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sité PSL, CNRS, 5 Place Jules Janssen, 92195, Meudon, France
10Department of Astronomy & Astrophysics, University of Toronto,
Toronto, ON M5S 3H4, Canada 11NRC Herzberg Astronomy & As-
trophysics, 5071 West Saanich Road, Victoria, British Columbia,
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Stellar ejecta gradually enrich the gas out of which subse-
quent stars form, making the least chemically enriched stel-
lar systems direct fossils of structures formed in the early
universe1. Although a few hundred stars with metal content
below one thousandth of the solar iron content are known in
the Galaxy2–4, none of them inhabit globular clusters, some
of the oldest known stellar structures. These show metal
content of at least ∼ 0.2 percent of the solar metallicity
([Fe/H] & −2.7). This metallicity floor appears universal5, 6

and it has been proposed that proto-galaxies that merge
into the galaxies we observe today were simply not mas-
sive enough to form clusters that survived to the present
day7. Here, we report the discovery of a stellar stream,
C-19, whose metallicity is less than 0.05 per cent the solar
metallicity ([Fe/H] = −3.38±0.06 (stat.)±0.20 (syst.)). The

low metallicity dispersion and the chemical abundances of
the C-19 stars show that this stream is the tidal remnant of
the most metal-poor globular cluster ever discovered, and
significantly below the purported metallicity floor: clusters
with significantly lower metallicities than observed today ex-
isted in the past and contributed their stars to the Milky Way
halo.

The C-19 stellar stream is a grouping of stars in the Milky
Way halo that share a common orbital motion around the
Galaxy and was discovered through the application of the
STREAMFINDER algorithm8 to the astrometric data of the Gaia
Early Data Release 39. The stellar structure has a very low
density and extends over ∼ 15◦ on the sky. The reality of
the stellar stream was confirmed via the photometric metallic-
ities (solar-scaled iron content, [Fe/H]) of the Pristine survey10,
which revealed the coherent and extremely low metallicity of
candidate member stars. Especially for the brighter stars, a
regime with little expected contamination, the Pristine photo-
metric metallicities exhibit a very coherent metallicity at an ex-
tremely metal-poor level. Selecting stars with Gaia proper mo-
tions similar to those of the STREAMFINDER sample yields the
colour-magnitude diagram (CMD) of stars associated with the
structure at high significance, shown in Figure 1. The CMD of
the stream displays a sparsely populated but well-defined red-
giant branch that extends into a main-sequence turnoff at the
faint end of the data, along with a clear, and very blue, horizontal
branch. These features are typical of old and metal-poor glob-
ular clusters. Correcting for stars that are fainter than the mag-
nitude limit of the sample, we estimate that the total luminosity
and stellar mass of the C-19 progenitor is at least 3.5 × 103L�
and 0.8× 104 M�, respectively, at the favored heliocentric dis-
tance of 18 kpc (see Methods). This can only be a lower limit as
the C-19 stream may extend over a larger region of the sky but
with lower densities that prevent its detection at this stage. This
mass is however quite typical for halo globular clusters11.

We obtained spectroscopic observations of eight member
stars with two telescopes and spectrographs (Gemini/GRACES
and GTC/OSIRIS) to determine the nature of the C-19 pro-
genitor and refine the orbit of the stream (see Methods). The
brightest of those stars was also observed and analyzed in the
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Figure 1: Properties of the C-19 member stars. (a) Colour-magnitude dia-
gram of the C-19 stream. Stars are colour-coded by their photometric metallic-
ity as measured in the Pristine survey (small symbols), or their spectroscopic
metallicity (large symbols) from spectra obtained with LAMOST (star symbol),
Gemini/GRACES (circles), or GTC/OSIRIS (squares). The Pristine metallic-
ities unambiguously show that C-19 is very metal-poor and helps to remove
the few contaminants with higher metallicities ([Fe/H]Pristine > −2.5 shown
with red, smaller symbols and removed in the other panels; see Methods). Hol-
low circles denote stars with no metallicity measurement but that have a proper
motion consistent with the C-19 stream in this region of the sky. These stars
show the clear and very blue horizontal branch of the system and also include
a few likely members along the red-giant branch. The grey track is a 13-Gyr
PARSEC isochrone with the lowest available metallicity ([M/H] = −2.2), at
the favored heliocentric distance of 18 kpc. Despite a metallicity that is signifi-
cantly more metal-rich than the spectroscopic metallicity of C-19, this isochrone
provides a good match to the member stars because of the low sensitivity of the
Gaia colour to metallicity changes in this metal-poor regime. (b) Distribution
of C-19 candidate member stars on the sky, in Galactic coordinates. A blue
horizontal branch star candidate, located at (`, b) = (94, 6◦,−52.7◦) and sig-
nificantly detached from the rest of the stream stars, is not shown here but could
indicate that C-19 is at least 15◦ longer than shown here. (c) Radial velocities,
vr, of confirmed C-19 stars with spectroscopy. In the two right-most panels,
the dot-dashed grey lines represent the calculated track of the C-19 orbit (see
Methods). In all panels, the error bars represent the uncertainties, calculated as
±1σ Gaussian standard deviations.

very metal-poor star sample of LAMOST3. The spectra of all
eight of our Pristine-selected very metal-poor member stars
([Fe/H] < −2.0) yield radial velocities that are in agreement
with the predictions from STREAMFINDER and therefore con-
firm that they are stream members. A ninth star with a signifi-
cantly more metal-rich Pristine metallicity has a discrepant ra-
dial velocity and is confirmed to be an outlier. The kinemat-
ics of the eight member stars show that C-19 follows an orbit
deep in the potential well of the Milky Way, with a pericenter of
∼ 7 kpc and an apocenter of∼ 27 kpc, on a plane that is almost
polar with respect to the Milky Way plane (see Methods).

Spectroscopic metallicities are determined for all eight con-
firmed C-19 member stars (see Methods). These metallicities
are displayed in Fig. 2 and high resolution spectra for three stars
from the Gemini/GRACES facility are shown in Fig. 3. These
results unambiguously confirm the extremely low metallicity of
C-19, with a mean metallicity [Fe/H] = −3.38± 0.06 (stat.)±
0.20 (syst.). Such a low global metallicity has so far never been
observed for any stellar system in the Milky Way, its surround-
ings, or beyond.

We are able to place a stringent limit on the unresolved
metallicity dispersion of these eight stars, with σ[Fe/H] < 0.18 at
the 95 per cent confidence level. This strongly suggests that the
C-19 progenitor was a globular cluster, and not a dwarf galaxy,
since the latter would exhibit a large metallicity dispersion stem-
ming from multiple bursts of star formation13, 14. In addition, the
mean metallicity of C-19 is significantly below the mean metal-
licity expected for dwarf galaxies at this luminosity15.

A dispersion in the sodium abundances provides even more
compelling evidence that C-19 is a disrupted globular cluster.
The high-resolution spectra for three member stars of C-19
are used to determine high-precision chemical abundances (see
Methods). We find the [Na/Mg] ratios vary by a factor of three
between these stars. These variations are typical of stars in an-
cient globular clusters16, 17, most likely due to exposure to high-
temperature hydrogen burning, and possibly due to multiple or
extended star formation at early epochs. These chemical signa-
tures are rarely seen in Galactic halo stars or in low-luminosity
dwarf galaxies18. These sodium variations can even be seen di-
rectly from the difference in Na I line strengths in Fig. 3.

