  –  –  –  0.1  2.0  0.1  –  0.5  0.4  5.9  1.0  0.1  4.0  7.9 

Taenite† CY2 (B-7904) Single 1  –  –  –  –  –  –  –  –  –  –  –  0.1  –  37.4  60.7  1.5  –  100.0 
Kamacite† CY2 (Y-86720) Single 1  –  –  –  0.1  –  –  –  –  –  –  –  0.1  –  93.7  5.9  0.4  –  100.3 
Fe-sulphide CY2s Avg. 150  –  0.2  –  0.2  –  35.7  –  –  0.1  –  –  –  –  62.8  0.6  –  –  99.7 

Stdev.  –  0.2  0.1  0.2  –  1.4  –  –  0.1  –  –  0.1  –  2.1  1.7  0.1  –  1.9 
Fe-sulphide CY1s Avg. 92  –  0.4  –  0.3  –  35.9  –  –  –  –  –  0.1  –  61.8  0.9  0.1  –  99.6 

Stdev.  –  0.8  0.1  0.5  –  1.5  –  –  –  –  –  0.1  –  2.5  1.2  0.1  –  2.1 
Mg-apatite† CY2 (Y-86789) Avg. 13  3.1  19.8  0.5  0.3  20.8  –  –  –  2.9  –  –  –  0.2  6.1  0.1  –  44.8  98.5 

Stdev.  2.1  3.0  0.6  0.4  1.2  –  –  –  2.1  –  –  –  0.1  1.9  0.1  –  2.1  4.4 
Apatite† CY2 (B-7904) Avg. 6  1.7  2.8  0.4  1.9  16.3  0.5  –  0.1  27.6  –  –  0.1  0.1  5.6  0.7  –  42.1  99.9 

Stdev.  0.3  1.2  0.3  1.5  3.0  0.6  –  –  5.2  –  –  0.1  –  3.6  0.9  –  2.3  2.9 
Apatite† CY1s Avg. 37  0.2  0.4  0.1  0.5  16.8  0.2  0.1  –  36.5  –  –  –  0.1  1.9  0.1  –  39.4  96.4 

Stdev.  0.1  0.6  0.1  0.5  1.2  0.4  0.2  –  2.5  –  –  –  0.1  2.6  0.1  –  2.6  3.0 
Primary Cr-spinel† CY2s Avg. 25  –  3.3  4.2  0.5  –  –  –  –  0.1  0.7  0.4  36.5  0.3  22.2  0.1  –  30.3  98.6 

Stdev.  0.1  1.5  3.1  1.0  –  –  –  –  0.1  0.3  0.2  5.0  0.1  3.1  0.1  –  1.8  1.7 
Secondary Cr-spinel† CY2s Avg. 25  0.3  6.5  1.0  5.4  0.1  0.4  –  –  0.2  0.1  0.1  31.1  0.3  18.3  0.2  –  31.8  95.8 

Stdev.  0.3  2.5  0.6  2.4  0.1  0.8  –  –  0.3  0.1  0.2  6.7  0.1  2.9  0.2  –  2.9  5.1 
Primary Ilmenite† CY2s Avg. 37  0.1  2.7  0.1  0.5  0.1  0.1  –  –  0.2  30.6  0.2  0.1  0.7  30.7  0.1  –  32.4  98.4 

Stdev.  –  0.6  0.1  0.6  0.1  0.1  –  –  0.2  1.5  0.1  0.1  0.3  1.0  0.1  –  0.6  1.7 
Secondary Ilmenite† CY2s Avg. 8  0.2  7.7  0.5  3.8  0.1  –  –  –  0.1  25.1  0.1  0.4  0.3  24.3  0.1  –  35.0  97.7 

Stdev.  0.1  1.0  0.3  1.2  –  –  –  –  –  3.0  0.1  0.1  0.1  1.2  –  –  2.1  3.8 
Magnetite† CY1s Avg. 68  0.1  0.9  0.1  0.1  –  0.1  –  –  0.2  –  –  –  1.0  67.3  0.1  –  20.6  90.4 

Stdev.  0.1  0.6  0.1  0.1  –  0.1  –  –  0.2  –  –  –  0.8  1.5  0.1  –  0.4  0.9 
Ferropericlase† CY1 (Y-86029) Avg. 14  –  23.8  0.3  0.3  –  0.4  0.1  –  0.2  –  –  –  1.2  20.1  0.1  –  23.1  69.7 

Stdev.  –  2.0  0.2  0.2  –  0.3  –  –  –  –  –  –  0.3  2.0  0.1  –  1.5  3.3 
Ferropericlase† CY1 (Y-82162) Avg. 18  0.1  27.0  0.8  0.3  –  2.0  0.1  –  0.2  –  –  –  2.6  14.5  0.1  –  27.0  74.8 

