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Abstract



Micrometeorites represent a major potential source of volatiles for the early Earth, although often
overlooked due to their small sizes and the effects of atmospheric entry. In this study we explore
an unusual ~2000 um, fine-grained unmelted micrometeorite TAM19B-7 derived from a water-
rich C-type asteroid. Previous analysis revealed a unique O-isotope composition and intensely
aqueously altered geological history. We investigated its carbon isotopic composition using the
NanoSIMS and characterized the carbon-bearing carriers using Raman and Near-Infrared
spectroscopy. We found that TAM19B-7 has a **C enriched bulk composition (§°C = +3 + 8
%o), including a domain with *3C depletion (8*3C = -27.1 %.} r"z:chermore, a few micro-scale
domains show '*C enrichments (5°C from +12.9 %o t. +32.7 %o) suggesting much of the
particle’s carbon content was reprocessed into fine-grain. « carbonates, likely calcite. The heavy
bulk C-isotope composition of TAM19B-7 indira."s e.ither open system gas loss during aqueous
alteration or carbonate formation from iso* wically heavy soluble organics. Carbonates have been
detected on small body surfaces, incicding across dwarf planet Ceres, and on the C-type
asteroids Bennu and Ryugu. The nre-e:vation of both carbonates with *3C enrichments and
organic carbon with **C depleiion in TAM19B-7, despite having been flash heated to high

temperatures (<1000 °C), Z=~mcrstrates the importance of cosmic dust as a volatile reservoir.



1. Introduction
Micrometeorites are cosmic dust particles on the micron — to — millimeter scale that

originate from extraterrestrial bodies, pass through Earth’s atmosphere, survive, and accumulate
on the Earth’s surface, where they can be collected for laboratory analyses (e.g., Kurat et al.
1994; Genge et al. 2008; Folco and Cordier, 2015). The TAMG65 trap from where the sample in
this study was recovered has a global annual flux estimate of 1,555 (+753) tons/year (Suttle and
Folco, 2020), consistent with previous micrometeorite abundance estimates from the South Pole
Water Well estimate (~1,600 tons/year: Taylor et al., 1998). Alt"ouyh meteorites can account for
a larger mass, much of that material is often unrecoverable h.>virg landed in remote areas or/and
disintegrating during transit through the atmosphere -+ o1 Earth’s surface (e.g., Dudorov and
Eretnova, 2020). Micrometeorites, owing to their ur-"gue transport mechanisms in interplanetary
space (Zook and Berg, 1975; Gonczi et a'. 9.2), sample a potentially much wider range of
parent bodies than larger meteoroids, ‘which 1 plies that they allow exploration of an otherwise
hidden diversity in the asteroid belt ("se.~ et al. 1997; 2008; Gounelle et al. 2009; Cordier et al.
2018). Thus, micrometeorites ar~ « valuable resource for investigating the small-body population
in the main belt of our so'ar s stem, providing a complementary perspective on the flux of

extraterrestrial materi-.! tc the Earth’s surface.

Micrometeorites can be categorized into different classes based on their physical and
mineralogical properties, and on their chemical and isotopic compositions (Genge et al. 2008;
Folco and Cordier, 2015). At small size fractions (<500 pum) roughly 60-75 % of particles
originate from primitive and variably hydrated bodies (Taylor et al. 2012; Cordier and Folco,
2014), either C-type asteroids (Kurat et al. 1994; Genge, 2007; Genge et al. 2017) or comets
(Engrand and Maurette, 1998; Dobrica et al., 2009; Noguchi et al. 2015). The remaining material

samples ordinary chondrite parent bodies while <1 % of particles originate from differentiated
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achondritic bodies (Genge, 2008; Taylor et al., 2012; Cordier and Folco, 2015; Soens et al.
2022). By contrast, at larger size fractions (>500 pm) the cosmic dust flux is increasingly

composed of ordinary chondrite material (Van Ginneken et al. 2012; Cordier and Folco, 2014).

Several studies have also reported hydrated fine-grained micrometeorites whose
properties are inconsistent with known meteorite groups. For example, Battandier et al. (2018)
reported higher CH,/CHs; ratios in a population of fine-grained micrometeorites and smaller
carbonyl abundances relative to chondrites, which are featurc. tnat are not attributable to
atmospheric entry heating. Suttle et al. (2019a) described i1ter.>ely aqueously altered particles
containing low abundances of small chondrule (<200 '...) Lseudomorphs. Their characteristics
are also inconsistent with the CM, CR or CI chondrite,. Pechaps the most prominent example of
anomalous micrometeorites is the population ¢* °U-poor micrometeorites (approximately 6*'O:
23.9%0, 6*20: 42.0%0, AYO: 2.0%o) first rep- rted by Suavet et al. (2010) and termed “Group 4”
spherules. The existence of the ano~.clous Group 4 spherules has since been confirmed by
multiple independent studies (Vet G.neken et al. 2017; Suttle et al. 2020; Rudraswami et al.
2020). Typically, *°O-rich coi nusitions (that plot below the terrestrial fractionation line) are
associated with carbona:eous chondrites, while *°O-poor compositions (that plot above the
terrestrial fractionation lin :) are associated with non-carbonaceous bodies. However, Suttle et al.

(2020) demonstrated that the *°O-poor “Group 4” micrometeorites originate from a hydrated

carbonaceous parent body.

The presence of carbonaceous matter in extraterrestrial materials makes them a possible
source for the delivery of biogenic molecules to Earth, potentially aiding in the development of
life (Maurette, 1996; Dobrica et al., 2009). The average estimate of the amount of carbon

delivered to Earth in present day by micrometeorites is over 50,000 times higher than meteorites,



proving them to potentially be the major contributor to Earth’s carbon (Maurette, 1996). This
makes studying micrometeorites and the forms of carbon within them an important component of
any astrobiology or geochemical modelling of the early Earth. However, the carbon isotopic
composition and its abundance in micrometeorites remains poorly constrained. In this work, we
explore these in a large hydrated fine-grained micrometeorite TAM19B-7, providing insights
into the carbon cycle and budget on C-type asteroids, and the survivability of carbon-bearing

materials in micrometeorites during atmospheric entry.

2. Sample: TAM19B-7

2.1. Particle provenance and analysis history
The micrometeorite TAM19B-7 was collected :-om a sedimentary trap on the summit of

Miller Butte in the Transantarctic Mountains (1 AM) in 2006 by the Italian Programma
Nazionale di Ricerche in Antartide (PNR/.,) «xpcditions. These rock traps were exposed for a
long duration of at least ~1 million yeas, as de:ermined by the Ar-Ar ages of microtektites found
in these traps (Folco et al. 2009; Di V:rce..2o et al. 2021) and by the presence of micrometeorites
recording reversed polarity founa =t this site (Suavet et al. 2011). The particles in the TAM
collection include the full size range of micrometeorites but is noteworthy for its large
proportion of micror.*ec-ites greater than 400 um (Rochette et al. 2008; Suavet et al. 2009;

Suttle and Folco, 2020). 1 AM19B-7 measured roughly 2000 um in diameter, when discovered.

