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Abstract

We report a comprehensive study of the ungrouped type 2 carbonaceous chondrite, Tarda,
which fell in Morocco in 2020. This meteorite exhibits substantial similarities to Tagish Lake,
Wisconsin Range 91600, and Meteorite Hills 00432, which are generally considered to have
originated from a D-type asteroid(s). We constrain the compositions and petrologies of the
materials present in a potential sample of a D-type asteroid by reporting the petrography, bulk
chemical compositions, bulk H, C, N, Cr, and Ti isotopic compositions, reflectance spectra, and in
situ chemical compositions of metals, sulfides, carbonates, and FeO-poor and FeO-rich chondrule
silicates of Tarda. We also present new data for Tagish Lake. We then compare Tarda with the
other Tagish Lake-like meteorites.

Tarda and Tagish Lake appear to be from the same parent body, as demonstrated by their
similar petrologies (modal abundances, chondrule sizes), mineral compositions, bulk chemical and
isotopic compositions, and reflectance spectra. While the two other Tagish Lake-like meteorites,
Wisconsin Range 91600 and Meteorite Hills 00432, show some affinities to Tagish Lake and
Tarda, they also share similar characteristics to the Mighei-like carbonaceous (CM) chondrites,
warranting further study. Similarities in reflectance spectra suggest that P-type asteroids 65 Cybele
and 76 Freia are potential parent bodies of Tarda and the Tagish Lake-like meteorites, or at least
have similar surface materials. Since upcoming spacecraft missions will spectrally survey D-type,
P-type, and C-type Trojan asteroids (NASA's Lucy) and spectrally study and return samples from
Mars' moon Phobos (JAXA's Martian Moons eXploration mission), which is spectrally similar to
D-type asteroids, these meteorites are of substantial scientific interest. Furthermore, since Tarda
closely spectrally matches P-type asteroids (but compositionally matches the D-type asteroid like
Tagish Lake meteorite), P-type and D-type asteroids may represent fragments of the same or

similar parent bodies.
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1. Introduction

Tarda is an ungrouped type 2 carbonaceous (C2-ung) chondrite that fell in Morocco on August
25™. 2020, near the village of Tarda (Gattacceca et al., 2021). Ungrouped chondrites are those that
are not unequivocal matches to established meteorite groups, and may represent unique fragments
of distinct parent asteroids. Sometimes, ungrouped chondrites exhibit affinities to other ungrouped
chondrites, and a new meteorite grouplet (3 or 4 members) or group (5+ members) is formed (e.g.,
Weisberg et al., 2006; Metzler et al., 2021). The study of multiple members from the same
meteorite group, potentially from a common parent asteroid, enables understanding of the
differences between members of the group (e.g., distinct degrees of thermal, aqueous, and/or shock
alteration) and the diversity of processes active in their parent body (e.g., Alexander et al., 2007,
2013; Cloutis et al., 2011a,b; Schrader et al., 2011, 2015; Davidson et al., 2019a,b).

Based on bulk isotopic compositional similarities and noble gas compositions, Tarda was
shown to be similar to the C2-ung Tagish Lake and the Tagish Lake-like meteorites Wisconsin
Range (WIS) 91600 and Meteorite Hills (MET) 00432 (e.g., Hiroi et al., 2005; Moriarty et al.,
2009; Nakamura et al., 2013; Yamanobe et al., 2018; Ushikubo and Kimura, 2021; Marrocchi et
al., 2021; Avice et al., 2022; Hopp et al., 2022; Yesiltas et al., 2022; Yokoyama et al., 2023). Due
to their 350-2500 nm spectral reflectance properties, such as albedo, spectral slope, and visible
region spectral shape, these Tagish Lake-like meteorites have been proposed to be samples from a
D-type asteroid(s), which potentially formed in the outer Solar System between 8 and 13 AU
(Hiroi et al., 2005; Marrocchi et al., 2021; Yamanobe et al., 2018; Bryson et al., 2020). As these
are the only meteorites thought to originate from D-type asteroids, they are of great scientific
interest and highly relevant to upcoming spacecraft missions.

NASA'’s Lucy spacecraft is due to spectrally survey D-type Trojan asteroids (e.g., Levison et
al., 2021), and JAXA’s Martian Moons eXploration (MMX) mission is scheduled to collect both
spectra and samples from Mars’ moon Phobos, which is spectrally similar to D-type asteroids
(Nakamura et al., 2021; Kuramoto et al., 2022). Having potential D-type asteroid or related
material for study in the laboratory will be invaluable for interpretation of data from these
spacecraft missions.

Recent studies have shown Tarda to be a chemically and petrographically unequilibrated, rare

and scientifically interesting meteorite, warranting further detailed study. The chemical and in situ
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O-isotope compositions of three FeO-poor chondrules and three isolated olivine grains in the
matrix, identification of the dominant minerals via X-ray diffraction, as well as the bulk chemical,
H, C, and N isotopic compositions of Tarda were reported by Marrocchi et al. (2021). Chromium
and Ti isotope analyses of Tarda concluded it is consistent with a carbonaceous chondrite
(Hellmann et al., 2023; Yokoyama et al., 2023). Despite these initial studies, many fundamental
parameters about Tarda (e.g., reflectance spectra, average chondrule size and petrographic types,
modal mineralogy, chemical compositions of FeO-rich silicates, sulfides, metal, and carbonates)
are not known in the literature. Therefore, Tarda and other meteorites considered similar to Tagish
Lake cannot be fully compared to one another with the available literature data.

To constrain the composition and petrology of this rare material and its components, and to
provide insights into the material present on D-type asteroids, we discuss the petrography, bulk H,
C, N, Cr, and Ti isotopic compositions, bulk chemical compositions, reflectance spectra, and in
situ chemical compositions of metals, sulfides, carbonates, and FeO-poor and FeO-rich chondrule
silicates of Tarda and compare them to the other Tagish Lake-like meteorites, primarily Tagish

Lake.

2. Samples and Analytical Procedures

2.1. Mineralogy and petrology

The stones belonging to the Tarda meteorite shower are often sub-cm in size, fully to partially
fusion crusted, with charcoal black interiors containing small (<0.5 mm) off-white rounded to
irregular shaped objects (Fig. 1). All samples of Tarda studied here were kept in dry N> purged
desiccator cabinets in the Buseck Center for Meteorite Studies at Arizona State University (ASU)
after arriving on September 8", 2020. The samples were, therefore, isolated from the terrestrial
atmosphere from that point on until preparation of the various samples for analysis.

We analyzed two polished mounts of Tarda prepared from two separate stones (ASU2149 Cl1
and ASU2149 (C2) that were collected within days of the fall. We also analyzed a polished mount
of Tagish Lake (ASU1684 C1) for comparison (Fig. 2; see Table 1 for sample sizes). High-
resolution backscattered electron (BSE) imaging (e.g., Figs. 2—4), X-ray element mapping, and
initial mineral identification via energy dispersive X-ray spectroscopy (EDS) were conducted on

C-coated polished mounts using the JEOL-8530F Hyperprobe electron probe microanalyzer
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(EPMA) at ASU and the Cameca SX-100 EPMA at the University of Arizona (UA)
(Supplementary Material [SM] 1). Apparent (2D) chondrule sizes were measured from BSE
images and X-ray maps using Adobe Photoshop® (Table 1 and SM 2). The chondrule sizes
reported here are the apparent (2D) mean diameters, which have been found to be the same as 3D
sizes within uncertainty (e.g., Metzler, 2018; Metzler et al., 2019), and are directly comparable to
other studies that also report apparent (2D) chondrule sizes (e.g., Zolensky et al., 2002; Blinova et
al., 2014).

The modal mineralogies of Tarda (ASU2149 C1 and ASU2149 C2) and Tagish Lake
(ASU1684 C1) were determined using digital point counting (e.g., Schrader et al., 2014;
Donaldson Hanna et al., 2019). Backscattered electron images and X-ray element maps (Ca, Fe,
Mg, Na, S, Al, K, Ni, Si, Ti, Co, Cr, Mn, and P) were obtained with the EPMA instruments at ASU
and UA (operating conditions: 15.0 keV and 40.0 nA). We measured the modal abundances of
chondrules and fine-grained matrix (Table 2), as well as those of individual mineral phases by
pixel counting (i.e., digital point counting) with Adobe Photoshop® (n.b., area % determined by
point counting can be assumed to be equivalent to vol.%; e.g., Eisenhour, 1996). In doing so, we
obtained modal abundances of olivine, pyroxene, plagioclase, Al-spinel, Ca-carbonate, phosphate,
chromite, Fe,Ni metal, magnetite, and sulfide (Table 2). We measured the pixels corresponding to
each mineral ten times, with the uncertainty in the mean value being the standard deviation of the
mean. We propagated uncertainties when the total abundances of measured minerals were
determined (Table 2). The cumulative totals of identified minerals measured in Tarda and Tagish
Lake do not sum to 100 vol.% (Table 2) for two reasons. One, all modal abundance estimates of
minerals are lower limits since they do not include fine-grained material below the resolution of
the X-ray element maps (especially in the fine-grained interchondrule matrix). Secondly,
identifying minerals via image analysis is unable to locate phyllosilicates and amorphous silicates
confidently (e.g., Donaldson Hanna et al., 2019). Since the difference from 100 vol.% is nearly
equivalent to the matrix abundances in each meteorite (Table 2), this confirms the unidentified
vol.% is due to fine-grained phyllosilicate-rich matrix in Tarda and Tagish Lake.

The quantitative chemical compositions of chondrule olivine, metals, sulfides, and carbonates
were obtained via wavelength-dispersive X-ray spectroscopy (WDS) with the Cameca SX-100
EPMA at UA (Tables 3—5 and SM 3), using a focused beam for individual points and line scans,
with operating conditions of 15 keV and 20 nA for olivine, metals, and sulfides, and 15 keV and
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8 nA for carbonates, and a PAP correction method (a Phi-Rho-Z correction technique). Peak and
background counting times varied per element to optimize detection limits; standards and detection
limits are listed in Tables 3—5 and SM 3. In addition to Tarda and Tagish Lake, to help determine
if compositional comparison can be used to distinguish between meteorite types, we also analyzed
carbonates via WDS in a thin section of the Ivuna-like carbonaceous (CI) chondrite Orgueil
USNM6765-2 and two polished mounts of the Mighei-like carbonaceous (CM) chondrite Kolang
(ASU2147 _CI1 [the CM1/2 host] and ASU2147 C3c [a clast of CM1 material]).

2.2. Bulk sample analyses: Compositions, isotopes, and reflectance spectra

Interior chips of Tarda (total of 1.03 g), that contained no fusion crust, were powdered at ASU
to create a uniform sample and used to obtain: (1) bulk H, C, and N abundances and isotopic
compositions, (2) bulk Cr and Ti isotopic compositions (mass-independent variations of
nucleosynthetic origin), (3) bulk elemental compositions, and (4) reflectance spectra. For
comparison to the powder of Tarda, the reflectance spectra of a 0.2384 g fusion crust-free chip of

Tarda (ASU2149) (~0.5 x 1 cm) was also analyzed.

2.2.1. Bulk H, C, and N abundances and isotopic compositions

Because the H, C, and N elemental abundances and isotopic compositions are known to vary
between meteorite groups (e.g., Alexander et al., 2012, 2013; Vacher et al., 2020; Marrocchi et al.,
2021, 2023), an aliquot of the Tarda homogenized powder was analyzed for these elements at the
Earth and Planets Laboratory (EPL) of the Carnegie Institution for Science.