Stdev.  –  0.9  0.5  0.1  –  1.6  –  –  0.1  –  –  –  0.8  2.5  0.1  –  3.6  8.7  
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alteration. The presence of a pseudomorphic CAI in the CY1 Y-82162 
(Fig. S9) implies that the CY1s accreted refractory inclusions (chon
drules and CAIs). However, their rarity in the CY1 lithology attests to 
intense alteration. Aqueous alteration in the CY chondrites followed a 
similar trajectory to the CM and CI chondrites, with Fe-Mg-bearing 
phyllosilicates and Fe-sulphides being the main minerals formed. 
Minor quantities of carbonates and magnetite are additional similarities. 
However, distinct differences occur in their phyllosilicate species, cation 
contents and accessory phases. Elemental analysis of the fine-grained 
matrix (Fig. 4, Table 2) suggests both serpentine and saponite were 
produced during alteration. This is distinct from the CM chondrites 
where typically only serpentine is found (Bunch and Chang, 1980; 
Howard et al., 2009), and is instead similar to the CI chondrites 
(Tomeoka and Buseck, 1988; Russell et al., 2022) and the C2-ungrouped 
Bells meteorite (Brearley, 1995). Additionally, elevated Na contents 
suggest that the saponite minerals included Na-saponite. Experimental 
studies have shown that, relative to serpentine, saponite forms at higher 
water-to-rock (W/R) ratios (Kikuchi et al., 2021) and/or under elevated 
silica activities (Brearley, 1995), under more alkaline conditions and at 
higher temperatures (Ohnishi and Tomeoka, 2007). The formation of 
Na-saponite may suggest that alkaline brines (Na-bearing fluids) were 
present during alteration (Zolotov, 2012). We also identified chlorite in 
the CY2s, located within altered chondrule cores. They would have 
formed from Al-bearing precursors such as feldspar and chondrule glass 
and are, therefore, evidence of former Al-bearing chondrules. However, 
their absence in the CY1s requires that early-formed chlorite was sub
sequently dissolved and replaced by saponite as alteration advanced 
(Zolotov, 2012). 

Minimally altered CM chondrites are perhaps the closest analogue to 
the petrography of the type 3 CY accretionary assemblage. In the Asuka 
CM chondrites, nominally CM2.8–3.0 (Kimura et al., 2020) Fe-sulphides 
are present as submicron grains within the fine-grained matrix and as 
larger pyrrhotite-pentlandite intergrowths within chondrules. This dif
fers from the coarse Fe-sulphide laths and rounded grains present in the 
CY chondrites. Their morphologies suggest that the majority of the Fe- 
sulphides are not pre-accretionary phases but were formed during 
parent body alteration. The aqueous alteration of chondritic Fe-Ni-metal 

can form either phyllosilicates (cronstedtite), sulphides (tochilinite and 
pyrrhotite) or oxides (magnetite and goethite) depending on the 
geochemical microenvironment of the altering fluids (Fig. 11A) (Palmer 
and Lauretta, 2011; Nadoll et al., 2014; Pignatelli et al., 2016; Suttle 
et al., 2022a). In the CM chondrites, evidence for all three alteration 
pathways can be found in the same meteorites, often in close proximity 
(<100 µm). During the alteration of metal up to 81% of the Fe is dis
solved and carried elsewhere by the fluid phase (Palmer and Lauretta, 
2011). We suggest that in the CY chondrites a significant fraction of the 
primary (accreted) Fe-Ni-metal was converted into Fe-sulphides. 
Rounded Fe-sulphide grains (e.g. Fig. 8A) are evidence for direct, 
pseudomorphic replacement of former metal beads. In addition, many of 
the large Fe-sulphide grains in the CYs are lath-shaped with hexagonal 
basal sections, which is the characteristic morphology of euhedral pyr
rhotite formed by precipitation from Fe-rich/S-rich fluids and the 
dominant form of sulphide in the aqueously altered CI chondrites 
(Bullock et al., 2005), Ryugu sample return materials (Yamaguchi et al., 
2023), ungrouped C1 Flensburg meteorite (Bischoff et al., 2021) and 
heavily altered CM chondrites (Kimura et al., 2011). These lath-shaped 
sulphides are, therefore, robust evidence of sulphide generation during 
aqueous alteration (Bullock et al., 2005; Schrader et al., 2021). Thus, an 
initial generation of Fe-sulphides would have formed during aqueous 
alteration, both by direct sulphidation of metal and by the dissolution of 
metal and later precipitation as new Fe-sulphide minerals into void 
space. If metal was the principal precursor for Fe-sulphides then the high 
abundances of Fe-sulphides (10–30 vol%, King et al., 2019) indicate that 
the unaltered primary CY3 assemblage contained significant quantities 
of metal, and in this respect would have been similar to the metal-rich 
CR3 chondrites (e.g. Abreu et al., 2020). 