TAM19B-7 was picked under the microscope after sieving from the host terrestrial
sediment. It was embedded in resin, sectioned, polished, and analyzed with a scanning electron
microscope (SEM) for back scattered electron (BSE) imaging and energy dispersive
spectrometry (EDS), followed by analysis with an electron probe micro analyzer (EMPA), and
elemental X-ray mapping, primarily at the National History Museum, London (Suttle et al.,

2019a, 2019b). TAM19B-7 was then mechanically extracted from its epoxy resin mount and
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broken into smaller fragments. The main mass was destructively analyzed by infrared laser-
assisted fluorination mass spectrometry at Open University in Milton Keyes, UK providing bulk
O-isotope data (Suttle et al., 2020), while the remaining material (11 fragments) were re-
embedded for higher-resolution BSE and EDS mapping on their newly exposed surfaces (Suttle
et al., 2019a, 2019b). Finally, carbon isotopes were measured with the NanoSIMS 50L at

Arizona State University on the mount containing the 11 fragments.

2.2. Terrestrial weathering
Like many of the extraterrestrial materials recovered fiocm Antarctica, TAM19B-7 has

suffered terrestrial alteration (weathering) during its “esiuence on Earth. The sub-aerial
micrometeorite traps at Miller Butte are a dry, oxidizi»~ and mildly acidic environment (Van
Ginneken et al. 2016). Micrometeorites withii hese traps were occasionally exposed to
Antarctic water (Suttle et al. 2020). "he main weathering features identified in TAM
micrometeorites are etching and diss>lution of silicate glass and anhydrous silicates, the
oxidation of FeNi-metal and the imi'(irg of voids by secondary minerals (primarily calcite,
jarosite and halite). Encrustati»n 1.ms, formed from the same secondary minerals are also
common (Van Ginneken et .' 7016). In TAM19B-7 there is no evidence for metal oxidation,
glass etching or loss o1 ~niiydrous silicates, although these phases would not be expected given
its high degree of parent body aqueous alteration. Instead, the main weathering features affecting
TAM19B-7 are the widespread formation of jarosite, previously described in Suttle et al. (2019a;

2019D).

2.3. Petrographic properties
Despite the effects of atmospheric entry heating and subsequent terrestrial weathering,

the parent body properties of the particle TAM19B-7 can be confidently resolved and have been
studied in detail. TAM19B-7 is a fine-grained micrometeorite enclosed by a magnetite rim and a
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well-developed igneous rim composed of silicate glass with a vesicular texture. This is a
diagnostic feature found on (almost) all unmelted micrometeorites and indicates moderate
thermal processing during atmospheric entry (Genge et al. 2008). The particle’s internal
mineralogy is dominated by Fe-rich phyllosilicates (or their thermal decomposition products)
with no surviving anhydrous silicates (Suttle et al., 2019a). As in most unmelted fine-grained
micrometeorites the interior phyllosilicates in TAM19B-7 are not well-formed crystalline,
hydrated phases but a mix of recrystallized annealed olivine and .~rtially amorphized residual
phyllosilicate (as dehydroxylates) (Genge et al. 2008; Sutt!z & al 2017). Small (~140 pm)
elongated pseudomorphic chondrules occur at low abunac.nces, while the phyllosilicate matrix
defines a weak pervasive petrofabric (Suttle et al., 2012=). Thus, the texture, mineralogy, and

elemental composition link TAM19B-7 to the hyvd,.cer. carbonaceous chondrite group.

TAM19B-7 possesses a unique O-isc*ope composition (8*'0: 1.1 %o, §*%0: 1.1 %o, AXO:
0.5 %o, Suttle et al., 2020). This value nlo.~ above the TFL but at low 820 values in the three-
oxygen isotope space. By contrast, ai. ather hydrated carbonaceous chondrite materials that plot
above the TFL have significai.‘'v nigher 6*°0 values: the Cls have average §'°0 values of 16.3
%o, the CY's average valtes ¢ €21.4 %o and the “Group 4” micrometeorites average 6-°O values
of 42.0 %o. The unusua) O-isotope composition of TAM19B-7 has been explained by the
terrestrial weathering that affected this particle whilst it resided in Antarctica. Incomplete
equilibration with isotopically light Antarctic waters led to lower 6*°0 values. Reconstructing
the pre-weathering composition of TAM19B-7 indicates a positive A'’O ratio and a larger §'°0
value consistent with the other isotopically heavy hydrated carbonaceous chondrite materials

(Suttle et al., 2020). Given the heterogeneous nature of Antarctic weathering, alteration of the



particle’s elemental composition and mineralogy cannot be quantified, and the exact parent body

affinities remain ambiguous.

3. Methods

3.1. Near-Infrared (IR) spectroscopy
Reflectance near-IR spectra were acquired at the IAPS-INAF in Rome (Istituto di

Astrofisica e Planetologia Spaziali — Istituto Nazionale di Astrofisica). The instrument used was
a microscope Micro-IR Hyperion 2000 FTIR Vertex Bruker®. Spectra were acquired in the
spectral range between 1.3 and 22 um with an MCT detector. F'ow: ver, here we report the data
in the range of interest between 2 um and 4 um. To calitra.~ <pectral reflectance an Infragold
(Labsphere®) was used. The spectral resolution is of > cn ™ and an aperture on the sample of

150x150 pm.

3.2. Raman spectroscopy
Raman spectral data were collerted at Diamond Lightsource Synchrotron facility (Didcot,

UK), in the offline spectroscopy anr, su.™nort lab (91). Raman spectroscopy was employed to
investigate the presence and prunerties of potential insoluble organic matter (IOM) within
TAM19B-7. Raman spectral ai.~lysis is sensitive to the presence of macromolecular organic
matter; positive identi€ice.*ion is confirmed by the presence of characteristic diamond-like and/or
graphite-like excitation <:atures (referred to as D and G bands and located at ~1580 cm™ and
~1600cm™ respectively). Analysis of D and G band peak parameters reveals insights into the
structure and chemical state of IOM in chondritic materials (e.g., Busemann et al. 2007; Chan et

al. 2019).

We used a Renishaw inVia Raman Microscope fitted with a 473 nm (green) laser source.
Radiation was focused through a microscope using a 50x objective lens. This provided a nominal

spot size of 1 um diameter. We employed low laser powers (at the sample surface ~0.35 mW),
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achieving adequate signal-to-noise results whilst avoiding measurement-induced photooxidation
of the target organic matter during analysis (consistent with previous observations reported by
Chan et al. 2019). Spectra were collected over the spectral range of 600—2000 cm™ using a 20 s
exposure time. Three accumulations were averaged at each spot location, giving a total analysis

time of 60s per spot.

We analyzed fragments F1, F5, F7 and F10, collecting >10 spectra per fragment in
randomly located regions across the exposed surface area. Howe2*. vnly fragments F5 and F10
produced Raman spectra with identifiable G and D band feak.. This indicates that IOM was

either absent or at very low concentrations in the remain...g nagments (F1 and F7).

Raman spectra were processed to extract pea'< parameter data using the free curve fitting
software Fityk. The baseline was modell~c w:*h a cubic spline function fitted against the
spectrum at five locations (750 cm™, 1000 cmi*, 1250 cm™, 1750 cm™ and 2000 cm™). We used a
2-band model (two Lorentzian prof le,, automatically refined using a Levenberg—Marquardt
fitting algorithm. Peak position .~tensity and full width half maximum (FWHM) parameters

were recorded for both D and G >ands.