The C and N elemental abundances and isotopic compositions of the homogenized powders
were measured with a Thermo Scientific Delta VP mass spectrometer interfaced with a Carlo
Erba (NA 2500) elemental analyzer via a Conflo III interface. For H analyses, we used a Thermo
Finnigan Delta™™ XL mass spectrometer connected to a Thermo Finnigan Thermal Conversion
elemental analyzer (TC/EA) operating at 1400°C. N> and CO; references gases were introduced
via the Conflo III, while a dual inlet system facilitated the use of a H> reference gas of known 6D
value (—123.39 %o, SMOW) (Alexander et al., 2007; Foustoukos et al., 2021). Internal working gas
standards were analyzed at regular intervals during a run to monitor the internal precision of the
measured isotopic ratios and elemental abundances. In-house standards, which included both

liquid and solid materials, were also analyzed at regular intervals between samples to calibrate and
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correct the data. The in-house standards are calibrated against international (Standard Mean Ocean
Water, SMOW, National Bureau of Standards-22, Pee Dee Belemnite, and air) and other certified
standards from the Isoanalytical Laboratory, the US Geological Survey, the National Bureau of
Standards, and the Oztech Trading Company. A H3" correction was determined and applied to the
H measurements (Sessions et al., 2001). The reported uncertainties for the elemental and isotopic
analyses correspond to 1c deviations based either on replicate analyses of standards or analyses of
at least two aliquots of individual samples, whichever is the larger. A total of one and two aliquots
were analyzed for C-N and H, respectively.

The samples Tarda were kept in dry N» purged desiccator cabinets from September 8%, 2020,
at ASU, prior powdering and shipping to EPL for analysis in April 2021. After weighing ~2 mg
aliquots into Ag boats for H analysis and a ~8 mg sample into a Sn boat for C and N analysis, the
samples were stored in a desiccator until their analyses. They were also reweighed after several
days in the desiccator. Before H analysis, the samples were transferred to a zero-blank autosampler
and flushed with dry He for at least one hour to minimize the amount of water absorbed from the
atmosphere (Alexander et al., 2010). The two replicates of each sample were analyzed sequentially
to check for sample heterogeneity and small memory effects on the 8D measurements known to
occur with D-enriched samples (e.g., Alexander et al., 2007, 2012). The H abundances of the
duplicate samples generally differed by < 1 % of their absolute values, and the oD values differed
by a median of 18 %o (the 6 notation stands for the deviation of a sample ratio from a standard ratio
in parts per thousand, d=(Rsmp/Rsta-1) x 1000 and in this case R=D/H). Blanks were run between
different samples to reduce the memory effects. Memory effects were also monitored by analyzing
in-house standards of H-bearing solids during the course of an analytical run. There is no memory

effect for the C and N analyses (Alexander et al., 2012).

2.2.2. Sample processing for bulk elemental and Cr and Ti isotopic analysis

The homogenized Tarda sample powder, and the Allende, BCR-2 and DTS-1 reference
powders were dissolved in 4 mL of a 1:1 mixture of concentrated HNO3 and HF in a 15 mL
Savillex Teflon beaker and heated on a hot plate at approximately 120°C for 48 hours at EPL. The
solutions were then dried and redissolved in 2 mL of a 2:1 mixture of concentrated HF and HNO3
and transferred to 3mL Savillex Teflon beakers that were then each placed in a Teflon jacket within

a metal Parr® digestion bomb and heated in an oven at 190 °C for 96 hours. Next, each sample
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was transferred back into 15 mL Savillex Teflon beakers and dried before being treated with 250
uL of concentrated HNO3, dried, and treated with 250 puL of concentrated HCI. The samples were
then dried and treated with 2 mL of 6 M HCI and placed capped on a hot plate for 96 hours to
eliminate fluorides. The Parr® bomb digestion and sample treatment procedures were repeated
three times with complete evaporation of the acid mixture between each step to ensure complete

dissolution of the sample.

2.2.3. Bulk elemental analysis

The bulk major and trace element concentrations of Tarda were measured using the Thermo
Scientific iICAP-Q quadrupole inductively coupled plasma mass spectrometer (Q-ICPMS) at EPL.
A synthetic solution with similar concentration to the samples, an Allende (CV3) Smithsonian
Reference Material solution, and a BCR-2 geological reference material solution were measured
regularly alongside samples to assess measurement accuracy and precision, and based on these

measurements we estimate an analytical uncertainty of £10% for all elements.

2.2.4. Bulk Cr and Ti isotopic analysis
Mass-independent Cr and Ti isotopic compositions were analyzed for the bulk sample of Tarda
(from the 1.03 g homogenized powder sample) to determine the nucleosynthetic character of the

material.

2.2.4.1. Cr and Ti elemental separation chemistry

Chromium was separated from the sample matrix using a three-column separation procedure
(Torrano et al., 2021). The column chemistry methods described by Torrano et al. (2021) were
optimized for multi-collector inductively coupled plasma mass spectrometry (MC-ICPMS)
measurements, so some modifications were made in preparation for the thermal ionization mass
spectrometry (TIMS) methods used in this study. Specifically, our testing found that TIMS
methods are especially sensitive to the presence of even very minor amounts of Mg and Ca in the
purified Cr solution leading to the potential for impaired ionization. To remedy this, the second
column in the Torrano et al. (2021) procedure was repeated 2—4 times until the Cr elution solution
dried to a small, green dot rather than a white or pink dot, indicating complete removal of matrix

elements. The Cr yields of all samples exceeded 90% and the average total procedural blank was
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less than 2 ng of Cr, which is insignificant compared to the approximately 20 pg of Cr purified
from each sample. Titanium was separated from the sample matrix using a two-column separation
procedure (Torrano et al., 2019). The Ti yields of all samples exceeded 98% and the total
procedural blank was less than 1 ng of Ti, which is insignificant compared to the approximately
10 pg of Ti purified from each sample. Cr and Ti isotope analyses were obtained from the same

dissolved sample aliquot.

2.2.4.2. Cr isotope analyses

The Cr isotopic composition of Tarda, as well as the standards DTS-1 and Allende, were
measured using the Thermo Triton XT TIMS at EPL. Purified Cr sample solution was loaded onto
the middle third of pre-degassed zone-refined Re filaments in a few microliters of 3M HCl between
melted Parafilm dams in a single filament assembly. Equal volumes of Al2Os-doped silica gel and
saturated boric acid were added to the filament following the Cr sample drops and the mixtures
were dried on the filament at a current of 0.6 A. Once dry, the current was increased slowly to ~2
A until the filaments glowed red for a second before being turned down. Approximately 3 pg of
Cr was loaded onto each filament, and 4 filaments were loaded per sample for a total of 12 pg of
Cr measured for per sample. A filament loaded with 3 pg of the NIST SRM 979 Cr isotopic
standard loaded in the same manner as the sample filaments was run before and after each sample
filament. Each filament analysis consisted of 40 blocks of 30 ratios for a total of 1200 ratios per
analysis, with an 8 s integration time for each ratio. The intensities of °Cr, 3Cr, 3Cr and **Cr
were measured along with *3Ti, >V, and *’Fe to correct for isobaric interferences. The beam
intensity was typically 10 V for >2Cr. Data were corrected for instrumental mass fractionation using
an exponential mass fractionation law and a *°Cr/>’Cr ratio of 0.051859 (Shields et al., 1966). The
33Cr/*2Cr and **Cr/°*Cr ratios are expressed in g-notation, which is a parts per 10,000 deviation
from the NIST SRM 979 Cr isotopic standard. Based on repeated measurements of standards run
during these analyses, we estimate an external reproducibility (2SD) of £0.12 for £**Cr and +0.18

for £>*Cr.

2.2.4.3. Ti isotope analyses
The Ti isotopic compositions of samples were determined as outlined in Render et al. (2019)

with minor adjustments. After chemical purification (§2.2.4.1), interfering elements were far
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below the maximum thresholds determined by Zhang et al. (2011) [max V/Ti = 0.00018, Cr/Ti =
0.0012, and Ca/Ti = 0.006]. Titanium isotopic measurements were performed employing the
Neptune Plus MC-ICPMS and a Cetac Aridus [I® desolvating introduction system at the Lawrence
Livermore National Laboratory. Using a Jet sampler and X skimmer cones, this setup resulted in
intensities for **Ti between 35 and 40 V in medium resolution for 700 ppb Ti solutions
(corresponding to a total ion beam intensity of 4.7 to 5.2x107!% A). Due to the large relative axial
spread of the atomic masses from **Ca to >*Cr, it was necessary to determine the Ti isotope ratios
in two lines, where the first line encompasses masses 44 to 50 and the second line measures atomic
masses 49, 51, and 53 to correct for minor isobaric interferences from Cr and V. Each measurement
consisted of a 30 s baseline as well as 30 cycles of 8.3 s and 2.1 s integration times for the first and
second line, respectively, transitioned by 3 s idle time. All masses (44, 46, 47, 48, 49, 50, 51 and
53) were monitored using 10'' Q amplifiers. Because Ti isotope measurements can suffer from a
polyatomic interference on atomic mass 50 (presumably °Ar'*N*), the measurements were
performed on the left shoulder of the peak plateau to avoid the polyatomic interference. Based on
repeated measurements of standards run during these analyses, we estimate an external
reproducibility (2SD) of £0.27 for £*Ti, £0.09 for £**Ti, and £0.31 for &°°Ti. Isotope data were
corrected for mass-bias by internal normalization to *Ti/*’Ti = 0.749766 using the exponential law

and are reported in e-notation relative to the Origins Lab OL-Ti standard:

€T = —1|x10*

2.2.5. Reflectance spectra

We analyzed an aliquot of fine-grained but unsorted Tarda powder (0.51 g) made from the 1.03
g of homogenized, fusion crust-free fragments that was used in this study for all other bulk
compositions (H-C-N isotopes and abundances, Cr and Ti isotopes, and bulk elemental
composition). We also spectrally characterized a 0.2384 g fusion crust-free chip of Tarda.

Reflectance spectra from 350 nm to 2500 nm were measured relative to a calibrated Fluorilon
standard with an Analytical Spectral Devices LabSpec4 Hi-Res spectrometer at i=30°, e=0°, at
ambient pressure and temperature (SM 4). Reflectance spectra from both the fine unsorted powder
and small, flat chip of the stone were collected at the University of Winnipeg. The powder was

packed into an Al sample cup by first gently pouring, then tapping the cup several times, and

10
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finally scraping the excess off with a glass slide held away from the sample at 45°. The powder
was repacked in its sample cup three times, and no significant variation in the reflectance spectra
was observed. The field of view for all measurements was roughly 4 mm in diameter, and the light
source used was an in-house 150 W quartz-tungsten halogen operated at 110 W and collimated to
a divergence of <1.5°. The spectra have between 2 and 7 nm resolution with 1.4 nm spectral steps
and the data is internally resampled by the instrument to output data at 1 nm intervals. A total of
1000 spectra of the white standard, dark current, and sample were collected to improve the signal
to noise ratio of the data.

Continuum removal from the Tarda spectra, discussed in §4.1.6, was performed by
constructing a straight line continuum tangent to the reflectance spectra in the 500 nm and 1800
nm regions and dividing the spectrum by this continuum, similar to how this procedure has been
applied to other carbonaceous chondrite spectra (e.g., Cloutis et al., 2011a,b). While the choice of
a continuum’s tangent points can affect the depths and, to a lesser extent, positions of any
absorption features, it has proven effective in previous analyses for enhancing the visibility of
absorption features that have mineralogical significance (Cloutis et al., 2011a,b). This technique
allows otherwise hard-to-see absorption bands to be accentuated and band centers to be
determined, which can then be linked to specific phases (e.g., magnetite, phyllosilicates, and mafic
silicates) that contribute to absorption in specific wavelength regions (Cloutis et al., 2011a,b). This
technique has been successfully applied to determining what phases contribute to the reflectance
spectra of other dark carbonaceous chondrites (Cloutis et al., 2011a,b).

Mid infrared spectra of the powder and the fusion crust-free chip were also measured, with a
Bruker Vertex 70, using a SpecAc bidirectional accessory. These measurements were collected
relative to Labsphere InfraGold in a purged dry-N2 atmosphere, using a MCT detector and Globar
light source. The sample preparation for these measurements was the same as those for the visible
and near-infrared (VNIR) analyses, as was the viewing geometry of i=30° and e=0°.

Spectra collected on aliquots of Tagish Lake are included here, and the reader is referred
elsewhere for experimental procedures (Hiroi et al., 2001; Izawa et al., 2015; Gilmour et al., 2019).

A reflectance spectrum ranging from 250 nm to 2500 nm of a rough surface of a MET 00432
chip sample was measured every 5 nm at Mizusawa Very Long Baseline Interferometer (VLBI)

Observatory using the same instrument conditions as described in Yamada et al. (1999). The

footprint size was ~2 mm X 3 mm. The spectrum was collected with a viewing geometry of i=30°
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and e=0° relative to Labsphere Spectralon at ambient pressure and temperature, using a deuterium
lamp (250 to 390 nm) and a halogen lamp (390 to 2500 nm) as light sources.