As aqueous alteration advanced, some of the Fe-sulphide population 
was converted into magnetite. Evidence for this is given by (1) the 
elevated magnetite abundances found in the CY1s relative to the CY2s 
(>2 vol% vs. <2 vol%, King et al., 2019) and (2) the presence of 
magnetite aggregates (Fig. 7E) or mixed phase magnetite-sulphide ag
gregates (Fig. 7D) found in the CY1s, while only sulphide aggregates are 
found in the CY2s (Fig. 7C). These features indicate a transition to more 
oxidizing conditions during the more advanced stages of aqueous 

Fig. 8. Backscattered electron images of carbonates/former carbonate phases in the CY chondrites. Panels A-D show carbonates in CY1s while panels E and D show 
carbonates in CY2s. Panel A typifies a single carbonate mass. Panel B shows a loose cluster of carbonate grains (magnified in C). Panel D shows a small vein infill, 
representing a mixed phase assemblage of carbonate and sulphide that has infilled void space during aqueous alteration. Panel E shows an irregular-shaped mass 
composed of carbonate and sulphide. Panel F shows a large and layered mineralized vein, the outer edge is composed of phyllosilicate while the inner region is mixed 
phase carbonate-sulphide. Note most carbonate have suffered partial or complete decomposition during post hydration thermal metamorphism. 
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alteration (Fig. 11A), a feature inferred for the CM chondrites (Guo and 
Eiler, 2007; Le Guillou et al., 2015; Pignatelli et al., 2017; Vacher et al., 
2019; Suttle et al., 2021b), CI chondrites (Alfing et al., 2019) and CR 
chondrites (Harju et al., 2014; Le Guillou et al., 2015). 

Carbonates are present in at least two distinct settings. (1) Sulphide- 
carbonate clusters (Fig. 8A, D and F) and (2) magnetite-carbonate 

clusters (Fig. 8B and C). These different assemblages are interpreted as 
multiple generations of carbonate growth during aqueous alteration. 
Among the CY2s, only the sulphide-carbonate assemblages are present, 
while both the sulphide-carbonate and the magnetite-carbonate as
semblages are present in the CY1s. Therefore, the sulphide-carbonate 
clusters appear to have formed earlier in the alteration sequence and 

Fig. 9. The chemical compositions of refractory oxide minerals in the CY2s. Both (A) Cr-spinel and (B) ilmenite are found. In each case, there are two distinct 
generations: primary accretionary minerals (shown in black) and a second generation (shown in light grey), formed during aqueous alteration by precipitation from 
fluids. The primary oxides have low Mg concentrations and relatively pure compositions, while the secondary oxides incorporate Mg and trace elements, inherited 
from their parent fluids. 
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primarily infilled voids left by brecciation (e.g. Fig. 8D) suggesting the 
early CO2-rich and SO2-rich fluids exploited the high permeability 
conduits. By contrast, the magnetite-carbonate clusters in the CY1s do 
not appear to have formed by precipitation into empty voids and open 
fractures but, instead, replaced former mineral phases. A third genera
tion of carbonates can be inferred based on the presence of large (>100 
µm) ferropericlase clasts (Fig. 5C and D) which are interpreted as former 
Fe-Mg-bearing carbonates (as explained in Section 4.4.2). 

Accessory minerals provide further insights into the aqueous alter
ation history. In the CY2s phosphates occur as small grains with anhe
dral morphologies. Their outlines imply they previously existed as larger 

coherent phosphate clasts but suffered fluid attack and fracturing. 
Meanwhile, in the CY1s the phosphates are euhedral and co-occur with 
phyllosilicate and magnetite. A third variety of phosphate was recog
nised in Y-86789 (CY2). Here the phosphates are Mg-rich (Table 2) and 
occur within the fine-grained matrix infilling fractures, forming small- 
scale veins (Fig. S11). Thus, up to three generations of phosphate min
eralisation can be recognised. During aqueous alteration P-bearing 
metal (schreibersite (Fe, Ni)3P) would have been the main source of P. 
The anhedral vein deposits of Mg-apatite in Y-86789 are interpreted as 
the earliest generation to form and later suffered fluid attack and 
(incomplete) dissolution. The Ca-apatites found in B-7904 are likely to 

Fig. 10. Raman D- and G- band peak parameter data for the CYs chondrites studied in this work, and comparison with reference chondrites (CY1s are shown in grey 
and CY2s shown in black). Panels show, A: D-band parameters, B: the “R1” ratio of peak intensities, C: the relationship between D- and G-band FWHM and D: G-band 
parameters. The small grey symbols represent individual data points, while the larger coloured symbols represent the average values for each meteorite. Error bars 
mark 1σ standard deviation from the mean. 
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have been a second generation of phosphate growth and these were also 
affected by partial dissolution. Finally, the euhedral apatites in the CY1s, 
found in association with coarse phyllosilicates and magnetite would 
have been the last generation to form. Apatite in the CY chondrites has 
Cl-poor (<0.3 wt%) and F-poor (below detection limit) compositions, 
indicating low dissolved halogen abundances in the alteration fluids. 
Thus, the majority of the anion sites are occupied by OH- ions, producing 
compositions close to the hydroxylapatite end-member. Similar to those 
reported for other hydrated carbonaceous chondrites, including the CM 
chondrites, and C2-ungrouped materials (Piralla et al., 2021). By 
contrast, the CV and CK chondrites, non-carbonaceous chondrites and 
achondrites tend to have Cl-rich apatites (McCubbin et al., 2023). The 
halogen-poor apatites in hydrated chondrites appear to closely reflect 
the Solar System’s initial Cl/F ratio and have been interpreted as evi
dence of closed-system alteration without external addition of F and Cl 
(Piralla et al., 2021). 

