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A B S T R A C T 

We present a detailed chemical analysis study of 16 candidate metal-poor stars, previously identified with 2dF + AAOmega, 
using X-Shooter spectra and the Korg 1D local thermodynamic equilibrium spectral synthesis code. We confirm the 
earlier metallicity estimates and reveal six e xtr emely metal-poor ( [ Fe/H ] < −3 ) stars in the current sample. Two of these 
stars, including the most metal poor at [ Fe/H ] = −3 . 89 ± 0 . 07 , are kinematically associated with the Gaia –Sausage–
Enceladus (GSE) accretion event, increasing the number of known GSE stars with [ Fe/H ] < −3 . 5 to eight. From the 
X-Shoot er spectra w e det ermine abundances for 16 elements, with the element-to-iron abundance ratios generally con- 
sistent with high-resolution studies of Galactic halo stars. Within the sample, we identify three peculiar stars: the first 
is a GSE nitrogen enhanced metal-poor ( [ N/Fe ] = 1 . 60 ± 0 . 10 and [ C/Fe ] = 0 . 23 ± 0 . 08 ) star with unusually high Na 

( [ Na/Fe ] = 2 . 26 ± 0 . 07 ) and Li ( A(Li) 3DNLTE = 1 . 90 ± 0 . 08 ) abundances, but lacking enhancements in [ Al/Fe ] or [ Mg/Fe ] . 
The second is a halo r-II star significantly enhanced in Sr ( [ Sr/Ba ] = 0 . 39 ± 0 . 08 ), suggesting mixtur e of r-pr ocess and s- 
process enrichment, uncommon for r-II stars. Whilst the third is a halo star v ery deplet ed in N ( [ N/Fe ] < −1 . 11 ), with low 

C ( [ C/Fe ] = −0 . 33 ± 0 . 08 ) and otherwise ‘normal’ [ X/Fe ] abundances, suggesting enrichment with Type II supernova that 
pr oceeds enrichment fr om massiv e asympt otic giant branch stars. This study reveals the substantial degree of chemical 
diversity in the stellar populations which assembled the early Milky Way. 

Key words: stars: abundances – stars: Population II – Galaxy: abundances. 
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 INTRODUCTION  

ome of the oldest stellar objects observable in the Universe today 
re the extremely metal-poor (EMP) stars with [ Fe/H ] < −3 . 0 
 (T. C. Beers & N. Christlieb 2005 ). These elusive objects have
itnessed at least 10 billion years of history unfold, with the most
etal poor of these EMPs being presumably formed out of the gas

nriched by the supernovae from the very first stars: the metal-
ree Population III (Pop. III) stars (e.g. R. S. Klessen & S. C. Glover
023 ). This hypothesized class of stars has not yet been detected
irectly, despite many efforts undertaken to find them directly at 
igh r edshift (e.g . S. P. Oh, Z. Haiman & M. J. Rees 2001 ; E. Scan-
apieco, R. Schneider & A. Ferr ar a 2003 ; T. H. Greif et al. 2009 ;
. Zackrisson et al. 2011 , 2012 ; C.-E. Rydberg et al. 2013 ; L. Mas-
ibas, M. Dijkstra & J. E. For er o-Romer o 2016 ; S. Riaz, T. Hartwig
 M. A. Latif 2022 ), though several studies with the James Web
pac e Telesc ope ( JWS T ) ha v e indicat ed pot ential Pop. III signa-
 E-mail: ben.lowe@anu.edu.au 
 [ X / H ] = log ( N X /N H 

) � − log ( N X /N H 

) �, where N X is the number density 
or element X. 
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ur es (e.g . S. Cai et al. 2025 ; D. Ďurov ̌cíková et al. 2025 ; S. Fuji-
oto et al. 2025 ; C. Mondal et al. 2025 ; T. Morishita et al. 2025 ). 
Because of this difficulty, efforts hav e inst ead focused on study-

ng EMP stars in our Galaxy, particularly those that are the most
ron deficient. These stars contain the best preservation of Pop. 
II pr ogenitor signatur es that we can detect, with many great
dvances already made at studying these lowest metallicity stars 
e.g. M. S. Bessell & J. Norris 1984 ; N. Christlieb et al. 2002 ; A.
rebel et al. 2005 ; E. Caffau et al. 2011b ; D. S. Aguado et al. 2018 ;
. Starkenburg et al. 2018 ). 
One such star, SMSS J031300.36 −670839.3, discovered using 

he SkyMapper Southern Sky (SMSS) survey (C. Wolf et al. 2018 ;
. A. Onken et al. 2019 , 2024 ), is the most iron-poor star found,
aving an upper limit of [ Fe/H ] < −7 . 52 (S. C. Keller et al. 2014 ;
. S. Bessell et al. 2015 ). The star shows large overabundances

f carbon, o xy gen, and magnesium relative to calcium. These
bundance patterns are consistent with this star being produced 

rom a Pop. III progenitor with a mass in the range 10–60 M � at
odest explosion energies (T. Nordlander et al. 2017 ). 
Another star, SMSS J160540.18 −144323.1, has the lowest de- 

 ect ed Fe abundance with [ Fe/H ] = −6 . 2 ± 0 . 2 (T. N or dlander
t al. 2019 ). Interestingly, this star is also strongly C-enhanced,
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aving [ C/Fe ] = 3 . 9 ± 0 . 2 , but otherwise has a uniform abun-
ance trend across its measured elements. This level of enhance-
ent seen only in C, with otherwise normal abundances in Mg,
a, and Ti, is attributed to a low-mass Pop. III progenitor ( ≈
0 M �) fallback supernovae exploding at low energies. Progen-
tors with masses greater than 20 M � fail to r epr oduce these
bundance patt erns. Despit e also having large C abundances,
he star SMSS J031300.36 −670839.3 discussed earlier shows en-
ancements in Mg and O not seen in SMSS J160540.18 −144323.1,
aking the fallback Pop. III supernovae scenario for it infeasible.
The most pristine metal-poor star observ ed t o dat e is SDSS

0715 −7334 from A. P. Ji et al. ( 2025 ), a Larg e Mag ellanic Cloud
LMC) star which at [ Fe/H ] = −4 . 53 ± 0 . 20 , has a low C upper-
imit of [ C/Fe ] < −0 . 22 , very rare for stars this metal poor. The
otal metallicity of this star ( Z < 7 . 8 × 10 −7 ) is lowest seen in
he literature, surpassing the previously low est ov erall metallicity
tar (E. Caffau et al. 2011a ). This remains consistent with the
ndependent analysis of G. Limberg et al. ( 2025 ), even when ac-
ounting for low er signal-t o-noise (SNR) spectra. Ther efor e, this
tar is substantially more metal poor than the earliest galaxies
een by JWST at high redshifts (e.g. S. Fujimoto et al. 2025 ; T. Mor-
shita et al. 2025 ; K. Nakajima et al. 2025 ). Star SDSS J07157334
ill be vital in providing constraints on the earliest stages of the
niverse, particularly with understanding the Pop. III stars. 
A handful of individual stars like these have enhanced our un-

erstanding of the early Universe. Many studies utilizing large-
cale survey missions have ther efor e sought to search the night
ky for these elusive stars (e.g. N. Christlieb et al. 2008 ; T. Schörck
t al. 2009 ; A. Frebel 2010 ; S. Salvadori et al. 2010 ; E. Caffau et al.
013 ; L. M. Howes et al. 2015 , 2016 ; G. S. Da Costa et al. 2019 ;
. Arentsen et al. 2020 ; M. N. Ishigaki et al. 2021 ; T. S. Li et al.
022 ; X. Hou, G. Zhao & H. Li 2024 ; B. D. C. Lowe et al. 2025 ).
pcoming large-scale surveys like 4MOST and WEAVE (e.g. R.

. Jong et al. 2019 ; S. Jin et al. 2024 ) will help to further expand
he pool of known EMPs. 

Understanding the chemical makeup of metal-poor stars ex-
 ends bey ond trying t o learn about Pop. III stars, as they are also
ital in providing observational constraints on the formation and
volution of our Galaxy. For the Galactic disc, EMP studies have
egun providing a new perspective on understanding how the
isc formed. The star SDSS J102915 + 172927 (E. Caffau et al.
011b , 2012 ) with [ Fe/H ] = −4 . 73 , is confined to a prograde disc
rbit with z max < 3 kpc and e = 0 . 12 ± 0 . 01 (F. Sestito et al. 2019 ).
nlike other stars at similar metallicities, this star has little C-

nhancement, ha ving an upper -limit of [ C/Fe ] < 0 . 6 from 3D h y -
rodynamic model atmospheres (C. Lagae et al. 2023 ). It also has

ow Al and Na abundances, alongside a very low Li abundance (E.
affau et al. 2024 ), suggesting formation through dust cooling (R.
. Klessen & S. C. Glover 2023 ). 

Another prograde EMP disc star, P1836849 with [ Fe/H ] =
3 . 3 ± 0 . 1 , has low α-element abundances, but high abundances

f Cr and Mn. A. Dov g al et al. ( 2024 ) has suggested that these
bundances can be r epr oduced by a Pop. III progenitor with
asses 10 M � or 17 M �. It has been shown through simulations

hat galactic discs form via accretion, yielding metal-poor stars
n both prograde and retrograde orbits (e.g. I. B. Santistevan
t al. 2021 ). 

Many studies are now focusing on the disc t o prov e this obser-
ationally by expanding the pool of disc EMP stars to confirm if 
his is true or not (e.g. F. Sestito et al. 2019 , 2020 ; A. Chiti et al.
021 ; G. Cordoni et al. 2021 ; E. Fernández-Alvar et al. 2021 ; C. L.
ielty et al. 2021 ; M. Bellazzini et al. 2024 ; B. D. C. Lowe et al.
025 ). 
NRAS 546, 1–22 (2026) 
The Galactic halo, known for its chemical abundance inhomo-
eneity and accretion origins, has a wide range of EMP stars that
rovides valuable insights into the early history of the Galaxy.
or example, the Gaia –Sausage–Enceladus (GSE; V. Belokurov
t al. 2018 ; A. Helmi et al. 2018 ) accreted substructure in the
alo is the debris of the last major merger experienced by the
alaxy about 8–11 billion years ago (e.g. F. Vincenzo et al. 2019 ;
. Belokurov et al. 2020 ). Finding and analysing metal-poor GSE
tars will allow its history to be constrained. 

One such analysis was performed on the metal-poor GSE star
AMOST J0804 + 5740 with [ Fe/H ] = −2 . 38 , revealing it to be r-
rocess enhanced, with [ Eu/Fe ] = 0 . 80 (Y. Lin et al. 2025 ). This

s also the first GSE star with e xtr eme enhancements in actinide
lements like Th and U relativ e t o r-process elements (other-
ise known as an actinide-boost star). Other metal-poor studies
av e rev ealed that the metallicity distribution function for the
SE peaks at [ Fe/H ] ≈ −1 . 2 with a metal-weak tail extending to
 

Fe/H ] ≈ −3 . 0 (e.g. D. K. Feuillet et al. 2020 ; R. P. Naidu et al.
020 ; P. Bonifacio et al. 2021 ; G. Limberg et al. 2022 ). Despite this,
 small handful of GSE candidates are genuine EMP stars (e.g. G.
ordoni et al. 2021 ; D. Yong et al. 2021a ; R. Zhang et al. 2024 ; V.
. Placco et al. 2025 ). These studies all showed that the fraction

f metal-poor stars in the GSE is lower compared to the Galaxy,
uggesting that the large number of EMP stars in the halo was
ontributed not by massive dwarf galaxies like the GSE progeni-
or, but rather by accreting smaller, ultrafaint dwarf galaxies. 

Metal-poor studies in the literature have revealed the impor-
ance of studying these stars across the Galaxy, helping constrain
oth the progenitor Pop. III stars, and the formation history of our
alaxy. Though the relative lack of them, particularly in the GSE

nd Galactic disc, hinders this significantly. In response to this,
e are leading a survey on the multifibre 2dF instrument coupled
ith the AAOmega spectrograph (W. Saunders et al. 2004 ; R.

harp et al. 2006 ) to target metal-poor candidates across the disc
B. D. C. Lowe et al. 2025 ). Here, we provide a detailed chemical
haracterization of 16 previously identified metal-poor stars (six
f which are EMPs) across the halo, prograde disc and GSE using
he X-Shooter medium-resolution spectrograph (J. Vernet et al.
011 ). In what follows we present our observations and data pro-
essing (Section 2 ), chemical abundance derivation (Section 3 ),
ur results (Section 4 ) and then the discussion (Section 5 ). 

 O B S E RVAT I O N S  AND  DATA  P RO C E S S I N G  

.1 Target Selection, observations, and data reduction 

he sample of 16 metal-poor stars in this work was identified
rom the Gaia BP/RP and 2dF + AAOmega study by B. D. C. Lowe
t al. ( 2025 ). Five of the stars were identified as EMP stars, with
he remaining 11 chosen based on their kinematic classifications.
he magnitudes and Gaia DR3 coordinates are found in Table 1 .
he remaining EMP candidates from B. D. C. Lowe et al. ( 2025 )
ill be presented in a forthcoming work (B. D. C. Lowe et al., in
reparation). 
Observations of the 16 metal-poor stars were performed

n service mode from April to July 2024 (Programme ID:
13.26N5.001), with the high-efficiency spectrograph X-Shooter
J. Vernet et al. 2011 ) on Unit Telescope 2 (UT2, Kueyen) of 
he Very Large Telescope (VLT) at Cerro Paranal Observatory.
ur observations with X-Shooter utilized the Ultra violet -Blue

UVB; 3000 –5595 Å) and Visible (VIS; 5595 –10240 Å) arms, with
 slit width and length of 1 . 0 arcsec × 11 ar csec and 0 . 9 ar csec ×
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1 ar csec , yielding r esolving powers of R = 5400 and 8900, re-
pectively. 