The reflectance spectra of WIS 91600 (<125 pum and <75 pm powders) were acquired from
the RELAB public database (https://pds-geosciences.wustl.edu/spectrallibrary/default.htm) that
were analyzed in Cloutis et al. (2012a). The WIS 91600 spectra were measured relative to a pressed
halon powder white standard with a viewing geometry of i=30° and e=0° and 5 nm spectral

resolution.

3. Results

3.1. Mineralogy and petrology
3.1.1. Tarda

The petrographies, modal abundances, and modal mineralogies of the two polished Tarda
mounts (Figs. 2a,b) are very similar to one another (Tables 1 and 2), and their in situ mineral
compositions are indistinguishable (Tables 3—5 and SM 3). Therefore, mineral compositions and
petrographic observations are presented together. Tarda contains ~0.2 vol.% calcium-aluminum-
rich inclusions (CAIs), ~6.5 vol.% chondrules and 93.3 vol.% matrix (total sample area 51.3 mm?).
The minerals identified in Tarda from X-ray element map analysis (confirmed with EDS) include
olivine (~3.3 vol.%), dolomite (~3.2 vol.%), magnetite (~4.1 vol.%), Fe-sulfide (~2.4 vol.%;
pyrrhotite and pentlandite), phosphate (~0.15 vol.%), and trace amounts (<0.01 vol.%) of
chromite, Fe,Ni metal, and Al-spinel, with the remaining material being phyllosilicates (~86.9
vol.%) (Table 2). We identified 21 whole chondrules, 18 FeO-poor (one dusty olivine and 17 type
I; mean Fe/[Fe+Mg] atomic ratio <10%) and three FeO-rich (type II; mean Fe/[Fe+Mg] atomic
ratio >10%) chondrules, all of which are porphyritic (Table 1) and highly aqueously altered
(olivine phenocrysts partially replaced by phyllosilicates and no remaining unaltered glass). For
example, one FeO-rich chondrule is partially replaced by phyllosilicates (Fig. 3e,f), while another
is almost completely replaced by phyllosilicates (Fig. 3h). FeO-rich chondrules are significantly
less abundant than FeO-poor chondrules (e.g., Figs. 2a,b). The range of apparent (2D) diameters
of the 21 chondrules is 0.07-1.30 mm (mean 0.26£0.12 mm; £2SE). Numerous FeO-poor olivine
fragments were observed in the matrix; while they are most likely chondrule fragments, their sizes

are not included in the chondrule size determination as they are not whole chondrules. The range
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of chondrule olivine compositions is Fao.s-ss.¢ with at.% Fe/Mn ratios of 4 to 134 (# analyses =n
=87; 10 chondrules [7 FeO-poor, including 1 dusty olivine chondrule, and 3 FeO-rich chondrules;
SM 3]). The Fe-sulfides observed include both Ni-poor (<1 wt.% Ni) Fe-depleted pyrrhotite (mean
Fe/S at.% ratio = 0.87, n= 14) and pentlandite (n = 22) (Fig. 3g). Nickel-rich pyrrhotite was also
observed (n = 15) but may result from EPMA beam overlap with pentlandite. Rare Fe,Ni metal in
an FeO-poor chondrule has Ni = 5.6-6.2 wt.% and Co = 0.20-0.24 wt.% (n = 2; Table 4).

3.1.2. Tagish Lake

The Tagish Lake sample studied here (Fig. 2¢) most closely resembles the carbonate-rich
lithology described by Zolensky et al. (2002) and Nakamura et al. (2003). Tagish Lake contains
~0.3 vol.% CAIs, ~5.9 vol.% chondrules and 93.8 vol.% matrix (total sample area 125.4 mm?).
This chondrule abundance is lower than some samples studied by Blinova et al. (2014), but is
similar to the ~5 vol.% chondrules observed in the ‘Tagish Lake 111" sample. The minerals
identified in Tagish Lake from X-ray element map analysis (confirmed with EDS) include olivine
(~4.1 vol.%), Ca-carbonate (~3.2 vol.%; dolomite and calcite), magnetite (~4.6 vol.%), Fe-sulfide
(~1.9 vol.%; pyrrhotite and pentlandite), Al-spinel (~0.02 vol.%) and trace amounts (<0.01 vol.%)
of phosphate, chromite, and Fe,Ni metal, with the remaining material being phyllosilicates (~86.2
vol.%) (Table 2). We identified 57 whole chondrules, 52 FeO-poor chondrules and five FeO-rich
chondrules (e.g., Figs. 2c and 4). The apparent (2D) diameters of these 57 chondrules range from
0.05 to 1.37 mm (mean 0.294+0.05 mm; £2SE). The chondrules are heavily aqueously altered and
the majority are porphyritic, only two barred olivine chondrules and one cryptocrystalline
chondrule were observed (Table 1 and Fig. 4a). Some chondrules have fine-grained rims, and
cracks normal to the chondrule surfaces are sometimes present in the fine-grained rim (e.g., Fig.
4e), like that observed by Mouti Al-Hashimi et al. (2023) in CM chondrites. The range of
chondrule olivine compositions is Fage-s43 with at.% Fe/Mn ratios of 5 to 142 (n = 97). The Fe-
sulfides observed include Ni-rich (1<Ni<16 wt.%) Fe-depleted pyrrhotite (Ni is potentially from
beam overlaps with pentlandite, n = 28) and pentlandite (n = 14). Since all pyrrhotite analyzed had
greater than 1 wt.% Ni, no Ni-poor (<I wt.% Ni) pyrrhotite was observed that could be used to

determine the at.% Fe/S ratio using the technique of Schrader et al. (2021).

3.2. Bulk isotopic and elemental compositions
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Tarda has a bulk isotopic and elemental composition of §'3C = 8.0£0.4%o (4.17+0.03 wt.% C),
SN = 62.0£0.2%0 (0.297+0.003 wt.% N), and 8D = 608+18%0 (0.92+0.01 wt.% H) (all
uncertainties are 1o), yielding a bulk C/H (wt.%) ratio of 4.55 (Table 6). The Cr and Ti isotopic
compositions are £°Cr = 0.02+0.14, £>*Cr = 1.14+0.17, £*Ti = 0.55+0.10, £*3Ti =—0.06+0.03, and
&9Ti = 2.94+0.13 (all uncertainties are 2SE; n = 5) (Tables 7 and 8). The USGS standard DTS-1
and our aliquot of Allende yielded €'Cr values that are indistinguishable from those previously
reported for these samples (e.g., Trinquier et al., 2007; Williams et al., 2020; Torrano et al., 2021;
Zhu et al., 2021; Table 7). The USGS standard BCR-2 and our aliquot of Allende yield £'Ti values
that are also indistinguishable from those previously reported for these samples (e.g., Zhang et al.,
2011; Gerber et al., 2017), demonstrating the accuracy of our method (Table 7). The bulk elemental

abundances in Tarda are given in Table 9, and are discussed in §4.1.2.

3.3. Reflectance spectra

The 350-5000 nm reflectance spectra of the Tarda meteorite powder and chip show overall
low reflectance (<0.03 in the visible region for the powder), a relatively strong spectral red slope,
a concave-down shape below ~500 nm, and a flat to slightly-concave-up shape between ~500 nm
and 2500 nm (Fig. 5). Both spectra exhibit a weak and narrow absorption feature near 430 nm, a
strong absorption feature in the ~2.7-3.1 um region, and weaker absorption features in the 3.4 um
and 4 pm regions.

The chip and powder spectra of Tarda are similar, differing mostly in terms of overall
reflectance (Fig. 5). The scattering properties of chips and powders differ due to their solid versus
porous nature, and differences in reflectance between chips and powders are normal (Cloutis et al.,
2018). The narrow absorption band near 430 nm is associated with a spin-forbidden absorption
due to ferric Fe, likely in a tetrahedrally-coordinated site in phyllosilicates (Greenberger et al.,
2015). There are suggestions of an absorption feature near 2300 nm that could be attributed to
various components of Tarda, such as carbonate (Gaffey, 1986), aliphatic organics (Cloutis et al.,
1994), or Mg-OH in phyllosilicates (Clark et al., 1990).

The absorption feature near 2.71 pm is attributed to stretching vibrations in OH that is present
in Tarda’s phyllosilicates, while the longer-wavelength shoulder, centered near 3 um, is
attributable to stretching vibrations of H>O and the first overtone of H,O bending vibrations, likely
due to H>O present in saponitic phyllosilicates (Clark et al., 1990). The 3.3 pm region absorption
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feature is likely due to carbonates and/or aliphatic-bearing organics (e.g., Bellamy et al., 1958;
Adler and Kerr, 1963a,b). The 4 um region band is due to carbonates, as aliphatic organics do not

have an absorption feature in this region.

4. Discussion

4.1. Tarda and Tagish Lake: Meteorites from the same parent asteroid?

4.1.1. Modal mineralogies

The abundances of major minerals, chondrules, CAls, matrix and phyllosilicates in Tarda are
very similar to those of Tagish Lake (Table 2). The mineral abundances in both Tarda and Tagish
Lake are unlike those observed by Donaldson Hanna et al. (2019) for CI, CM1/2, CM2, type 3
Vigarano-like carbonaceous (CV), and the type 2 Renazzo-like carbonaceous (CR) chondrites. We
use the abundances in Donaldson Hanna et al. (2019) as they were determined by the same
technique used here and are thus directly comparable. Tarda and Tagish Lake most closely
resemble the CM1/2 and CI chondrites, although Tarda and Tagish Lake (~3.3 and ~4.1 vol.%,
respectively) contain more olivine than the CI Orgueil (~0.03 vol.% olivine) and the CM1/2 ALH
83100 (~0.20 vol.% olivine), but less than the CM2 Murchison (11.3 vol.% olivine) (Table 2;
Donaldson Hanna et al., 2019). Tarda and Tagish Lake also contain lower estimated phyllosilicate
abundances (~86.9 and ~86.2 vol.%, respectively) than the CI Orgueil (~96.7 vol.%) and the
CM1/2 ALH 83100 (95.7 vol.%), but more than the CM2 Murchison (~74.5 vol.% phyllosilicates;
Donaldson Hanna et al., 2019). The abundances of chondrules and matrix in the Tarda and Tagish
Lake samples studied here are also similar to one another, but unlike those of recognized chondrite
groups (e.g., see meteorite group abundances in Table 2 of Weisberg et al., 2006). Tagish Lake is
known to contain multiple lithologies, and these distinct lithologies are known to contain
chondrule abundances between 5 vol.% and 40 vol.% (Blinova et al., 2014). Therefore, based on
the modal abundances of components and minerals within Tarda and Tagish Lake studied here,

we find they are similar to one another and unlike known meteorite groups.

4.1.2. Bulk isotopic and elemental compositions
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Bulk isotopic and elemental compositions indicate that Tarda is very similar to Tagish Lake
(Figs. 6-8; e.g., Brown et al., 2000; Trinquier et al., 2009; Petitat et al., 2011; Alexander et al.,
2012; Marrocchi et al., 2021). The H, C, and N compositions of Tarda determined here are
consistent with those reported by Marrocchi et al. (2021) (Table 6; Fig. 6), and of the bulk
meteorite compositions analyzed using the same protocols are most similar to those of Tagish Lake
(e.g., Alexander et al., 2012). It is important to note that our H, C, and N compositions for Tarda
are similar to those of Marrocchi et al. (2021), despite using different samples of Tarda, analytical
equipment, and methods. The method in Marrocchi et al. (2021) used a pre-degassing technique
(48 hours at 120° C; developed by Vacher et al., 2020) ideally to remove terrestrially adsorbed
water from the sample. Vacher et al. (2020) found that for CI chondrites analyzed with this pre-
degassing technique, the abundance of H was up to a factor of two lower than values reported by
Alexander et al. (2012), potentially supporting their argument for removal of terrestrial water.
Using stepwise pyrolysis technique, Lee et al. (2023) found that terrestrially adsorbed water from
the atmosphere contaminated CM chondrite falls. Since Tarda is an extensively aqueously altered
carbonaceous chondrite meteorite fall, terrestrially adsorbed water may at first seem to be of
concern for the Tarda sample analyzed here. However, Garvie et al. (2024) found that
carbonaceous chondrite samples (including Tarda) stored in dry N> purged desiccator cabinets had
significantly less adsorbed water than samples stored in atmosphere, and our sample of Tarda was
stored in the same N> purged desiccator cabinets. In addition, despite using the method of
Alexander (2012), our data for Tarda has a lower H abundance than Tarda samples analyzed by
Marrocchi et al. (2021) (Table 6; Fig. 6). Therefore, our sample of Tarda is not noticeably
contaminated by terrestrial water, which is supported by its similar H, C, and N abundances and
isotopic compositions (Table 6; Fig. 6).