Among the CY2s associations of Cr-spinel and ilmenite were identi
fied. Textural and elemental analysis revealed two distinct generations 
of these refractory oxides. The initial generation are interpreted as 
having formed in the solar nebula prior to accretion. Conversely, the 
second generation of ilmenite and Cr-spinel grains precipitated during 
aqueous alteration, after the main window of phyllosilicate formation. 
This interpretation is based on the occurrence of Cr-spinel and ilmenite 
as deposits along the margins of coarse-grained phyllosilicates, found 

within altered chondrule cores (Fig. 1D). To a first order approximation, 
aqueous alteration in carbonaceous chondrites is the progressive con
version of amorphous and anhydrous silicates into phyllosilicates 
(McSween, 1979; Howard et al., 2009; Le Guillou et al., 2015; Suttle 
et al., 2021b). Alteration initially attacks the pre-hydrated amorphous 
silicates (King et al., 2021; Marrocchi et al., 2023) before altering the Fe- 
rich silicates and finally the Mg-rich silicates. Thus, over time progres
sively more Mg-rich silicates were dissolved, resulting in increasing Mg 
activities and the subsequent precipitation of more Mg-rich secondary 
phases (Velbel et al., 2015). The fraction of Mg present in the second 
generation of ilmenite and Cr-spinel is significantly higher than the 
corresponding primary oxides (Fig. 9). This observation is consistent 
with their formation from a Mg-bearing fluid phase and, therefore, late 
in the aqueous alteration sequence (after most Mg-bearing anhydrous 
silicates have been replaced). 

In summary, the CY parent body experienced extensive alteration by 
evolving fluids in the C-H-O-N-P-S system. Early in the alteration 
sequence, metal was altered under low Si-activities and relatively high 
S-activities to Fe-sulphides (pyrrhotite). An initial generation of car
bonates also formed concurrent with sulphide formation, infilling void 
spaces and hydrothermal fractures within the rock. An early Mg-apatite 
also formed at this stage within small-scale fractures in Y-86789. The 
intermediate stages of alteration were characterized by extensive silicate 
dissolution and the formation of phyllosilicates. This likely occurred at 
high water-to-rock (W/R) ratios, elevated temperatures, or elevated Si- 
activities leading to mixed serpentine/saponite assemblages and the 
formation of distinctive Na-saponite species. As these hydrated phases 
precipitated, they consumed water, increasing the activity of the 
remaining dissolved components, and increasing the likelihood of sul
phide, carbonate, and phosphate formation. After phyllosilicate growth, 
and only within altered chondrules, refractory oxides (Cr-spinel and 
ilmenite) precipitated on the margins of phyllosilicates. During the later 
stages, as ƒS2 decreased and ƒO2 increased, some of the Fe-sulphide 
budget was reprocessed, becoming oxidized to form magnetite. At this 
time a second generation of carbonate co-precipitated with this 
magnetite. A third and final generation of large (>100 µm) Fe-Mg- 
bearing carbonates appear to have formed late in the alteration 
sequence. 

4.4. Thermal metamorphic history and peak temperature estimates 

In the CY chondrites thermal metamorphism overprinted aqueous 
alteration, as evidenced by the presence of dehydration cracks within 
the fine-grained matrix, their low bulk water contents (Lipschutz et al., 
1999; King et al., 2015b) and the dehydrated, dehydroxylated and 
recrystallized phyllosilicates seen in XRD and TEM data (Akai, 1990; 
Nakamura, 2005; Nakato et al., 2008; King et al., 2019). 

4.4.1. Closed system heating – evidence from sulphides 
As temperature increased during metamorphic heating (arrowed 

path on Fig. 11B), pyrrhotite grains (FeS1+x) would have progressively 
lost small amounts of sulphur (as S2 gas), increasing the ƒS2 (and aS2) of 
the system and forming stoichiometric troilite (FeS) (Toulmin and Bar
ton, 1964; Tomkins, 2009; Suttle et al., 2021a). Under further heating, 
small proportions of troilite thermally decompose to form Fe-metal +
sulphur (2FeS → 2Fe + S2). If closed system conditions were maintained, 
then the liberated S2 gas would have been unable to escape and the ƒS2 
of the system would increase along the troilite-metal buffer (Fig. 11B). 
Whilst held on this buffer, only a negligible quantity of troilite can 
decompose (note the log scale for ƒS2 on Fig. 11B), even if temperatures 
exceeded 900 ◦C. Thus, troilite can survive through peak metamorphic 
heating under these conditions. Later, during cooling any liberated S2 
would have back-reacted with metal, magnetite, and sulphides to form a 
new generation of troilite (Suttle et al., 2021a). By contrast, if heating 
occurred under open system conditions, the escape of S2 gas would lead 
to the complete thermal decomposition of troilite (to metal) at relatively 

Fig. 11. Schematic sketches showing Fe-rich opaque mineral evolution 
(marked by red lines) during (A) aqueous alteration and (B) thermal 
metamorphism. 
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modest temperatures (<680 ◦C). This is demonstrated by thermogravi
metric analysis (TGA) experiments on Fe-sulphides heated in a through- 
flowing N2 atmosphere, where removed S2 gas from the system (e.g., 
Suttle et al., 2021a). Open system heating would also have left the CY 
assemblage dominated by metal instead of sulphide because the escaped 
S2 was not available for back-reactions. 