3.3. (a) NanoSIMS
We received the TAM19B-7 fragments mounted in a 1-inch epoxy resin. Reflected light

images were taken using a Nikon ECLIPSE LV100ND Industrial Microscope, and then the
sample was gold coated using the Hummer sputter coater to prepare for analysis with the
NanoSIMS 50L instrument. The sample was mounted into the sample holder along with a
cyanoacrylate standard, also known as Krazy Glue (Bose et al., 2014), which was used for

calibrating the carbon isotope data.



Areas on 11 fragments were chosen for analysis with the NanoSIMS based on
composition and the likelihood of preserving carbon-bearing material, five of which were
ultimately measured. Using the BSE images and EDX spot analysis data from the different
fragments, areas with higher phosphorus and lower sulfur concentrations were selected, as high-
phosphorus areas are more likely to contain biogenic materials, and sulfide minerals can be
avoided. Darker areas in the BSE images were also selected as a potential indicator of higher
carbon concentrations. In general, areas of the fragments with large: arains were avoided as they
often include refractory silicate minerals. Fine-grained ar23s e also more likely to be
carbonaceous, as has been observed typically in meteori.>s. In the reflected light microscope
images, several areas on a few fragments (F4, F7, FR, =9 and F10) appeared as brownish in
coloration and differed starkly from the rest of the ~ar!. appearance of the fragments. These areas
were avoided for measurements because cthe), could have been a result of alteration. Finally,

charging was an issue for some coarse-g, ~ined particles, so those areas were avoided.

A 16 keV Cs* primary ion oe«™ of 5 pA (D1-3 diameter of 200 pm) was used for isotope
analysis with the NanoSIMS i the spot mode, with a current of 20 pA to pre-sputter and remove
the gold coat in the areas ot 1 terest and to implant cesium. A 10x10 pm? raster was used to pre-
sputter, while a 5x5 pm? 1 aster was used for isotopic analysis. Each raster frame is divided into
256x256 pixels, with each pixel having a dwell time of either 1000 or 1500 ps. For the standards,
the total measurement time ranged between roughly 390 and 790 seconds, while the total time
for the TAM19B-7 samples ranged between roughly 720 and 3600 seconds. Secondary ions of
2¢, 3¢, and %Si” were measured simultaneously in multi-collection mode. The Cameca mass
resolving power (MRP) was >8600 and the actual MRP calculated from the peak shapes is

~5400 with the entrance slit ES-3 (30x180um?) and the aperture slit AS-3 (150x150pum?); this
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MRP is adequate to separate the isobaric interference of **C*H from **C (required MRP is 2916).
Several spots on five different fragments were measured, with the Krazy Glue standard
measurements being done at regular intervals. The epoxy resin surrounding the particles was also
measured to distinguish it from the porous domains within the particles. We also attempted to
measure nitrogen but *2C*>N" counts were well below 100 counts per pixel for several particles,

and hence are not reported here.

The raw data from measurements was statistically analyz..' aid any values outside of 2c
from the average value for that run were rejected. The dead-time ~orrected total count values, for
each isotope of every measurement were used to calcul-ic tra *C/**C and *2C/*®Si ratios, where
the dead time for electron multipliers on our NancsIMC is 44 ns. In order to account for
instrumental mass fractionation, which is any noin-proportional partitioning of the heavy and
light isotopes of an element caused by the i~ strument, the **C/*2C ratios were normalized to the

terrestrial ratio value of 0.0112 using »:> ai.ha ratio where:
e = (PCIC)sivs ! (°CI*C)vrps

An average of the alpha ratiu: fcr the Krazy Glue standard, 0.95, was used as the normalization
factor for the Krazy Gic=, cpoxy and TAM19B-7 *C/*C ratio values. The **C/**C ratio values

were then used to calculate the §*°C values of the epoxy and the TAM18B-7 fragments, where:
513C =1000 [(13C/12C)Sample / (13C/12C)Standard) - 1]

was calculated relative to the NIST standard VPDB (**C/*2C = 0.0112) and the internal reference
standard Krazy Glue. The §'°C is used as a signature to track the carbon isotopic composition

and compare it to different samples and groups, and the normalization to the 0.0112 value allows
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for our values to be compared to other values normalized to the international standard VPDB

(Groening, 2004).

3.3. (b) 6f SIMS
To calculate the carbon contents of the measured domains, we measured the Krazy Glue

as an internal reference along with two other polymers namely Araldite 502 and Polyethylene
terephthalate (PET) with known, homogeneous carbon contents of 0.714 wt.% and 0.626 wt.%
(Teichert et al., 2022), respectively. Using a Cs* primary ion bear. 2C™ and ‘*0" were measured
(current varying from 100-300 pA) on several spots within earh of t/ie samples, which were gold
coated to alleviate charging. Our smallest secondary ion be.m nield aperture was used to limit the
analyzed area to an 8 um diameter round area on the sa.™5fes, using a mass resolving power of
about 3,000 to separate **Mg?* from '°C"*. Areas ~ere pre-sputtered until the carbon signal was
stable, and the total measurement time “epfaded on the sample (for statistically significant
results) but was generally <15 min on =ach spot. The total **C counts were kept constant at
~300k to avoid flooding the electron multiplier detector. We used a two-point calibration on
Araldite and PET polymer sam; les .2 calculate that the carbon content of the Krazy Glue to be

0.581 wt.%.

4. Results

4.1. IR spectroscopic data
Near-IR reflectance spectra of TAM19B-7 (Fig. 1) show a prominent 2.8 um band

(varying from 2.8 um and 2.85 um) indicative of hydrated Fe-rich phyllosilicates (Takir et al.,
2013). In the 3.3-3.6 um range there are several absorption bands related to organic matter, in
particular -CH functional groups indicative of alkanes. The spectra acquired in an area also show

a feature centered at 3.9 um typical of carbonates (De Sanctis et al., 2016). Carbonates also
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contribute to the different features in the 3.3-3.6 um range (Kaplan et al., 2020; Simon et al.,

2020).

4.2. Raman data
Raman spectra of most regions in the TAM19B-7 particles do not produce signals

containing D and G bands. They instead reveal noisy spectra with strong fluorescence
backgrounds, which implies that IOM is either absent or occurs at very low concentrations
throughout most of the micrometeorite, having been oxidized and ucstroyed during the particle’s
passage through Earth’s atmosphere. However, multiple regio»<. >~_urring as isolated pockets in
fragments F5 and F10, contained well-defined D and G ba. ds. 1 hey always have similar profiles
with a wider and lower intensity D band adjacent to a .~%er, thinner G band. Average (N=21)
peak parameters are D band position: 1375 (+4 [.«[) sm™, FWHM: 141 (+25 [1c]) cm™ and G
band position: 1595 (+3 [lo]) cm™, FW'M: 116 (35 [lo]) cm™. The average ratio of peak

intensities (R;= D/G) is 0.66.