The bulk H concentration (wt.%) and 6D value (%o) of Tarda are also near those of CR
chondrites (Fig. 6a), but the higher C/H ratio (Fig. 6b) and lower §'°N (%o) value compared to CR
chondrites (Fig. 6¢) indicates that Tarda and the CRs are not related. In addition, the in situ O-
isotope compositions of FeO-poor chondrule olivines in Tarda are distinct from those of FeO-poor
chondrule olivines in CR chondrite chondrules (Schrader et al., 2013, 2017, 2018a, 2020; Tenner
etal., 2015, 2018; Marrocchi et al., 2021; Pinto et al., 2024). The bulk O isotope composition and
mass-independent Cr and Ti isotopic compositions of Tarda are also most similar to Tagish Lake

(Table 8 and Fig. 7). The Cr and Ti isotope variations amongst Solar System materials have been
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proposed to result from the heterogeneous distribution of isotopically anomalous presolar dust in
the protoplanetary disk, making them excellent tracers of genetic relationships among Solar
System reservoirs or meteorite parent bodies (e.g., Trinquier et al., 2009; Warren, 2011; Torrano
etal., 2021; Render et al., 2022; Zhu et al., 2023; Riifenacht et al., 2023). While the £**Cr and £>Ti
compositions of Tarda overlap with the field for CM chondrites (Fig. 7a), the A0 (%o) vs. £*Cr
and A0 (%o) vs. £°°Ti compositions (Figs. 7b,c; this study, Grossman, 2000; Trinquier et al.,
2009; Petitat et al., 2011; Gattacceca et al., 2021) are unlike those of CM chondrites. These isotopic
compositions are distinct from other meteorite groups and ungrouped carbonaceous chondrites,
suggesting that Tarda and Tagish Lake are genetically related (e.g., Marrocchi et al., 2021), or at
least formed from materials with similar compositions that potentially formed spatially and
temporally close to one another in the protoplanetary disk. The Xe and Fe isotopic compositions
of Tagish Lake and Tarda have also been shown to be very similar to one another, but distinct from
that of CI chondrites and asteroid Ryugu, suggesting that Tarda and Tagish Lake are not related to
CI chondrites (Avice et al., 2022; Hopp et al., 2022).

The bulk and trace element compositions of Tarda determined here (Table 9), are similar to
the bulk compositions of two Tarda aliquots determined by Marrocchi et al. (2021). Tarda shows
a similar bulk composition to that of Tagish Lake (Brown et al., 2000), comparable to the findings
of Marrocchi et al. (2021). The lithophile element abundances of Tarda are very similar to those
of CI chondrites, for Al, Sc, Ca, La, Sm, Eu, Yb, and V (Figs. 8a,b). However, there are depletions,
relative to CI, for the moderately volatile lithophiles Cr, Mn, and K (Figs. 8c,d) and for siderophile
and chalcophile elements. Tarda’s lithophile, siderophile, and chalcophile elements (Fig. 8) are
most like those of CM chondrites (Lodders et al., 2021), Tagish Lake (Brown et al., 2000), and
WIS 91600 (Choe et al., 2010).

4.1.3. Sulfide and Fe,Ni metal chemical compositions

The chemical compositions of pyrrhotite and pentlandite in a meteorite can provide
information about the formation conditions of the host rock, such as the equilibration temperature
at which those compositions formed (e.g., Jamsja and Ruzicka, 2010; Berger et al., 2011; Schrader
et al., 2015; 2016; 2018b; Davidson et al., 2019a,b), the oxygen fugacity of formation/alteration,
and degree of aqueous alteration experienced (e.g., Schrader et al., 2021). The mean at.% Fe/S

ratio of Ni-poor pyrrhotite in Tarda is 0.87, which indicates a high degree of oxidizing aqueous
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alteration consistent with that seen in CI (Fe/S = 0.85-0.87) and CM1/2 (Fe/S = 0.89-0.91)
chondrites by Schrader et al. (2021). Pyrrhotite-pentlandite geothermometry via phase diagram
analysis (e.g., Schrader et al., 2016) shows Tarda sulfide equilibration temperatures of
approximately 100-135°C (Fig. 9a), which is consistent with formation of the sulfides during low-
temperature aqueous alteration, and provides an estimate for the minimum parent asteroid
alteration temperature of Tarda. The sulfide equilibration temperature is not the peak metamorphic
temperature a sample was exposed to, but are rather the temperature at which the sulfide minerals
equilibrated. Therefore, the sulfide equilibration temperature provides a minimum temperature of
alteration (Schrader et al., 2016). Following the work of Kimura et al. (2008), the low Co content
of Ni-poor Fe,Ni metal (Table 4) is also consistent with Tarda being relatively unheated (i.e.,
similar to that of petrographic types 3.00 to <3.10). Therefore, assuming similar temperatures for
3.00 to <3.10 petrographic type chondrites (Busemann et al., 2007), the peak temperature our
samples of Tarda were exposed to can be inferred to be <300°C. Our pyrrhotite-pentlandite
geothermometry of Tagish Lake also shows sulfide equilibration temperatures of approximately
100-135°C (Fig. 9b), the same equilibration temperature as determined for sulfides in Tarda,
indicating similar parent body alteration histories. These temperatures are similar to the aqueous
alteration temperatures estimated for the CI chondrites (Bullock et al., 2005; Berger et al., 2011)
and for the most altered CM chondrites (Schrader et al., 2016) from sulfide geothermometry.

4.1.4. Carbonate chemical compositions

The types and/or compositions of carbonates vary between distinct meteorite groups. For
example, CI chondrites contain calcite/aragonite (CaCQOs), breunnerite ([Mg,Fe]COs3), siderite
(FeCO3), and abundant dolomite (CaMg[COs]2), while CM chondrites contain calcite/aragonite
and dolomite (e.g., Fredricksson and Kerridge, 1988; Johnson and Prinz, 1993; Nakamura et al.,
2003; de Leuw et al., 2010). In comparison, carbonates in CR chondrites are dominantly calcite,
and while rare dolomite has been observed, no siderite has been reported (e.g., Weisberg et al.,
1993; Weisberg and Huber, 2007; Schrader et al., 2014; Jilly-Rehak et al., 2018).

The carbonates in Tagish Lake are typically ferromagnesian (siderite and dolomite), although
calcite is also present (Nakamura et al., 2003; Blinova et al., 2014). We analyzed carbonates in
Tarda and Tagish Lake, as well as the CI chondrite Orgueil and the CM1/2 chondrite Kolang to

investigate if the chemical compositions of carbonates are noticeably different between different
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meteorite groups (Fig. 10; Table 5). We identified ferromagnesian carbonates in all samples, but
calcite was only observed in Tagish Lake (C2-ung) and Kolang (CM1/2). We did not find calcite
in Tarda, nor did Marrocchi et al. (2021). We find that Tarda dolomites are compositionally similar
to those in CI and CM chondrites, but contain less FeO and MnO than those in Tagish Lake (Fig.
10). The CI Orgueil contains some dolomite grains with the lowest FeO and MnO contents and
Tagish Lake dolomite grains contain higher FeO and MnO contents than the other samples studied
here (Table 5; Fig. 10). In general, we did not identify clear compositional differences in dolomite
between CI, CM1/2, and Tarda that could be used as a diagnostic indicator between them. Instead,
the types of carbonate minerals present in a meteorite likely provide valuable information about
the local alteration histories present in their parent asteroids.

Since Tarda and Tagish Lake likely originate from the same parent body, the difference in
carbonate minerals present in Tarda (only dolomite) and Tagish Lake (dolomite, siderite, and rare
calcite) may indicate differences in alteration histories/degrees of alteration within a single
asteroid. The higher Fe and Mn content of dolomite in Tagish Lake than that of Tarda may also be
an indicator of different alteration histories/fluid compositions. In terrestrial settings, dolomite can
form (1) by replacement of Ca in calcite by Mg, or (2) from direct precipitation in clay minerals
(e.g., Casado et al., 2014; Wanas and Sallam, 2016). The source of Mg in terrestrial dolomite is
typically considered to be neighboring Mg-bearing clay minerals (e.g., Cai et al., 2021), perhaps
suggesting that dolomite is an indicator of more extensive aqueous alteration in carbonaceous
chondrites, although specific alteration conditions, fluid chemistry, and phyllosilicate
compositions likely are important factors in the specific compositions of carbonate formation.
Factors controlling the Fe and Mn contents of dolomite are related to the environment of dolomite
formation (Cai et al., 2021). In studies of terrestrial dolomite, Fe*" and Mn?" replace Mg?" in pre-
existing dolomite (Cai et al., 2021). Therefore, the Fe- and Mn-enriched dolomite in Tagish Lake
(compared to that in Tarda) may indicate a distinct degree or condition(s) of alteration. Since Tarda
only contains dolomite, which is compositionally similar to dolomite in the CI and the CM1/2
chondrites, it may indicate that Tarda is more aqueously altered than Tagish Lake or that their
specific conditions of aqueous alteration were different. Since Tarda and Tagish Lake contain
similar phyllosilicate abundances (~86.9 and ~86.2 vol.%, respectively; Table 2) and H contents
(Fig. 6a), it seems more likely that the two meteorites have experienced similar degrees of aqueous

alteration but that their fluid compositions during aqueous alteration differed. This may indicate
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evolving fluid compositions in an asteroid, similar to that proposed by Jilly-Rehak et al. (2018) for

CR chondrites.

4.1.5. Chondrule sizes and olivine compositions

Average chondrule diameters vary between different chondrite groups and have been used as
a parameter for meteorite classification (Weisberg et al., 2006; Jones, 2012). The apparent (2D)
mean chondrule diameter for Tarda (0.26+0.12 mm [2SE], n = 21) is most similar to that of Tagish
Lake (0.29£0.05 mm [2SE], n = 57; this study). Compared to known meteorite groups, Tarda’s
apparent (2D) mean chondrule diameter is larger that of the CM chondrites (mean 0.17 mm; Mouti
Al-Hashimi et al., 2023) and the CO chondrites (mean 0.15 mm; Rubin, 1989). Our apparent (2D)
chondrule diameter range for Tagish Lake (0.05—1.37 mm) is similar to that reported by Zolensky
et al. (2002) and Blinova et al. (2014) (0.1-2 mm; mean diameters were not reported). Based on
the apparent (2D) mean chondrule diameters, the samples of Tarda and Tagish Lake studied here
are very similar.

The Fe-Mn systematics of chondrule olivines can help identify genetic relationships between
groups (e.g., Berlin et al., 2011; Schrader and Davidson, 2017; 2022; Schrader et al., 2020). The
Fe-Mn compositions of FeO-poor and FeO-rich chondrule olivines in Tarda are most similar to
those of chondrules in Tagish Lake (Figs. 11a,b), and CO and CM chondrites (Berlin et al., 2011;
Schrader and Davidson, 2017, 2022; Schrader et al., 2020). The in situ O isotope compositions of
FeO-poor chondrule olivines from Tarda are also similar to those of Tagish Lake (Ushikubo and
Kimura, 2021; Marrocchi et al., 2021), as well as CM and CO chondrites (e.g., Ushikubo and
Kimura, 2021). While the distinct bulk O isotope compositions (Gattacceca et al., 2021), H-C-N
compositions (Fig. 6 and Table 6), and Cr and Ti compositions (Fig. 7) exclude the possibility that
Tarda is a CM or CO chondrite, Tarda’s chondrules may have formed under similar conditions

from similar precursor materials.