In the CY chondrites, some troilite grains contain small metal in
clusions, typically taenite (Fig. 7). Their location along the perimeter or 
close to the outer margin of the grain supports their interpretation as 
evidence of inward troilite-to-metal decomposition (e.g., Kimura et al., 
2011) and suggests that some Fe-sulphide was able to decompose and, 
therefore, that limited S2 gas escape occurred. However, the widespread 
occurrence of troilite in the CYs is unambiguous evidence for near-closed 
system conditions during metamorphic heating. Furthermore, only a 
closed system scenario can explain both the observation of Fe-sulphides 
in the dehydration cracks in former phyllosilicates and the uniform 
composition of Fe-sulphides in all the CYs (Suttle et al., 2021a). 

4.4.2. Carbonate decomposition 
The CY2s contain a single generation of carbonates present as 

sulphide-carbonate clusters (as in Dho 1988, Fig. 8F), or their decom
position products (as in Y-86720, Fig. 8E). By contrast, in the CY1s two 
distinct carbonate generations can be identified. These occur as intact or 
partially decomposed sulphide-carbonate clusters (similar to those in 
the CY2s, e.g. Fig. 8D) and a second generation of magnetite-carbonate 
clusters (Fig. 8B and C). In addition, the CY1s also contain large (>100 
µm scale) ferropericlase clasts containing inclusions of Fe-oxide and Fe- 
sulphide (Fig. 5C and D). Their chemical composition ([Fe,Mg]O) and 
presence of Fe-bearing inclusions suggest a formation mechanism by the 
thermal decomposition of complex (Fe-Mg-bearing) carbonates, as pre
viously suggested by Tonui et al. (2003) and King et al (2019) and 
demonstrated experimentally by Jimenez-Lopez et al. (2012). Thus, the 
ferropericlase clusters most likely represent a third generation of car
bonates that grew late in the aqueous alteration sequence and formed 
large sizes, growing from a fluid rich in dissolved Fe- and Mg- and, 
therefore, precipitating as carbonates with a mixed cation composition. 
This would explain why ferropericlase is not observed in the CY2s, only 
the CY1s. In addition, because increasing Fe content lowers the 
decomposition temperature of carbonate minerals (Tonui et al., 2003; 
Jimenez-Lopez et al., 2012), the formation of ferropericlase but reten
tion of some intact or partially intact calcite/dolomite provides addi
tional constraints on the peak metamorphic temperature experienced by 
the CY1s. Specifically, this differential preservation suggests peak tem
peratures >450 ◦C and <700 ◦C. 

4.4.3. Thermal history as inferred from organic matter 
In general, the Raman D and G bands of organic matter offer a chance 

to study the PMTs experienced by meteorites, as the structural trans
formation of the disordered or partly ordered, non-crystalline carbon- 
bearing material into crystalline graphite is an irreversible process, 
unless subsequently amorphized by other mechanisms such as space 
weathering (Beyssac et al., 2002). Typically, the process of graphitiza
tion is observable by the gradual change in the D band position and 
width, as the D band corresponds to the breathing modes in rings, which 
become observable when symmetry is broken by a crystallite edge (i.e., 
in-plane defects). Therefore, the D band is only present in organic matter 
with aromatic structure (Ferrari and Robertson, 2004) and, thus, serves 
as a strong tracer of the organic maturity. When subject to elevated 
temperature, the annealed organic matter will transform and become 
dominated by larger crystalline domains, which leads to a narrower D 
band width due to reduced defects, as illustrated by the trend of 
reducing ωD and ΓD values in chondrites with higher PMTs such as 
Allende (~600 ◦C) (Fig. 10A). 

The G band corresponds to the C–C stretching vibration that traces 
graphitic ordering, as graphitic ordering reduces ΓG. However, it has 
previously been observed that the Tagish Lake meteorite, which was 

exposed to short-term heating experiments (600◦ and 900 ◦C, for 1 and 
96 h), showed significant widening of ΓG, and the ΓG value first 
increased and then decreased (Chan et al., 2019a). The organic material 
in the experimentally heated Tagish Lake samples significantly differs 
from that of chondritic organic matter modified by long-term internal 
heating. This trend runs counter to that observed for typical meteoritic 
organics, where decreasing ΓG is associated with increasing meta
morphism (e.g., Busemann et al., 2007; Bonal et al., 2016). A similar 
trend of wide ΓG values has also been observed for interplanetary dust 
particles (IDPs) that have experienced short-term atmospheric entry 
heating, and that the ΓG values of IDPs are at least ~18 cm− 1 wider than 
those observed for chondritic material (Chan et al., 2019b). In this study, 
all CY group chondrites show a significant ΓG widening by at least 11.2 
cm− 1 when compared to unheated chondritic organic matter (Fig. 10C 
and D). This observation suggests that the entire CY group has experi
enced short-term heating (or distinctive organic composition than other 
meteorite groups) and, therefore, the annealing of the organic compo
nents are influenced by both the temperature and duration of the 
heating. 