4.3. Carbon isotope measuremen.
Five different fragments of TAM19B-7 were measured: 8 spots on fragment F1, 6 spots

on F2, 1 spot on F7, 3 spots 7n -10, and 1 spot on F11 for a total of 19 different measurement
spots (Fig. 2). The *C:"2C . ados, 8"°C values in permille (%o) and the **C/*Si ratios are reported
in Figure 3, while the values for all individual sample and standard measurements are listed in
Table 1. The 8"°C values for the Krazy Glue standard averaged 0 + 12 %o (26), with 12 being the
26 standard error range with reference to the mean. For the epoxy resin, the °C averaged -2 + 6
%o, which falls within the Krazy Glue range. As discussed below, several points on TAM19B-7
have 8"3C values that do not fall within the range noted for epoxy and are therefore provide

carbon isotopic compositions of the micrometeorite.
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Fifteen of the nineteen measured spots on TAM19B-7 are within the 2¢ error range for
the Krazy Glue standard while four carbon isotopically anomalous spots were identified (Fig. 3).
The average 8°C for the 15 spots is defined as the bulk value and was +3 + 8 %o (Fig. 3). Three
of the four anomalous spots were enriched in **C and had §"3C values of +12.9 %o (F1-200),
+16.8 %o (F5-106), and +32.7 %o (F10-101), while F1-207 was depleted in **C and had a §"°C
value of -27.1 %o (Fig. 3). Note that the measured isotopic anomalies are likely lower limits
owing to some degree of isotopic dilution. The degree of isotopic c. 'tion will vary with location

(proximity to the epoxy) and porosity of the samples at t:~t zcation and is impossible to
quantify.

A majority of the measured spots had *2C/®%i raios up to 6.5, except F1_200. Area
F1_200 has an unusually high value C/Si ratio \f ~3<10%, 3 orders of magnitude above the bulk

value and has a carbon content 0.93 wt.y. 1 207 with a *2C/?®Si ratio of 6.5 has a carbon

content of ~2 ppm.
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Fig. 1. A) BSE image of the TAM19B-7 micrometeorite (prior to fragmentation). Highlighted
with white squares are the areas where we acquired the near-IR spectra. B) Reflectance spectra
of the TAM19B-7 in the near-IR range. The observed absorption bands are the 2.8 um band

indicating hydrated minerals (i.e., phyllosilicates), the 3.3-3.6 um range is related to the
presence of alkanes, and the 3.9 um band is due to the presence of carbonates.
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A. TAM19B-7 F10

B. TAM19B-7 F11

C. TAM19B-7 F7 D. TAM19B-7 F_ E. TAM19B-7 F1

Fig. 2. Sample layout fo' the TAM19B-7 fragments. The 5 fragments (A-E) measured in the
NanoSIMS are magnified and placed on the left and bottom. Excluding fragment F7, several
areas on each fragment were measured for carbon isotopes. Examples of the measured areas
can be seen as black boxes in E (fragment F1) in both the epoxy resin outside of the fragment
and on the fragment. The small black boxes are the measured areas, compositions of which are
discussed in this paper and measure 5x5 um? on the fragment and 10x10 um” in the epoxy.
Yellow dots indicate the locations of the four measured carbon-anomalous domains: F10-101,
F5-106, F1-200 and F1-207.
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Fig. 3. C/?Si ratios vs 5=C permi'le for u"e TAM19B-7 sample measurements. The grey box
shows the range of the Krazy Glue averas > 6~C + 2o, while the dark grey dotted lines show the
range for the epoxy in which TAM..93-7 particles are embedded. Measurements (plotted as
green squares) within these ranges v.=re used to calculate the bulk 6**C for TAM19B-7. The 2o
errors on the measurements Are ncluded but are smaller than the plotted symbols. Four
measurements outside of this vai.je are carbon-anomalous domains. The data point F1 200
within the black square has a ~C/?Si" ratio that is 4 orders of magnitude higher than the
remaining measurements Th. dotted line at **C/?®Si” = 1 represents the average value seen in
presolar silicon carbide Jrains, above which indicates a particle being C-rich.
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5. Discussion

5.1. Heating during Atmospheric entry
Heating during atmospheric entry will affect the mineralogy and carbon-bearing phases

present in a micrometeorite, as well as their isotopic compositions. To understand what
carbonaceous phases were present, prior to entry and how they may have been altered, or
potentially destroyed, the maximum temperatures experienced during entry need to be examined.
Pronounced thermal gradients form within cosmic dust during atmospheric entry, as evidenced
by the presence of igneous rims on unmelted micrometeorites /Zen2e, 2006), the presence of
thermally fractured anhydrous silicates near the margins of 'nic: ymeteorites (Genge et al. 2017)
and the observation of systematic changes in volatile e!z™e,* distribution (Toppani et al. 2001)

and/or porosity (Dionnet et al. 2020) across individual sartioles.

TAM19B-7 has a well-developed ignerz~ 1.m composed of silicate glass with a vesicular
texture. These rims form by localized me:*ing at the particle margin (Genge, 2006) and,
therefore, attest to peak temperature’, 2.™e the solidus of chondritic materials, approximately
>1000 °C (Toppani et al., 206.). kowever, inwards of the rim, the core of the particle
experienced lower temperatures as shown by the unmelted core which is instead dominated by

phyllosilicate dehydra*ior cra:ks.

Flash heating of phyllosilicates results in progressive dehydration, followed by loss of
structural order and crystallinity (dehydroxylation), followed by recrystallization into a
nanophase groundmass of anhydrous olivine. Phyllosilicates begin to dehydroxylate at ~400°C,
losing octahedral OH between 600-700°C and form amorphous dehydroxylates and subsequently
recrystallize to Fe-bearing olivine (Akai, 1992; Genge et al, 2008; Suttle et al., 2017) at 800-
900°C. The mid-IR spectra of TAM19B-7 reveals an amorphous smooth asymmetric peak
centered at 9.2 um and associated with Si-O bonds in a poorly crystalline silicate. These indicate
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the loss of absorbed and (most) structural water from phyllosilicates. However, the absence of an
olivine spectral signature indicates that limited thermal annealing has occurred during entry,
placing TAM19B-7 into the spectral group 2 category defined by Suttle et al. (2017), consistent

with peak entry temperatures between 300—-800 °C.

Peak temperatures in the core of TAM19B-7 can be further constrained by analysis of the
near-IR spectra. These were collected from three regions within TAM19B-7 (Fig.1). Sites A and
B, sample regions close to the former center of the micromelecrite'. They have deep, well-
resolved 3-pum bands associated with M-OH bonds, indic itiny the survival of at least some
hydrated phyllosilicate. By contrast, site C, located clus. tu the igneous rim, has a shallower
band, indicative of reduced water content. The near-1F. spec.ra, therefore, reveal variations in the
retention of M-OH bonds within the phyllosilic.te matrix that appear to correlate with proximity
to the particle margin. The retention of . rdrated phyllosilicates is significant because this
constrains peak temperatures in the . teilor to <800 °C (the decomposition temperature of
saponite [Garrene et al. 2014]). Furthormore, the near-1R spectra provide tentative evidence for
carbonate minerals (features IL~awcd at 3.3-3.6 um and 3.9 pm). Carbonate minerals thermally

decompose at temperatur :s be tween approximately 770-900 °C (Garrene et al. 2014).