4.1.6. Spectral comparison

Tarda shows both spectral similarities and differences when compared to Tagish Lake (Figs.
12 and 13). Continuum-removed 350-2500 nm reflectance spectra of Tagish Lake show no strong
(>1% deep) absorption bands (Izawa et al., 2015). Continuum-removed 350-2500 nm spectra of
Tarda (Figs. 14a,b) in the ~1000 nm region reveal a possible weak absorption feature (<4% deep)
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(Figs. 14c,d). In the Tarda powder spectra, well-resolved absorption features are present near 900
nm and 1100 nm, as well as a shoulder near 1400 nm. The 900 nm and 1100 nm bands are
consistent with Fe**-bearing phyllosilicates (Clark et al., 1990), and share similarities with other
aqueously-altered carbonaceous chondrites, such as CI and CM chondrites (e.g., Cloutis et al.,
2011a,b). The 1400 nm shoulder is consistent with the presence of OH/H>O (Clark et al., 1990).
The chip spectrum shows weaker absorption features than the powder spectrum. However, the 900
nm, 1100 nm, and 1400 nm absorption features all appear to be present. There is also a relatively
strong ~700 nm absorption feature that is attributable to an Fe’'—Fe?" charge transfer in the
phyllosilicates (Clark et al., 1990; Cloutis et al., 2011b); this feature is also suggested in the powder
spectrum as a shoulder or inflection point near this wavelength.

Mid-infrared reflectance spectra of numerous carbonaceous chondrites, including Tagish Lake,
have been collected (Izawa et al., 2010; Vernazza et al., 2013; McAdam et al., 2015; Lantz et al.,
2017; Beck et al., 2018; Morlok et al., 2020; Thompson et al., 2020; Hiroi et al., 2021; Poggiali et
al., 2021). These spectra are largely dominated by the Si-O stretching reststrahlen bands (RBs) of
phyllosilicates (at ~9.8 pum), olivine (multiple overlapping RBs near 9—11 pm), and pyroxene
(multiple overlapping RBs near 9-11 pm) (Poggiali et al., 2021). Here, we show that the Si-O
stretching region of Tarda most closely resembles that of Tagish Lake (Fig. 13), in comparison to
other carbonaceous chondrites, consistent with the spectroscopic analysis by Yesiltas et al. (2022).
The most prominent feature observed for Tarda is the phyllosilicate RB, observed strongly at ~9.80
um for the chip spectrum and, as expected, more weakly for the fine-grained powder. Due to the
low concentration of other silicates in Tagish Lake and Tarda (Izawa et al., 2010; this study, Table
2), the feature near 11.5 um is not an RB, but rather a transparency feature (TF). This TF spectrally
behaves differently, as expected, and is most prominent in the fine-grained sample spectra. Similar
results and spectral appearances are qualitatively similar for the samples of Tagish Lake measured
by Poggiali et al. (2021), and from the spectra in the RELAB database of Tagish Lake ET01-B
(Fig. 15).

Of the known chondrite groups, the reflectance spectra of Tarda appear most like those of some
of the CI chondrites in terms of low albedo, spectral shapes (slope), and lack of well-defined
absorption bands below 2500 nm (e.g., Cloutis et al., 2011a), but without any strong matches.
Overall, the VNIR spectral properties of Tarda are better matched by Tagish Lake, WIS 91600,
and MET 00432 (Figs. 12a,b).
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4.2. Comparison to WIS 91600 and MET 00432: A new carbonaceous chondrite grouplet?

WIS 91600 and MET 00432 have been suggested to be related to Tagish Lake, and have been
dubbed Tagish Lake-like meteorites (e.g., Alexander et al., 2007; Moriarty et al., 2009; Yabuta et
al., 2010; Yamanobe et al., 2018). The bulk O isotope composition of WIS 91600 (A"O =—0.08%o;
Clayton and Mayeda, 2003) is distinct from those of CM chondrites but very similar to that of
Tagish Lake (e.g., Fig. 2 in Moriarty et al., 2009) and Tarda (e.g., Gattaccecaet al., 2021). The Cr
and Ti isotopic compositions of WIS 91600 are also very similar to Tarda and Tagish Lake (Fig.
7; Render et al., 2022; Hellman et al., 2023). WIS 91600 resembles some lithologies of Tagish
Lake on the basis of the similar elemental and §'°N isotopic compositions of their macromolecular
organic matter, although they have distinct N/C ratios, 8D and &'*C isotopic compositions
(Alexander et al., 2007). In addition, based on siderophile/lithophile element ratios, Moriarty et al.
(2009) proposed that WIS 91600 is more closely related to the CM chondrites than it is to Tagish
Lake. The bulk elemental composition of WIS 91600 (Choe et al., 2010) is similar to the CM
chondrites (Fig. 8), as well as Tagish Lake (Brown et al., 2000) and Tarda (Figs. 8c,d). Based on
WIS 91600’s distinct bulk O isotope composition and the H-C-N compositions of its
macromolecular organic matter compared to CM chondrites, we find it likely that it is not a CM
chondrite. Several studies indicate that WIS 91600 underwent mild shock heating <600°C (Yabuta
et al., 2010; Tonui et al., 2014; Hanna et al., 2020), which could complicate some of these
comparisons. Therefore, it is possible that (1) WIS 91600 shared the same parent body/asteroid as
Tagish Lake and Tarda, and that the bulk elemental composition of this asteroid is very similar to
that of the CM chondrites, (2) that WIS 91600 is related to the CM chondrites and not from the
same asteroid as Tagish Lake and Tarda, or (3) WIS 91600 shares similarities to but is from a
different parent asteroid than either the CM chondrites or Tagish Lake and Tarda.

While the bulk O isotope composition of MET 00432 is similar to that of Tagish Lake
(Yamanobe et al., 2018) and therefore Tarda, the bulk H, C, and N abundances and isotopic
compositions of MET 00432 are more similar to those of the CM chondrites (Alexander et al.,
2013), not Tagish Lake or Tarda. Since WIS 91600 and MET 00432 have numerous differences
from Tagish Lake and Tarda, they may not be from the same parent asteroid, or they may have
experienced distinct alteration histories. Based on the current data, we find it possible that all four

meteorites could be related, but more analyses are required to conclude if WIS 91600 and MET
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00432 are from the same parent asteroid as Tarda and Tagish Lake. Primarily, apparent (2D)
chondrule sizes, modal mineralogies, and chemical compositions of major minerals are needed.
Correlated H, C, N, O, Cr, and Ti isotopes for WIS 91600 and MET 00432 could also help resolve
this issue.

Tarda shows both spectral similarities and differences when compared to the Tagish Lake-like
meteorites (Figs. 12 and 13). Detailed spectroscopic analysis is hampered by their low overall
reflectance, which makes identification of subtle absorption bands somewhat uncertain. Spectral
shapes in the 500-2500 nm region range from concave up (Tarda) to concave down (MET 00432)
(Fig. 12). Spectral slopes, as measured by the 2500/555 nm reflectance ratio are all red, ranging
from ~1.3 to ~1.7 (a red slope is defined as a spectrum with increasing reflectance toward longer
wavelengths).

When compared with Tagish Lake and WIS 91600, the 350-2500 nm reflectance spectra of
Tarda exhibits a less-red spectral slope (Fig. 12b). The spectral slope is closest to that of MET
00432, but spectral slopes are sensitive to grain size (Cloutis et al., 2011a,b). The overall albedo
of Tarda is very similar to Tagish Lake and WIS 91600 (Fig. 12a), which may be expected, given
the relatively similar concentration of opaque minerals (Table 2). The most noticeable difference
between Tarda and the other Tagish Lake-like meteorites is the existence of the upward concave
spectral shape. In addition, different lithologies of Tagish Lake show variations in both albedo and
spectral slope (Fig. 15).

These results suggest that Tarda has strong similarities with the Tagish Lake-like meteorites,
yet exhibits some spectral properties and within-grouplet differences that are similar to those seen
in CI and CM chondrites (Cloutis et al., 2011a,b), as well as within different lithologies of Tagish
Lake (Izawa et al., 2015; Fig. 15). It remains to be seen whether multiple lithologies are identified
among samples of Tarda, although none were identified in this study or by Marrocchi et al. (2021).
Based on the similarities between Tarda and Tagish Lake, the finding of distinct Tarda lithologies
would not be surprising, given the spectral and compositional diversity in Tagish Lake lithologies
(Izawa et al., 2015; Gilmour et al., 2019).

Through a comparison of the reflectance spectra of all carbonaceous chondrite groups and
ungrouped samples (e.g., Cloutis et al. 1994, 2011a,b, 2012a,b,c,d,e,f; Donaldson Hanna et al.,
2019), we find that the VNIR spectral properties of Tarda are better matches with Tagish Lake,
WIS 91600, and MET 00432 than any other meteorite or known meteorite group (Figs. 12a,b). In
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Figures 12a,b, we show Tarda compared to WIS 91600, MET 00432, and Tagish Lake as they are
most similar in terms of albedo, spectral slope, and weak or non-existent absorption bands. These
similarities support that Tarda, Tagish Lake, WIS 91600, and MET 00432 are potentially related

or at least contain similar minerals.

4.3. The Tagish Lake-like meteorites and links to asteroids

4.3.1. P-type and D-type asteroids

P-type and D-type asteroids are both considered to be spectrally featureless in the ~0.4-2.5 um
region. Both groups are dark (geometric albedos <0.03) but are distinguished mainly in terms of
their spectral slopes, with D-type asteroids having steeper red-sloped spectra than P-type asteroids
(Tholen, 1984). Multiple explanations have been advanced to explain this, mainly textural and
compositional.

Vilas and Smith (1985) studied the ~0.5-1.0 um region reflectance spectra of a number of P-
and D-type asteroids. They found that the D-type asteroids have broadband reflectance spectra
which are low in the UV-visible spectral region, and exhibit an increase in relative reflectance
beginning around 0.7 um. They also have low geometric albedos (~0.03) as derived from thermal
radiometry (10- and 20-um observations). The broadband spectra of some D-type asteroids flatten
in the near-infrared, while other spectra increase linearly in this interval. The P-type asteroids have
linear spectra showing a slight increase in slope with increasing wavelength, and low albedos
(~0.03) comparable to the D-type asteroids. From this information, they subdivided the spectra
into four subgroups on the basis of spectral slope: two P-subgroups with flat barely-sloping spectra
or small positive slopes, and two D-subgroups with different red slopes. They provided two
possible explanations related to hydrocarbons: (1) simpler hydrocarbons with increasing
heliocentric distance or (2) color changes in hydrocarbons with increasing heliocentric distance
(i.e., temperature).

Fitzsimmons et al. (1994) found a possible correlation between asteroid diameter and color
(spectral slope). They speculated that this was due to redder objects being inherently weaker and
less resistant to break-up following impacts or, alternatively, that variations in shock processes

during collisions. Barucci et al. (1987) and Fitzsimmons et al. (1994) found spectral variations
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within the D-type in terms of spectral shape, between concave and convex, and derived four
subgroups using slope and shape criteria.

Analysis of P-type asteroids in terms of carbonaceous chondrite spectra indicated that P-type
asteroids spectra can be reproduced by different proportions of various carbonaceous chondrites,
suggesting that compositional differences may explain the spectral differences between P- and D-

type asteroids (Hiroi et al., 2004).

4.3.2. A genetic relationship between P- and D-type asteroids

Previous work has shown that some P-type asteroids exhibit reflectance spectra that can be
described as intermediate between CI/CM chondrites and Tagish Lake (Hiroi et al., 2004). Given
the strong spectral similarities of Tarda to the Tagish Lake-like meteorites, albeit with subtle
similarities to some CI spectra, Tarda could be described as a meteorite that falls within this
intermediate space.