For extremely metal-poor stars ([Fe/H] < −3.0), the heavy
neutron-capture element abundances, such as barium, provide
another chemical signature of their origins. At these metallici-
ties, stars that form in low-luminosity dwarf galaxies typically
have very low [Ba/Fe] ratios19, other than a few which have
been enriched by a rare rapid-neutron capture process, such as a
compact binary merger20 (e.g., Reticulum II21 or Tucana III22).
Given the signal-to-noise ratio of the GRACES spectra, we can
only measure barium in one star (Pristine 355.13+27.98), where
[Ba/Fe] is near solar, consistent with typical values in globular
cluster stars23. We can also rule out highly enriched Ba abun-
dances in the two other stars observed with GRACES. Carbon
provides another clue to the origins of the C-19 stars, since 40%
of field halo stars in the Galaxy are carbon-rich in the con-
sidered metallicity range24. None of the six C-19 stars with
carbon measurements from our OSIRIS spectra are enhanced
([C/Fe]< 0.70 in all cases although we do note that the uncer-
tainties are relatively large). While this will have to be con-
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Figure 2: Metallicity properties of C-19 and its stars observed with spectroscopy. (a) Spectroscopic metallicities [Fe/H] calculated for 8
members of C-19. The different colours and symbols denote spectra obtained with the different telescopes, instruments, and/or surveys listed at
the top of the panel. The two brightest stars were observed with two different facilities each. (b) Probability distribution functions of the mean
and dispersion of the metallicities of C-19 stars, assuming they follow a Gaussian distribution. The individual uncertainties in the measurements
are taken into account and stars observed twice had their measurements combined, weighted by their individual uncertainties. The marginalized
probability distribution functions for the two parameters are shown in panels (c) and (d). The dotted lines in panel (c) represents the uncertainties
(Gaussian standard deviation) on the derived metallicity and, in panel (d), it highlights the 95-percent confidence limit. (e) Metallicity distribution
of all known globular clusters of the Milky Way11. The metallicity of the C-19 progenitor is highlighted in red, along with the metallicity of the
recently discovered Phoenix stream6, the lowest metallicity stellar stream from a globular cluster previously known to date.
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Figure 3: High resolution GRACES spectra for three members of C-
19. All three stars have very similar stellar parameters, showing the
similarities in the Mg I and Fe II absorption features, but a significantly
lower Na I line strength in Pristine 355.27+27.74. Spectra are labelled
by the target name, along with the inferred effective temperature, log
surface gravity, and signal-to-noise ratio of the spectrum at 600 nm.
The strong lines labeled ISM in the lower panel correspond to sodium
absorption by the interstellar medium and are unrelated to the C-19
stars. The deeper lines of standard star HD 122563 that has similar
stellar parameters12 and [Fe/H] = −2.8 confirm that the C-19 stars
are significantly more metal-poor.

firmed through more accurate measurements, this may further
suggests that the C-19 progenitor formed from gas enriched dif-
ferently from that of typical extremely metal-poor halo stars25.
Overall, the chemical signatures of our sample of stars reinforce
our conclusion that the progenitor of the C-19 stream was a
globular cluster with a metallicity significantly below the cur-
rent globular cluster metallicity floor.

The extremely low metallicity of the C-19 progenitor helps
reduce tensions in our understanding of the metallicity distribu-
tion function of the Milky Way stellar halo. Assuming that the
contribution of globular clusters to the Milky Way halo is the
same at all metallicities, there is a dearth of globular clusters
with [Fe/H]< −2.5, with none observed but ∼ 5 expected from
the metallicity of halo stars26. Our discovery of a cluster stream,
significantly below that metallicity floor, in addition to other re-
cently discovered globular cluster stellar streams that are close
to the metallicity floor6, 27, shows that more metal-poor clusters
formed at early times, but did not survive their tidal interactions
with the Milky Way. Intriguingly, the recent realization that a
globular cluster with a metallicity [Fe/H] = −2.9 currently or-
bits the Andromeda galaxy28 could also indicate that such low-
metallicity structures may survive until the present day in other
environs.

The orbit of C-19 has an apocenter of only ∼ 27 kpc, which
suggests a very early accretion onto the Milky Way, when the
Milky Way’s potential well was shallower than it is now. How-
ever, if this is the case, it is puzzling that the C-19 stellar stream
can still be identified as a coherent structure to this day. The

relatively short orbital time (< 0.5Gyr) and the expected pres-
ence of baryonic or dark matter substructures that should fur-
ther dynamically heat the stellar stream29 would all work to dis-
perse the stream into the smooth Milky Way stellar halo. This
process may well have already happened and could explain the
stream’s full width (∼ 600 pc) and radial velocity dispersion
(∼ 7 km s−1 from the 3 GRACES stars that have accurate ve-
locities and are located close together); both are significantly
larger than what is usually measured for globular cluster streams
(< 100 pc and 1–3 km s−1, respectively30, 31). Alternatively, or
in addition, the fact that the C-19 orbit crosses the disk mul-
tiple time over the last 1Gyr (see Methods) could also have
significantly heated the stream. It will be fascinating to explore
the processes that could have shielded the C-19 progenitor for
long enough so that its stream is still visible today. For exam-
ple, it may have been born in its own host galaxy, which partly
shielded C-19 from destructive interactions with the Milky Way.
Hunting for host stars on orbits similar to that of the C-19 stream
could help to constrain this scenario.

Finally, the C-19 progenitor provides an intriguing win-
dow into the formation of globular clusters at very early times.
Galaxies are expected to grow hierarchically, and to enrich grad-
ually as more and more stars form and evolve. The very ex-
istence of C-19 proves that globular clusters must have been
able to form in the lowest metallicity environments as the first
galactic structures were assembling. The time-evolution of scal-
ing relations between the mass of a galaxy and its metallicity,
built from galaxy-evolution simulations7, 32, implies that the C-
19 progenitor must have formed within at most the first 2–3 Gyr
after the formation of the universe. After that period of time,
no galaxy is expected to still host sufficiently low metallicity
gas to have formed a system like C-19. Furthermore, the same
scaling relations between metallicity and stellar mass indicate
that potential C-19 hosts should have had extremely low masses
(. 4.5 × 104 M�), regardless of formation time32. Given our
mass estimate of≥ 0.8×104 M�, then the star-formation event
that led to the C-19 progenitor must have represented a sig-
nificant fraction of all stars present in the host galaxy at that
time. This is compelling evidence that structures like C-19 pro-
vide strong constraints on galaxy and globular cluster formation
models at the earliest times.

1. Frebel, A. & Norris, J. E. Near-Field Cosmology with Extremely
Metal-Poor Stars. A. R. of Astron. Astrophys. 53, 631–688
(2015).

2. Yong, D. et al. The Most Metal-poor Stars. III. The Metallicity
Distribution Function and Carbon-enhanced Metal-poor Fraction.
Astrophys. J. 762, 27 (2013).

3. Li, H., Tan, K. & Zhao, G. A Catalog of 10,000 Very Metal-poor
Stars from LAMOST DR3. Astrophys. J. Supp. 238, 16 (2018).

4. Aguado, D. S. et al. The Pristine survey - VI. The first three years
of medium-resolution follow-up spectroscopy of Pristine EMP star
candidates. Mon. Not. R. Astron. Soc. 490, 2241–2253 (2019).

5. Beasley, M. A. et al. An old, metal-poor globular cluster in Sex-
tans A and the metallicity floor of globular cluster systems. Mon.
Not. R. Astron. Soc. 487, 1986–1993 (2019).

6. Wan, Z. et al. The tidal remnant of an unusually metal-poor glob-
ular cluster. Nature 583, 768–770 (2020).

7. Kruijssen, J. M. D. The minimum metallicity of globular clus-
ters and its physical origin - implications for the galaxy mass-

4



metallicity relation and observations of proto-globular clusters at
high redshift. Mon. Not. R. Astron. Soc. 486, L20–L25 (2019).

8. Ibata, R. et al. Charting the Galactic Acceleration Field. I. A
Search for Stellar Streams with Gaia DR2 and EDR3 with Follow-
up from ESPaDOnS and UVES. Astrophys. J. 914, 123 (2021).

9. Gaia Collaboration et al. Gaia Early Data Release 3. Summary
of the contents and survey properties. Astron. Astrophys. 649,
A1 (2021).