The evolution of oryanic matter, as traced by changes in G and D bands (observed using
Raman spectroscopy) provide additional insights into the peak temperature. The average peak
parameters of TAM19B-7 are distinct from unheated chondritic materials (Busemann et al.
2007), which typically have D and G bands of approximately equal height combined with thinner

G bands (FWHM: < 100 cm™) centered at lower Raman shift values (~1585cm™) than those

! Note that in the section view shown in Fig.1 the top and right-hand sides of TAM19B-7 have
fractured faces indicating the original micrometeorite was bigger [Suttle et al. 2019]
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observed in TAM19B-7. Likewise, D bands are generally broader (FWHM: > 150 cm™) with
band centers located at ~ 1350 cm™ (Busemann et al. 2007). Conversely, the peak parameters
calculated from Raman spectra taken on TAM19B-7 are consistent with previously reported fine-
grained micrometeorites (Battandier et al. 2018). Thermal processing of IOM results in
graphitization, observed in Raman spectra as a loss of disordered diamond-like bonds (resulting
in a less pronounced D band) and growth in the intensity and width of the G band (Busemann et
al. 2007). Comparisons with short-duration experimentally heaw samples of Tagish Lake
suggests peak temperatures >600 °C and <900 °C (Chan <t a.. 2019). Furthermore, regions
within TAM19B-7 where no D and G bands were detecte.' using Raman spectral analysis (e.g.,
Fragments F1 and F7) imply peak temperatures >900 °C (i.e., definitely unmelted) thereby

indicating that heating with TAM19B-7 was local * ve.iable.

20



170 1———————
| & TAM19B-7

160 | mUnheated cMs

| A Tagish Lake

150 +

140 +

130 £ 600°C
F5

120 + - W 900°C

10 F10

100 + |
F A
90 + Unheate ¥

80

Raman G-band FWHM (cm™)
>

70 e et el =N ]

1570 1580 1590 1600 1510 1620 1630
Fig. 4, Raman G band rasi .ion (c1.i%) Raman
spectral data (peak
parameters: G-band position and FWHM) collcteu un fragments F5 and F10 of micrometeorite
TAM19B-7 compared against published uatc frum insoluble organic matter extracted from
unheated CMs (Busemann et al., 2007) an.' aeated Tagish Lake meteorite matrix (Chan et al.,
2019). These data imply peak tempera..'res in some regions of the TAM19B-7 sample to be low,
and highly heterogenous.
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5.2. Mineralogy and Chemistry of the Parent Asteroid Body
When a parent body experiences aqueous alteration, the primary lithology is slowly replaced

with secondary minerals as the original anhydrous mafic silicates, such as olivine and pyroxene,
react with the fluid phase. As alteration progresses, the anhydrous crystals lose Mg from
dissolution, and most often reprecipitate as secondary Mg-rich and Fe-rich phyllosilicates and
sometimes carbonates. With progressive alteration, the primary accretionary texture
recrystallizes likely into Mg-rich phases that are stable under the rew T, P conditions (Howard et
al. 2015). When the fluid is consumed, the precipitation of ohy losilicates stops, and relict
minerals of anhydrous silicate crystals may remain. As a recult. chondrules or other refractory
phases may be replaced with secondary phyllosilicat~s. k<2cause aqueous alteration results in
progressively more phyllosilicates and fewer anf.yc7ous silicates, the phyllosilicate fraction is
sometimes used to roughly determine the «~gi>e of alteration (Howard et al., 2015) and is

calculated by:

tota. ncss of phyllosilicates

total mass of phyll: silicates + total mass of anhydrous silicates

TAM19B-7 had a pre-enu* phyllosilicate fraction of 0.97, meaning that 97% of the
micrometeorite mass ‘va. cotposed of phyllosilicates. This is on the extreme end of the range
typically seen in hydrate< carbonaceous chondrites, as CR’s typically range 2.8 — 1.3 and CM’s
1.7 — 1.2, where the lowest phyllosilicate fraction is 3.0 and the highest fraction is 1.0 (Howard
et al., 2015). A fraction of 0.97 shows intense aqueous alteration and correlates to a petrologic
subtype <1.1, which indicates it comes from a completely hydrated parent body (Suttle et al.,
2019a). Note that such a high pre-entry phyllosilicate fraction has been calculated for a <2mm-
sized particles and may not be representative of meteorite-scale rocks and definitely not of its

parent body.
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5.3. Bulk Carbon-isotope composition

Bulk 8*3C in carbonaceous chondrites ranges from -19.9 — 3.7 %o, in ordinary chondrites is
from -25.9 to 6.4 %o and in enstatite chondrites from -14.1 to -4.1 %0 (Alexander et al., 2012;
Grady et al., 1988). Data from interplanetary dust particles (IDPs) which are the smallest subset
of cosmic dust grains (<50 um) has also been reported and reveals significant variation (-70 to
+10 %o over the light range plus some anomalous grains with an unusually heavy or light
compositions (Fig. 5). IDPs likely sample both asteroids ara conets. By comparison our
calculated bulk 5'*C composition for TAM19B-7 (+3+8%o, 2c) has an enriched (heavy) value
relative to most other extraterrestrial materials (Fig. 5). 11..5 wulk overlaps with the heavy end of
the carbonaceous chondrite field (whilst beine distince from the ordinary and enstatite
chondrites). However, the closest similaritv .~ with the ungrouped carbonaceous chondrite
Tagish Lake (+9.4 to +14%o, Alexander et a.. 2012). This implies both materials may have had

a similar carbon chemistry.

Bulk compositions are an avei~qe of individual components. In chondrites there are three
main carbon-bearing compaonen 5: organic matter, carbonates and presolar grains (e.g., SiC,
presolar nano diamo’«'s «nd interstellar graphite). Because TAM19B-7 experienced advanced
aqueous alteration, the survival of presolar grains is unlikely (Floss and Stadermann, 2009; Bose
et al. 2014). This leaves a mix of organic matter and carbonates as the dominant carbon-bearing

materials.

The primitive accretionary assemblage of carbonaceous chondrite parent bodies would have
included a mix of carbon-bearing ices (e.g., CO, CO, and CH, ices which are predicted to have
had isotopically heavy 8"°C values, as supported by measurements of CO, ice from comet

67P/Churyumov—Gerasimenko (+65%o £51 %o, Hassig et al., 2017) and primitive organic matter
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inherited either from the protoplanetary disk or the interstellar medium (e.g., Bose et al., 2012,
2014). This organic matter included both soluble short-chain molecules and larger acid-insoluble
polyaromatic macromolecules. These two components have different §*3C values (Fig. 5).
Insoluble organic matter (IOM) has isotopically light compositions, ranging from §**C: -34.2 to -
4.5 %o (Alexander et al., 2007; 2010; Fig. 5), while soluble organic matter (SOM) has
isotopically variable compositions which extend to heavy values (8*°C: -15 to +60 %o, Sephton,
2002; Gilmour, 2014; Aponte et al., 2016). Residual, impact anu +adiogenic heating on early
formed chondritic planetesimals melted ices and drove aquerc< J!teration reactions. This led to
the generation of secondary carbonate minerals, primarily calcite (Grady et al., 1988; Alexander
et al., 2015; Kaplan et al., 2020). As aqueous alteratior, =dvanced, organic matter was altered.
Insoluble organic matter does not appear to hav~ asted as a source of carbon for carbonate
formation (Alexander et al., 2007; Vachc« et al., 2017). By contrast, SOM was progressively
oxidized, lowering its H/C ratios (Isa e: al., 2021) and reducing its abundance as carbon was
repurposed in carbonate minerals. '~ a'd.tion, carbon-bearing ices donated carbon for carbonate

precipitation (Alexander et al.. £115; Vacher et al., 2017; Telus et al., 2019).