We applied the model developed by Kiryu et al (2020) who consid
ered the kinetics when using the ΓD values, to estimate the time
–temperature history of the CY group and its individual meteorites. 
However, in order to adopt this kinetic expression, either the duration or 
the temperature must be known, which is a chicken-and-egg scenario. 
Based on the estimations given by Nakamura (2005), that the temper
atures corresponding to the heating stage are: Stage I (<300 ◦C); Stage II 
(300–500 ◦C); Stage III (500–750 ◦C); Stage IV (>750 ◦C), the PMTs of 
the two CY1s (Y-82162 spans 300–750 ◦C, Stage II-III and Y-86029 
500–750 ◦C, Stage III) have lower peak temperatures than the four CY2 
chondrites (B-7904, Y-86720 and Y86789 750–900 ◦C were all heated to 
Stage IV). These PMT estimations agree with the maturation hierarchy 
defined by the ΓD parameter of Y-82162 (CY1) < Y-86029 (CY1) ≤ B- 
7904 (CY2) ≤ Y-86789 (CY2) ≤ Y-86720 (CY2). With these PMTs and 
using the model developed by Kiryu et al (2020), we estimate that the 
two CY1s (Y-82162 and Y-86029) were heated for ~3 h at 750 ◦C, or up 
to millions of years if heated at only 300 ◦C. Conversely, for the CY2s (B- 
7904, Y-86789 and Y-86720), the heating would be <1 day if the tem
perature was 750 ◦C. Or, at higher temperatures, up to ~900 ◦C, the 
heating duration would be as short as ~8 min. The precise heating 
scenario for the CYs most likely lies somewhere in between these ranges. 
Interestingly, these PMT estimates are consistent with the previous 
assessment by Nakato et al. (2008) based on the olivine cosmother
mometer approach. 

4.5. Origin and significance of high sulphide abundance in the CYs 

The high Fe-sulphide abundance in the CY chondrites is one of the 
characteristic features that sets this group apart from the CM and CI 
chondrites. However, the origin and significance of this characteristic is 
unresolved. In Sect. 4.4.1., we argued that an initial generation of Fe- 
sulphides formed during fluid alteration, by sulphidation of metal and 
by direct precipitation. This interpretation has two important implica
tions. Firstly, the CY parent body must have accreted abundant metal 
and, secondly, the fluids on the CY parent body were S-rich. To form S- 
rich fluids would require, either (1) the accretion of significant quanti
ties of sulphur in a fluid-susceptible phase or, (2) the migration of 
evolved S-rich fluids from the deep interior of a complex and partially 
differentiated parent body into the undifferentiated primitive chondritic 
lid (e.g. Elkins-Tanton et al., 2011; Fu and Elkins-Tanton, 2014). These 
two options are considered further below: 

(1) The fine-grained matrix in primitive chondrites contains amor
phous material composed of Fe-Mg-silicates, which contains 
metal and sulphide inclusions. These phases are referred to as 
“GEMS-like” owing to their similarities with the “glass with 
embedded metal and sulphides” (GEMS) (Bradley, 1994) phases 
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found in cometary materials (Leroux et al., 2015; Le Guillou et al., 
2015; Villalon et al., 2021). However, their S contents are rela
tively modest (at.% S/Si: <0.3) (Keller and Messenger, 2011; 
Leroux et al., 2015). Thus, unless the amorphous matrix material 
in the CY chondrites was atypically S-rich the accretion of this 
carrier phase could not account for the unique petrography of the 
CYs.  

(2) Alternatively, if carbonaceous chondrites originate from the 
outer layers of an otherwise differentiated parent body, then the 
upwelling of evolved fluids (of magmatic or metamorphic origin) 
might explain the S-rich compositions of fluids in the CY chon
drites. Elkins-Tanton et al. (2011) noted that the heating of 
chondritic materials in the interior to temperatures >430 ◦C 
would release sulphidic, and/or carbon-rich fluids that would rise 
efficiently into the chondritic crust. These fluids form by the 
dehydration of hydrated material held in the deep interior. Here, 
dehydration occurs because heat from radiogenic decay is 
retained more efficiently raising internal temperatures above the 
stability fields of the hydrated assemblage, leading to dehydra
tion reactions and subsequent migration of fluids to lower density 
layers (e.g., Melwani Daswani et al., 2021). In such a scenario, the 
CY2 and CY1 petrologic grades reflect different environments 
within the chondritic crust, with fluid availability as the principal 
control on the extent of alteration. Thus, the spatial relationship 
between the CY2 and CY1 regions would depend on how the fluid 
migrated and accumulated within the crust. We note that one 
counter argument to the suggestion of aqueous alteration being 
driven by upwelling of evolved fluids with a magmatic or meta
morphic origin is the inferred halogen-poor fluid compositions, 
based on the low abundances of Cl and F found in the precipitated 
apatite grains (Section 4.3 and Table 2). 

Future isotopic studies analysing the composition of sulphides in CY 
chondrites may be able to resolve the origin of their anomalously high 

sulphide abundances. 