10. Starkenburg, E. et al. The Pristine survey - I. Mining the Galaxy
for the most metal-poor stars. Mon. Not. R. Astron. Soc. 471,
2587–2604 (2017).

11. Harris, W. E. A Catalog of Parameters for Globular Clusters in
the Milky Way. Astronom. J. 112, 1487 (1996).

12. Kielty, C. L. et al. The Pristine survey - XII. Gemini-GRACES
chemo-dynamical study of newly discovered extremely metal-
poor stars in the Galaxy. Mon. Not. R. Astron. Soc. 506, 1438–
1461 (2021).

13. Willman, B. & Strader, J. ”Galaxy,” Defined. Astronom. J. 144, 76
(2012).

14. Leaman, R. Insights into Pre-enrichment of Star Clusters and
Self-enrichment of Dwarf Galaxies from Their Intrinsic Metallicity
Dispersions. Astronom. J. 144, 183 (2012).

15. Kirby, E. N. et al. The Universal Stellar Mass-Stellar Metallicity
Relation for Dwarf Galaxies. Astrophys. J. 779, 102 (2013).

16. Gratton, R. G., Carretta, E. & Bragaglia, A. Multiple populations
in globular clusters. Lessons learned from the Milky Way globular
clusters. Astron. Astrophys. R. 20, 50 (2012).

17. Bastian, N. & Lardo, C. Multiple Stellar Populations in Globular
Clusters. A. R. of Astron. Astrophys. 56, 83–136 (2018).

18. Ji, A. P. et al. The Southern Stellar Stream Spectroscopic Survey
(S5): Chemical Abundances of Seven Stellar Streams. Astronom.
J. 160, 181 (2020).

19. Roederer, I. U. Are There Any Stars Lacking Neutron-capture
Elements? Evidence from Strontium and Barium. Astronom. J.
145, 26 (2013).

20. Côté, B. et al. Neutron Star Mergers Might Not Be the Only
Source of r-process Elements in the Milky Way. Astrophys. J.
875, 106 (2019).

21. Ji, A. P., Frebel, A., Simon, J. D. & Chiti, A. Complete Element
Abundances of Nine Stars in the r-process Galaxy Reticulum II.
Astrophys. J. 830, 93 (2016).

22. Hansen, T. T. et al. An r-process Enhanced Star in the Dwarf
Galaxy Tucana III. Astrophys. J. 838, 44 (2017).

23. Roederer, I. U. Primordial r-process Dispersion in Metal-poor
Globular Clusters. Astrophys. J. Letters 732, L17 (2011).

24. Yoon, J. et al. Galactic Archeology with the AEGIS Survey: The
Evolution of Carbon and Iron in the Galactic Halo. Astrophys. J.
861, 146 (2018).

25. Norris, J. E. et al. The Most Metal-poor Stars. IV. The Two Popu-
lations with [Fe/H] ¡˜-3.0. Astrophys. J. 762, 28 (2013).

26. Youakim, K. et al. The Pristine Survey - VIII. The metallicity dis-
tribution function of the Milky Way halo down to the extremely
metal-poor regime. Mon. Not. R. Astron. Soc. 492, 4986–5002
(2020).

27. Roederer, I. U. & Gnedin, O. Y. High-resolution Optical Spec-
troscopy of Stars in the Sylgr Stellar Stream. Astrophys. J. 883,
84 (2019).

28. Larsen, S. S., Romanowsky, A. J., Brodie, J. P. & Wasserman, A.
An extremely metal-deficient globular cluster in the Andromeda
Galaxy. Science 370, 970–973 (2020).

29. Bonaca, A., Hogg, D. W., Price-Whelan, A. M. & Conroy, C. The
Spur and the Gap in GD-1: Dynamical Evidence for a Dark Sub-
structure in the Milky Way Halo. Astrophys. J. 880, 38 (2019).

30. Ibata, R. A., Lewis, G. F. & Martin, N. F. Feeling the Pull: a Study
of Natural Galactic Accelerometers. I. Photometry of the Delicate
Stellar Stream of the Palomar 5 Globular Cluster. Astrophys. J.
819, 1 (2016).

31. Erkal, D., Koposov, S. E. & Belokurov, V. A sharper view of Pal
5’s tails: discovery of stream perturbations with a novel non-
parametric technique. Mon. Not. R. Astron. Soc. 470, 60–84
(2017).

32. Ma, X. et al. The origin and evolution of the galaxy mass-
metallicity relation. Mon. Not. R. Astron. Soc. 456, 2140–2156
(2016).

5



METHODS

1 Discovery of the C-19 stream
The C-19 stream was discovered8 as a grouping of

stars along the same orbit by applying the STREAMFINDER
algorithm33 to the Early Data Release 3 (EDR3) of the European
Space Agency’s Gaia space mission9. The list of all those stars
is given in Extended Data Table 1. The C-19 stars span ∼ 15◦

on the sky, centered near (l, b) = (107◦,−37◦), as shown in
the middle panel of Figure 1. The STREAMFINDER analysis
favors a heliocentric distance of ∼ 18 kpc for this system, con-
firmed by the combined orbital analysis of the full sample of
likely members (see below). As can be seen in Figure 1, the full
width of the stream is∼ 2◦, or∼ 600 pc at the favored distance.
This is large for a typical globular cluster stream, likely indicat-
ing that C-19 was heated during its orbiting of the Milky Way
and/or that it was already tidally disrupted in its (putative) host
dwarf galaxy34, 35.

The Pristine survey10 overlaps the region where C-19
stars are found by the STREAMFINDER algorithm, and their
combined analysis indicates that C-19 has a very coherent
metallicity signal36 in the extremely low metallicity range
([Fe/H]Pristine < −3.0), as shown in Extended Data Figure 1,
although contamination creeps in for faint magnitude (G0 >
19.0, represented by small symbols in the figure; see also Fig-
ure 1). The mean metallicity of those stars, determined from
a sigma-clipping procedure, converges on 〈[Fe/H]Pristine〉 =
−3.43± 0.07. From the photometric metallicities measured by
Pristine, it can already be concluded that C-19 is likely to be
the most metal-poor stellar structure ever discovered. Pristine
metallicities can also be used to flag significantly more metal-
rich outliers with [Fe/H]Pristine > −2.5, as rejected by the
sigma-clipping procedure (stars shown in red in Figure 1).

2 Mass
We first note that the mass of the C-19 stream that we esti-

mate here from its discovered member stars can only be a lower
limit to the true mass of C-19 since it is unlikely that we have
discovered the full track of C-19 and its stars may extend much
further than detected here. To estimate the mass of C-19, we
sum the fluxes of all likely member stars shown in the colour-
magnitude diagram of Figure 1. These correspond to Pristine-
selected stars with [Fe/H]Pristine < −2.5, complemented with
all stars that share the proper motion of the C-19 stars in this
part of the sky and have a Gaia parallax-measurement that is
consistent with zero (hollow circles in Figure 1). All those stars
have colour-magnitude properties that are very consistent with
the C-19 color-magnitude diagram.

The total observed flux from all these stars with G0 < 18.0,
where we are quite confident the data are complete and suf-
fer from little contamination, is 2.2 × 103L�. Correcting for
fainter stars by using the luminosity function37 associated to the
isochrone shown in Figure 1, we find that the total luminosity of
C-19 is at least 3.9×103L�. Model mass-to-light ratios of very
old stellar populations38 imply M/L = 2–3 and, consequently,
that the mass of C-19 is at least ∼ 0.8× 104 M�.