In addition, to an infern~d heavy carbon isotope composition, the observed heavy carbon
could be the result of a mospheric heating by the preferential loss of ?C from the labile
materials. Organics interacting with water at high temperature show decomposition as well as re-
organization of the organic molecules to form more complex aromatics from straight chain
alkanes. This re-organization could also potentially lead to a release of *2C. However, these
processes would affect the exterior of the particle, and not the interior where the carbonate peaks
were observed. In addition, the presence of F1_207 with *2C enrichments survived the entry

process. An evolution to a slightly heavier carbon isotope signature cannot be completely ruled
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out. Presumably this reflects changes in the composition of organics, with loss of light carbon as

the carbonaceous material becomes more refractory.

Secondary carbonate minerals in carbonaceous chondrites have isotopically heavy
compositions (8'°C: -7.4 to +79.7 %o, Guo and Eiler, 2007; Alexander et al., 2015, Fig. 3),

reflecting a combination of potential processes:

1. Carbonate compositions were partially controlled by the c:mposition inherited from their
precursor phases (ices and SOM). Thus, oxidation of SOM rich in -'C could have produced **C-
rich carbonates. Alexander et al. (2015) speculated that ractio’s of the organic carbon mixing
with radiation-generated peroxide could produce the —arb.nate compositions measured in Cl-
CM-CR chondrites.

2. lsotopic fractionation processes wil' ave also imparted an effect and because aqueous
alteration operated at low temperatures (<1507 [e.g., Guo and Eiler, 2007]) fractionation effects
are predicted to have been large (e.g., F'y e 11 in Vacher et al., 2017).

3. In addition, if open systerm nas 10ss occurred by Kinetic isotope fractionation mechanisms
(before or during aqueous ~lter. tion) this would have led to the preferential loss of light *C
resulting in a **C-enrichod signature in any later-formed carbonate minerals (Guo and Eiler,
2007; Alexander et al., 2015). Open system behavior could be achieved by a convecting
hydrothermal system on a large body (Kaplan et al., 2020) or by near-surface gas escape on a

small body with a high permeability (Guo and Eiler, 2007).
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Fig. 5. 0"C %o values of the solar system re‘ativ. ©o VDPB. The TAM19B-7 bulk data in the
first column of the plot is compared to bulk vai 1es ‘rom carbonaceous chondrites CCs (including
Tagish Take), ordinary chondrites OCs, er..t stite chondrites ECs and IDPs. The next column is
subdivided to show the carbon ancmalies in TAM19B-7 along with various components
measured in meteorites including insc!'bic and soluble organic matter and carbonates (calcites
and dolomite ranges shown separately®. ' 11e IDP data included is from Messenger et al., (2003).
Meteorite data is from Alexander <t ! , (2007, 2010, 2012, 2015) and Grady et al., (1988). The
calcite and dolomite meteoritic uat.. is from Tyra et al., (2015); Vacher et al., (2017); and Telus
et al., (2019). Domains in TAM128-7 have 6-C values comparable to that observed in Tagish
Lake, bulk carbonates specii.~all, calcites measured in CCs.

The heavy bulk composition of TAM19B-7 rules out isotopically light IOM as the principal
carbon-bearing phase (despite the positive detection of aromatic-rich IOM from Raman spectral
data (Fig. 5). Instead, this signature implies either SOM or carbonate minerals were the primary
form of carbon in this micrometeorite. Carbonates as the dominant phases would be consistent
with TAM19B-7’s aqueously altered history (Suttle et al., 2019a), while SOM, which is

destroyed during aqueous alteration (Isa et al., 2020) and decomposes during atmospheric entry
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(Suttle et al., 2019b) is unlikely to be responsible. Thus, the heavy bulk C-isotope composition of

TAM19B-7 implies a carbonate dominated carbon budget.

Tagish Lake also has a carbonate-rich mineralogy (up to 15 vol%, Blinova et al. 2014)
containing calcite, dolomite, and Fe- and Mg-rich breunnerite spread through the matrix. These
carbonates have consistently high §*3C values (~70%o, Fujiya et al. 2019), being distinct from the
carbonates in CM chondrites which generally have variable compositions and include lighter
values (Alexander et al. 2015; Vacher et al. 2017). This led Fuji,.. a1 2l. (2019) to conclude that
the carbonates in Tagish Lake formed from *3C-rich fluids v hos> heavy composition could only

have been inherited from the heaviest precursor phase — *~-i:zh ices.

The heavy “*C-rich hotspot values measured i.i TAM19B-7 have 5'°C values <35%o. These
are distinct from Tagish Lake’s carbonates “a.va s >50%0). Consequently, although TAM19B-7
and Tagish Lake share similar bulk compositins their detailed C-isotope budgets were different.
Instead, the heavy hotspots in TAW.E-7’s are consistent with carbonates in CM/CR/CI
chondrites. Calcites in the CM corbonaceous chondrites ALH 83100, ALH 84034 and MET
01070 show large isotopic varia.‘ons (8"°C: +10 to +80 %o, Telus et al. 20197]), while dolomites
have a more confined “ane 2ad heavier compositions (5*3C: ~+40 to +60 %o, Telus et al. 2019).
Based on this comparisc.i the positive **C values in TAM19B-7 most likely suggest a calcite

dominated mineralogy.

In summary, TAM19B-7’s bulk composition is heavy (+3%o £8%o; 20). This **C-enrichment
is unlikely to arise due to fractionation during atmospheric entry but rather occurred due to open
system alteration or carbonate generation from isotopically heavy SOM. We rule out accretion of
abundant **C-rich ices at large heliocentric formation distance because individual §'*C hotspots

do not have sufficiently heavy values.
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5.4. 3C anomalous domains

5.4.1. Light domain (F1-207)
F1-207 was the only anomalous measurement with a depleted 8*3C value of -27.1%.

Depletions in **C are commonly observed in extraterrestrial materials and associated with
organic matter (Fig. 3) (Messenger et al., 2003). One main pathway for the formation of **C
depletions are ion-molecule reactions in low-temperature interstellar clouds (Floss et al., 2004;
Floss and Stadermann 2009; Bose et al., 2012). Gas phase carbon in the C* family like H,CO and
CS favor fractionation leading to **C enhancement, especially ir iqi. density clouds, since **C*
is used more proportionally by CO (Langer et al., 1984; Tic'ens 1998). There are multiple
different carbon species present in these clouds, and the (ihicrent species and reaction pathways
fractionate differently. This ability to transfer carbon icotop s between different species is due to

these two main reactions:

13C++ 12CO > 13CO + 12C+ _ eq. 1.
aid
H*CO" + *c0 « H¥CcO" + *?COo —eq. 2.