.2 Data normalization and processing 

ontinuum normalization was performed using suppnet (T. 
óża ́nski et al. 2022 ), a fully convolutional neural network

rained on a diverse set of synthetic and empirically normalized 

igh-resolution spectra. The method operates directly on order- 
erged data and outputs a predicted pseudo - continuum. This 

pproach enables reproducible normalization of large batches 
f spectra with high precision, achieving a root mean square 
ormalization accuracy better than ∼1 per cent, even for spectra 
ffect ed by moderat e noise, r otational br oadening, and emission-
ine features. The aut omat ed and det erministic nature of supp-
et significantly reduces both the subjectivity and effort associ- 
ted with manual normalization methods, ensuring consistency 
nd enabling str aightforw ard cosmic r ay remov al and aver aging
cross multiple spectra. 

Spectra were stacked using our custom-built data processing 
ode. Given that several of our stars r equir ed multiple obser-
ations to r each desir ed signal-to-noise (S/N) in both the UVB
nd VIS arms, the e xposur es for these stars ar e spr ead acr oss
ultiple nights. Ther efor e, once the data wer e normalized, for

tars with multiple e xposur es, we aligned spectra by manually
hifting to known strong absorption lines in the exposure with the
ighest S/N: for UVB, we shifted to H β (4861.35 Å), and for VIS,
 e shift ed t o H α (6562.79 Å). The combined spectra w ere then

hift ed t o rest using the radial v elocities described at the end of 
he section. 

Cosmic rays were then removed for each observation by taking 
 σ of the noise (t est ed by manual inspection), and removing
ixels above this threshold (which we assumed to be cosmic rays).
e also rejected ±1 pixels either side of the cosmic ray source

ixels. A w eight ed av erage (using the S/N of each spectrum) of 
he observ ations w as taken to gener ate the stacked normalized
pectra. 

Heliocentric-corrected radial velocities (alongside barycentric- 
orrect ed v elocities) w ere measured separately for both the UVB
nd VIS arms of the stacked spectra: for UVB, we fitted Voigt
unctions to H β, H γ (4340.47 Å) and H δ (4101.73 Å). Whilst for
IS, w e fitt ed Voigt functions t o H α and the Ca ii triplet lines

8498.23, 8542.31, and 8662.36 Å). Weight ed av erages using the
adial velocity errors as weights of each arm were taken, with
he uncertainties from the w eight ed standar d err or of the mean.
hese can be found in T able 2 . W avelength calibrations issues
ave been known to impact radial velocity measurements across 

he two arms for X-Shooter spectra, with 4.477 and 1.001 km s −1 

ffsets necessary for the UVB and VIS arms, respectively (e.g. H.
ana et al. 2024 ). These have been applied to our measurements.
or this study, we adopted the radial velocity as the weighted a ver -
ge between the two spectral arms. Since the VIS measurements 
av e smaller associat ed errors, they hav e a great er influence on

he combined radial velocity value. 

 ANALYSIS  

.1 St ellar paramet ers 

he effective temperature ( T eff) and surface gravity ( log g) for the
tars in the current sample were derived in B. D. C. Lowe et al.
MNRAS 546, 1–22 (2026) 
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Table 2. Observation log for observed stars. The number of observations, e xposur e times for each observation, alongside 
the average radial velocities and S/N for both the UVB and VIS arms are provided. The radial velocity is from the stacked 
spectra. The S/N listed are the combined values for each arm (added in quadrature). 

Star ID N exp Exp S/N UVB S/N VIS RV helio , avg 
(s) (km s −1 ) 

ra_0103-7050_s163 1 1800 125.8 129.6 −17 . 7 ± 0 . 2 
ra_0834-5220_s316 2 2760 88.7 145.3 136 . 8 ± 0 . 2 
ra_1604-2712_s24 1 2700 152.5 207.4 171 . 5 ± 0 . 1 
ra_1604-2712_s292 2 2100 84.4 95.3 15 . 4 ± 0 . 3 
ra_1624-2150_s278 3 2520 108.1 149.7 223 . 8 ± 0 . 3 
ra_1633-2814_s130 4 3120 114.5 237.3 174 . 5 ± 0 . 2 
ra_1633-2814_s284 4 3120 122.5 209.1 162 . 4 ± 0 . 2 
ra_1648-0653_s38 3 3120 126.6 184.8 −36 . 0 ± 0 . 2 
ra_1656-1433_s143 2 3120 145.0 347.5 −76 . 9 ± 0 . 1 
ra_1658-2454_s22 1 2820 130.7 227.9 39 . 3 ± 0 . 1 
ra_1659-2154_s114 4 3120 133.4 211.1 −140 . 4 ± 0 . 1 
ra_1709-2130_s102 2 2520 127.2 214.5 280 . 5 ± 0 . 1 
ra_1752-4300_s214 2 2520 132.7 202.5 −163 . 6 ± 0 . 1 
ra_1752-4300_s269 2 3120 131.5 190.0 3 . 0 ± 0 . 1 
ra_1752-4300_s6 1 2060 129.1 207.4 322 . 4 ± 0 . 1 
ra_1853-3255_s45 1 1860 185.6 215.4 −146 . 5 ± 0 . 1 

Note. The full table is available in machine-readable format in the electronic version of the paper. 
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 2025 ). In particular, T eff was found using the colte 

2 code: es-
imating T eff by applying calibrated photometric colour–T eff rela-
ions of L. Casagrande et al. ( 2021 ). For log g, this was derived
rom either the absolute bolometric magnitude, T eff and stellar

ass (if π ≥ 3 σ ), or from isochrones (if π < 3 σ ). The micro-
urbulence velocity ( v mic ) for each star was determined using
quation (4) from S. Buder et al. ( 2025 ), which resulted in values
etween 1.25 and 2.21 km s −1 . Uncertainties in v mic were derived
r om err or pr opag ation using the err ors in T eff and log g. We as-
umed that these metal-poor stars have long since spun-down
 o v elocities below the instrumental resolution of X-Shooter, and
hus we set the projected rotational velocity v sin i = 0 km s −1 . 

.2 Spectroscopic analysis 

etallicities and stellar abundances were derived using the
pectral synthesis code korg (A. J. Wheeler et al. 2022 ,
023 ), assuming local thermodynamic equilibrium (LTE) and
ne-dimensional geometry. We used the Vienna Atomic Line
atabase (N. E. Piskunov et al. 1995 ; F. Kupka et al. 1999 ; T.
y abchikov a et al. 2015 ) linelist, alongside the MARCS model
tmospher es (B . Gustafsson et al. 2008 ) within kor g . 

For this w ork, w e employ ed korg ’s fit_spectrum method,
hich uses χ2 minimization to fit a synthetic spectra to the given
bserved data in a line by line analysis. This r equir es the input
f the observed flux, flux errors, and wavelengths (in vacuum),
longside the desired line list, wavelength fitting windows, spec-
ral r esolution, fix ed st ellar paramet ers and initial guess of the
bundances. In most cases, we used adjust_continuum in the
it_spectrum method to adjust the continuum with the best-
tting linear correction to match our observed continuum. 
For each element, abundances were determined by running

he first iteration using the initial guesses, then running it again
sing the previous fitted abundance. Once all elements were mea-
ur ed, abundances wer e r e-determined in fit_spectrum , with
ll of the other measured abundances set as fixed parameters. The
NRAS 546, 1–22 (2026) 

 https://github.com/casaluca/colte 3
r ocedur e was carried out for nine iterations, by which point the
ifference betw een successiv e st eps had conv erged t o < 0 . 01 dex.
ince our stars are metal poor, we set [ α/ Fe] = 0 . 4 for the first
teration, then each subsequent iteration used the weighted av-
rage of the α-elements (Mg, Si, Ca, and Ti). For elements we
id not measure, like O, their abundance was set by the [ α/ Fe]
alue. korg has no inbuilt region masking within the provided
tting windows. Ther efor e to mask-out lines impacting contin-
um placement, we inflated the errors of the undesired pixels

o a very large value ( 10 10 ) , so that they are effectively ignored
y korg . Below, we discuss how we used korg to measure our
etallicities and chemical abundances. 

.2.1 Metallicities 

o ensure we measured reliable and accurate metallicities, 3 we
sed the Fe I lines employed by E. Caffau et al. ( 2013 , see their

able 3), a previous X-Shooter study of metal-poor stars. For the
rst it eration, w e set the initial guess t o be the 2dF + AAOmega
 

Fe/H ] value, before taking the fitted value for the second itera-
ion. This process was repeated once all elements were measured,
etting them as fixed parameters whilst adopting the previously
etermined [ Fe/H ] value as our initial guess. The adopted metal-

icity value is the w eight ed av erage of all measured Fe I lines. 

.2.2 Abundances 

or our chemical abundances linelist, we first generated synthetic
quivalent widths (EW) for each feature (using as reference T eff =
500 K, log g = 1 . 5 , [ Fe/H ] = −3 . 0 , and [ α/ Fe] = 0 . 4 ), then visu-
lly checked what EW can be seen in the observed data set. For
he blue, we set the limiting EW at 80 m Å, and for the red, we
et the limiting EW at 60 m Å. The same list of lines was used for
ll stars in our sample, making our analysis nearly differential.
indow r egions wer e select ed t o cov er each line with a width of 
 In this work, we take metallicity to be [ Fe/H ] . 

https://github.com/casaluca/colte
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Table 3. Median errors for our chemical abundances and metallicities 
or der ed by atomic number. Errors are split between those from perturbed 
T eff, log g, and v mic . 

Element Median error Median error Median error 
( T eff + 100 K) ( log g + 0 . 3 ) ( v mic + 0 . 3 km s −1 ) 

C (CH) 0.23 0.11 0.00 
N (NH) 0.24 0.12 0.03 
Na i 0.12 0.04 0.11 
Mg i 0.10 0.07 0.09 
Al i 0.07 0.01 0.10 
Si i 0.15 0.12 0.10 
Ca ii 0.06 0.01 0.02 
Sc ii 0.04 0.14 0.07 
Ti ii 0.04 0.09 0.09 
Cr i 0.12 0.00 0.04 
Mn i 0.17 0.04 0.03 
Fe i 0.11 0.08 0.13 
Co i 0.13 0.02 0.03 
Ni i 0.08 0.01 0.03 
Sr ii 0.07 0.08 0.18 
Ba ii 0.07 0.09 0.02 
Eu ii 0.16 0.11 0.05 

Note. The full table is available in machine-readable format in the elec- 
tronic version of the paper. 
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t least ±3 Å, available in Tables S1 and S2 (for Na I – see bottom
f section) of Supporting Information. 

Using the metallicities derived as described in Section 3.2.1 , 
 e comput ed abundances using at omic lines of the following

pecies: Na I , Mg I , Al I , Si I , Ca II , Sc II , Ti II , Cr I , Mn I , Co I , Ni I ,
r II , Ba II, and Eu II . We also computed abundances using molec-
lar bands of CH ( ∼4300 Å) and NH ( ∼3360 Å). The abundances
f O and other α-elements that could not be measur ed fr om these
pectr a w as set by the [ α/ Fe] abundance, which in our case is
 

O/Fe ] = 0 . 4 . For the first it eration, w e used [ X/Fe ] = 0 as the
nitial guess, then adopted the fitted value as the guess for the
econd iteration. Like with metallicity, this process was repeated 

nce all the elements were measured, remeasuring our specified 

lement whilst setting the previous abundances as fixed parame- 
ers. The initial guess was set by its previous value. For elements
ith multiple lines, a w eight ed av er age w as performed at each

teration, and then used as the abundance value for the element. 
hese were then used as fixed parameters when redetermining 
bundances. 

For Ca ii , the strong absorption features of the 8498.23, 8542.31,
nd 8662.36 Å lines caused difficulties with korg ’s automatic 
ontinuum adjustment feature. The reason for this remains un- 
nown, but to fix this, we turned off the continuum adjuster 
nd manually adjusted the synthetic continuum to match the 
bserved continuum. We also applied non-local thermodynamic 
quilibrium (NLTE) corrections to the fitted abundance, adopting 
he corr ections fr om Y. Osorio et al. ( 2022 ). These w ere int erpo-
ated using a piecewise linear int erpolat or across the stellar pa-
ameter grids ( T eff, log g, and [ Fe/H ] ) for each measured Ca ii line.
 ypical NL TE corr ections span between −0 . 20 and −0 . 40 de x,
nd result in abundances that are lower than the LTE values. The
LTE corrections and continuum offsets for the Ca ii triplet lines

re available in Table S3 of Supporting Information. 
Li i at 6707.81 Å was measured in only one spectrum from our

ample. Given the strong 3D NLTE effects present, korg was 
sed to measure the LTE abundances, then the Li abundance 
redictor code breidablik 

4 (E. X. Wang et al. 2021 , 2024 ) was
sed to perform the corrections ( 
3DNTLE = −0 . 08 ). 
We applied evolutionary mixing corrections to our fitted C 

bundances using V. M. Placco et al. ( 2014 ) 5 for our stars. These
ange fr om +0 . 00 de x for our dwarfs, to +0 . 46 de x higher than
he measured values for our coolest, lowest log g giants. The evo- 
utionary corrections for C are available in Table S4 of Supporting
nformation. [ N/Fe ] was not ev olutionary correct ed in this work, 
hough w e w ould e xpect a large [ C/Fe ] corr ection would corr e-
pond to a corrected [ N/Fe ] value being lower than its observed 

alue. 
For Na i , the presence of int erst ellar absorption close to the

tellar lines r equir ed us to define star-specific windows t o av oid
ontamination (available in Table S2 of Supporting Information). 
or three stars, the int erst ellar lines crossed over with the stellar

ines, forcing us to discard them completely. 