We also use an alternate method to derive the total flux/mass

Extended Data Figure 1: Pristine photometric information for all stars
of the C-19 stream selected by STREAMFINDER and present in the Pris-
tine survey. Large symbols represent stars with G0 < 19.0, for which
the STREAMFINDER selection is very reliable, and small symbols repre-
sent stars fainter than this limit, which are more likely contaminated in the
STREAMFINDER catalogue (see also Figure 1). The lines represent model ex-
pectations as determined from the spectral libraries and filter response curves,
without assumption on whether the star is a dwarf or a giant10. Both model
lines and data point are color-coded by their [Fe/H]Pristine metallicities. Most
C-19 candidate members are located in the region that corresponds to metallici-
ties below [Fe/H] = −3.0 (above the blue line). For the large data points, we
specifically used a photometric metallicity model tailored to giant stars. Near
the tip of the red-giant branch, it deviates significantly from the generic model
represented by the colored lines and explains the higher metallicity of the red-
dest point compared to the models.
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of C-19, relying this time on star counts. We determine the typi-
cal luminosity of a system with the age, metallicity, and distance
properties of the isochrone displayed in Figure 1 and that hosts
the number of stars observed in C-19 above G0 = 18.0 (18
stars). This analysis yields a slightly smaller average total lumi-
nosity (2.7 × 103L�) but with a long tail towards higher fluxes
that includes the value determined previously.

3 Heliocentric distance
For each star that STREAMFINDER highlights as a likely

member of a stream, the algorithm determines a most likely he-
liocentric distance, based on the local distribution of stars on the
sky, in proper motion space, and in CMD space. While these
distances are not individually precise, they provide, as an en-
semble, a first guess for the distance to a stream. In the case
of C-19, STREAMFINDER assigns a heliocentric distance be-
tween 16 and 22 kpc for significant members, with no obvious
distance gradient in the region over which C-19 was discovered.

We confirm this rough distance estimate using the blue hori-
zontal branch stars of C-19 that are visible in the CMD shown as
triangles in the left-hand panel of Figure 1. Following equation
(7) of Deason et al. (2011)39, we calculate an average distance
of 17.5 kpc from these 7 blue horizontal branch (BHB) stars.
It should however be noted that the relation between the colour
and the absolute magnitude of blue horizontal branch stars has
only been calibrated for systems with [Fe/H] > −2.3 and that
this relation could be biased for C-19 stars that are in the ex-
tremely metal-poor regime.

An independent measure of the heliocentric distance is ob-
tained from Gaia parallaxes when those are used to fit for the
best C-19 orbit (see below). In this case, the favored orbit has
a distance of 20.9 ± 0.3 kpc (±1σ Gaussian uncertainties) but
relies on parallaxes that are, individually, very small, and could
therefore be prone to significant systematic biases, despite tak-
ing the average parallax zero-point offset into account40.

As a consequence, we keep the distance constraint loose
when estimating the chemical abundances of C-19 stars and
check results for distances of 16, 18, and 20 kpc. A distance
of 18 kpc is marginally favored to minimize the difference be-
tween the FeI and FeII iron abundances. This distance is com-
patible with the most metal-poor PARSEC isochrone, as shown
in Figure 1 and this is the distance we assume for C-19 for the
analysis presented in this paper. Future studies and the potential
discovery of stars beyond the currently known extent of C-19
may help refine the distance to the stream.

4 Orbit
We calculate the orbit of the C-19 stream using the pro-

cedure detailed elsewhere8, 42 that has been developed for
STREAMFINDER detections. The sample of stars is the same
as before: likely members identified by STREAMFINDER with
stars that show [Fe/H]Pristine > −2.5 remove. Extended Data
Figure 2 shows the best orbit in two cases: when using the
(small) Gaia parallax information of likely stream stars, which
results in a distance of 20.9 ± 0.3 kpc (dashed line in the fig-
ure), or when anchoring the distance at 18 kpc, as favored by
the system’s BHB stars and the consistency of the FeI vs. FeII
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Extended Data Figure 2: Favorite orbital solutions for the C-19
stream. The dashed line shows the orbit of C-19 constrained using the proper
motions (red symbols in panels a and b) of C-19 members identified by
STREAMFINDER, their Gaia parallax (panel c), their radial velocity when avail-
able (panel d) and their location on the sky compared to the distribution of
extinction41 (panel e). The orbit determined without using the Gaia parallax
information but instead anchoring the distance at 18 kpc is represented by the
dotted line. Panels f and g display the two orbits, intergrated for ±1Gyr, pro-
jected on the Galactic plane, and in the R–z plane. The thick red lines corre-
spond to the part of the orbits that overlaps the observed C-19 member stars.
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abundances (dotted line). Both solutions use the proper mo-
tions and spatial locations of all C-19 members identified by
STREAMFINDER, along with the radial velocity of the 8 stars
for which we obtained spectroscopy (see below). Over the
∼ 15◦ covered by C-19, these two orbital solutions give very
similar results. As shown in panel (d) of Extended Data Fig-
ure 2, determining the velocity gradient of C-19 using more ac-
curate radial velocities will help pin down the distance to the
system.

For both solutions, C-19 is on a remarkably polar orbit that
is almost perpendicular to the Galactic plane and remains within
the inner confines of the Milky Way with a pericenter of 7.0 kpc
and an apocenter of 27.4 kpc for the distance-anchored orbit
(10.8 kpc and 27.4 kpc, respectively, for the orbital solution
constrained by the Gaia parallaxes). The C-19 orbit is slightly
prograde and does not share the same plane as any of the grow-
ing number of stellar streams on polar orbits (Sagittarius, Cetus,
or LMS-1).

5 Spectroscopy
Spectra were obtained for eight stars in C-19 and one star

that, as expected from the Pristine metallicities, turned out to
be a field contaminant (see Extended Data Table 2). This in-
cludes high resolution spectra (R∼45,000) for three C-19 stars
observed with the Gemini Remote Access to CFHT ESPaDOnS
Spectrograph, GRACES43, 44, at the 8.1-m Gemini-North tele-
scope on Maunakea in Hawaii (USA), and medium resolu-
tion (R∼2,400) spectra for seven targets (including one ob-
served with GRACES) with the OSIRIS spectrograph mounted
on the 10.4-m Gran Telescopio Canarias (GTC) at Roque de los
Muchachos Observatory in La Palma (Spain). Examination of
the LAMOST database also revealed a good spectrum of the
brightest star associated with C-19 (P355.32+27.59), which we
also observed with GTC/OSIRIS.
5.1 GRACES spectra The Gemini/GRACES spectra were
taken as part of a Large and Long program (GN-2020B-LP-102,
PI Venn) between 22 December 2020 and 6 January 2021. The
2-fibre (object+sky) mode was used, and the data initially re-
duced using the Gemini “Open-source Pipeline for ESPaDOnS
Reduction and Analysis” tool, OPERA45. Additional steps were
taken to improve the final 1D spectra, including improving the
SNR in the overlapping order region by inversely weighing by
the noise and improving the continuum normalization using an
asymmetric sigma-clipping routine12. The full spectral range
is ∼4,500 Å to ∼1 micron; however, light below ∼4,800 Å
is severely limited by poor transmission through the very long
optical fibre. Radial velocities were determined from a cross-
correlation with a high SNR Gemini/GRACES spectrum of the
metal-poor standard star HD 122563. The target information,
exposure times, radial velocities, and the SNR of the final com-
bined spectra are listed in Extended Data Table 2.