4.6. Bulk O-isotopes and relationship of the CY chondrites to other 
chondrite groups 

The CY chondrite group have a distinct 16O-poor isotopic signature. 
This is heavier than all other carbonaceous chondrite groups (Fig. 12, 
approximately: δ17O = 10.8 ‰, δ18O = 21.4 ‰, Δ17O = − 0.3 ‰, Clayton 
and Mayeda, 1999; King et al., 2019; Suttle et al., 2021a; Ito et al., 2022; 
Greenwood et al., 2023). Recently, Greenwood et al. (2023) studied the 
bulk compositions of two CYs (Y-82162 and B-7904) and noted that they 
have distinct Δ17O values, despite similar δ18O values. Their average 
Δ17O compositions diverge by ~0.43 ‰ and on the basis of this obser
vation Greenwood et al. (2023) suggested that the CY meteorites may 
not form a single homogeneous group. Likewise, Ito et al. (2022) re
ported a large intrasample variability (Δ17O range of 0.18 ‰) based on 
seven measurements of Y-82162, reflecting small-scale isotopic hetero
geneity within the CY lithology. This Δ17O variability requires further 
investigation as several possible interpretations exist. The scale of 
variation could also mean that the CYs sample more than one closely 
related object (different parent bodies), or sample local-scale hetero
geneity within a single parent body, potentially as a result of mass- 
dependent fractionation affecting specific mineral phases (e.g. Ver
dier-Paoletti et al., 2017). Finally, additional alteration arising due to 
terrestrial contamination could have further contaminated these Ant
arctic and hot-desert samples (Suttle et al., 2020; Greenwood et al., 
2023). 

In terms of the CYs relationship to other chondrite groups, they plot 
close to the CI chondrites and to the C2-ungrouped meteorites Tagish 
Lake and Tarda whilst overlapping with and extending above the 
Terrestrial Fractionation Line (TFL). The position of the CYs falls on a 
conceptual trendline, termed the “CM mixing line” (slope function of 0.7 
and δ17O intercept of − 4.23 ‰; Rowe et al., 1994; Clayton and Mayeda, 
1999). This trend is interpreted as isotopic exchange between two 

Fig. 12. The bulk O-isotope composition of the CY chondrites compared against the CO, CM and CI chondrites as well as the C2-ungrouped meteorites Tagish Lake 
and Tarda and a selected population of isotopically heavy 16O-poor fine-grained unmelted micrometeorites. The dashed black box seen in panel A represented the 
magnified region shown in panel (B). (A) The CY chondrites have the heaviest reported composition of any chondrite group. (B) Their position in isotope space is 
close to (but distinct from) the CI chondrites. The CO, CM and CY chondrite groups (as well as the two micrometeorites) fall on the “CM mixing line” established by 
Clayton and Mayeda (1999). Also shown for reference are the terrestrial fractionation line (TFL, Lodders and Fegley, 1998) and the Primary Chondrule Mineral line 
(PCM) (Ushikubo et al., 2012). Data were taken from Clayton & Mayeda (1999), Brown et al. (2000); Moriarty et al. (2009), Ivanova et al. (2010), Schrader et al. 
(2011; 2014), Lee et al. (2016), Bouvier et al. (2017a; 2017b), Gattacceca et al. (2019), Lee et al. (2019), King et al. (2019) Kimura et al. (2020), Suttle et al. (2020; 
2022b) and Greenwood et al. (2023). 
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primitive early solar system reservoirs, isotopically light anhydrous 
silicates and isotopically heavy water–ice grains (e.g., Clayton & 
Mayeda, 1984; 1999; Vacher et al., 2016, 2017; Verdier-Paoletti et al., 
2017; Jilly-Rehak et al., 2018; Chaumard et al., 2018; Marrocchi et al., 
2018; Suttle et al., 2020). The CM mixing line unites the bulk compo
sitions of the CO and CM chondrites, and alongside other close petro
graphic and chemical similarities (Kallemeyn and Wasson, 1981; 
Schrader and Davidson, 2017; Alexander et al., 2018), is the basis for 
linking these two groups as the CO-CM chondrite clan (Weisberg et al., 
2006). The position of the CY chondrites on the CM mixing line could 
reflect either:  

(1) A close genetic link between the CY chondrites and the CO-CM 
chondrites, forming a larger CO-CM-CY clan. Considering 
trends between the CO and CM chondrites in terms of average 
chondrule size (~150 µm and ~300 µm, Weisberg et al., 2006) 
and chondrule abundance (~48 area% and ~20 area%, Weisberg 
et al., 2006) the CY chondrites appear to continue this trend, with 
fewer and larger chondrules (~320–340 µm and ~15 area%, 
Table 1). Meanwhile, the progressively heavier bulk O-isotope 
compositions may reflect accretion of proportionally more 
isotopically heavy water–ice onto the CY parent body than the CO 
and CM chondrites.  

(2) Alternatively, the CYs may not be part of the CO-CM clan but, 
instead, coincidentally positioned on the CM mixing line. In this 
instance, the effects of mass-dependent fractionation on a former, 
lighter isotopic signature as a result of post-hydration thermal 
metamorphism could have played an important role in shifting 
the bulk CY chondrites to their current position (Valley, 1986; 
Clayton and Mayeda, 2009; Ivanova et al., 2013). In this scenario, 
the unheated (pre-metamorphic) position of the CY group would 
be approximately located on the TFL and potentially closer to the 
CI chondrite region than to the CM region. 