They enrich *3C in C a4 HZO" and deplete it in the other C species. This fractionation in the
gas phase can be passec uown to other species involved in grain surface chemistry that directly
trace back to this gas-phase C. This process can lead to both enrichments and depletions in **C in
carbonaceous materials, but these reactions happen on the individual grain-level and are unlikely
to cause any effect on the bulk value. It is likely that this is the source of the depleted 8*°C value

for F1_207, meaning F1-207 is interpreted as insoluble organic matter.
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5.4.2. Heavy domains (F10_101, F5 106, and F1_200)
Three **C enriched hotspots were identified in TAM19B-7 (Fig. 2—3). Their compositions are

consistent with carbonate minerals. F10 101 and F5_106, whose 5*C values of 16.8 %o and 32.7
%o are enriched in *C, have *2C-/?%Si- ratios of 0.9 and 1.5 respectively. Both the carbon isotopic
composition and C/Si ratio can be indicative of presolar SiC grains (e.g., Floss and Stadermann,
2009; Bose et al., 2012, 2014), but the 8*3C anomalies of presolar SiC grains are typically >200
%o, much higher than what is observed here, making it highly ui likely that our anomalies here
are presolar grains. Additionally, TAM19B-7’s petrology (emcnstrates advanced aqueous
alteration which should lead to the destruction of presolar g.=in. (Floss and Stadermann, 2009;

Bose et al., 2014).

F1 200 has an enriched 8*3C value of 12.9 %o :.nd an extremely high *2C-/?Si- ratio of
3.2*10% The S/Si ratio is as high as values mes sured in the “Krazy Glue”, ruling out SiC grain as
a possibility. The carbon-bearing phase “ar all three of these *3C enrichments is likely carbonate
grains. Carbonates, such as calcite maonesite, siderite, and dolomite, have been identified in
other fine-grained micrometeo:‘tes ;rom Antarctica using techniques such as TEM, SEM, and
XANES (Dobrica et al., 200y, 20 19). So far, carbonates as small as 1.5 um in an Antarctic Micro
Meteorites have been iuonuiied (Dobrica et al., 2019). However, better resolution and the use of
multiple laboratory techniques are required to confirm the existence of carbonates in TAM19B-

7.

6. Implications

6.1. The parentage of TAM19B-7: Comparison with C-type asteroids
The 2.8 um band in the near-IR reflectance spectra of TAM19B-7 (Fig. 2) indicates the

presence of hydrated phases (i.e., phyllosilicates) and clearly links the particle to the C-type

asteroid family. This feature is found on a wide variety of aqueously altered bodies including
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Ceres, Ryugu and Bennu (De Sanctis et al 2015). Ceres’ surface displays a variety of carbonates
across its regolith (dolomite, magnesite, and calcite) and locally large abundances of sodium
carbonate (Palomba et al., 2019). The species and associated minerals have been interpreted as

evidence for aqueous alteration in a CO; rich environment (Castillo-Rogez et al., 2018).

Previous studies have shown that the band center position for phyllosilicates is sensitive to
phyllosilicate cation content, shifting towards longer wavelength as the Fe content increases
(Takir et al., 2013). This implies that TAM19B-7 has a higher F. ~o: tent than Ceres or Ryugu,
which have a band centered at 2.7 um. However, this ban1 center shift might also be due to
thermal effects (note that the spectra of TAM19B-7 ra. not acquired under asteroid-like

conditions, but at room temperature).

TAM19B-7 also shares other similaritic, *vi C-type asteroids, notably absorption features
located at 3.3-3.6 um and 3.9 um; these bads are related to organic matter and carbonates
respectively. It is common on other ma.2; bodies like Ryugu (Yada et al., 2021) and Themis
(Rivkin and Emery, 2010). Orgar..~ matter is found on Ceres, in particular around the Ernutet
crater where aliphatic hydrncar..ons are found. However, whether the organic matter comes
directly from the Sc.>r Mekuala or is generated by parent-body processes is still unknown.
Likewise, carbonates arc also detected on the surface of water rich bodies (typically Mg or Ca-
bearing for C-type asteroids; Na-bearing carbonates on Ceres) (De Sanctis et al., 2016; Kaplan et
al., 2020, Simon et al., 2020). The Na,CO; found in Occator is different from the Mg-Ca
carbonate observed globally on Ceres, is generally not observed in carbonaceous chondrite
meteorites. This could be a result of different and variable aqueous chemical processes on Ceres
compared to other C-type asteroids or these phases are preferentially destroyed during sample

handling and storage.
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A direct link to a highly evolved body like Ceres is problematic, given that TAM19B-7 lacks
the 3.1 um band, associated with NH compounds, like the distinctive ammonium-bearing
phyllosilicates found only on Ceres (De Sanctis et al., 2015). The 3.1 pm band has variable
spectral profiles and subtly different band center positions (i.e., Ceres-like, Europa-like, rounded
and sharp) (Usui et al, 2019). This band is difficult to detect among meteorites and
micrometeorites; it has been found only in the CV3 Efremovka chondrite under asteroidal
conditions (Takir et al., 2019). Generally, CCs have been fou~d to be rich in ammonia
(Pizzarello and Williams, 2012); this ammonia measured i~ aciz-extracted insoluble organic
matter is bonded directly to the organics. Additionally, the Fe-rich phyllosilicates found in
TAM19B-7 are generally not expected to occur on Cere> pecause advanced aqueous alteration
tends to remove Fe from phyllosilicates to form ~acaetite and FeS. Although the presence of
anhydrous silicates in association with F:-rirn phyllosilicates in TAM19B-7 is an interesting
observation, high phyllosilicate fractio,. and preservation of Fe-bearing phyllosilicates is an

enigma.

6.2. The survival of carbon Juiing atmospheric entry
Although carbon abundances in TAM19B-7 are low, the presence of D and G bands in Raman

spectra and the presence 01 ear-1R absorption bands over the wavelength range 3.3.-3.9 um are
compelling evidence for the survival of C-bearing phases within this micrometeorite. This is
despite significant thermal reprocessing (T<800 °C C) during atmospheric entry. Organic matter
suffered oxidation, graphitization and, in some cases complete thermal decomposition (as
inferred from the absence of Raman D/G bands across most of the particle). Because organic
matter in carbonaceous chondrites is often intimately mixed with phyllosilicate minerals (e.qg.,
Piani et al., 2012) this association may have provided some protection from flash heating in

TAM19B-7, and by inference in all fine-grained hydrated micrometeorites. The carbonate budget
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was likewise affected by heating. Both calcite and dolomite suffer complete decomposition at
relatively moderate temperatures (T>600 °C [Nozaki et al. 2006; Garenne et al. 2014; Haberle et
al. 2017; Karunadasa et al. 2019]), although decrepitation and the initial stages of degassing can
occur at considerably lower temperatures (<400 °C [e.g. Rodriguez-Navarro et al. 2009]). Thus,
former carbonates in TAM19B-7 are likely present as micron-scale partially decomposed
mineraloids. Often overlooked due to their small size, the carbon in micrometeorites can survive
flash heating and therefore can be a potential source of this biocritic.' element for early Earth.
7. Conclusions