Effective temperatures were derived from the GBP − GRP

colour, corrected for reddening41, 46. We used a colour-
temperature calibration based on the IRFM temperatures47, up-
dated for the Gaia photometry EDR3 48. Surface gravities were
computed from the Stefan-Boltzman equation for an assumed
distance of 18 kpc and a stellar mass of 0.8M�. Finally, we

computed bolometric corrections using a new grid of ATLAS
models (Mucciarelli et al., in preparation). Our analysis of
30 similar metal-poor red giants with Gemini/GRACES spec-
tra showed that the typical uncertainties in these stellar param-
eters are ±100 K in effective temperature and ±0.1 dex in
log gravity12. We adopt these uncertainties here as well. Micro-
turbulence was initially determined from the relationship with
surface gravity for giants49; however, raising those initial val-
ues slightly (+0.2 km s−1) helped to flatten the slope observed
in the FeI line abundances versus their equivalent width mea-
surements. These stellar parameters are listed in Extended Data
Table 3. We note that precision stellar parameters for extremely
metal-poor benchmark stars on the red giant branch is currently
a significant challenge12, 50, 51. The uncertainties on the stellar
parameters and our previous analysis of similar stars and data
imply that the quoted [Fe/H] metallicities have systematic un-
certainties at the level of ±0.2 dex.

Chemical abundances are determined using the 1D local
thermodynamic equilibrium (LTE) ATLAS12 52 model atmo-
spheres and MOOG spectrum synthesis code 53, 54. The spec-
tral lines examined are listed in Extended Data Table 4, in-
cluding their equivalent width measurements and atomic data
from linemake55. The abundance uncertainties are estimated
from the stellar parameter uncertainties, added in quadrature
with an equivalent width measurement uncertainty. The latter
are estimated from the standard deviation in the FeI abundances
divided by the root of the number of lines of species X , i.e.,
σ(FeI)/

√
NX .

Departures from LTE are known to affect several atomic
species (i.e., Na I, Ca I, Cr I, Fe I) in metal-poor red giant stars,
due to the impact of the stellar radiation field on the statisti-
cal populations. Non-LTE corrections have been determined
from the INSPECT56 and MPIA databases57–61, and privately by
coauthor L. Mashonkina. These are reported for individual lines
in Extended Data Table 4. As all three stars have very similar
stellar parameters, the NLTE corrections are similar for all three
stars. They are applied in Extended Data Table 3. Only Fe II
is unaffected by NLTE corrections and we find it is also much
less sensitive to uncertainties in the stellar parameters than the
other elements (particularly Fe I). Calibrations for the extremely
metal-poor benchmark stars on the red giant branch 50 also find
Fe I is far more sensitive to uncertainties in their stellar param-
eters. For these reasons, we adopt log(Fe II/H) as representative
of the metallicity in the three GRACES stars (regardless that it
is determined from only 1–2 lines, compared to Fe I). All abun-
dances are scaled relative to the solar values62, such that [X/Fe]
= (log(X/H) − log(Fe/H))∗ − (log(X/H) − log(Fe/H))�.
5.2 OSIRIS Spectra Directors Discretionary Time (GTC12-
20BDDT) was used to collect spectra for fainter C-19 stars with
the OSIRIS spectrograph at the GTC over the period 19–24 Jan-
uary 2021 for a total of∼ 6 hours, including overheads. OSIRIS
was used in longslit mode, with the 2500U grating to cover a
wavelength range 3,440−4,610 Å, with a 1.0 arcsec slit and 2×2
binning, leading to a resolving power R ∼ 2, 400. For the five
fainter targets, two observing blocks were used of 1,500 s each,
and only one observing block of 600 and 300 s were devoted to
the two brighter objects (Extended Data Table 2).

The data reduction was performed using the onedspec
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Extended Data Figure 3: Spectra of the C-19 member stars ob-
served with OSIRIS, normalised using a running mean filter in the rest
frame (black lines), together with the best fit (blue lines) derived by
adopting. The metallicity, [Fe/H], computed from [M/H] and [Ca/H] is
also indicated for each target (see the text for more details).

package within the IRAF environment64. The individual spec-
tra were normalized with a third order cubic spline with the
continuum task in the IRAF environment. A high-quality
spectrum of the extremely metal-poor, bright star G64-12 from
previous GTC/OSIRIS observing programs65, 66 was used as a
template spectrum to derive the radial velocities of the C-19
candidate stars. We first cross-correlated the brightest target
in our sample, Pristine 355.32+27.59, for which there is also
a LAMOST spectrum, with the spectrum of G64-12. This was
used to build a cross-correlation function (CCF) with the IRAF
task fxcor over the spectral range 4,000–4,400 Å to min-
imise possible distortions of the CCF peak due to interstellar
medium (ISM) CaII features. This resulted in a radial veloc-
ity of −191 ± 14 km s−1 (see Extended Data Table 2), consis-
tent with the value of −193.8 km s−1 (no uncertainty) from the
LAMOST catalogue3.

Given the similarity in spectral type among the C-19 candi-
dates, the remaining spectra were cross-correlated with that of
Pristine 355.32+27.59. For each star, the weighted mean of the
radial velocities from each individual spectrum was calculated
along with the corresponding uncertainty. The final radial ve-
locities of all C-19 stars are given in Extended Data Table 2,
with the radial velocity uncertainties computed as the quadratic
addition of the radial velocity uncertainty of each star and that
of Pristine 355.32+27.59. We note that the sample also in-
cludes an obvious outlier, Pristine 354.77+32.68, with velocity
−49±18 km s−1. This star also has a high metallicity measured
from the Pristine survey ([Fe/H]Pristine ∼ −0.7), confirming
that it is not a member of the C-19 structure. The mean radial
velocity for the confirmed C-19 members in the OSIRIS sample
is −187.3 km s−1 with a standard deviation of ∼ 8.0 km s−1,
consistent with the results for the targets observed with Gem-
ini/GRACES spectra.

Stellar parameters are determined using the same methods
as for the Gemini/GRACES sample above; these are shown
in Extended Data Table 5. Chemical abundances are deter-
mined with the FORTRAN FERRE code67. The bluest and noisy
parts of the spectra (λ < 3, 800Å) are removed and the spec-
tra are normalized using a running mean filter with a 30 pixel
width65, 66. For the model spectra, a grid of synthetic spectra
previously computed68 with the ASSεT code69 is adopted, but
enlarged towards lower effective temperatures. Microturbulence
(ξ = 2km s−1) and α-element abundances ([α/Fe]= +0.4) are
fixed, whereas carbon ranges over a factor of 5 (from [C/M]
= −1.0 to +4.0, where [M/H] represents the global metallic-
ity). It is possible to derive a carbon abundance using the G
band near 4300 Å in these OSIRIS spectra, with [C/Fe] values
listed in Extended Data Table 5.

The FERRE code is able to look for the best fit by using
the Boender-Timmer-Rinnoy Kan global algorithm70 to mini-
mize the solution function. In addition, the overall metallicity,
[M/H], derived with a spectral grid that assumes [α/M]= +0.4,
can be refined by deriving a representative α abundance, [Ca/H],
based on the two resonance lines Ca H&K at 3,933 and 3,968 Å.
We therefore use a FERRE option called FErre Spectral WIn-
dows (FESWI), which applies spectral masks in wavelength
ranges with specific chemical information. In this case, we
select a spectral window of 50 pixels around the two reso-
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nance lines and run FERRE to fit for [Ca/H]. From there, we
can derive the iron abundance of each star by simply applying
[Fe/H] = [M/H] − [Ca/M] + 0.4. The uncertainties on the
resulting [Fe/H] values are determined from the quadratic sum
of the uncertainties on [M/H] and [Ca/H]. Extended Data Fig-
ure 3 shows the OSIRIS spectra (black lines) together with the
initial fits derived with FERRE (blue lines). The mean metal-
licity of the C-19 members from the OSIRIS sample alone is
[Fe/H] = −3.33 and the stream has an unresolved metallicity
dispersion.