The VNIR spectral shape of Tarda does not closely match the mean values found for D-type
asteroids presented by DeMeo et al. (2009) (Fig. 16). Tarda is less red-sloped and shows variations
in spectral slope over the 400-2500 nm interval as compared to D-type asteroids. Instead, the
spectral slope and shape of the Tarda meteorite spectra share affinities with some Tholen (Tholen,
1989) taxonomic P-type and/or Bus X/Xc-type asteroids (Bus and Binzel, 2002a), with a
moderately-red spectral slope, a slope break near 500 nm and no resolvable absorption band
between 400 nm and 500 nm (e.g., DeMeo et al., 2009) (Fig. 17). The reflectance spectra from
both P-type asteroids 65 Cybele and 76 Freia (Bus and Binzel, 2002b; Burbine and Binzel, 2002;
Rayner et al., 2003) fall between the spectral slopes of the Tarda powder and chip, which may
suggest variations in the grain size distribution of Tholen P-type asteroid surfaces (e.g.,
Fitzsimmons et al., 1994). The visible spectral shapes of these two asteroids also resemble that
exhibited by Tarda. Given the similarities in spectral slope and visible spectral shape, it is likely
that Tarda and these asteroid surfaces are made of similar materials.

The petrologic, chemical, and isotopic characteristics of Tarda and Tagish Lake (§4.1) are
similar enough that there is a strong possibility that Tarda originated from the same outer Solar
System asteroid as Tagish Lake. If they are not from the same asteroid, they at least formed from
similar precursor materials under similar conditions. Here, we find that the spectral reflectance

properties of Tarda most closely resemble those of the Tagish Lake-like meteorites, yet also
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exhibits affinities with some CI/CM chondrites, such as low albedo, and spectral slope (like CI
chondrites) and 1 um region absorption features (like CM chondrites). The reflectance spectra
from the lithology of Tarda analyzed here appear to be a closer match to some Tholen P-type
asteroids than to Tholen D-types. Should additional samples of Tarda exhibit similar reflectance
properties (to test if Tarda is as homogenous as we found here), it may be that Tarda could
represent the first sample of a P-type asteroid surface. These results are not contradictory, but
highlight that numerous other possible scenarios exist; including that very subtle compositional
differences could explain variations in the spectral taxonomies of asteroids.

Since Tarda and Tagish Lake likely originated from the same parent asteroid, P-type and D-
type asteroid types may be genetically related, and differ spectrally due to differences in grain size
or small mineralogical variations. These variations could be due to the parent asteroid being
heterogeneous or having distinct degrees of alteration. Alternately, P-type and D-type asteroids
may now be separate objects, but may represent fragments of the same original parent asteroid.
This highlights that these subtle compositional and/or grain size differences also affect meteorite
reflectance spectra and that isolating the controlling variables of materials bearing multiple opaque

phases with variations in chemical compositions is complex.

5. Conclusions and Implications

1) Comparable mineral chemistries, modal abundances, bulk elemental compositions, as well as
abundances and isotopic compositions of H, C, N, Cr and Ti show that Tarda and Tagish Lake
share a close genetic relationship, indicating that they originate from the same outer Solar System

asteroid.

2) The Tarda meteorite shows several spectral similarities to other Tagish Lake-like meteorites;
low visible region reflectance, an overall red spectral slope over the 350 to 2500 nm interval, and
weak to non-existent absorption bands associated with their known mineralogies. The overall
spectral shape of Tarda shows greater affinities for taxonomic P-type versus D-type asteroids
(Tholen, 1989). Similarities in reflectance spectra suggest that P-type asteroids 65 Cybele and 76
Freia are potential parent bodies of Tarda and the Tagish Lake-like meteorites, or at least have

similar surface materials.
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3) Tarda is a closer spectral match to a P-type asteroid (this study) and Tagish Lake is a closer
spectral match to a D-type asteroid (Hiroi et al., 2005). Since Tarda and Tagish Lake likely
originated from the same parent asteroid, P-type and D-type asteroid types may be genetically
related, and differ spectrally due to differences in grain size or small mineralogical variations. This
spectral difference among related samples is evidenced by the fact that subsamples of Tagish Lake
show variations in spectral slope due to compositional variations. While different grain size
fractions of a single lithology of Tagish Lake have not been spectrally characterized, other
carbonaceous chondrite powders show differences in spectral slope due to grain size variations
(Cloutis et al., 2018). Alternately, P-type and D-type asteroids may now be separate objects, but

may represent fragments of the same original parent asteroid.

4) Tarda is a highly hydrated type 2 carbonaceous chondrite that will likely provide an informative
comparison to the heavily hydrated CI-like material returned by Hayabusa2 from C-type asteroid
Ryugu (e.g., Yokoyama et al., 2022) and the material returned by OSIRIS-REx from B-type
asteroid Bennu (e.g., Hamilton et al., 2019) on September 24", 2023. Additionally, because of the
potential relationship between P-type and D-type asteroids, Tarda is particularly important to study
in preparation for and comparison to the spectra of D-type (11351 Leucus and 21900 Orus) and P-
type (15094 Polymele, and 617 Patroclus and its binary companion Menoetius) Trojan asteroids
to be surveyed by NASA’s Lucy mission (e.g., Levison et al., 2021), and spectra of and samples
from Mars’ moon Phobos (similar to D-type asteroids) to be returned by JAXA’s MMX mission
(Nakamura et al., 2021; Kuramoto et al., 2022).
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APPENDIX A. SUPPLEMENTARY MATERIAL

Supplementary Material (SM) consist of four files. These files contain: (SM 1) all images and X-
ray maps of samples, with the location of electron microprobe analyses: (SM 2) chondrule size
measurements for Tarda and Tagish Lake; (SM 3) all electron microprobe data; and (SM 4)
reflectance spectra.

Data Availability

Data are available through Mendeley Data at https://doi.org/10.17632/2s8hvm3df2.1.
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Table 1.
Apparent (2D) chondrule sizes, and chondrule textural and chemical types for Tarda and Tagish Lake.
Tarda
Tarda Tarda ASU2149 C1+C2 Tagish Lake
Meteorite ASU2149 C1 ASU2149 C2 (combined) ASU1684 C1
Sample area (mm?) 18.5 32.8 51.3 125.4
Avg. Diameter (mm) 0.30 0.21 0.26 0.29
26 (mm) 0.66 0.19 0.52 0.40
2SE (mm) 0.10 0.06 0.11 0.05
min. (mm) 0.11 0.07 0.07 0.05
max (mm) 1.30 0.41 1.30 1.37
Total # Chondrules 12 9 21 57
# (%) Porphyritic 12 (100%) 9 (100%) 21 (100%) 54 (94.7%)
# (%) Barred Olivine 0 (0%) 0 (0%) 0 (0%) 2 (3.5%)
# (%) Cryptocrystalline 0 (0%) 0 (0%) 0 (0%) 1(1.8%)
# (%) FeO-poor 11(91.7%) 7 (77.8%) 18 (85.7%) 52 (91.2%)
# (%) FeO-rich 1(8.3%) 2 (22.2%) 3 (14.3%) 5 (8.8%)
Fragments of chondrules and single mineral grains were not included
in chondrule size measurements.
% values are by number.
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Table 2.
Modal abundances of chondrules and matrix, and modal mineralogy of Tarda and Tagish
Lake.

Tarda
Tarda Tarda ASU2149 Ci1+C Tagish Lake
Meteorite ASU2149 C1 ASU2149 C2 2 (normalized) ASU1684_C1
Sample area (mm?2) 18.5 32.8 51.3 125.4
Chondrules, CAls, Matrix
Chondrules (vol.%) 10.6 3.3 6.5 5.9
CAls (vol.%) 0.0 0.4 0.2 0.3
Matrix (vol.%) 89.4 96.3 93.3 93.8
Total (vol.%) 100.0 100.0 100.0 100.0
Individual Minerals
Olivine (vol.% * o) 4.41+0.49 2.4410.37 3.30+0.30 4.11+0.31
Al-spinel (vol.% + o) none trace trace 0.0210.01
Ca-carbonate (vol.% +6)  3.76%0.56 2.85+0.34 3.2440.33 3.20+0.83
Phosphate (vol.% + o)  0.23%+0.09 0.1010.04 0.15+0.05 trace
Chromite (vol.% * o) trace trace trace trace
Fe,Ni Metal (vol.% * o) trace trace trace trace
Magnetite (vol.% £ 6)  4.30+0.39 3.88+0.43 4.0610.36 4.5910.63
Fe-sulfide (vol.% * o) 1.4510.34 3.04+0.82 2.35+0.40 1.8610.81
Total Identified Minerals
(vol.% + o) 14.15%1.07 12.33+1.11 13.12+0.78 13.79+1.59
Mean Deficit from 100
vol.% = Phyllosilicate
Abundance (vol.%) 85.85 87.67 86.88 86.21

No pyroxene, plagioclase/glass, anorthite, or gypsum were identified in Tarda or Tagish Lake.
trace = abundance <0.01 vol.%
Mean Deficit from 100 vol.% = the estimated phyllosilicate abundance (e.g.,
Donaldson Hanna et al., 2019).
Tarda ASU2149_C1 and ASU2149 C2 combined abundances are area normalized
to account for sample size differences.
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Table 3.
Selected individual chondrule olivine analyses from Tarda and Tagish Lake.

Tarda Tarda Tarda Tarda Tarda Tarda Tagish Lake
Meteorite ASU2149 C1 ASU2149 C1 ASU2149 C1 ASU2149 C2 ASU2149 C2 ASU2149 C2 ASU1684 C1
Chondrule Ch1 Ch5 Ch3 Ch1 Ch2 Ch9 Ch1
Grain G1 G2 G2 G1 G4 G1 G6
Analysis # 26 92 72 3 25 49 36
Ch Type  dusty olivine type | type Il type Il type | type Il type Il
Chemical Composition (wt.% oxides)
P20s bdl bdl 0.09 bdl bdl bdl bdl
SiO, 40.72 41.25 34.06 35.40 41.94 38.73 35.56
Al2O3 0.05 0.02 bdl bdl bdl bdl bdl
Cr20s 0.35 0.49 0.30 0.18 0.37 0.38 0.26
FeO 3.18 1.61 44.40 35.39 0.74 15.15 34.89
MnO 0.13 0.16 0.55 0.36 0.12 0.20 0.29
MgO 53.99 57.16 19.85 27.54 57.26 44 .42 28.66
CaO 0.19 0.15 0.67 0.42 0.26 0.30 0.21
NiO bdl bdl 0.14 0.19 bdl 0.16 0.16
Total 98.61 100.84 100.06 99.46 100.69 99.35 100.04
Cation formula based on four oxygens
P bdl bdl 0.002 bdl bdl bdl bdl
Si 0.983 0.970 0.996 0.992 0.983 0.984 0.988
Al 0.001 0.001 bdl bdl bdl bdl bdl
Cr 0.007 0.009 0.007 0.004 0.007 0.008 0.006
Fe 0.064 0.032 1.086 0.830 0.015 0.322 0.810
Mn 0.003 0.003 0.014 0.008 0.002 0.004 0.007
Mg 1.943 2.004 0.866 1.151 2.000 1.682 1.187
Ca 0.005 0.004 0.021 0.013 0.006 0.008 0.006
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Tagish Lake
ASU1684_C1

Ch7
G5
119

type |

bdl
41.28
bdl
0.43
0.76
0.15
56.67
0.21
bdl
99.49

bdl
0.979

bdl
0.008
0.015
0.003
2.004
0.005
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1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417

Ni bdl
Total 3.006
Fa 3.2
Fo 96.8
Fe (afu) 0.064
Mn (afu) 0.003
Fe/Mg 0.03
Fe/Mn 25.0

bdl
3.023

1.6
98.4
0.032
0.003
0.02
9.7

0.003
2.996

55.6
44 .4
1.086
0.014
1.25
80.4

0.004
3.002

41.9
58.1
0.830
0.008
0.72
98.3

bdl
3.013

0.7
99.3
0.015
0.002
0.01
5.9

0.003
3.011

16.1
83.9
0.322
0.004
0.19
75.1

0.004
3.007

40.6
59.4
0.810
0.007
0.68
118.8

bdl
3.014

0.7
99.3
0.015
0.003
0.01
5.0

Ch = chondrule; G = grain. bdl = below detection limit.

Standards and detection limits (in wt.%): albite for Na (0.03), apatite for P (0.02), diopside for Si (0.02), Mg (0.04), and Ca (0.01),

anorthite for Al (0.02), orthoclase for K (0.02), rhodonite for Mn (0.05), rutile for Ti (0.02), fayalite for Fe (0.07),
chromite for Cr (0.02), and nickel metal for Ni (0.07).
K, Ti, and Na were bdl in all analyses shown here. All analyses are provided in EA-1.
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Table 4.