To resolve these two possibilities requires further investigation of the 
CY chondrite isotopic signatures, which is beyond the scope of this 
study. Future work studying the isotopic composition of the chondrule 
silicates could reveal whether the CY chondrules originated from the 
same population as the CO and CM chondrules (e.g., Schrader and 
Davidson, 2017; Chaumard et al., 2018). 

5. Implications 

In this work we have shown that the six meteorites proposed as CY 
chondrites are united by similar accretionary properties and similar 
alteration histories. The CY chondrites span two petrologic grades (CY2 
and CY1) with the CY1s recording more advanced aqueous alteration 
along approximately the same alteration sequence as the CY2s. Whether 
this grouping reflects a genetic relationship as fragments of the same 
first-generation parent body or whether the CY chondrites are merely a 
looser grouping of meteorites that formed on more than one closely 
related parent body remains unclear. Similar discussions exist for the CM 
chondrite group, asking whether the CMs originated from a single 
asteroid (e.g., Lee et al., 2019), reflecting the difficulty in reconstructing 
the early planestimals population. However, based on the observations 
in this work combined with the previous work of Ikeda (1992), King 
et al. (2019) and Suttle et al. (2021a), we propose the following criteria 
as diagnostic features of the CY chondrites: 

Primary (accretionary) features  

• Heavy O-isotope compositions (δ17O = 10.8 ‰, δ18O = 21.4 ‰, 
Δ17O = − 0.3 ‰ (Clayton and Mayeda, 1999; King et al., 2019).  

• High metal abundances (which were later altered to form high Fe- 
sulphide abundances (10–30 vol%, King et al., 2019)). 

• Low chondrule abundances (~15 area%) with apparent average di
ameters of approximately: 320–340 µm.  

• High initial accreted water–ice abundances, similar to the water 
contents accreted by the CM and CI chondrites (high initial W/R 
mass ratios). 

Secondary (alteration history) features 

• An alteration history in which brecciation predates aqueous alter
ation and is later followed by short duration thermal metamorphism.  

• A phyllosilicate-bearing matrix composed of both serpentine and 
saponite, including Na-saponite and low quantities of chlorite within 
altered chondrules.  

• The occurrence of sulphide-carbonate assemblages precipitated 
within the fractures generated by early brecciation.  

• The presence of halogen-poor hydroxylapatite and the co-occurrence 
of ilmenite and Cr-spinel as accessory minerals.  

• Stochiometric low-Ni troilite as the dominant Fe-sulphide.  
• The occurrence of large ferropericlase clasts (in the CY1s only), 

representing the thermal decomposition of large Fe-Mg-bearing 
carbonates. 

6. Conclusions 

We performed a detailed 2D petrographic investigation of six CY 
chondrite polished sections (four CY2s and 2 CY1s), analysing their 
mineralogy and petrology, and inferring their alteration history. The 
CYs record an early episode of brecciation, resulting in the formation of 
millimetre-sized clasts and a fragmented texture. Later, aqueous alter
ation precipitated secondary minerals within fractures and eroded the 
sharp compositional outlines between clasts. As in other carbonaceous 
chondrite groups, fluid-rock interactions replaced the accretionary 
mineralogy with hydrated phyllosilicates, Fe-sulphides (primarily pyr
rhotite), carbonates and magnetite. Accessory minerals included Ca and 
Mg-bearing phosphates and refractory oxides (ilmenite and Cr-spinel). 
The extent of aqueous alteration was variable across the CY parent 
body, as evidenced by the presence of both partially altered CY2s and 
fully altered CY1s – in which chondrules do not survive. Comparison 
between mineral assemblages in the CY2s and CY1s demonstrates a 
transition towards more oxidizing and alkaline conditions. Aqueous 
alteration was later overprinted by thermal metamorphism. The partial 
decomposition of phyllosilicates and carbonates constrains peak tem
peratures to heating stages II-IV in the scheme of Nakamura (2005), 
approximately 750–900 ◦C. Our analysis of heated organic matter sup
ports earlier suggestions that heating was short in duration (minutes to 
days in length) and, therefore, likely of impact origin. 
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Appendix A. Supplementary material 

Supplementary tables (Table S1) and Figs. S1–S15 referred to in this 
article are provided as a single PDF file. This includes Raman data 
(Table S1) as well as high resolution BSE and EDS elemental maps for 
each section analysed (Figs. S1–S6), olivine chemical composition his
tograms for each section studied (Fig. S7), chondrule size distribution 
plots for the four CY2 meteorites (Fig. S8), BSE images of altered and 
pseudomorphic CAIs (Fig. S9), chemical compositions of Fe-metal and 
Fe-sulphide phases in each section studied (Fig. S10), BSE images of Mg- 
bearing apatite in Y-86789 (Fig. S11), chemical compositions of car
bonate phases in the CY1s and CY2s (Fig. S12) and P-Ni-Ca-S EDX maps 
for three of the CY sections (Figs. S13–S15). Supplementary material to 
this article can be found online at https://doi.org/10.1016/j.gca.2023.0 
9.024. 
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