As a sanity check, we also analyze the OSIRIS spectra with
FERRE, but in a mode without any assumption on the stellar
parameters. While it can be difficult to determine these directly
from the spectra of extremely low metallicity stars that, apart
from Ca H&K and Balmer lines, have only relatively weak fea-
tures, the results yielded by this analysis are on the whole simi-
lar to those from the analysis with fixed stellar parameters.
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ductiva (Argentina), Ministério da Ciência, Tecnologia e Inovação
(Brazil), and Korea Astronomy and Space Science Institute (Repub-
lic of Korea). CFHT is operated by the National Research Council of
Canada, the Institut National des Sciences de l’Univers of the Cen-
tre National de la Recherche Scientique of France, and the University
of Hawai’i. ESPaDOnS is a collaborative project funded by France
(CNRS, MENESR, OMP, LATT), Canada (NSERC), CFHT, and the
European Space Agency. Data was reduced using the CFHT devel-
oped OPERA data reduction pipeline.

The authors wish to recognize and acknowledge the very significant
cultural role and reverence that the summit of Maunakea has always
had within the indigenous Hawaiian community. We are very fortunate
to have had the opportunity to conduct observations from this moun-
tain.

Based on observations made with the GTC telescope, in the Span-
ish Observatorio del Roque de los Muchachos of the Instituto de As-
trofı́sica de Canarias, under Director’s Discretionary Time. This work
is partly based on data obtained with the instrument OSIRIS, built by
a Consortium led by the Instituto de Astrofı́sica de Canarias in collab-
oration with the Instituto de Astronomı́a of the Universidad Autónoma
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Extended Data Table 1: List of potential C-19 member from the STREAMFINDER sample.

Gaia ID RA Dec G0 δG (BP − RP )0 δBP−RP $ δ$ µ∗α δµα∗ µδ δµδ [Fe/H]
†
Pristine

Note

(EDR3) (ICRS) (ICRS) (′′) (′′) (mas yr−1 ) (mas yr−1 ) (mas yr−1 ) (mas yr−1 )
1912706716827846528 352.0630548 35.6712458 19.282 0.004 0.737 0.082 0.653 0.305 0.863 0.319 -1.808 0.265 —
1911964791293941760 352.7665670 34.1962811 16.670 0.003 0.996 0.010 0.038 0.062 1.805 0.062 -1.431 0.050 -1.59 non-member
2826426202636892544 353.7994502 21.2648067 17.459 0.003 0.938 0.016 0.125 0.100 1.144 0.089 -3.244 0.073 -3.72 OSIRIS
2826300927030372224 353.8760338 20.3940474 19.067 0.004 0.792 0.044 0.210 0.297 1.163 0.329 -3.347 0.218 -3.90
2872378543071230464 353.8805901 32.9557055 19.739 0.004 0.772 0.073 -0.349 0.427 1.381 0.489 -2.483 0.310 -1.06 non-member
1912600270359141888 353.9078460 36.1051041 19.132 0.004 0.841 0.064 0.169 0.302 1.385 0.418 -2.614 0.250 —
2826352947674483840 353.9983456 20.8001111 19.223 0.004 0.756 0.056 -0.352 0.272 1.305 0.310 -3.100 0.208 -3.91
2826454824298642560 354.1179098 21.1058495 19.035 0.004 0.820 0.041 0.006 0.236 1.368 0.228 -3.184 0.185 -3.41
2872357338815387136 354.1856575 32.7555069 19.792 0.005 0.564 0.083 -0.456 0.473 1.376 0.434 -2.141 0.370 -1.84 non-member
2826456439206381312 354.1924982 21.1427394 19.388 0.004 0.623 0.056 0.369 0.333 0.974 0.326 -3.211 0.260 -2.75
2826010071845069056 354.3366907 19.5521098 19.169 0.004 0.721 0.049 -0.349 0.285 1.347 0.306 -3.228 0.237 -1.47 non-member
2828149927631546624 354.4114566 23.8164958 19.914 0.005 0.713 0.114 1.495 0.546 1.093 0.519 -2.454 0.406 -1.75 non-member
2827756203686469120 354.4165880 22.6703814 19.405 0.004 0.658 0.076 0.271 0.395 1.275 0.392 -3.372 0.276 -2.36 non-member
2827731670833206272 354.4218696 22.6125350 19.520 0.004 0.755 0.069 -0.304 0.402 1.392 0.444 -3.034 0.271 -3.57
2864770364985943424 354.4223451 26.6375212 19.114 0.004 0.777 0.049 0.078 0.323 1.403 0.293 -3.022 0.195 -3.74
2871586031407465728 354.4571315 32.3977802 19.668 0.004 0.844 0.062 -0.106 0.367 1.245 0.387 -2.793 0.302 -1.13 non-member
2827700678349232128 354.5012423 22.1880743 19.514 0.004 0.707 0.069 0.337 0.383 1.151 0.357 -2.807 0.289 -2.93
2828240980938817792 354.5620499 24.3362339 19.612 0.004 0.677 0.062 0.123 0.328 1.182 0.303 -2.698 0.256 -3.36
2871101219796791040 354.5752008 30.6963267 18.497 0.003 0.878 0.028 0.315 0.186 1.222 0.184 -2.542 0.137 -0.69 non-member
2865228517736519168 354.5832758 27.3150892 19.740 0.005 0.606 0.073 -0.507 0.439 1.121 0.421 -2.636 0.310 -1.67 non-member
2828159930612041344 354.6358014 23.7941231 17.369 0.003 0.919 0.014 0.072 0.100 1.266 0.098 -3.054 0.069 -3.30 OSIRIS
2879312333975462400 354.6573697 35.9634777 19.391 0.004 0.853 0.061 0.073 0.338 1.196 0.375 -2.258 0.265 —
2872775084513320192 354.6605429 33.3859327 19.297 0.004 0.710 0.045 0.256 0.272 1.576 0.301 -2.543 0.204 -1.69 non-member
2864329185945227904 354.6617901 25.0942850 19.311 0.004 0.738 0.046 0.530 0.284 1.233 0.268 -2.668 0.220 -3.04
2871966806028483584 354.7700213 32.6894334 17.741 0.003 0.905 0.016 0.018 0.136 1.427 0.142 -2.670 0.096 -0.70 OSIRIS, non-member
2868052548930201984 354.7701576 30.2509844 15.489 0.003 1.081 0.006 0.010 0.041 1.294 0.043 -2.648 0.029 -3.38 GRACES
2868021350287794560 354.8314453 29.7990501 17.538 0.003 0.923 0.013 -0.178 0.101 1.256 0.099 -2.681 0.076 —
2826222621186789376 354.8642536 20.5574948 19.742 0.005 0.720 0.083 0.168 0.472 1.020 0.437 -2.895 0.371 —
2852259503209614336 354.8710332 24.4749727 19.141 0.003 0.805 0.041 -0.065 0.313 1.276 0.254 -2.840 0.212 -3.90
2872778829724813824 354.8786137 33.4186700 19.761 0.004 0.636 0.084 0.264 0.406 1.327 0.474 -2.442 0.283 -3.25
2871914613585750272 354.8830318 32.5154698 19.383 0.004 0.667 0.052 -0.256 0.285 1.542 0.309 -2.349 0.233 -2.05 non-member
2823040806334830592 354.9002104 19.7876803 19.406 0.004 0.747 0.066 0.097 0.360 1.245 0.343 -3.273 0.267 -1.40 non-member
2865245186507418496 354.9213839 27.4455205 19.078 0.004 0.771 0.055 0.345 0.317 1.469 0.295 -2.756 0.204 -1.57 non-member
2866151046649496832 354.9615142 28.4659617 13.800 0.003 1.358 0.005 0.004 0.024 1.231 0.022 -2.747 0.016 —
2864431371806333440 355.0588699 25.3650219 19.346 0.004 0.727 0.054 0.417 0.347 1.496 0.290 -2.759 0.225 -1.68 non-member
2866119435690240256 355.0691475 28.0094903 19.476 0.004 0.831 0.080 0.252 0.435 1.441 0.391 -2.626 0.298 —
2865368434887899008 355.1326832 27.9819597 15.052 0.003 1.095 0.005 0.055 0.032 1.236 0.029 -2.804 0.022 -3.14 GRACE & OSIRIS
2826664453062267776 355.1364844 21.3505987 19.399 0.004 0.727 0.075 0.500 0.368 1.073 0.412 -3.083 0.284 -4.00
2826881812767837440 355.1706311 21.8067445 19.552 0.004 0.593 0.074 0.344 0.348 1.187 0.399 -3.022 0.289 -3.13
2872994922416754944 355.2060212 34.6340794 18.481 0.003 0.849 0.039 0.078 0.197 1.654 0.174 -2.477 0.161 -0.69 non-member
2852422883765640320 355.2483495 25.3717030 19.495 0.004 0.689 0.053 0.322 0.341 1.289 0.310 -2.996 0.231 -3.60
2822928454287324160 355.2549449 19.2284211 19.599 0.005 0.855 0.082 -0.986 0.446 1.037 0.527 -3.128 0.342 —
2827849249857638656 355.2671146 22.9677418 17.524 0.003 0.933 0.012 -0.040 0.099 1.271 0.091 -3.028 0.073 -3.14 OSIRIS
2865256628300500352 355.2755507 27.7483341 15.611 0.003 1.066 0.005 0.024 0.039 1.217 0.037 -2.855 0.026 -3.39 GRACES
2865251577418971392 355.3224059 27.5993570 13.996 0.003 1.282 0.005 0.024 0.020 1.222 0.018 -2.785 0.014 -3.26 LAMOST & OSIRIS
2852418524375994112 355.3553606 25.2993957 19.615 0.004 0.823 0.061 0.201 0.377 1.073 0.357 -2.814 0.254 —
2826217261068446336 355.3689432 20.9285651 19.584 0.004 0.680 0.069 -0.244 0.367 1.148 0.461 -3.094 0.271 —
2852197625617728384 355.4056343 24.2832978 17.168 0.003 0.957 0.009 -0.047 0.100 1.196 0.082 -2.907 0.063 -3.79 OSIRIS
2852399381704345600 355.5377628 25.0715186 19.597 0.004 0.818 0.060 0.275 0.388 1.231 0.370 -2.731 0.314 —
2823165364682996992 355.6829549 20.3234309 19.650 0.005 0.563 0.094 0.805 0.441 1.072 0.492 -3.220 0.330 —
2827324576652743168 354.1805918 22.0364990 16.945 0.003 0.060 0.009 -0.061 0.074 1.206 0.073 -3.045 0.058 — HB
2852215046005045248 355.1653168 24.4418796 16.981 0.003 0.069 0.009 0.253 0.080 3.221 1.119 -3.020 0.053 — HB
2851613922380927232 359.0995336 25.0727130 16.706 0.003 0.094 0.009 0.216 0.079 0.216 0.079 -3.168 0.051 — HB
2828132236662858240 354.5801622 23.6484716 16.762 0.003 0.193 0.009 0.074 0.068 1.184 0.069 -3.027 0.047 — HB
2864750818590938752 354.8215599 26.4910224 16.846 0.003 0.166 0.009 0.007 0.069 1.247 0.066 -2.902 0.053 — HB
2867763308651765376 355.2655209 29.4259271 16.949 0.003 0.184 0.009 -0.034 0.088 1.305 0.080 -2.906 0.065 — HB
2756806814288972288 356.0119714 6.4344992 16.749 0.003 0.216 0.011 -0.056 0.075 1.308 0.080 -3.170 0.061 — HB