.3 Error analysis and upper limits 

e estimated the uncertainty in our measured metallicities and 

hemical abundances by perturbing the stellar parameters T eff by 
100 K, log g by +0 . 3 , and v mic by +0 . 3 km s −1 , then adopting
 ht tps://github.com/ellaw ang44/Breidablik 
 https://vplacco .pythonan ywhere.com/ 

a
o
u  

f

hese values separately in korg . The difference in the inferred
bundances compared to the reference value was taken as the 
rr or. These wer e then added in quadrature to get the total error
or the measurement. The median errors for our abundances for 
he perturbations are given in Table 3 . 

Upper-limits w ere det ermined differently for our atomic and 

olecular features. For the at omic lines, w e used equation (6’)
rom R. Cayrel ( 1988 ), which for a given S/N, spectral resolution
nd pixel steps, provides the minimum observed EW for the given
pectral quality. We took 3 σ of this to be our detection limit. This
as done for the strongest line belonging to the specific element

n the spectral window . T o convert this into abundance space,
e used korg ’s ews_to_abundances method, which uses the 

inear part of the curve- of- growth to perform the conversion
or a given model atmospher e. S ynthetic spectra wer e generated
t this abundance using korg ’s synthesize , and then visually
ompared to the observed spectrum. If the observed measured 

bundance was lower than the minimum, then the line was la-
elled as non-det ect ed, with the upper-limit being the minimum
bundance. 

If an element had several upper limits fr om differ ent lines, we
hose the smallest one. If at least one line had a detection, then
he element was flagged as det ect ed, only adopting the abundance
f the det ect ed line(s). 

For the molecular lines, we generated synthetic spectra from 

 

X/Fe ] = −4 . 0 to +4 . 0 in steps of 0.01 dex, then calculated the
2 for each. This process was repeated for an ‘empty spectrum’ at
 

X/Fe ] = −10 . 0 , using the assumption that the molecular feature
as negligible below this point. 
Upper limits were determined by comparing the same syn- 

hetic spectra to the ‘empty spectrum’. After adopting the 3 σ level,
 non-detection was given where the best-fitting spectrum had an 

bserved abundance less than this threshold, adopting this as its 
pper-limit. For the detections, statistical fitting errors were taken

rom the average of the lower and upper error bar. 
MNRAS 546, 1–22 (2026) 
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Figure 1. Upper panels: Metallicity comparison of the values from the 
X-Shooter spectra, against the 2dF + AAOmega values from B. D. C. Lowe 
et al. ( 2025 ). 1:1 line shown by diagonal dashed line. Shaded region refers 
to our measured metallicities with [ Fe/H ] ≤ −3 . 0 . Lower panels: The dif- 
fer ence (2dF + AAOmeg a minus X-Shoot er) betw een metallicities deriv ed 
from the X-Shooter and 2dF + AAOmega spectra; the dashed line is for 
zer o differ ence. 
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.1 Metallicities 

e have analysed 16 metal-poor stars observed with the X-
hoot er spectrograph. Metallicities w ere found to range from
 

Fe/H ] = −2 . 4 to −3 . 9 , with six stars having [ Fe/H ] ≤ −3 . 0 .
s shown in Fig. 1 , these line-by-line metallicity measure-
ents correlate well with the metallicities derived from the

dF + AAOmega spectra in B. D. C. Lowe et al. ( 2025 ). The mean
NRAS 546, 1–22 (2026) 

Table 4. Stellar parameters for our sample with uncertainties
and log g (alongside their uncertainties) were taken from B. D. 

Star ID T eff lo
(K) 

ra_0103-7050_s163 6300 ± 30 4 . 49 
ra_0834-5220_s316 6000 ± 300 4 . 29 
ra_1604-2712_s24 5000 ± 40 1 . 89 
ra_1604-2712_s292 5780 ± 50 3 . 41 
ra_1624-2150_s278 6400 ± 200 3 . 97 
ra_1633-2814_s130 5000 ± 200 1 . 85 
ra_1633-2814_s284 5300 ± 100 2 . 45 
ra_1648-0653_s38 6000 ± 200 3 . 65 
ra_1656-1433_s143 4800 ± 200 1 . 41 
ra_1658-2454_s22 4850 ± 90 2 . 17 
ra_1659-2154_s114 4960 ± 70 1 . 73 
ra_1709-2130_s102 5000 ± 100 1 . 85 
ra_1752-4300_s214 4850 ± 40 1 . 55 
ra_1752-4300_s269 4920 ± 30 1 . 68 
ra_1752-4300_s6 4860 ± 50 1 . 55 
ra_1853-3255_s45 5030 ± 20 2 . 38 

Note. The full table is available in machine-readable format in t
[ Fe/H ] (2dF + AAOmega minus X-Shooter) is −0 . 13 with a
tandard deviation of 0.20 dex. The values are consistent with
imilar studies (e.g. G. S. Da Costa et al. 2019 ; D. Yong et al.
021a ; W. S. Oh et al. 2023 , 2024 ) that compared low- and high-
esolution metallicities for the same stars. The X-shooter metal-
icities, alongside our derived v mic (see Section 3.1 ) and the stellar
arameters taken from B. D. C. Lowe et al. ( 2025 ) are listed in
able 4 . 
The w eight ed av er age r adial v elocities deriv ed from this w ork

in Table 2 ) showed a mean difference and standard deviation
f 0 ± 10 km s −1 with the values given in B. D. C. Lowe et al.
 2025 ). Given the small difference, we choose to adopt the orbital
lassifications defined in the 2dF + AAOmega analysis. 

.2 Abundance ratios 

e show in Fig. 2 our chemical abundances for C (CH), N (NH),
a i , Mg i , Al i , Si i , Ca ii , Sc ii , Ti ii , Cr i , Mn i , Co i , Ni i , Sr ii ,
a ii, and Eu ii . All abundance measur ements ar e 1D LTE, with
a being NLTE-corrected. This ensures consistency with the liter-
ture comparison sample from D. Yong et al. ( 2013 , 2021a , shown
n grey), H. R. Jacobson et al. ( 2015 ), and A. F. Marino et al. ( 2019 ),
ith all of them adopting 1D LTE abundance measurements

e x cept for Ca being NLTE-corr ected). Points ar e separated into
heir kinematic groupings provided in Table 1 , with upper-limits
hown by the downward-facing arrows. The number of stars with
easurements ( N), alongside their mean ( μ) and standard devi-

tion ( σ ) is given in each panel. Given the small sample sizes,
her e ar e no obvious differ ences between the different kinematic
r oups. We pr esent our chemical abundances in Table 5 , with our
hemical abundance patterns shown in Fig. 3 . Below we discuss
ach nucleosynthetic group in turn. 

.2.1 Light elements 

he light elements measured in this study include C and N. These
lements ar e pr oduced thr ough stellar nucleosynthesis in ev olv ed
tars via the triple-alpha process and the CNO cy cle, respectiv ely.
. [ Fe/H ] and v mic were derived in this work, whilst T eff
C. Lowe et al. ( 2025 ). 

g g [ Fe/H ] v mic 
(km s −1 ) 

± 0 . 03 −2 . 34 ± 0 . 06 1 . 25 ± 0 . 01 
± 0 . 07 −2 . 62 ± 0 . 14 1 . 25 ± 0 . 06 
± 0 . 09 −2 . 53 ± 0 . 06 2 . 01 ± 0 . 08 
± 0 . 21 −3 . 10 ± 0 . 07 1 . 55 ± 0 . 11 
± 0 . 20 −2 . 67 ± 0 . 06 1 . 49 ± 0 . 13 
± 0 . 78 −3 . 35 ± 0 . 07 2 . 04 ± 0 . 65 
± 0 . 67 −3 . 89 ± 0 . 07 1 . 81 ± 0 . 48 
± 0 . 16 −2 . 48 ± 0 . 06 1 . 53 ± 0 . 12 
± 0 . 52 −2 . 86 ± 0 . 06 2 . 21 ± 0 . 52 
± 0 . 31 −2 . 90 ± 0 . 08 1 . 67 ± 0 . 22 
± 0 . 16 −3 . 73 ± 0 . 07 2 . 10 ± 0 . 16 
± 0 . 50 −3 . 00 ± 0 . 06 2 . 03 ± 0 . 42 
± 0 . 16 −2 . 77 ± 0 . 05 2 . 15 ± 0 . 15 
± 0 . 56 −2 . 85 ± 0 . 05 2 . 10 ± 0 . 50 
± 0 . 18 −3 . 01 ± 0 . 06 2 . 16 ± 0 . 17 
± 0 . 16 −2 . 94 ± 0 . 07 1 . 68 ± 0 . 11 

he electronic version of the paper. 

is H
ejhal user on 13 M

arch 2026
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Figure 2. Chemical abundances for our sample against high-resolution literature values (grey points) (D. Yong et al. 2013 , 2021a ; H. R. Jacobson et al. 
2015 ; A. F. Marino et al. 2019 ). Each panel r epr esents a differ ent element measur ed. Those with upper-limits ar e shown by downwar d-facing arr ows. 
The number of stars with measurements, alongside their mean and standar d deviations, ar e given on each panel. For C, the abundance measurements 
have been evolutionary-corrected (to be consistent with liter ature v alues). For Ca ii , we show the NLTE-corrected abundances, while the literature values 
wer e measur ed fr om Ca i (not NLTE-corr ected). 
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For C, we were able to successfully measure this element from
he CH band ( ∼4300 Å) for 15 out of the 16 stars. The spectral fits
or these, and those where only upper limits were determined, 
re shown in Figs A1 and A2 . Evolutionary mixing corrections
 ere applied t o our red giant stars (those with log g < 3 . 0 , see
able 4 ) using the corrections supplied by V. M. Placco et al.
 2014 ) (see Section 3.2.2 ). The corrections to the observed [ C/Fe ]
 alues r ange fr om +0 . 01 to +0 . 46 de x. 

Compared with our literature sample, our corrected C abun- 
ances show significantly less scatter than the literature sam- 
le ( σobs = 0 . 27 dex versus σlit = 0 . 96 dex). Similarly, the mean
 

C/Fe ] corr , at 0.28 dex is considerably lower than the mean for
he literature sample at 0.82 dex. These differences are a con- 
equence of the lack of any significant C-enhancement in our 
mall sample. A larger sample size will likely increase the scat-
er and mean abundances. For those stars with detections, the 
ean values across our kinematic groups are consistent within 

he scatter, again likely due to our small sample. Nevertheless, in
ig. 4 , noting the definition of C-enhanced stars as those satisfy-

ng [ C/Fe ] > 0 . 7 (W. Aoki et al. 2007 ), we identify two C-rich stars
n our sample. A third has errors on their [ C/Fe ] values that might
lace them in the C-rich region. One star is C-depleted ( [ C/Fe ] <
 , whilst an additional two might also be in this cat egory, giv en
he uncertainty in their [ C/Fe ] values). The remaining stars have 
 < [ C/Fe ] < 0 . 7 and are C-normal. 