Selected individual sulfide and metal analyses from Tarda and Tagish Lake.

Tarda Tarda Tarda Tarda Tarda Tarda Tagish Lake  Tagish Lake
Meteorite ASU2149 _C2 ASU2149 C1 ASU2149 C1 ASU2149 C2 ASU2149 C1 ASU2149 C2 ASU1684 C1 ASU1684_C1
Area Ch2 OA5 - - OA5 - MOA9 Ch4
Grain G3 OA5 OA3 OA3 OA5 OA3 OA3
Analysis # 23 8 16 44 4 46 10 71
Mineral Ni-poor metal Pyrrhotite Pyrrhotite Pyrrhotite Pentlandite Pentlandite Pyrrhotite Pentlandite
Chemical Composition (wt.%)
Fe 90.3 59.5 60.2 59.9 34.5 30.7 59.0 32.5
S bdl 39.38 39.34 38.92 34.21 33.04 39.24 33.19
Si 0.21 bdl bdl bdl bdl 0.03 0.14 0.29
P 1.17 bdl bdl bdl bdl bdl bdl bdl
Mn bdl bdl 0.04 bdl bdl bdl 0.04 bdl
Ni 6.2 1.0 0.1 1.1 30.5 35.0 1.7 32.1
Co 0.20 0.13 bdl bdl 0.72 0.96 bdl 1.23
Cr 0.46 0.03 0.18 0.04 0.03 0.04 0.09 0.03
Mg 0.33 bdl bdl bdl bdl bdl 0.1 0.16
Al 0.03 bdl bdl bdl bdl bdl bdl bdl
Total 98.9 100.0 99.9 100.0 100.0 99.8 100.3 99.5
Chemical Composition (at.%)
Fe 90.1 46.1 46.7 46.5 27.9 251 45.5 26.4
S 0.00 53.11 53.08 52.64 48.11 46.93 52.71 47.01
Si 0.42 bdl bdl bdl bdl 0.05 0.22 0.46
P 2.1 bdl bdl bdl bdl bdl bdl bdl
Mn bdl bdl 0.03 bdl bdl bdl 0.03 bdl
Ni 5.9 0.7 0.1 0.8 23.4 27.2 1.2 24.8
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1423
1424
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1426
1427
1428
1429
1430
1431
1432
1433
1434
1435

Co 0.19 0.10 0.00 0.00 0.55 0.74 bdl 0.95

Cr 0.50 0.02 0.15 0.03 0.03 0.03 0.07 0.03
Mg 0.76 bdl bdl bdl bdl bdl 0.20 0.30
Al 0.07 bdl bdl bdl bdl bdl bdl bdl
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
at.% ratios
FelS (at.%) 0.87 0.88
Cations/S
(at.%) 0.88 0.88 0.90 1.08 1.13 0.89 1.11

Ch = chondrule; OA = opaque assemblage; MOA = matrix opaque assemblage. G = grain. bdl = below detection limit.

FelS for pyrrhotite if Ni< 1 wt.%.

Cations =Fe+Ni+Cr+Ti+Co+Cu.

Standards and detection limits (in wt.%): San Carlos olivine for Si (0.02) and Mg (0.02), indium phosphide for P (0.03), troilite for S (0.03)
and Fe (0.11), chromite for Cr (0.02), chalcopyrite for Cu (0.12), Co-metal for Co (0.08), Ni-metal for Ni (0.11),

anorthite for Al (0.02), Mn-metal for Mn (0.03), and rutile for Ti (0.02).

Ti and Cu are all below detection limits in analyses shown here. All analyses are provided in EA-1.
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Table 5.
Selected individual carbonate analyses from Tarda, Tagish Lake, Orgueil, and Kolang.
Orgueil
Tarda Tarda Tagish Lake  Tagish Lake =~ USNM6765- Kolang Kolang Kolang
Meteorite ASU2149 C1 ASU2149_C2 ASU1684_C1 ASU1684_C1 2 ASU2147_C1 ASU2147_C3c ASU2147_C3c
Type C2-ung C2-ung C2-ung C2-ung Cl CM1/2 (host) CM1-clast CM1-clast
Grain CC2 CC2 CC1 CC3 CC1 CC3 CC4 CC1
Analysis # 115 72 173 175 15 32 34 35
Mineral dolomite dolomite dolomite calcite dolomite dolomite dolomite calcite
Chemical Composition (wt.% oxides)
Na20 0.07 0.07 0.16 0.07 0.19 bdl bdl bdl
Si02 0.77 0.20 bdl 0.16 bdl 0.41 0.13 bdl
MgO 16.30 20.32 15.20 0.17 21.25 19.27 18.92 bdl
P205 0.12 bdl 0.38 0.12 0.20 bdl bdl 0.13
K20 bdl bdl bdl bdl bdl bdl bdl 0.04
CaO 29.29 28.01 29.05 54.76 28.13 29.55 29.31 55.13
MnO 3.85 0.72 4.22 bdl 0.37 1.61 0.22 0.44
FeO 3.89 4.26 5.15 0.97 1.98 2.56 4.46 0.60
SO3 0.09 0.15 bdl 1.15 bdl bdl bdl bdl
Cr203 bdl 0.19 bdl bdl bdl bdl bdl bdl
CO2 45.46 45.93 45.79 42.46 47.82 46.49 46.77 43.52
Total 99.85 99.85 99.95 99.86 99.94 99.89 99.81 99.87
Cation formula based on three oxygens
Na 0.002 0.002 0.005 0.002 0.006 bdl bdl bdl
Si 0.012 0.003 bdl 0.003 bdl 0.006 0.002 bdl
Mg 0.387 0.476 0.362 0.004 0.487 0.449 0.441 bdl
P 0.002 bdl 0.005 0.002 0.003 bdl bdl 0.002
K bdl bdl bdl bdl bdl bdl bdl 0.001
Ca 0.499 0.471 0.497 0.983 0.464 0.495 0.491 0.989
Mn 0.052 0.010 0.057 bdl 0.005 0.021 0.003 0.006
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1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454

Fe 0.052 0.056 0.069 0.014 0.025 0.034 0.058 0.008
S 0.001 0.002 bdl 0.014 bdl bdl bdl bdl
Cr bdl 0.002 bdl bdl bdl bdl bdl bdl
C 0.987 0.984 0.999 0.971 1.004 0.993 0.999 0.994
Sum 1.994 2.006 1.994 1.993 1.993 1.999 1.995 2.000
Normalized mol.%

Fe+Mn 10.5 6.5 12.8 1.4 3.1 55 6.2 1.5
Ca 50.5 46.5 50.5 98.2 47.2 49.6 49.4 98.5
Mg 39.1 47.0 36.7 0.4 49.7 45.0 44 .4 0.0

CC = carbonate grain. bdl = below detection limit.

Standards and detection limits (in wt.%): San Carlos olivine for Si (0.02), albite for Na (0.04), Mg-carbonate for Mg (0.05),

anorthite for Al (0.02), apatite for P (0.03), K-feldspar for K (0.02), diopside for Ca (0.04), Mn-carbonate for Mn (0.08),

fayalite for Fe (0.10), barite for S (0.02), Ni-metal for Ni (0.11), rutile for Ti (0.03), and chromite for Cr (0.03).
Al, Ni, Ti all bdl in analyses shown here. Included to check for beam overlap into other phases. All analyses are provided in EA-1.
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1455

Table 6.
The bulk H, Cand N elemental and isotopic compositions of Tarda, Tagish Lake, and MET 00432.
Meteorite Classification H (wt.%) +o 8D (%o) 0 C(wt.%)to 813C (%o) + © N (wt.%) + o 8N (%0) + ¢ Reference
Tarda
ASU2149 C2-ung 0.916 £ 0.010 607.9+18.1 4.167 £0.034 8.0+x04 0.297 £ 0.003 62.04 £ 0.15 This study
Literature data
Tarda 1 C2-ung 0.948 678.4 Marrocchi et al. (2021)
Tarda 2 C2-ung 0.952 681.6 Marrocchi et al. (2021)
Tarda 3 C2-ung 4.00 11.3 0.28 54.7 Marrocchi et al. (2021)
Tarda 4 C2-ung 4.06 10.7 0.28 55.3 Marrocchi et al. (2021)
Tarda 5 C2-ung 411 10.7 0.30 55.9 Marrocchi et al. (2021)
Tagish Lake
11i C2-ung 0.738 £ 0.009 542.0+8.7 3.95 14.0 0.17 59.7 Alexander et al. (2012)
Tagish Lake
11h C2-ung 0.872 £ 0.004 556.6 £+ 6.2 4.13 9.4 0.19 62.6 Alexander et al. (2012)
Tagish Lake 5b C2-ung 0.945 +0.003 507.6+4.0 411 10.1 0.24 76.2+0.1 Alexander et al. (2012)
MET 00432 CcM2 1.065 + 0.020 45.3+0.2 2.724 £ 0.021 3.0+0.5 0.118 + 0.004 29.8+1.0 Alexander et al. (2012)

The uncertainties from this study and Alexander et al. (2012) are 1o and are based on replicate

analyses.
1456
1457
1458

49



1459
1460
1461

1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489

Table 7.
Cr and Ti isotope compositions measured for samples in this study.

Cr isotope compositions

Sample £33Cr £%4Cr

DTS-1 0.08+0.15 0.20+0.27

Allende 0.14£0.17 0.91+0.31
Tarda ASU2149 0.02+0.14 1.14 £ 017

Ti isotope compositions

Sample €46Ti €8T 50T

BCR-2 -0.02 £ 0.11 0.02 £ 0.04 -0.16 £ 0.12

Allende 0.68 + 0.08 -0.05 £ 0.07 2.99 + 0.07
Tarda ASU2149 0.55+0.10 -0.06 + 0.03 294 +0.13

ARARNZ

o o2

DTS-1 = dunite from Twin Sisters area, Hamilton, Washington Reference Material
BCR-2 = Columbia River Basalt Reference Material

Allende = Allende Smithsonian Reference Material

value = 2SE; N = number of replicates.
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1490
1491
1492
1493

1494
1495
1496
1497
1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517

Table 8.
Bulk Cr, Ti, and O isotopic compositions of Tarda and Tagish Lake.
Sample Tarda Tagish Lake
e53Cr 0.02 0.53
2SE 0.14 0.04
e%4Cr 1.14 1.19
2SE 0.17 0.1
Cr reference this study Petitat et al. (2011)
50T 2.94 2.76
2SE 0.13 0.26
Ti reference this study Trinquier et al. (2009)
A0 -0.284 -0.870
2SE +£0.053 + 0.38

O Reference  Gattacceca et al. (2021) Grossman (2000)

For this study, sample was Tarda ASU2149, homogenized powder
made from 1.03 g of interior chips. The same powder that was also
used for H, C, and N analyses (Table 6).
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1518

Table 9.
Bulk elemental abundances of Tarda
ASU2149.