† When available the photometric metallicities from the Pristine survey are provided in this column. We note that, by construction10, the Pristine photometric
metallicities do not go below [Fe/H]Pristine = −4.0 and that the lessened sensitivity of the Pristine narrow-band in this regime means that, although stars can be
flagged quite successfully to have [Fe/H] < −3.0, the actual photometric metallicity value is less accurate in this regime than for stars with [Fe/H] > −3.0.
HB: candidate horizontal branch star
non-member: considered a non-member based on the Pristine metallicity ([Fe/H]Pristine > −2.5) and not used in the analysis.

Extended Data Table 2: Summary of observations for the C-19 candidate stars

Name RA DEC Gaia G [Fe/H]Pristine texp S/Na vr Observatory Comment
(deg) (deg) (mag) (s) ( km s−1)

Pristine 354.77+30.25 354.7701 +30.2509 15.69 −3.38 1× 2, 400 50 −186.7± 2.2 Gemini/GRACES
Pristine 355.13+27.98 355.1327 +27.9819 15.39 −3.12 3× 2, 400 100 −194.4± 2.0 Gemini/GRACES

1× 600 45 −198± 16 GTC/OSIRIS
Pristine 355.27+27.74 355.2755 +27.7483 15.82 −3.41 2× 2, 400 55 −197.3± 2.1 Gemini/GRACES
Pristine 353.79+21.26 353.7994 +21.2648 17.63 −3.71 2× 1, 500 47 −179± 17 GTC/OSIRIS
Pristine 354.63+23.79 354.6358 +23.7941 17.49 −3.25 2× 1, 500 49 −178± 16 GTC/OSIRIS
Pristine 355.26+22.96 355.2671 +22.9677 17.60 −3.11 2× 1, 500 44 −192± 17 GTC/OSIRIS
Pristine 355.32+27.59 355.3223 +27.5993 14.19 −2.63 1× 300 62 −191± 14 GTC/OSIRIS

40 −194 LAMOST Li et al. (2018)
Pristine 355.40+24.28 355.4056 +24.2832 17.28 −3.78 2× 1, 500 38 −184± 16 GTC/OSIRIS
Pristine 354.77+32.68 354.7700 +32.6894 17.89 −0.55 2× 1, 500 39 −49± 18 GTC/OSIRIS non-member

a Signal to noise at 600 nm (Gemini/GRACES) and 420 nm (GTC/OSIRIS).
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Extended Data Table 3: Spectroscopic parameters and 1DLTE
chemical abundances for the Gemini/GRACES spectra. The uncertain-
ties of Fe I measurements correspond to the line to line scatter in the
Fe I abundances only, whereas uncertainties on [Fe II/H] and [X/Fe]
combine the measurement uncertainties (where σ/

√
N ) and the un-

certainties due to the stellar parameters, added in quadrature. NLTE
corrections are listed in Table 4; the averaged NLTE corrections are ap-
plied here, other than Na I for which individual line calculations per star
were applied. We adopt the metallicities for these stars from [Fe II/H].

Parameter Pristine 354.77+30.25 Pristine 355.13+27.98 Pristine 355.27+27.74
Teff (K) 4, 928 ± 100 4, 881 ± 100 4, 958 ± 100
log g 1.83 ± 0.10 1.64 ± 0.10 1.89 ± 0.10

ξ( km s−1) 2.13 ± 0.10 2.20 ± 0.10 2.12 ± 0.10
[Fe I/H] −3.21 ± 0.17 −3.30 ± 0.15 −3.15 ± 0.17
[Fe I/H]NLTE −3.03 ± 0.17 −3.12 ± 0.15 −2.97 ± 0.17
[Fe II/H] −3.42 ± 0.12 −3.45 ± 0.11 −3.42 ± 0.17
[Na I/Fe II] +0.73 ± 0.18 +0.77 ± 0.17 +0.34 ± 0.15
[Na I/Fe II]NLTE +0.34 ± 0.18 +0.37 ± 0.17 +0.05 ± 0.15
[Mg I/Fe II] +0.27 ± 0.17 +0.33 ± 0.14 +0.38 ± 0.14
[Mg I/Fe II]NLTE +0.33 ± 0.17 +0.39 ± 0.14 +0.42 ± 0.14
[Na I/Mg I] +0.46 ± 0.18 +0.44 ± 0.16 −0.04 ± 0.15
[Na I/Mg I]NLTE +0.01 ± 0.18 −0.02 ± 0.16 −0.39 ± 0.15
[Ca I/Fe II] +0.36 ± 0.20 +0.36 ± 0.08 +0.28 ± 0.13
[Ca I/Fe II]NLTE +0.56 ± 0.20 +0.56 ± 0.08 +0.48 ± 0.13
[Cr I/Fe II] −0.16 ± 0.16 −0.17 ± 0.15 −0.05 ± 0.15
[Ba II/Fe II] < 0.52 −0.22 ± 0.17 < 0.39
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Extended Data Table 4: Spectral lines and atomic data used for the chemical abundances for the Gemini/GRACES spectra. Equivalent
widths are in mÅ. As these three stars have very similar stellar parameters, a single NLTE abundance correction estimate is shown per line from
three sources (where NLTE = log(X/H)NLTE− log(X/H)LTE).