For N, we detected the NH band at ∼3360 Å for eight stars
rom our sample. The spectral fits are shown in Figs B1 and B2 ,
long with the upper limits on [ N/Fe ] for the non-detections. 
ur sample has σobs = 0 . 74 dex, which agrees with literature

catter at σlit = 0 . 91 dex. We have two stars with [ N/Fe ] > 1 . 0 :
MNRAS 546, 1–22 (2026) 
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Table 5. Metallicity and abundance measurements for our sample. Those with no detections have their upper-limits r epr esented instead. N ote that stars 
r a_1604-2712_s292, r a_1648-0653_s38 and r a_1752-4300_s269 hav e no [ Na/Fe ] measurements due t o contamination from int erst ellar Na absorption. 

star 
[ Fe/H ] 
[ Sc/Fe ] 

[ C/Fe ] raw 
[ Ti/Fe ] 

[ C/Fe ] corr 
[ Cr/Fe ] 

[ N/Fe ] 
[ Mn/Fe ] 

[ Na/Fe ] 
[ Co/Fe ] 

[ Mg/Fe ] 
[ Ni/Fe ] 

[ Al/Fe ] 
[ Sr/Fe ] 

[ Si/Fe ] 
[ Ba/Fe ] 

[ Ca/Fe ] 
[ Eu/Fe ] 

ra_0103-7050_s163 −2 . 36 ± 0 . 06 
−0 . 20 ± 0 . 04 

0 . 37 ± 0 . 08 
0 . 21 ± 0 . 05 

0 . 37 ± 0 . 08 
< −0 . 44 

< 0 . 39 
−1 . 06 ± 0 . 04 

−0 . 37 ± 0 . 06 
< 0 . 20 

0 . 25 ± 0 . 05 
< 0 . 01 

−0 . 85 ± 0 . 03 
−0 . 02 ± 0 . 07 

0 . 31 ± 0 . 06 
−0 . 32 ± 0 . 06 

0 . 20 ± 0 . 03 
< 1 . 59 

ra_0834-5220_s316 −2 . 62 ± 0 . 14 
−0 . 34 ± 0 . 04 

0 . 22 ± 0 . 07 
0 . 36 ± 0 . 03 

0 . 22 ± 0 . 07 
< −0 . 27 

< 0 . 57 
< −1 . 05 

−0 . 05 ± 0 . 04 
< 0 . 32 

0 . 43 ± 0 . 06 
< 0 . 20 

−1 . 05 ± 0 . 03 
0 . 10 ± 0 . 07 

0 . 37 ± 0 . 06 
−0 . 37 ± 0 . 12 

0 . 35 ± 0 . 03 
< 1 . 76 

ra_1604-2712_s24 −2 . 53 ± 0 . 06 
−0 . 19 ± 0 . 09 

−0 . 00 ± 0 . 08 
0 . 31 ± 0 . 04 

0 . 12 ± 0 . 08 
−0 . 47 ± 0 . 05 

0 . 30 ± 0 . 09 
−0 . 79 ± 0 . 10 

0 . 56 ± 0 . 07 
0 . 22 ± 0 . 06 

0 . 46 ± 0 . 07 
−0 . 13 ± 0 . 04 

−0 . 27 ± 0 . 06 
−0 . 28 ± 0 . 09 

0 . 55 ± 0 . 07 
−0 . 84 ± 0 . 04 

0 . 29 ± 0 . 02 
< −0 . 04 

ra_1604-2712_s292 −3 . 10 ± 0 . 07 
−0 . 15 ± 0 . 04 

0 . 04 ± 0 . 10 
0 . 07 ± 0 . 04 

0 . 04 ± 0 . 10 
< 0 . 13 

< 0 . 69 
−0 . 65 ± 0 . 04 

< 0 . 68 0 . 19 ± 0 . 05 
< 0 . 58 

−0 . 97 ± 0 . 03 
−1 . 24 ± 0 . 04 

0 . 09 ± 0 . 04 
< −0 . 33 

0 . 34 ± 0 . 02 
< 1 . 92 

ra_1624-2150_s278 −2 . 67 ± 0 . 06 
0 . 08 ± 0 . 04 

< 0 . 55 
0 . 50 ± 0 . 04 

< 0 . 55 
< 0 . 02 

< 1 . 51 
−0 . 56 ± 0 . 04 

−0 . 31 ± 0 . 02 
< 0 . 65 

0 . 03 ± 0 . 04 
< 0 . 46 

−1 . 06 ± 0 . 03 
−0 . 33 ± 0 . 05 

−0 . 01 ± 0 . 03 
< −0 . 38 

0 . 31 ± 0 . 01 
< 1 . 85 

ra_1633-2814_s130 −3 . 35 ± 0 . 07 
−0 . 26 ± 0 . 04 

0 . 23 ± 0 . 08 
−0 . 03 ± 0 . 04 

0 . 26 ± 0 . 08 
−0 . 25 ± 0 . 04 

1 . 60 ± 0 . 10 
−1 . 10 ± 0 . 05 

2 . 26 ± 0 . 07 
0 . 17 ± 0 . 04 

0 . 58 ± 0 . 04 
−0 . 14 ± 0 . 03 

−0 . 67 ± 0 . 04 
−1 . 25 ± 0 . 05 

0 . 40 ± 0 . 08 
< −1 . 42 

0 . 31 ± 0 . 03 
< 0 . 90 

ra_1633-2814_s284 −3 . 89 ± 0 . 06 
0 . 17 ± 0 . 04 

0 . 71 ± 0 . 08 
0 . 42 ± 0 . 04 

0 . 71 ± 0 . 08 
< 0 . 17 

< 1 . 20 
−0 . 78 ± 0 . 05 

0 . 01 ± 0 . 11 
0 . 92 ± 0 . 04 

0 . 57 ± 0 . 04 
< 0 . 61 

−0 . 67 ± 0 . 03 
0 . 51 ± 0 . 09 

0 . 42 ± 0 . 06 
< −0 . 52 

0 . 63 ± 0 . 02 
< 1 . 78 

ra_1648-0653_s38 −2 . 48 ± 0 . 06 
−0 . 38 ± 0 . 04 

0 . 41 ± 0 . 08 
0 . 14 ± 0 . 04 

0 . 41 ± 0 . 08 
−0 . 33 ± 0 . 03 

< 0 . 67 
−0 . 82 ± 0 . 04 

< 0 . 08 0 . 37 ± 0 . 05 
0 . 26 ± 0 . 03 

−1 . 12 ± 0 . 03 
0 . 02 ± 0 . 08 

0 . 19 ± 0 . 06 
−0 . 94 ± 0 . 12 

0 . 32 ± 0 . 02 
< 1 . 28 

ra_1656-1433_s143 −2 . 86 ± 0 . 06 
0 . 11 ± 0 . 09 

−0 . 04 ± 0 . 22 
0 . 14 ± 0 . 04 

0 . 42 ± 0 . 22 
−0 . 23 ± 0 . 05 

1 . 28 ± 0 . 10 
−0 . 82 ± 0 . 08 

0 . 32 ± 0 . 07 
−0 . 03 ± 0 . 05 

0 . 50 ± 0 . 05 
−0 . 01 ± 0 . 03 

−0 . 56 ± 0 . 06 
1 . 22 ± 0 . 03 

0 . 52 ± 0 . 09 
0 . 83 ± 0 . 08 

0 . 42 ± 0 . 02 
1 . 32 ± 0 . 03 

ra_1658-2454_s22 −2 . 90 ± 0 . 08 
−0 . 28 ± 0 . 08 

−0 . 33 ± 0 . 08 
0 . 45 ± 0 . 04 

−0 . 33 ± 0 . 08 
−0 . 17 ± 0 . 05 

< −1 . 11 
−0 . 19 ± 0 . 11 

0 . 25 ± 0 . 07 
0 . 26 ± 0 . 06 

0 . 37 ± 0 . 06 
0 . 28 ± 0 . 05 

−0 . 91 ± 0 . 05 
−0 . 53 ± 0 . 10 

0 . 21 ± 0 . 09 
−1 . 32 ± 0 . 03 

0 . 36 ± 0 . 03 
< 0 . 36 

ra_1659-2154_s114 −3 . 72 ± 0 . 07 
0 . 11 ± 0 . 04 

0 . 00 ± 0 . 09 
0 . 12 ± 0 . 03 

0 . 12 ± 0 . 09 
< −0 . 36 

< 0 . 06 
−1 . 01 ± 0 . 05 

−0 . 50 ± 0 . 03 
0 . 38 ± 0 . 04 

0 . 76 ± 0 . 06 
0 . 04 ± 0 . 03 

−0 . 73 ± 0 . 03 
−1 . 12 ± 0 . 04 

0 . 46 ± 0 . 06 
−1 . 11 ± 0 . 07 

0 . 40 ± 0 . 03 
< 1 . 11 

ra_1709-2130_s102 −3 . 00 ± 0 . 06 
−0 . 33 ± 0 . 06 

0 . 01 ± 0 . 08 
0 . 06 ± 0 . 05 

0 . 07 ± 0 . 08 
−0 . 34 ± 0 . 04 

−0 . 25 ± 0 . 09 
−0 . 75 ± 0 . 06 

0 . 04 ± 0 . 05 
0 . 25 ± 0 . 05 

0 . 47 ± 0 . 05 
−0 . 02 ± 0 . 03 

−0 . 81 ± 0 . 05 
−0 . 97 ± 0 . 08 

0 . 58 ± 0 . 08 
−1 . 43 ± 0 . 07 

0 . 39 ± 0 . 02 
< 0 . 48 

ra_1752-4300_s214 −2 . 80 ± 0 . 05 
−0 . 35 ± 0 . 13 

0 . 51 ± 0 . 08 
0 . 18 ± 0 . 04 

0 . 79 ± 0 . 08 
−0 . 20 ± 0 . 05 

0 . 03 ± 0 . 10 
−1 . 01 ± 0 . 11 

0 . 31 ± 0 . 07 
0 . 07 ± 0 . 05 

0 . 45 ± 0 . 06 
0 . 29 ± 0 . 04 

−0 . 00 ± 0 . 07 
0 . 20 ± 0 . 08 

0 . 61 ± 0 . 05 
−0 . 65 ± 0 . 04 

0 . 45 ± 0 . 02 
< 0 . 09 

ra_1752-4300_s269 −2 . 85 ± 0 . 05 
−0 . 75 ± 0 . 07 

0 . 06 ± 0 . 09 
−0 . 11 ± 0 . 05 

0 . 28 ± 0 . 09 
−0 . 41 ± 0 . 05 

−0 . 27 ± 0 . 09 
−0 . 09 ± 0 . 13 

0 . 25 ± 0 . 05 0 . 32 ± 0 . 05 
0 . 23 ± 0 . 04 

−1 . 20 ± 0 . 04 
−1 . 35 ± 0 . 07 

0 . 03 ± 0 . 12 
−1 . 62 ± 0 . 04 

0 . 17 ± 0 . 02 
< 0 . 30 

ra_1752-4300_s6 −3 . 02 ± 0 . 06 
−0 . 26 ± 0 . 09 

0 . 19 ± 0 . 23 
0 . 23 ± 0 . 04 

0 . 50 ± 0 . 23 
−0 . 33 ± 0 . 05 

−0 . 10 ± 0 . 10 
−0 . 81 ± 0 . 08 

0 . 06 ± 0 . 05 
0 . 23 ± 0 . 05 

0 . 30 ± 0 . 06 
−0 . 06 ± 0 . 03 

−0 . 82 ± 0 . 05 
−0 . 89 ± 0 . 08 

0 . 56 ± 0 . 10 
−1 . 16 ± 0 . 04 

0 . 41 ± 0 . 02 
< 0 . 31 

ra_1853-3255_s45 −2 . 94 ± 0 . 07 
0 . 07 ± 0 . 09 

0 . 20 ± 0 . 08 
0 . 26 ± 0 . 05 

0 . 21 ± 0 . 08 
−0 . 38 ± 0 . 04 

−0 . 66 ± 0 . 10 
−0 . 91 ± 0 . 07 

0 . 57 ± 0 . 07 
0 . 14 ± 0 . 05 

0 . 21 ± 0 . 07 
−0 . 01 ± 0 . 03 

−0 . 82 ± 0 . 04 
0 . 36 ± 0 . 07 

0 . 34 ± 0 . 10 
0 . 73 ± 0 . 02 

0 . 30 ± 0 . 03 
0 . 92 ± 0 . 04 

Note. The full table is available in machine-readable format in the electronic version of the paper. 
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alo star ra_1656-1433_s143 with [ N/Fe ] = 1 . 28 ± 0 . 10 , and GSE
tar ra_1633-2814_s130 with [ N/Fe ] = 1 . 60 ± 0 . 10 . High N can
ome from evolutionary CNO cycle mixing, which is the likely
xplanation for ra_1656-1433_s143 (having a high evolutionary
orrection to the C abundance of 0.46 dex), but that’s unlikely to
e the case for ra_1633-2814_s130 given it is negligible evolution-
ry mixing correction for [ C/Fe ] (0.03 dex). Therefore, ra_1656-
433_s143 is likely a NEMP star as per definition by J. A. Johnson
t al. ( 2007 ) ( [ N/Fe ] > 0 . 5 and [ C/N ] < −0 . 5 ). We show this in
ig. 5 for our sample, alongside the values in Table 6 . See also
ection 5.1 for discussion on GSE star ra_1633-2814_s130. Along-
ide the det ections, w e hav e eight non-det ections, with halo star
a_1658-2454_s22 having a low upper-limit of [ N/Fe ] < −1 . 11 .
o star in the comparison sample has an N value/upper-limit this

ow. We will discuss this star more in Section 5.3 . 

.2.2 Odd-Z elements 

or the odd-Z 

6 elements, we measured Na, Al, and Sc in this
tudy. The production sites for these elements are through h y -
rostatic burning in massiv e stars, t ogether with explosive nucle-
synthesis. 