Element Abundance (ppm)
Mg 98975
Al 9230

K 329
Ca 8943
Sc 5.87
Ti 469
\% 55
Cr 2465
Mn 1377
Fe 161388
Co 456
Ni 9846
Cu 111
Zn 184
Ga 6.31
Sr 5.94
Zr 3.97
Nb 0.358
Mo 1.158
Rh 0.119
Cd 0.369
Te 1.13
Cs 0.1153
Ba 2.18
La 0.250
Ce 0.620
Nd 0.483
Sm 0.159
Eu 0.060
Gd 0.214
Tb 0.037
Dy 0.225
Ho 0.053
Er 0.168
Tm 0.026
Yb 0.172
Lu 0.024

Typical error is <10%.
1519
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1527 A
1528

1529  Figure 1. Individual stones and fragments of Tarda in the Carleton B. Moore Meteorite
1530  Collection in the Buseck Center for Meteorite Studies at Arizona State University (a total of ~24
1531  grams of material is shown).
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1554
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1556
1557
1558

c¢) Tagish Lake ASU1684_C1

2.00 mm Dialia 2.00 mm

Figure 2. Full backscattered electron (BSE) images of (a) Tarda ASU2149 C1, (b) Tarda
ASU2149 C2, and (c) Tagish Lake ASU1684 C1. All images are shown at the same scale for
ease of comparison between samples. For sizes and modal mineralogy, see Tables 1 and 2. CAI
= calcium aluminum rich inclusion, ch = chondrule, Po = pyrrhotite, Pn = pentlandite, and Mag =
magnetite.
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1567

a) Tarda ASU2149_C1 Ch2 b) Tarda.
" s . 'ASU2149_C1 *
o |iOAT

fc) i e d) Tarda ASU2149_C2 Ch2

Vo

" Fe,Ni metal

v

Tarda ASU2149_C1 Ch3 ;

Tarda . h) Tarda
ASU2149_C1 "ASU2149_C2 &
0A5 Ch1

10 ym

Figure 3. Back scattered electron (BSE) images of Tarda ASU2149 C1 and ASU2149 C2; (a,c)
FeO-poor chondrules, an (e,f) FeO-rich chondrule, (a,b,c,e,g,h) magnetite (Mag), (b,g) including
magnetite framboids, (b,e,g,h) pyrrhotite (Po) and pentlandite (Pn), (e) dolomite (Dol) and
chromite (Chr) inside a partially replaced FeO-rich chondrule, and a (h) chondrule nearly
completely replaced by phyllosilicates. Ch = chondrule. OA = opaque assemblage in the matrix.
Ol = olivine.
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a) Tagish Lake ASU1684_C1 Ch1s+#. "5 b) Tagish Lake ASU1684_C1 Chf

9)

e) Tagish Lake ASU1684_C1 ChBig
: A Zare Nt
/metal L

Ol

g) Tagish Lakegea 684 _C1
ASU1684_C1 SRS B oY
MOAS £300 Fhins. w2, " :

Figure 4. BSE images of Tagish Lake ASU1684 C1; (a,b) FeO-rich barred olivine chondrule
containing olivine (Ol) and chromite (Chr), and phyllosilicates (Phyllo), (c) FeO-rich porphyritic
olivine chondrule with pyrrhotite, pentlandite, and chromite, (¢) FeO-poor porphyritic olivine
chondrule containing Fe,Ni metal grains in olivine, (f) FeO-poor porphyritic olivine chondrule
containing abundant pyrrhotite and pentlandite, (g) matrix opaque assemblage (MOA) consisting
of pyrrhotite (Po) and pentlandite (Pn) with nearby magnetite (Mag) framboids, and a dolomite
(Dol) in the matrix with nearby magnetite. Ch = chondrule.
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Figure 5. Reflectance spectra of a chip and unsorted fine powder of the Tarda meteorite. Spectra
were measured at i=30° and e=0°. See text for details.
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Figure 6. The bulk H, C, and N isotopic compositions and abundances of Tarda (this study),
compared to literature data from Tarda (average values from [1] Marrocchi et al., 2021), Tagish
Lake and MET 00432 (from [2] Alexander et al., 2012), the ungrouped carbonaceous chondrite
Bells from [2], and the CO, CM (heated and unheated), CV, CR (heated and unheated), and CI
chondrites. (a) Bulk H (wt.%) vs. 8D (%o); (b) Bulk C/H (wt.%) vs. 8D (%o); (¢) 8D (%o) vs. 8'°N
(%o). Tarda is most similar to Tagish Lake, and not like any other meteorite or meteorite group.
For direct comparison, the chondrite fields shown are from data collected using the same technique
as for Tarda in this study: CM chondrites (Alexander et al., 2012); heated CM chondrites
(Alexander et al., 2012); CR chondrites (Alexander et al., 2012; Davidson et al., 2019b); heated
CR chondrites (Alexander et al., 2013); CV3 chondrites (Alexander et al., 2012; Davidson et al.,
2014); CO3 chondrites (Alexander et al., 2012; Alexander et al., 2018), and CI chondrites
(Alexander et al., 2012).
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Figure 7. £*Cr, £°Ti, and A'’O isotopic compositions of Tarda compared to literature values data
for Tarda, Tagish Lake, WIS 91600, and fields for CO, CM, CV, CK, CR, and CI chondrites [1—
25]. (a) £*Cr vs. £2°Ti (b) €**Cr vs. A0 (c) €>°Ti vs. A7O. The £*Cr and &°°Ti values for Tarda
are this study, while A0 for Tarda is from Gattacceca et al. (2021). Uncertainties on Tarda,
Tagish Lake, and WIS 91600 are +2SE (e.g., Table 7). [A] Literature data for Tarda, Tagish Lake,
and WIS 91600 plotted for comparison (¢**Cr and £°°Ti, Hellman et al., 2023; A'7O for Tarda,
Gattacceca et al., 2021; A0 for Tagiah Lake, Grossman, 2000; and A!’O for WIS 91600, Clayton
and Mayeda, 2003). [B] Literature data for Tarda and Tagish Lake plotted for comparison (¢°*Cr
and €°°Ti, Yokoyama et al., 2023; A'7O for Tarda, Gattacceca et al., 2021; and A'’O for Tagiah
Lake, Grossman, 2000). [C] Literature data for Tagish Lake plotted for comparison (e>*Cr, Petitat
etal., 2011; &°°Ti, Trinquier et al., 2009; and A'’O, Grossman, 2000). [D] Literature data for WIS
91600 plotted for comparison (e>*Cr, Hellman et al., 2023; €3°Ti, Render et al., 2022; and A'70O,
Clayton and Mayeda, 2003). The £>*Cr, £°°Ti, and A!’O data used to construct the compositional
fields for the CO [1-4,7,16], CM [2,3,4,6,10,16,18-21], CV [1-4,6,7,9,10,18,22], CK [2,3,4,7],
CR [2.,4,7,8,9,10,13,18,23], CB [2,3,5], and CI [1-4,9,10,18,23,24,25] chondrites are: [1]
Shukolyukov and Lugmair (2006); [2] Trinquier et al. (2007); [3] Trinquier et al. (2009); [4] Qin
et al. (2010); [5] Yamashita et al. (2010); [6] Zhang et al. (2011); [7] Zhang et al. (2012); [8]
Sanborn et al. (2019); [9] Weisberg et al. (1993); [10] Clayton and Mayeda (1999); [11]
Greenwood and Franchi (2004); [12] Greenwood et al. (2010); [13] Schrader et al. (2011); [14]
Hewins et al. (2014); [15] Jacquet et al. (2016); [16] Williams et al. (2020); [17] Torrano et al.
(2021); [18] Riifenacht et al. (2023); [19] Gopel et al. (2015); [20] Ruzicka et al. (2015); [21] van
Kooten et al. (2020); [22] Zhu et al. (2021); [23]; Hellman et al. (2023); [24] Kadlag et al. (2019);
[25] Yokoyama et al. (2023).
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1669  Figure 8. Bulk elemental composition “spider diagrams” showing the chemical differences
1670  between the CI, CM, CO, CV, CK and CR chondrites ([1] Lodders et al., 2021), compared to WIS
1671 91600 ([2] Choe et al., 2010), Tagish Lake ([3] Brown et al., 2000), and Tarda (this study). (a, b)
1672  Mg- and Cl-normalized abundances of lithophile elements in (a) the Tagish Lake-like meteorites
1673  compared established meteorite groups and (b) only CI and CM chondrites. (c, d) Mg- and CI-
1674  normalized abundances of siderophile and chalcophile elements in (c) the Tagish Lake-like
1675  meteorites compared to established meteorite groups and (d) only CI and CM chondrites. Elements
1676  are ordered by volatility (50% condensation temperatures; Lodders, 2021).
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1687  Figure9. Fe-Ni-S (at.%) ternary phase diagrams that most closely match the sulfide compositions
1688  in (a) Tarda ASU2149 C1 and C2, and (b) Tagish Lake ASU1684 C1. Sulfide compositions are
1689  consistent with equilibration between 100 °C and 135 °C; pentlandite in each sample is near the
1690  pentlandite stability field and pyrrhotite is along the tie line between pyrrhotite and the pentlandite
1691  field. Phase diagrams adapted from Raghavan (2004) with original data from Naldrett (1989)

1692 (100135 °C).
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Figure 10. Fe+tMn—Ca-Mg (mol.%) ternary diagram of carbonates in Tarda ASU2149 CI1 and
_C2 (C2-ung), Tagish Lake ASU1684 C1 (C2-ung), Orgueil USNM6765-2 (CI), Kolang
ASU2147 C1 (CM1/2), and Kolang ASU2147 C3c (CMI clast). Most carbonates analyzed were
dolomite, but calcite was also observed in Kolang and Tagish Lake.
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Figure 11. Fe vs. Mn (atomic formula unit or afu) compositions of chondrule olivine from (a)
Tarda with C1 and C2 separated with black and red, and (b) Tarda vs. Tagish Lake vs. chondrite
compositional fields (2 block). Compositional ranges of chondrules are shown for CR (Berlin et
al., 2011; Schrader et al., 2015), CO (Jones, 1992; Berlin et al., 2011), CM (Schrader and
Davidson, 2017) chondrites, and unequilibrated ordinary chondrites or UOCs (Jones, 1990; Berlin
et al., 2011; Schrader and Davidson, 2022).

65



1718
1719

1720
1721
1722
1723

0.05 MET 00432

0.045
\N\woa 2'\

0.04
@ w\59160°
L)
g0.0?-S
- Ke ,\ETD'\-B\
Q
“d-l 0.03
o
0.025 MET 00432; chip
—Tagish Lake; MM-02; unsorted fine powder
—WIS 91600; <75 microns
0.02 . .
' Tagish Lake; ET01-B; <125 microns
1 .( —Tarda; ASU 2149;unsorted fine powder
0.015 -+ R S S S . S . . . S A S S S S . —
300 800 1300 1800 2300
Wavelength (nm)
b)
1.8

[y
(4]
2
\
L

14

MET 00432

1.2

Reflectance normalized at 555 nm

1 MET 00432; chip
—Tagish Lake; MM-02; unsorted fine powder
0.8 —WIS 91600; <75 microns
Tagish Lake Tagish Lake; ET01-B; <125 microns
o (MM-02) —Tarda; ASU 2149;unsorted fine powder
300 800 1300 1800 2300

Wavelength (nm)

Figure 12. Reflectance spectra of the Tarda (measured at C-TAPE), WIS 91600 and Tagish Lake
(measured at RELAB), and MET 00432 (measured at Mizusawa VLBI Observatory) meteorites.
These are the few meteorite spectra that are most similar to Tarda in terms of low albedo, red
spectral slope, and weak or non-existent absorption bands. a) absolute reflectance. b) spectra
normalized to one at 555 nm. See text for details.
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1732 Figure 13. Reflectance spectra of the Tarda chip and powder, Tagish Lake pressed pellet and
1733  powder. The vertical line near 9.80 um shows location of the reststrahlen band (RB) and a
1734  transparency feature (TF) is labeled at 11.5 pm. See text in §4.1.6. for details.
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Figure 14. Reflectance spectra of the Tarda powder (a) and chip (b), showing straight line continua
(red lines), used to isolate absorption features in the ~500—1800 nm region. Continuum-removed
spectra of the powder (c¢) and chip (d). See text for details.
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Tagish Lake; PB-02; unsorted fine powder (Izawa et al., 2015)

—Tagish Lake; MM-02; Unsorted fine powder (lzawa et al., 2015)
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Tagish Lake; ET01-B; <125 microns (Hiroi et al., 2001)
0.06 - - -Tagish Lake; MG-02; unsorted fine powder (I1zawa et al., 2015)
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1751  Figure 15. Reflectance spectra of various subsamples of the Tagish Lake meteorite, showing
1752  diversity of spectral slopes. The spectra are from the RELAB archive and C-TAPE.
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Figure 16. Comparison of the Tarda unsorted fine powder spectrum to an average of D-type
asteroids (from DeMeo et al., 2009), as well as Tagish Lake powder (Hiroi et al. 2001; Izawa et
al., 2015). The D-type asteroid spectra average has been multiplied by 0.019 to match the Tarda
spectrum at 1600 nm. This was done to account for the lack of absolute reflectance for most D-
type asteroids.
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Figure 17. Comparison of normalized reflectance spectra of the Tarda chip and powder spectra to
two spectral P-type asteroids (65 Cybele and 76 Freia, data from: Bus and Binzel, 2002b; Burbine
and Binzel, 2002; Rayner et al., 2003).
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