Five fragments of micrometeorite TAM19B-7 werc analyzed with the NanoSIMS to
determine the carbon isotopic composition. The bulk 8* C value of TAM19B-7 is +3 + 8 %. In
addition, 4 anomalous domains with values of -2 « %0, +12.9 %o, +16.8 %o, and +32.7 %o were
identified. The bulk &C composition f ~AM19B-7 is heavier than most carbonaceous
chondrites and most consistent with the ~ompositions reported for Tagish Lake. Analysis of the
13C enriched hotspots shows that *he < -bearing phases in this micrometeorite were primarily
calcites with compositions simi.>r to those found in the CM chondrites. A carbonate dominated
carbon budget, when pair=2 v.*!1 intensely aqueously altered C1 petrography and inferred *°O-
poor O-isotope compo.‘tion, implies that TAM19B-7 originates from an ultra-hydrated,
carbonaceous chondrite parent body that is likely not sampled by our meteorite record. Its *3C-
rich bulk composition is explained by carbonate formation driven primarily by the destruction of
soluble organic matter, potentially with open system alteration further pushing fluid

compositions to heavier values.
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Table 1: Carbon isotopic composition and *2C/?Si ratio of TAM19B-7 fragments and

standards

Sample Name

13C/12C

oC

12c/%8g;j

Krazy Glue (KG) Standard

[1.14 + 0.01] E-02

[2.23 + 0.04] E+04

[1.11 + 0.01] E-02

[1.47 + 0.02] E+04

[1.12 + 0.01] E-02

[1.22 + 0.03] E+04

[1.13 + 0.01] E-02

[1.45 + 0.04] E+04

[1.13 + 0.01] E-02

[1.66 + 0.04] E+04

[1.12 + 0.01] E-02

[1.43 + 0.04] E+04

[1.12 + 0.01] E-02

[1.64 + 0.04] E-04

[1.12 + 0.01] E-02

[1.86 + 0.05] F+0-

[1.11 + 0.01] E-02

[1.49 +0.04] S+0%_

[1.12 + 0.01] E-02

[1.66 + 0.)4] =+04

[1.12 + 0.01] E-02

[1.84 + .05, c+04

[1.11 + 0.01] E-02

[1.27 « 1.03] E+04

[1.11 + 0.01] E-02

[L.56 - £.04] E+04

[1.12 + 0.01] E-02

179 + 0.05] E+04

[1.11 + 0.01] E-02

T1.14 +0.03] E+04

[1.12 + 0.01] E-02

[1.12 + 0.01] E-02

" [1.46 + 0.04] E+04

[1.70 + 0.04] E+04

[1.12 + 0.01] E-02

[1.12 + 0.03] E+04

[1.12 + 0.01] E-02

[1.41 + 0.04] E+04

[1.12 + 0.01] E-02

[1.67 + 0.05] E+04

[1.11 + 0.01] E-0%

[1.33 + 0.03] E+04

[1.12 + 0.01] F 02

[1.58 + 0.04] E+04

[1.12 + 0.01] -2

[1.79 + 0.05] E+04

[1.13 +0.01] E-U2

[5.78 + 0.30] E+04

[1.11 +1.01, E-02

[4.60 + 0.24] E+04

[1.12 + ".us] E-02

[6.43 + 0.34] E+04

[1.12 + 1.01] E-02

[2.53 + 0.08] E+04

[1.13 + 0.01] E-02

[2.56 + 0.08] E+04

[1.11 + 0.01] E-02

[1.60 + 0.05] E+04

[1.12 + 0.01] E-02

[2.36 + 0.07] E+04

[1.12 + 0.01] E-02

[2.62 + 0.07] E+04

[1.12 + 0.01] E-02

[1.60 + 0.05] E+04

[1.12 + 0.01] E-02

[2.35 + 0.07] E+04

[1.13 + 0.01] E-02

[2.51 + 0.07] E+04

[1.13 + 0.01] E-02

[2.18 + 0.06] E+04

[1.13 + 0.01] E-02

[2.10 + 0.07] E+04

[1.11 + 0.01] E-02

[1.25 + 0.04] E+04

[1.11 + 0.01] E-02

[1.50 + 0.06] E+04

[1.12 + 0.01] E-02

[1.93 + 0.07] E+04
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KG_40 [1.11 +0.01] E-02 [8.45 + 0.02] E+03
KG_41 [1.12 + 0.01] E-02 [1.28 + 0.04] E+04
KG_42 [1.12 + 0.01] E-02 [1.78 + 0.07] E+04
Average 1.12E-02 0+12 2.00E+04
1 sigma 5.8 5.8 5.6E+02
Epoxy (Ep)
Ep 1 [1.12+0.01] E-02 -3.8+0.2 [1.37 +0.03] E+04
Ep_2 [1.12+0.01] E-02 -3.7+0.1 [1.43+0.03] E+04
Ep_3 [1.12+0.01] E-02 -40+0.2 [1.45+0.03] E+04
Ep_4 [1.12+0.01]E-02 0.6+0.0 [1.25+0.02] E+04
Ep_5 [1.12+0.01]E-02 09+0.0 [1.35+0.03] E+04
Ep_6 [1.12+0.01]E-02 36+01 [1.98+0.05E -4
Ep_7 [1.12+0.01] E-02 0.8+0.0 [1.39+0.03] £+4
Ep_8 [1.12+0.01]E-02 02+0.0 [9.38+0.271k:04
Ep_9 [1.11+0.01]E-02 -6.1+0.2 [3.16 +N. 41F.+05
Ep_10 [1.12+0.01] E-02 -26+0.1 [1.43+0.03] E+04
Ep 11 [1.12+0.01] E-02 -28+0.1 [L.40 +( 03] E+04
Ep_12 [1.12+0.01] E-02 -1.1+0.0 [1.45+203]E+04
Average -15+6
1sigma 28
TAM19B-7
F1_200 [1.13+0.01] E-02 12.9+.5 [3.19+0.11] E+04
F1_202 [1.12+0.01] E-02 3.2 +0.1 2.25 + < 0.01
F1_203 [1.12+0.01] E-02 2.0+0.1 2.95 + < 0.01
F1_204 [1.13+0.01]E-0T ¢5+03 4.12 +<0.01
F1_205 [1.12+0.01]E 02 4.1+0.2 2.99 + < 0.01
F1_206 [1.13+0.01] -2 9.2+0.4 4.84 +<0.01
F1_207 [1.09 +0.021E-52 -27.1+0.1 6.52 + 0.01
F1_208 [1.11+ 0.0 E-02 -9.4+0.4 3.03 +<0.01
F5 101 [1.12 . 0.02E-02 -2.7+0.1 [9.27 +0.01] E-01
F5_102 [1.13+002] E-02 6.0+0.23  1.13+<0.01
F5_103 [1.13+0.02] E-02 9.1+0.4 [8.76 + 0.01] E-01
F5_104 [1.13+0.02] E-02 9.3+0.4 [4.86 +0.01] E-01
F5_105 [1.13+0.02] E-02 12.1+0.6 [3.16 +0.02] E-01
F5_106 [1.14 + 0.02] E-02 16.8+0.7 [9.01 + 0.04] E-01
F7_200 [1.11 + 0.02] E-02 -12.3+0.6 [6.70 + 0.03] E-01
F10 100  [1.12+0.02]E-02 -2.1+0.1 1.70 + < 0.01
F10 101  [1.16 +0.01] E-02 32.7+1.4 1.47 + 0.01
F10 102  [1.13+0.02]E-02 10.7+0.5 1.16 + 0.01
F11 100  [1.11+0.01]E-02 -7.3+0.3 1.18 + < 0.01
Average 4.0
Highlights
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We investigated a large, fine-grained micrometeorite TAM19B-7 from a water-rich C-
type asteroid.

TAM19B-7 has a *C enriched bulk composition.

The infrared spectra show a feature centered at 3.9 um typical of carbonates.

Carbon composition indicates either open system gas loss during aqueous alteration or
carbonate formation from isotopically heavy soluble organics.

Carbonates have been detected on hydrated surfaces of Ceres, Bennu and Ryugu.
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