We successfully measur ed N a in 13 out of the 16 stars from the
a D-lines at 5889.95 and 5895.92 Å. Int erst ellar Na absorption

eatur es fr om int erv ening line- of- sight gas clouds contaminated
he stellar features for the remaining three stars. The scatter of 
NRAS 546, 1–22 (2026) 

 Z being atomic number. 7
ur sample is σobs = 0 . 66 de x, br oadly consistent with that mea-
ured in the comparison literature at σlit = 0 . 46 dex. Our 1D LTE
 

Na/Fe ] abundances derived from the Na D lines are subject to
orr ections derived fr om mor e r ealistic NLTE models (e.g . K. Lind
t al. 2011 , 2022 ; S. A. Ale x eeva, Y. V. Pakhomov & L. I. Mashon-
ina 2014 ; L. Mashonkina et al. 2023 ). Using the 5889.95 Å Na
bsorption feature, a typical star (with T eff = 5000 K, log g = 2 . 0 ,
 mic = 2 . 0 km s −1 , and [ Fe/H ] = −3 . 0 ) has the following correc-
ions from the inspect database 7 : −0 . 14 dex for [ Na/Fe ] = −0 . 6 ,
0 . 36 dex for [ Na/Fe ] = 0 . 0 , and −0 . 57 dex for [ Na/Fe ] = 0 . 6 . 
Of particular interest is the star ra_1633-2814_s130, which has

 

Na/Fe ] = 2 . 26 ± 0 . 07 , placing it amongst the most Na-rich stars
nown among metal-poor stars (see panel in Fig. 2 ). Compared to
ur sample’s mean, 0 . 07 ± 0 . 35 dex, ra_1633-2814_s130 is signif-
cantly higher, higher also than the comparison literature’s mean
t 0 . 32 ± 0 . 45 dex. This star, alongside being the NEMP identified
n the previous section, also has a strong Li enhancement, which
ill be discussed further in Section 5.1 . 
For Al, all 16 stars had detections from the 3961.52 Å line, with

 scatter of σobs = 0 . 30 dex. This is consistent with the scatter
f the literature at σlit = 0 . 30 dex. Within errors, the mean val-
es across the prograde disc ( −1 . 01 ± 0 . 14 dex), halo ( −0 . 74 ±
 . 35 dex), and GSE ( −0 . 671 ± 0 . 006 de x) agr ee, with a possible
mall offset present between the prograde disc and GSE popula-
ions. 
 https://www.inspect-stars.com/ 

https://www.inspect-stars.com/
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Figure 3. Abundance patterns [ X/Fe ] for each measured element for our 16 metal-poor stars. In each panel, the black dots correspond to the mean 
liter ature v alues (D. Yong et al. 2013 ; H. R. Jacobson et al. 2015 ; A. F. Marino et al. 2019 ; D. Yong et al. 2021a ), with the star symbols corresponding to the 
abundance value for that given star. Those coloured blue indicate measurements within 2 σ of the mean value, otherwise they are red. Downward-facing 
arr ows ar e upper-limits, and if these ar e 2 σ away fr om the mean, they ar e also shown in r ed. Otherwise they ar e black. The shaded r egion is the standar d 
deviation of the liter ature v alues for the particular element. Horizontal grey dashed lines are given at [ X/Fe ] = 0 and [ X/Fe ] = ±1 . 0 . The star’s T eff, log g, 
and [ Fe/H ] are given in each panel. 
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For Sc, we successfully measured an abundance from the 
246.82 Å line for all 16 stars. We note that this line is located
ear a CH molecular band head, but the line is largely un-
lended even at our resolution. For our sample, we find a scat-
er of σobs = 0 . 23 dex, in excellent agreement with the literature
t σlit = 0 . 27 dex. The mean values between the prograde disc
 −0 . 31 ± 0 . 10 dex), halo ( −0 . 18 ± 0 . 26 ), and the GSE ( −0 . 04 ±
 . 30 ) are consistent within errors. Interestingly, the prograde disc
as the smallest scatter amongst the three kinematic regions. 
.2.3 α-elements 

he α-elements we measured in this study were Mg, Si, Ca, and
i. These elements are made primarily through stellar nucleosyn- 

hesis and ejected thr ough cor e-collapse supernovae (Type II). 
ll of our stars had detections for each of the α-elements. The

verage α-element abundance was calculated from the weighted 

ean between Mg, Si, Ca, and Ti. As shown in Fig. 6 and in
able 7 , we have two stars with [ α/ Fe] > 0 . 4 (and one within
MNRAS 546, 1–22 (2026) 
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Figure 4. E volutionary -corrected C abundances for our sample, with 
literature shown by the light grey points. Plot is separat ed int o three 
regions: C-rich ( [ C/Fe ] > 0 . 7 ), C-normal ( 0 < [ C/Fe ] ≤ 0 . 7 ), and C-poor 
( [ C/Fe ] ≤ 0 ). For the stars with det ections: tw o stars are C-rich (one 
within errors), one is C-poor (one within errors), with the rest C-normal. 
For stars with evolutionary corrections, their raw measured value is 
shown by the black arrows. 

Figure 5. Identifying stars as NEMPs by comparing [ N/Fe ] with [ C/N ] 
(see Table 6 for their values). For consist ency, w e use the uncorrect ed C 

abundances when determining [ C/N ] . Literature is plotted underneath 
in light grey. Those with upper limits in [ N/Fe ] (represented by leftward- 
facing arrows), but detections in [ C/Fe ] have lower limits shown for 
[ C/N ] (r epr esented by upwar d-facing arr ows). Stars with upper limits in 
both [ N/Fe ] and [ C/Fe ] are not included. Stars are assigned as NEMP 
if [ N/Fe ] > 0 . 5 and [ C/N ] < −0 . 5 (J. A. Johnson et al. 2007 ), as shown 
by the dashed rectangle on the plot. From this, we identify two possible 
NEMP stars: one likely due to it having high-evolutionary mixing cor- 
rections for [ C/Fe ] , raising C and lowering N (0.46 dex), with the other 
unlikely given it has low evolutionary corrections (0.03 dex). 

e  

a  

h  

t  

(  

o
 

t  

Table 6. [ N/Fe ] and [ C/N ] values for our sample. Note that we use the 
uncorrected C values when calculating [ C/N ] . Those with upper limits 
in [ N/Fe ] , but detections in [ C/Fe ] will have a corresponding lower limit 
for [ C/N ] . Those with upper limits in both [ N/Fe ] and [ C/Fe ] are not 
included. Star ra_1656-1433_s143 is likely a NEMP, whilst star ra_1658- 
2454_s22 has e x ceptionally low [ N/Fe ] upper limits. This latter star will 
be discussed further in Section 5.3 . 

Star [ N/Fe ] [ C/N ] 

ra_0103-7050_s163 < 0 . 39 > −0 . 02 
ra_0834-5220_s316 < 0 . 57 > −0 . 35 
ra_1604-2712_s24 0 . 30 ± 0 . 09 −0 . 30 ± 0 . 12 
ra_1604-2712_s292 < 0 . 69 > −0 . 65 
ra_1633-2814_s130 1 . 60 ± 0 . 10 −1 . 37 ± 0 . 13 
ra_1633-2814_s284 < 1 . 20 > −0 . 49 
ra_1648-0653_s38 < 0 . 67 > −0 . 26 
ra_1656-1433_s143 1 . 28 ± 0 . 10 −1 . 32 ± 0 . 24 
ra_1658-2454_s22 < −1 . 11 > 0 . 78 
ra_1659-2154_s114 < 0 . 06 > −0 . 06 
ra_1709-2130_s102 −0 . 25 ± 0 . 09 0 . 26 ± 0 . 13 
ra_1752-4300_s214 0 . 03 ± 0 . 10 0 . 48 ± 0 . 13 
ra_1752-4300_s269 −0 . 27 ± 0 . 09 0 . 34 ± 0 . 13 
ra_1752-4300_s6 −0 . 10 ± 0 . 10 0 . 29 ± 0 . 25 
ra_1853-3255_s45 −0 . 66 ± 0 . 10 0 . 86 ± 0 . 13 

Note. The full table is available in machine-readable format in the elec- 
tronic version of the paper. 

Figure 6. α-abundances for our sample (see Table 7 for their values). Our 
α-elements include Ca, Mg, Si, and Ti. For consistency, the literature α- 
abundances (shown in light grey) also comprised of the same elements 
we used. 
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rror): GSE star ra_1633-2814_s284 with [ α/ Fe] = 0 . 56 ± 0 . 02 ,
nd halo star ra_1752-4300_s214 with [ α/ Fe] = 0 . 42 ± 0 . 02 . We
ave no stars with [ α/ Fe] < 0 . 1 . Given the small sample size,

he mean values with the prograde disc ( 0 . 29 ± 0 . 07 ), the halo
 0 . 32 ± 0 . 08 ), and the GSE ( 0 . 44 ± 0 . 17 ) are consistent with each
ther. 

Looking at the individual α-elements, we measured Mg from
he Mg -triplet acr oss 5167–5183 Å, and the line at 8806.76 Å. The
NRAS 546, 1–22 (2026) 
catter of our data at σobs = 0 . 17 dex is in strong agreement with
he comparison literature at σlit = 0 . 24 dex. There is little varia-
ion amongst the different kinematic groups. 

Si was measured from a single line at 3905.52 Å. We see a small
pr ead at σobs = 0 . 19 de x than with the comparison literatur e at
lit = 0 . 41 dex. This is due to the larger spread seen for stars at
 

Fe/H ] < −3 . 5 . The halo sample has the largest scatter at σhalo =
 . 24 de x compar ed with the pr ograde disc ( σpro = 0 . 091 de x) and
SE ( σgse = 0 . 013 dex) samples, though this is likely due to low-
umber statistics. 
Ca for our sample was measured from the Ca ii triplet located

t wavelengths 8498.23, 8542.31, and 8662.36 Å. We encountered
ssues trying to fit the Ca i 4300.313 Å line reliably due to poor
NR in the region, so we only report the findings from Ca ii
which has been NLTE corrected and is shown in the Ca ii panel
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Table 7. [ α/ Fe] values for our sample, derived from the w eight ed mean 
of Ca, Mg, Si, and Ti abundances. 

Star [ Fe/H ] [ α/ Fe] 

ra_0103-7050_s163 −2 . 36 ± 0 . 06 0 . 23 ± 0 . 02 
ra_0834-5220_s316 −2 . 62 ± 0 . 14 0 . 36 ± 0 . 02 
ra_1604-2712_s24 −2 . 53 ± 0 . 06 0 . 32 ± 0 . 02 
ra_1604-2712_s292 −3 . 10 ± 0 . 07 0 . 24 ± 0 . 02 
ra_1624-2150_s278 −2 . 67 ± 0 . 06 0 . 26 ± 0 . 01 
ra_1633-2814_s130 −3 . 35 ± 0 . 07 0 . 32 ± 0 . 02 
ra_1633-2814_s284 −3 . 89 ± 0 . 06 0 . 56 ± 0 . 02 
ra_1648-0653_s38 −2 . 48 ± 0 . 06 0 . 28 ± 0 . 02 
ra_1656-1433_s143 −2 . 86 ± 0 . 06 0 . 39 ± 0 . 02 
ra_1658-2454_s22 −2 . 90 ± 0 . 08 0 . 38 ± 0 . 02 
ra_1659-2154_s114 −3 . 72 ± 0 . 07 0 . 36 ± 0 . 02 
ra_1709-2130_s102 −3 . 00 ± 0 . 06 0 . 37 ± 0 . 02 
ra_1752-4300_s214 −2 . 80 ± 0 . 05 0 . 42 ± 0 . 02 
ra_1752-4300_s269 −2 . 85 ± 0 . 05 0 . 15 ± 0 . 02 
ra_1752-4300_s6 −3 . 02 ± 0 . 06 0 . 36 ± 0 . 02 
ra_1853-3255_s45 −2 . 94 ± 0 . 07 0 . 28 ± 0 . 02 

Note. The full table is available in machine-readable format in the elec- 
tronic version of the paper. 
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n Fig. 2 ). We note that the literature Ca values come from Ca i ,
o we are comparing our Ca ii with their Ca i values. Our data
as low scatter of σobs = 0 . 10 dex, consistent with the compari-
on literature at σlit = 0 . 17 dex. Our [ Ca/Fe ] measurements show
 slight increase in [ Ca/Fe ] with decreasing [ Fe/H ] , consistent 
ith the trend present in the literature values. Amongst the kine-
atic groups, the GSE has the highest mean abundance ( 0 . 47 ±
 . 17 de x) compar ed to the halo ( 0 . 35 ± 0 . 08 de x) and the pr ograde
isc ( 0 . 29 ± 0 . 09 de x), but the values ar e consistent with each
ther, given the uncertainties. 

Ti was measured using the lines at 3913.46, 4468.49, and 

501.27 Å, giving us a scatter of σobs = 0 . 17 dex. This is in ex-
ellent agreement with the comparison literature, having a scat- 
er σlit = 0 . 16 dex. The mean abundances of the halo ( 0 . 20 ±
 . 17 dex), the GSE ( 0 . 20 ± 0 . 32 dex), and the prograde disc
 0 . 24 ± 0 . 11 dex) samples are consistent with each other. 

.2.4 Iron peak elements 

he iron peak elements studied in this work included Cr, Mn, Co,
nd Ni. At low metallicities, these are primarily produced by Type 
I supernova, while at later times and higher metallicities, Type 
a supernovae dominate their production. 