Wavel. Elem ξ log gf Pristine 355.1+27.9 Pristine 354.7+30.2 Pristine 355.2+27.7 NLTE corra NLTE corrb

(Å) (eV) (mÅ) (mÅ) (mÅ) (mÅ) (mÅ)
4,890.755 FeI 2.88 -0.38 30 w 55 +0.18 +0.22
4,891.492 FeI 2.85 -0.14 40 39 w +0.18 +0.21
4,918.994 FeI 2.86 -0.37 n w 43 – +0.22
4,920.502 FeI 2.83 0.06 58 60 57 +0.23 +0.20
5,012.068 FeI 0.86 -2.6 50 55 70 – +0.18
5,041.072 FeI 0.96 -3.09 28 30 37 – +0.18
5,041.756 FeI 1.48 -2.20 36 n 45 – +0.18
5,051.635 FeI 0.91 -2.76 55 n 57 – +0.18
5,083.339 FeI 0.96 -2.84 40 w 33 – +0.18
5,123.700 FeI 1.01 -3.06 14 w 23 – +0.18
5,171.596 FeI 1.48 -1.72 54 58 70 – +0.18
5,194.942 FeI 1.56 -2.02 44 n n +0.20 +0.18
5,202.336 FeI 2.17 -1.87 16 n w +0.20 +0.19
5,216.274 FeI 1.61 -2.08 27 n n +0.20 +0.18
5,227.190 FeI 1.56 -1.23 94 90 80 – +0.14
5,232.940 FeI 2.94 -0.19 51 48 58 +0.20 +0.22
5,266.555 FeI 2.99 -0.49 42 w w – +0.22
5,269.537 FeI 0.86 -1.33 135 120 129 +0.10 +0.08
5,281.700 FeI 3.04 -1.02 10 w w +0.19 +0.21
5,324.179 FeI 3.21 -0.11 32 b n +0.21 +0.25
5,328.039 FeI 0.91 -1.47 112 109 113 – +0.10
5,328.532 FeI 1.56 -1.85 51 37 38 – +0.18
5,371.489 FeI 0.96 -1.64 102 112 112 – +0.12
5,397.128 FeI 0.91 -1.98 91 77 93 +0.17 +0.15
5,405.775 FeI 0.99 -1.85 99 105 96 +0.16 +0.14
5,429.696 FeI 0.96 -1.88 100 93 101 – +0.14
5,434.524 FeI 1.01 -2.13 70 71 60 +0.20 +0.16
5,446.917 FeI 0.99 -1.91 96 105 91 +0.15 +0.15
5,455.609 FeI 1.01 -2.09 77 81 74 – +0.16
5,497.516 FeI 1.01 -2.83 34 25 22 – +0.18
5,501.465 FeI 0.96 -3.05 30 w w – +0.18
5,506.779 FeI 0.99 -2.79 33 36 34 – +0.18
5,572.842 FeI 3.39 -0.28 19 n n +0.20 +0.24
5,586.756 FeI 3.37 -0.11 23 34 27 +0.20 +0.25
6,136.615 FeI 2.45 -1.40 16 w n +0.18 +0.21
6,137.691 FeI 2.59 -1.40 11 w n +0.17 +0.20
6,191.558 FeI 2.43 -1.60 18 n n +0.20 +0.21
6,230.722 FeI 2.56 -1.28 22 27 n +0.20 +0.20
6,252.555 FeI 2.40 -1.69 11 w n +0.20 +0.20
4,923.922 FeII 2.89 -1.21 73 70 n -0.01 -0.01
5,018.435 FeII 2.89 -1.35 59 56 58 -0.00 -0.01
5,889.951 NaI 0.00 0.12 152 135 126 -0.33 -0.40
5,895.924 NaI 0.00 -0.18 137 145 106 -0.33 -0.33
5,172.684 MgI 2.71 -0.40 133 133 145 +0.08 +0.02
5,183.604 MgI 2.72 -0.18 157 143 150 +0.06 -0.04
5,528.405 MgI 4.34 -0.62 20 21 20 +0.11 +0.15
6,102.723 CaI 1.88 -0.89 11 n n +0.27 +0.14
6,122.217 CaI 1.88 -0.41 20 25 b +0.25 +0.14
6,162.173 CaI 1.90 0.10 32 32 32 +0.24 +0.14
6,439.075 CaI 2.52 0.47 20 24 23 +0.21 +0.20
5,204.498 CrI 0.94 -0.19 53 27 50 +0.56 –
5,206.023 CrI 0.94 0.02 39 48 45 +0.56 –
5,208.409 CrI 0.94 0.17 33 48 41 +0.55 –
4,934.100 BaII 0.00 -1.16 26 <40 <35 – +0.20

Note that when lines could not be measured in all three stars, they are noted as (n, w, b), which refers to (noisy, weak, blended).
a NLTE correction estimates from the INSPECT (http://www.inspect-stars.com) and/or MPIA database (http://nlte.mpia.de).
b NLTE corrections from the private calculations of coauthor L. Mashonkina63. Only the Na I NLTE corrections show some star to star variations due to the differences in the line
strengths (the average from the three stars is reported here).

Extended Data Table 5: Stellar parameters and abundances of C-19 stars observed with GTC/OSIRIS.

Name Teff log g [M/H] [Ca/H] [Fe/H] [C/Fe]
(K) (cm s−2)

With stellar parameters based on Gaia photometry (used in the paper):
Pristine 353.79+21.26 5, 230± 100 2.73± 0.10 −3.51± 0.15 −3.21± 0.11 −3.41± 0.19 +0.48± 0.32
Pristine 354.63+23.79 5, 280± 100 2.71± 0.10 −3.49± 0.17 −3.20± 0.10 −3.38± 0.20 +0.61± 0.63
Pristine 355.13+27.98 4, 881± 100 1.64± 0.10 −3.37± 0.14 −3.02± 0.12 −3.32± 0.18 −0.11± 0.82
Pristine 355.26+22.96 5, 248± 100 2.76± 0.10 −3.45± 0.16 −3.17± 0.11 −3.34± 0.19 +0.44± 0.36
Pristine 355.32+27.59 4, 570± 100 1.07± 0.10 −3.23± 0.19 −2.92± 0.10 −3.15± 0.18 −0.60± 0.46
Pristine 355.40+24.28 5, 193± 100 2.60± 0.10 −3.45± 0.15 −3.11± 0.11 −3.39± 0.18 +0.16± 0.23
Pure spectroscopic stellar parameters:
Pristine 353.79+21.26 5, 319± 180 1↓ −3.50± 0.12 – – –
Pristine 354.63+23.79 5, 253± 340 1↓ −3.56± 0.15 – – –
Pristine 355.13+27.98 4, 874± 105 1↓ −3.37± 0.12 – – –
Pristine 355.26+22.96 5, 290± 186 1↓ −3.48± 0.14 – – –
Pristine 355.32+27.59 5, 089± 106 1↓ −3.02± 0.18 – – –
Pristine 355.40+24.28 5, 344± 142 5↑ −3.61± 0.11 – – –
Up and down arrows for log g values represent cases where FERRE reached the limit of the spectral model grid.
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