We successfully measured Cr in 10 of our stars from the three
r i lines across the wavelength region 5200–5210 Å. We have 
inimal scatter for our sample at σobs = 0 . 09 dex, lower than the

omparison literature at σlit = 0 . 18 dex. There is a slight decreas-
ng trend with decreasing metallicity seen in the literature which 

s difficult to see in our data (due to the lack of detections in
tars with [ Fe/H ] < −3 . 0 ). NLTE calculations for Cr i indicate
hat this trend is not physical (e.g. M. Bergemann & G. Cescutti
010 ). With the lack of stars with detections in both the GSE
nd prograde disc samples, we are unable to comment on any 
inematic-based trends. 
For Mn, we successfully measured an abundance for 15 of 

ur stars using the three Mn i lines at 4026–4038 Å. We have a
catter of σobs = 0 . 28 de x, ag ain in e x cellent agr eement with the
omparison literature at σlit = 0 . 29 dex. The mean abundances 
cr oss the pr ograde disc ( −0 . 94 ± 0 . 16 dex), the halo ( −0 . 69 ±
 . 31 dex), and the GSE ( −0 . 94 ± 0 . 23 ) are all consistent within
rrors amongst each other. 

We were able to successfully measure Co in 11 of our 16
tars with the two Co i lines across the wavelength region 4115–
125 Å. We have a scatter of σobs = 0 . 23 dex, in agreement with
he comparison literature at σlit = 0 . 19 de x. N o pr ograde disc
tar has detections for Co, though the mean abundance for the
alo ( 0 . 20 ± 0 . 12 dex) is low er and has less scatt er than the GSE
 0 . 55 ± 0 . 53 dex). This is likely due to low number statistics. 

We successfully measured Ni in 11 stars from our sample using
he line located at 5476.90 Å. We see a tight trend in both our sam-
le and comparison literature, with the scatters σobs = 0 . 16 dex
nd σlit = 0 . 17 dex in excellent agreement with each other. Given
he lack of detections within our three kinematic groups, we 
annot comment on the mean abundances and scatter. 

.2.5 Neutr on c aptur e elements 

e measured the neutron-capture elements Sr, Ba, and Eu. At 
olar metallicity, Sr is primarily produced by the slow neutron 

aptur e pr ocess (s-pr ocess), E u is primarily pr oduced by the rapid
eutr on captur e pr ocess (r-pr ocess), and Ba is pr oduced by both
J. Simmerer et al. 2004 ). Their relative abundances therefore 
llow distinguishing the contributions from the two neutron- 
aptur e pr ocesses. Further details of the neutr on captur e pr o-
esses in their various forms are discussed below. 

For Sr, we successfully measured an abundance for all of our
tars from the Sr ii line at 4077.71 Å. We see that the scatter
or Sr changes based on metallicity. For [ Fe/H ] < −2 . 8 , we see
ignificant scatter, where we have σobs , [ Fe/H ] < −2 . 8 = 0 . 90 dex for
ur sample, and σlit , [ Fe/H ] < −2 . 8 = 0 . 70 dex for the comparison lit-
rature. F or [ F e/H ] ≥ −2 . 8 , this scatter decreases for both at
obs , [ Fe/H ] ≥−2 . 8 = 0 . 21 dex and σlit , [ Fe/H ] ≥−2 . 8 = 0 . 45 de x. The r ea-
on for this (and how Sr is formed) has not been well under-
tood, but studies like G. Cescutti & C. Chiappini ( 2014 ) and
. M. Sitnova et al. ( 2025 ) have suggested that at low [ Fe/H ] it
an be formed through the ‘early’ s-process, a variation of the
tandar d s-pr ocess occurring within massive r otating metal-poor 
tars. Other theories include neutrino - driven winds from a young
eutron star (S. E. Woosley & R. D. Hoffman 1992 ; Y. Z. Qian &
. J. Wasserburg 2007 ), weak r-process in Type II supernovae (N.

zutani, H. Umeda & N. Tominaga 2009 ; A. Arcones & J. Bliss
014 ), the νp-process (M. Eichler et al. 2018 ; S. Ghosh, N. Wolfe
 C. Fröhlich 2022 ), int ermediat e n-capture process for asymp-

otic giant branch (AGB) stars with M < 4 M � (A. Choplin, L.
iess & S. Goriely 2021 ; A. Choplin et al. 2024 ), and the i-process
ithin massiv e v ery metal-poor stars (P. Banerjee, Y.-Z. Qian &
. Heger 2018 ). The ∼2 dex range in [ Sr/Fe ] values from −1 to
1 indicates a variety of stochastic enrichment processes. We 

lso have one star appearing to be enhanced in Sr: star ra_1656-
433_s143 at [ Sr/Fe ] = 1 . 22 ± 0 . 03 , which will be discussed more
n Section 5.2 . 

The pattern seen in Sr is also reflected in Ba for our 12 de-
ections from the Ba ii lines 4554.03, 4934.08, and 6496.90 Å. For
 

Fe/H ] < −2 . 8 , we again see significant scatter for both our sam-
le and the comparison literatur e, wher e for the observ ed w e find
obs , [ Fe/H ] < −2 . 8 = 1 . 05 dex, and for the comparison literature we
nd σlit , [ Fe/H ] < −2 . 8 = 0 . 67 dex. For [ Fe/H ] ≥ −2 . 8 , we determine
obs , [ Fe/H ] ≥−2 . 8 = 0 . 27 dex and σlit , [ Fe/H ] ≥−2 . 8 = 0 . 85 dex for the ob-
erved and comparison literature data sets, respectively. Like Sr, 
he process forming Ba at low metallicities is also not understood,
MNRAS 546, 1–22 (2026) 
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Figure 7. [ Sr/Ba ] versus [ Ba/H ] plot for our sample, with the values 
and uncertainties shown in Table 8 . Stars with upper-limits in [ Ba/H ] 
(r epr esented by leftwar d-facing arr ows) have a corresponding lower-limit 
in [ Sr/Ba ] (r epr esented by upwar d-facing arr ows). The two stars with the 
highest [ Ba/H ] values refer to our r-process stars (r-I, r-II). 
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Table 8. [ Ba/H ] and [ Sr/Ba ] values for our sample. Those with an upper- 
limit in [ Ba/H ] have a corresponding lower-limit in [ Sr/Ba ] . 

Star [ Ba/H ] [ Sr/Ba ] 

ra_0103-7050_s163 −2 . 67 ± 0 . 06 0 . 29 ± 0 . 09 
ra_0834-5220_s316 −2 . 99 ± 0 . 12 0 . 48 ± 0 . 14 
ra_1604-2712_s24 −3 . 37 ± 0 . 04 0 . 56 ± 0 . 10 
ra_1604-2712_s292 < −3 . 43 > −0 . 90 
ra_1624-2150_s278 < −3 . 05 > 0 . 05 
ra_1633-2814_s130 < −4 . 77 > 0 . 17 
ra_1633-2814_s284 < −4 . 44 > 1 . 04 
ra_1648-0653_s38 −3 . 41 ± 0 . 12 0 . 95 ± 0 . 15 
ra_1656-1433_s143 −2 . 03 ± 0 . 08 0 . 39 ± 0 . 08 
ra_1658-2454_s22 −4 . 22 ± 0 . 03 0 . 80 ± 0 . 10 
ra_1659-2154_s114 −4 . 83 ± 0 . 07 −0 . 01 ± 0 . 08 
ra_1709-2130_s102 −4 . 43 ± 0 . 07 0 . 47 ± 0 . 10 
ra_1752-4300_s214 −3 . 45 ± 0 . 04 0 . 85 ± 0 . 09 
ra_1752-4300_s269 −4 . 48 ± 0 . 04 0 . 27 ± 0 . 08 
ra_1752-4300_s6 −4 . 18 ± 0 . 04 0 . 27 ± 0 . 09 
ra_1853-3255_s45 −2 . 20 ± 0 . 02 −0 . 38 ± 0 . 07 

Note. The full table is available in machine-readable format in the elec- 
tronic version of the paper. 
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ith theories like the ‘early’ s-process and the i-process (both
longside Sr), and weak s-process (C. M. Raiteri et al. 1991a , b )
eing pr oposed. Fr om our sample, w e hav e tw o stars with high
 

Ba/Fe ] abundances: ra_1853-3255_s45 at [ Ba/Fe ] = 0 . 73 ± 0 . 02 ,
nd ra_1656-1433_s143 at [ Ba/Fe ] = 0 . 83 ± 0 . 08 , both of which
lso have high abundances of [ Eu/Fe ] . We also have six stars with
 

Ba/Fe ] < −1 . 0 : fiv e of them det ections, and one with a deep non-
etection. 
For Eu, we only have two stars out of 16 with detections

r om the E u ii lines 4129.73 and 4205.04 Å, both of them halo
tars. The two Ba-rich stars, ra_1853-3255_s45 and ra_1656-
433_s143, are also enhanced in Eu, having [ Eu/Fe ] = 0 . 92 ±
 . 04 and [ Eu/Fe ] = 1 . 32 ± 0 . 03 , respectively. We adopt the defini-
ions for two levels of r-process enhanced stars from N. Christlieb
t al. ( 2004 ): r-I (moderately r-process enhanced; 0 . 3 ≤ [ Eu/Fe ] ≤
 . 0 and [ Ba/Eu ] < 0) and r -II (strongly r -process enhanced;
 

Eu/Fe ] > 1 . 0 and [ Ba/Eu ] < 0 ). Based on this, star ra_1853-
255_s45 is r-I ( [ Eu/Fe ] = 0 . 92 ± 0 . 04 and [ Ba/Eu ] = −0 . 18 ±
 . 05 ) and star ra_1656-1433_s143 is r-II ( [ Eu/Fe ] = 1 . 32 ± 0 . 03
nd [ Ba/Eu ] = −0 . 49 ± 0 . 08 ). 

We show our [ Sr/Ba ] versus [ Ba/H ] plot in Fig. 7 and in Ta-
le 8 . A ccor ding to T. M. Sitnova et al. ( 2025 ) (using the models
rom F. Rizzuti et al. 2025 ), r-process yields [ Ba/Eu ] = −0 . 87
nd [ Sr/Ba ] = −0 . 31 . Our r-I star, ra_1853-3255_s45, has simi-
ar [ Sr/Ba ] , but has [ Ba/Eu ] greater by ∼0 . 7 dex, giving us one
ndicator saying it has pur e r-pr ocess. For our r-II star, ra_1656-
433_s143, [ Ba/Eu ] is greater by 0.3 dex, and [ Sr/Ba ] larger by
.6 dex. This suggests a mixture of r-process and s-process con-
ribution, unusual for an r-II star. This will be discussed further
n Section 5.2 . 

 DISCUSSION  

he outcomes of our chemical abundance analysis are shown
n Fig. 2 . The panels show that despite our comparatively low-
esolution spectra (5400 and 8900 for UVB and VIS, respectively),
ur results are in excellent agreement with those in the literature
hat are based on high-resolution spectra (lowest R ∼ 22 000 ).
his is particularly the case for the α- and iron-peak elements.
NRAS 546, 1–22 (2026) 
uch success has been achieved before using X-Shooter, with E.
affau et al. ( 2011b , 2013 ) measuring reliable chemical abun-
ances for small samples of EMP stars. This instrument was also
sed in E. Caffau et al. ( 2011a , 2012 ) to identify the ‘Caffau’ star,
 progr ade ultr a metal-poor disc star with [ Fe/H ] = −4 . 89 ± 0 . 10
F. Sestito et al. 2019 ). Our work shows that this success can be
xt ended t o a larger number of elements: whilst E. Caffau et al.
 2011b ) measured at most 12 abundances for tw o stars, w e w ere
ble to extend this to 16 elements across our whole sample of 16
tars. These results demonstrate that reliable abundances can be
easured in stars as faint as G ≈ 17 . 5 mag, thereby drastically

xpanding the pool of metal-poor stars that can be studied in
etail. 
In our sample, two stars are GSE candidates, three in the pro-

rade disc, and the rest in the halo. Of particular interest are
he GSE stars: our most metal-poor star in the sample, ra_1633-
814_s284 at [ Fe/H ] = −3 . 89 ± 0 . 07 , is a GSE member, and the
econd GSE member, ra_1633-2814_s130 is the third most metal-
oor at [ Fe/H ] = −3 . 35 ± 0 . 07 (and is furthermore a Li- and Na-
nhanced NEMP star, see Section 5.1 ). EMP stars in the GSE are
are, with the metallicity tail typically ending around [ Fe/H ] ≈
3 . 0 (e.g. D. K. Feuillet et al. 2020 ; R. P. Naidu et al. 2020 ; P.
onifacio et al. 2021 ; G. Cordoni et al. 2021 ). 
How ev er, recent studies have been starting to find more EMP

tars in the GSE. One study by R. Zhang et al. ( 2024 ) identified
ve GSE stars with [ Fe/H ] < −3 . 5 , two of which have [ Fe/H ] <
4 . 0 . The study by V. M. Placco et al. ( 2025 ) found a GSE star
ith [ Fe/H ] = −4 . 12 . Together with our results, the number of 
nown GSE stars with [ Fe/H ] < −3 . 5 is now eight. These stars
rovide an opportunity to study the early stages of the chemical
volution of the the GSE. 

In Fig. 7 , we show [ Sr/Ba ] versus [ Ba/H ] for our sample. D.
ong et al. ( 2013 ) showed that the intrinsic spread of [ Sr/Ba ]

ncreases with decreasing [ Ba/H ] when [ Ba/H ] < −2 . 5 . The in-
r easing spr ead in [ Sr/Ba ] at lower metallicities is suggest ed t o
e due to variations in spinstar contributions, a possible pathway
or the enrichment of s-process elements for stars with [ Fe/H ] <

2 . 0 (G. Cescutti & C. Chiappini 2014 ). This was seen in the
hoenix str eam fr om A. R. Casey et al. ( 2021 ), wher e the star-
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Figure 8. Spectral fits to the Na i 5889.95 and 5895.92 Å lines for star ra_1633-2814_s130. The thin line is the observed spectra, with the thick line 
r epr esenting the fit. The two strong features either side of 5889.95 Å are int erst ellar Na i absorption lines. 
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o - star variations of Sr were ascribed to varying spinstar contri-
utions. 

Among our sample, we have five stars with [ Sr/Ba ] > 0 . 5 (plus
nother two whose error bars permit [ Sr/Ba ] > 0 . 5 ). Four of these
av e [ Sr/Ba ] > 0 . 8 . Taking int o account errors, tw o of the stars
ith [ Sr/Ba ] > 0 . 5 belong to the prograde disc: star ra_1648-

653_s38 at [ Sr/Ba ] = 0 . 95 ± 0 . 15 , and star ra_0834-5220_s316 at
 

Sr/Ba ] = 0 . 48 ± 0 . 14 . 
Interestingly, our r-I star, ra_1853-3255_s45, has the lowest 

 

Sr/Ba ] abundance among our sample at [ Sr/Ba ] = −0 . 38 ± 0 . 07 ,
longside having [ Ba/H ] = −2 . 20 ± 0 . 02 and [ Ba/Eu ] = 

0 . 18 ± 0 . 05 . This is in contrast with the r-II star, ra_1656-
433_s143, which has moderate abundance enhancement of 
 

Sr/Ba ] = 0 . 39 ± 0 . 08 , alongside [ Ba/H ] = −2 . 03 ± 0 . 08 and
 

Ba/Eu ] = −0 . 49 ± 0 . 08 . This differs from the results seen in
. M. Sitnova et al. ( 2025 ), where r -II stars ha v e low er [ Sr/Ba ]
atios than r-I stars. How ev er, the lit erature sample analysed by
. Saraf et al. ( 2023 ), indicates that r-II stars reach values as high
s [ Sr/Ba ] ≈ 1 . 0 for metallicities similar to that of our star. 

Among our sample we have the following chemically peculiar 
tars: ra_1633-2814_s130 (NEMP with large Na abundances, and 

s will be discussed, it is also Li-enhanced), ra_1656-1433_s143 
high Sr abundances; r-process II; mixed r-process and s-process 
nrichment) and ra_1658-2454_s22 (N-depleted). These will now 

e discussed below in detail. 

.1 Na- and Li-enhanced NEMP GSE star 
a_1633-2814_s130 

he chemical abundance pattern for the GSE star ra_1633- 
814_s130 ( [ Fe/H ] = −3 . 35 ± 0 . 07 ) is characterized by [ C/Fe ] =
 . 26 ± 0 . 08 , [ N/Fe ] = 1 . 60 ± 0 . 10 , and [ Na/Fe ] = 2 . 26 ± 0 . 07 ,
aking it an e xtr emely N a-rich NEMP star. The fits to the N a I

889.95 and 5895.92 Å lines for this star are shown in Fig. 8 . To
erify the strong Na I presence, we also examined the 8183.26 
nd 8194.82 Å lines using synthetic spectra at the given [ Na/Fe ] 
bundance, as seen in Fig. 9 . Using star ra_1752-4300_s6 as a
 efer ence star (shifted and telluric lines scaled to match ra_1633-
814_s130), it is clear that despite the tellurics present, ra_1633- 
814_s130 indeed has str ong N a absorption. The str ong enhance-
ent in Na is unusual, and below, we attempt to e xplor e the
arious possibilities that could explain this. We accompany the 
iscussion with the impact of NLTE departures on our measured 

bundance. Besides this, we will also discuss the surprising pres- 
nce of Li at A(Li) 3DNLTE = 1 . 90 ± 0 . 08 , with the fits shown in
ig. 10 . 
As discussed in Section 4.2.2 , LTE Na abundances derived 

rom the D-lines are subject to modification as a consequence 
f NLTE effects. At sufficiently large LTE [ Na/Fe ] values, the 
LTE correction likely saturates. While numerous 1D NLTE 

bundance correction grids exist (e.g. K. Lind et al. 2011 , 2022 ;
. A. Ale x eeva et al. 2014 ; L. Mashonkina et al. 2023 ), our star
 [ Na/Fe ] = 2 . 26 ± 0 . 07 ) lies outside their coverage, ending at
 

Na/Fe ] = 1 . 0 . At this [ Na/Fe ] value, the NLTE correction for
 eff = 5000 ± 200 K, log g = 1 . 85 ± 0 . 78 , [ Fe/H ] = −3 . 35 ± 0 . 07 ,
nd v mic = 2 . 04 ± 0 . 65 km s −1 is −0 . 55 de x, wher e the value is the
verage of the individual corrections for the Na D lines. The star
s thus still significantly enhanced in Na. It is unlikely that the
LTE correction at the observed LTE abundance of [ Na/Fe ] = 

 . 26 ± 0 . 07 is substantially different from −0 . 55 dex, with it likely
aturating after [ Na/Fe ] = 1 . 0 based on the models used in K.
ind et al. ( 2022 ). 
Ther e ar e two stars in the literature that have similar abun-

ances to what we see in ra_1633-2814_s130. The first is the LMC
tar SMSS DR3 497 519 424 from W. S. Oh et al. ( 2024 ), which has
 metallicity ( [ Fe/H ] = −3 . 13 ) similar to our star. It was identi-
ed as a NEMP with [ N/Fe ] = 1 . 70 ± 0 . 11 and [ C/Fe ] = 0 . 63 ±
 . 14 . It also shows enhancements in Na and Al ( [ Na/Fe ] = 1 . 25 ±
 . 15 and [ Al/Fe ] = −0 . 10 ± 0 . 21 ) but, like our star, the Mg abun-
ance is normal ( [ Mg/Fe ] = 0 . 43 ± 0 . 05 ). The LMC also has low
r and Ba at [ Sr/Fe ] = −0 . 59 ± 0 . 17 and [ Ba/Fe ] = −0 . 70 ± 0 . 15 ,
nconsistent with our star. The authors suggested that the reason 

or these abundance pat terns w as due to rotation in the progenitor
tar with little s-process enrichment. If we discard Al and assume
hat the process that is making N and Na, but not Mg, then the
MC star is a reasonable match to our star. The second is star
MSS J215805.81 −651327.2 from R. Cayrel et al. ( 2004 ) and H.
. Jacobson et al. ( 2015 ), also having comparable metallicities to
urs ( [ Fe/H ] = −3 . 41 ). This star has similar abundances to what
e find, having [ Na/Fe ] = 1 . 93 , [ Mg/Fe ] = 0 . 42 , [ Al/Fe ] = −1 . 0 ,
MNRAS 546, 1–22 (2026) 
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Figur e 9. S ynthetic spectra of the Na i 8183.26 and 8194.82 Å lines for star ra_1633-2814_s130. The thin line is the observed spectrum (which is 
dominat ed by t elluric lines), the thick line is the synthetic spectra calculated at [ Na/Fe ] = 2 . 26 ± 0 . 07 , and the dotted line is star ra_1752-4300_s6, 
chosen as our r efer ence. The tellurics in the r efer ence star have been shifted and scaled to match ra_1633-2814_s130. Star ra_1752-4300_s6 was selected 
because of its relatively low Na i abundance at [ Na/Fe ] = 0 . 04 ± 0 . 05 . 

Figure 10. Spectral fit to the Li I 6709.66 Å lines for star ra_1633- 
2814_s130. The 1D LTE Li abundance was corrected to 3D NLTE using 
the Breidablik code (E. X. Wang et al. 2021 , 2024 ); the correction was 

3DNTLE = −0 . 08 . 
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Sr/Fe ] = −0 . 56 , and [ Ba/Fe ] = −0 . 97 (from H. R. Jacobson et al.
015 ). The only discrepancy is in N and C, being determined at
 

C/Fe ] = 0 . 27 and [ N/Fe ] = 0 . 71 (from M. Spite et al. ( 2005 )).
 o e xplanation was given by the authors, though future work on

a_1633-2814_s130 could benefit from further analysis on SMSS
215805.81 −651327.2. 

With the lack of analogues in the lit erature, w e considered
ther possibilities to describe this star. One such possibility is
hat this star was an escapee from a globular cluster. Globular
lusters (GCs) are known to have two distinct stellar populations
eparated by chemical compositions: a first population (1P), hav-
ng similar chemistry to halo field stars, and a second population
2P), having enhancements in He, N, Na, and Al, alongside hav-
ng deficiencies in C, O, and Mg (R. P. Kraft 1994 ; N. Bastian
 C. Lardo 2018 ; R. Gr at ton et al. 2019 ; A. P. Milone & A. F.
arino 2022 ). Star ra_1633-2814_s130 is enhanced in N and Na,
NRAS 546, 1–22 (2026) 
nd within uncertainty, is also depleted in C. 1P/2P Al variations
re seen in GCs at low metallicities (e.g. D. M. Nataf et al. 2019 ),
hough GCs at metallicities of our star is very rare, making the
onnection difficult. Given this, the 2P connection is unlikely for
a_1633-2814_s130. 

Intriguingly, this star has a large abundance of Li, as shown
n Fig. 10 , with a 3D NLTE abundance of A(Li) 3DNLTE = 1 . 90 ±
 . 08 . At T eff = 5000 ± 200 K and log g = 1 . 85 ± 0 . 78 , this star falls
ithin the RGB plateau, a region found in the lower RGB after

he first dredge-up episode, but before evolutionary mixing that
estroys Li (A. Mucciarelli et al. 2022 , see their fig. 1). Despite
he large error bars on log g, our star has a formal upper-limit of 
og g < 3 . 23 ± 0 . 02 directly from its parallax, which firmly places
t on the RGB plateau. Stars here typically have A(Li) 3DNLTE values
n the range 0.87–1.23 de x. Ther efor e on average, our star possibly
as a Li enhancement of 0.9 de x. Mor e work is needed to confirm

he process that could cause this strong Li enhancement, along-
ide the enhancements seen in both Na and N. 

Given the large errors on log g, it might also be possible that
his star is instead a horizontal branch star. These objects typically
ave a log g between 2.5 and 2.8 dex, and a T eff ranging from 4600

o 5000 K (e.g. L. Girardi 2016 ), which overlaps the parameter
pace of our star. High Li abundances are known in horizontal
ranch stars (e.g. M. Spite & F. Spite 1982 ; G. R. Ruchti et al.
011 ; H. Li et al. 2018 ; A. R. Casey et al. 2019 ; H.-L. Yan et al.
021 ; A. Susmitha, A. Mallick & B. E. Reddy 2024 ), with typical
bundances ar ound A(Li) ≈ 2 . 0 de x. If our star does lie on the
orizontal branch, then the large abundance of Li seen in this
tar may arise from internal gravity wave induced mixing trans-
erring large amounts of Be from the hydrogen-burning shell to
he cooler envelopes, where it is conv ert ed int o Li (e.g. F. W. Wu
t al. 2025 ). How ev er, no studied horizontal branch stars with
igh Li show strong enhancements in both Na and N (e.g. G. R.
uchti et al. 2011 ; A. Susmitha et al. 2024 ). 
With strong enhancements in N ( [ N/Fe ] = 1 . 60 ± 0 . 10 ), Na

 [ Na/Fe ] = 2 . 26 ± 0 . 07 ), Li ( A(Li) 3DNLTE = 1 . 90 ± 0 . 08 ), and all
ther measured elements are consistent with those seen in
alo stars (see panel in Fig. 3 ), we have a type of star with
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nly two possible analogues: SMSS DR3 497519424 and SMSS 
215805.81 −651327.2, with the latter also having a Li abundance 
f A(Li) NLTE = 0 . 90 (from H. R. Jacobson et al. 2015 ). At this
tage, w e cannot det ermine the origin of the unusual abundance
attern in this star. 

.2 N eutr on-captur e enhanced star ra_1656-1433_s143 

he chemical abundance pattern for the halo star ra_1656- 
433_s143 ( [ Fe/H ] = −2 . 86 ± 0 . 06 ) is characterized by
ts neutr on-captur e abundance enhancement ( [ Ba/Fe ] = 

 . 83 ± 0 . 08 , [ Eu/Fe ] = 1 . 32 ± 0 . 03 , [ Sr/Fe ] = 1 . 22 ± 0 . 03 ),
lassifying it as r-II. Of particular interest is surprisingly 
igh ratio [ Sr/Ba ] = 0 . 39 ± 0 . 08 , at an abundance of 
 

Ba/H ] = −2 . 03 ± 0 . 08 . Most r-II stars hav e negativ e [ Sr/Ba ]
alues, but our star has a positive value. We discuss the
mplications of this result below. 

Several production sites for r-II stars have been proposed 

n the literature, such as from core-collapse supernovae (N. 
ishimura, T . T akiwaki & F.-K. Thielemann 2015 ; T. Tsujimoto
 N. Nishimura 2015 ; P. Mösta et al. 2018 ) and neutron star
ergers (A. P. Ji et al. 2016 ; D. Kasen et al. 2017 ; E. Pian et al.

017 ), though the majority of r-II stars agree with the latter (e.g.
. Bandyopadh ya y et al. 2024 ). Finding these stars were initially
 are, with success r ates being around ∼3 per cent (P. S. Barklem
t al. 2005 ; A. Frebel 2018 ; D. Yong et al. 2021a ), but recent studies
ike A. Bandyopadh ya y et al. ( 2024 ) have been more successful at

10 per cent. From our small sample, our discov ery rat e is 6.25
er cent. 
As stated in T. M. Sitnova et al. ( 2025 ), r-II stars typically have

 

Ba/Eu ] = −0 . 87 and [ Sr/Ba ] = −0 . 31 , indicating a lack of any
-process contribution. In contrast, r-I stars show greater scatter 
n [ Sr/Ba ] , with values either positive or negative, a result of more

oderate r-process enhancement mixed with other nucleosyn- 
hetic events. This is seen in the literature: all four r-II stars from
. Yong et al. ( 2021b ) hav e negativ e [ Sr/Ba ] v alues r anging from
0 . 10 to −0 . 38 ; the two r-II stars studied in P. Saraf et al. ( 2023 )
ave [ Sr/Ba ] ≈ 0 , whilst all three r-II stars in T. M. Sitnova et al.
 2025 ) ha ve [ Sr/Ba ] < −0 . 25 . A handful of r -II stars do exist in
he literature with positive values, reaching to [ Sr/Ba ] ≈ 1 . 0 for
imilar metallicities, as shown in fig. 16 of P. Saraf et al. ( 2023 )
with r efer ences ther ein). 

Our star, with [ Ba/Eu ] = −0 . 49 ± 0 . 08 and [ Sr/Ba ] = 0 . 38 ±
 . 07 , matches these latter stars in having uncommon [ Ba/Eu ] and
 

Sr/Ba ] abundances for r-II stars. This suggests our star is not 
ur ely r-pr ocess enhanced, rather a mixtur e of r-pr ocess (cr eat-

ng Ba) and s-process enhancement (creating Sr). This situation 

uggests that alongside the normal r-II formation channels (core- 
ollapse supernova and neutron star mergers), this star also un- 
erwent s-process enhancement from a source that can operate at 

ow metallicities such as spinstars (e.g. G. Cescutti et al. 2013 ; P.
anerjee et al. 2018 ). Abundance determinations for additional 
- and r-process elements would be beneficial to constrain the 
ucleosynthetic processes generating the observed abundances 

n this star. 

.3 N-depleted halo star ra_1658-2454_s22 

he chemical abundances for the halo star ra_1658-2454_s22 
 [ Fe/H ] = −2 . 90 ± 0 . 08 ) is characterized by its very low N up-
er limit of [ N/Fe ] < −1 . 11 , alongside having C depleted at
 

C/Fe ] = −0 . 33 ± 0 . 08 with zero ev olutionary correction. Ev ery
ther abundance measurement is consistent with the comparison 

iterature (see panel in Fig. 3 ). We show the NH region for this
n the top right panel of Fig. B2 , including synthetic spectra at
 

N/Fe ] = −1 . 11 (dark blue) and 0.50 (dash light blue). Here, we
ill discuss the implications of this result, alongside any reasons 

or N being this depleted. 
In Fig. 11 , we show our uncorrected [ C/Fe ] versus [ N/Fe ] 

or both our sample and of the comparison literature. It is
lear that star ra_1658-2454_s22 is an outlier in both data 
ets, with the two closest stars belonging to ra_1853-3255_s45 
with [ N/Fe ] = −0 . 66 ± 0 . 10 and [ C/Fe ] uncorr = 0 . 20 ± 0 . 08 ),
longside CS 29516–024 from M. Spite et al. ( 2005 ) and D.
ong et al. ( 2013 ) (with [ N/Fe ] = −0 . 76 ± 0 . 10 and [ C/Fe ] uncorr =
 . 69 ). The latter star has low log g (1.04 dex), thus having a high
volutionary correction of +0 . 75 . This means that C has depleted
 substantial amount, being conv ert ed t o N in the process. Given
 for CS 29516–024 is already low, it is possible that CS 29516–

24 w ould hav e an ev en low er abundance, possibly similar t o our
-depleted star, which is yet to undergo significant evolutionary 
ixing. 
Given that ra_1658-2454_s22 has ‘normal’ abundances for ev- 

ry other element besides C and N, what ev er process(es) t ook
lace, only C and N w ere alt ered. One suggestion came from
. Spite et al. ( 2005 ), where they say that a depleted N and C

tar may have undergone Type II supernova enrichment to pro- 
ide the ‘normal’ α-abundances, but occurred before any AGB 

nrichment to give the C and N abundances. With the lack of s-
rocess enrichment due to low Sr and Ba abundances ( [ Sr/Fe ] =
0 . 53 ± 0 . 10 and [ Ba/Fe ] = −1 . 32 ± 0 . 03 ), which is otherwise

nriched by AGB stars, this idea is plausible. A follow-up high-
esolution study t o det ermine additional abundances in this star,
articularly that for O, would be worthwhile. 

 SUMMARY  AND  CONCLUSION  

n this w ork, w e hav e performed follow -up observ ations on 16
etal-poor star candidates selected fr om B . D. C. Lowe et al.

 2025 ), using the medium-resolution X-Shooter spectrograph. 
fter taking advantage of the continuum normalization supp- 
MNRAS 546, 1–22 (2026) 
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et code (T. Róża ́nski et al. 2022 ), we used the 1D LTE code korg
 o rederiv e metallicities and measure 16 elemental abundances (C
CH), N (NH), Na i , Mg i , Al i , Si i , Ca ii , Sc ii , Ti ii , Cr i , Mn i , Co i ,
i i , Sr ii , Ba ii, and Eu ii ) for our sample. From our metallicity

esults, w e hav e identified six EMPs, with the lowest metallicity at
 

Fe/H ] = −3 . 89 ± 0 . 06 . Our metallicities are in excellent agree-
ent with B. D. C. Lowe et al. ( 2025 ) (Fig. 1 ), with this work’s

bundances higher, on average, by 
 [ Fe/H ] = −0 . 13 dex. 
The chemical abundances of our stars were compared with

igh-r esolution literatur e (D. Yong et al. 2013 , 2021a ; H. R. Ja-
obson et al. 2015 ; A. F. Marino et al. 2019 ; Fig. 2 ), and we see ex-
ellent agr eement acr oss the 16 elements. We show that even on
edium-resolution instruments like X-Shoot er, w e can measure
 large number of elements on stars considerably fainter than the
ypical stars analysed in the high-resolution studies 

Among our sample, we have two C-rich and one C-poor star
Fig. 4 ), one probable and one possible NEMP stars (Fig. 5 ), and
wo star with [ α/ Fe] > 0 . 4 (Fig. 6 ). When looking at the chemical
bundance patterns for our sample (Fig. 3 ), we identified three
eculiar stars. The first: ra_1633-2814_s130, a NEMP star that
as unusually strong enhancement in Na ( [ Na/Fe ] = 2 . 26 ± 0 . 07 ,
ith NLTE corrections unlikely to change its high Na abundance;
igs 8 and 9 ), and Li ( A(Li) 3DNLTE = 1 . 90 ± 0 . 08 ; Fig. 10 ), but
one in Al or in any neutron capture elements. With the pres-
nce of Li, this star either belongs to the RGB plateau (with
t most ∼1 . 0 dex Li enhancement via an unknown process), or
r om the r ed clump phase. With high N, Li, and N a, but other-
ise ‘normal’ halo abundance ratios, particularly with Al and
g, the origin of the abundance patterns in this star remains a
ystery. 
The second peculiar star: ra_1656-1433_s143, categorized as r-

I, has strong Sr ( [ Sr/Fe ] = 1 . 22 ± 0 . 03 ) and positive [ Sr/Ba ] =
 . 39 ± 0 . 08 abundances (Fig. 7 ). Generally, r -II stars ha ve neg-
tive [ Sr/Ba ] abundances, reflecting a lack of s-process enrich-
ent, but the observed values here likely indicate a mixture

f both s-process and r-process enrichment. This suggests that
 a_1656-1433_s143 w as pot entially formed from mat erial en-
iched in both r-process material (via binary neutron star merger
r core-collapse supernovae) and s-process enriched material,
otentially from spinstars. 
The third star: ra_1658-2454_s22, has a very low upper limit

n N ( [ N/Fe ] < −1 . 11 ), low C with minimal evolutionary mix-
ng corrections ( [ C/Fe ] = −0 . 33 ± 0 . 08 with 
 [ C/Fe ] = 0 . 00 ;
ig. 11 ), but otherwise ‘normal’ [ X/Fe ] abundances. This is con-
istent with a star that underwent Type II supernova enrichment
producing the [ X/Fe ] abundances), but occurring before massive
GB enrichment that would generally provide the C and N abun-
ances. 
Finally, w e rev eal that among the six EMPs in this sample: two

re GSE candidates at [ Fe/H ] = −3 . 89 ± 0 . 07 for star ra_1633-
814_s284 (most metal-poor in our sample), and at [ Fe/H ] =
3 . 35 ± 0 . 07 for the NEMP star ra_1633-2814_s130 (third most
etal-poor). EMP stars in the GSE are uncommon, with only

ight known at [ Fe/H ] < −3 . 5 . 
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A&A , 659, A199 
uchti G. R. et al., 2011, ApJ , 743, 107 
y abchikov a T. , Piskunov N., Kurucz R. L., Stempels H. C., Heiter U.,

Pakhomov Y., Barklem P. S., 2015, Phys. Scr. , 90, 054005 
ydberg C.-E. , Zackrisson E., Lundqvist P., Scott P., 2013, MNRAS , 429,

3658 
alv adori S. , Ferr ar a A., Schneider R., Scannapieco E., Kawata D., 2010,

MNRAS , 401, L5 
ana H. et al., 2024, A&A , 688, A104 
antistevan I. B. , Wetzel A., Sanderson R. E., El-Badry K., Samuel J.,

Faucher-Giguère C.-A., 2021, MNRAS , 505, 921 
araf P. , Allende Prieto C., Sivarani T., Bandyopadh ya y A., Beers T. C.,

Susmitha A., 2023, MNRAS , 524, 5607 
aunders W. et al., 2004, in Proc. SPIE Conf. Ser., Ground-based

Instrumentation for Astronomy. SPIE, Bellingham, p. 389, https://ww 

w.spiedigitallibrary.org/conference- proceedings- of- spie/5492/0000/ 
AAOmega- a- scientific- and- optical- overview/10.1117/12.550871.full 

cannapieco E. , Schneider R., Ferr ar a A., 2003, ApJ , 589, 35 
chlegel D. J. , Finkbeiner D. P., Davis M., 1998, ApJ , 500, 525 
chörck T. et al., 2009, A&A , 507, 817 
estito F. et al., 2019, MNRAS , 484, 2166 
estito F. et al., 2020, MNRAS , 497, L7 
harp R. et al., 2006, in McLean I. S., Iye M. eds, Proc. SPIE Conf. Ser. Vol.

6269, Ground-based and Airborne Instrumentation for Astronomy . 
SPIE, Bellingham, p. 62690G 

immerer J. , Sneden C., Cowan J. J., Collier J., Woolf V. M., Lawler J. E.,
2004, ApJ , 617, 1091 

itnova T. M. et al., 2025, A&A , 699, A262 
pite M. , Spite F., 1982, N atur e , 297, 483 
pite M. et al., 2005, A&A , 430, 655 
tarkenburg E. et al., 2018, MNRAS , 481, 3838 
usmitha A. , Mallick A., Reddy B. E., 2024, ApJ , 966, 109 
MNRAS 546, 1–22 (2026) 

http://dx.doi.org/10.1038/nature01142
http://dx.doi.org/10.1051/0004-6361:20041536
http://dx.doi.org/10.1051/0004-6361:20078748
http://dx.doi.org/10.1093/mnras/staa3417
http://dx.doi.org/10.1093/mnras/stz2550
http://dx.doi.org/10.1093/mnras/stad3673
http://dx.doi.org/10.1088/1361-6471/aa8891
http://dx.doi.org/10.1093/mnras/stab2617
http://dx.doi.org/10.1093/mnras/staa1888
http://dx.doi.org/10.1002/asna.201011362
http://dx.doi.org/10.1146/annurev-nucl-101917-021141
http://dx.doi.org/10.1038/nature03455
http://dx.doi.org/10.3847/1538-4357/ade9a1
http://dx.doi.org/10.3847/1538-4357/ac4d20
http://dx.doi.org/10.1146/annurev-astro-081915-023354
http://dx.doi.org/10.1007/s00159-019-0119-3
http://dx.doi.org/10.1111/j.1365-2966.2009.15336.x
http://dx.doi.org/10.1051/0004-6361:200809724
http://dx.doi.org/10.1038/s41586-018-0625-x
http://dx.doi.org/10.1093/mnras/stae1567
http://dx.doi.org/10.1038/nature15747
http://dx.doi.org/10.1093/mnras/stw1004
http://dx.doi.org/10.1093/mnras/stab1982
http://dx.doi.org/10.1088/0004-637X/692/2/1517
http://dx.doi.org/10.1088/0004-637X/807/2/171
http://dx.doi.org/10.1038/nature17425
https://ui.adsabs.harvard.edu/abs/2025arXiv250921643J
http://dx.doi.org/10.1093/mnras/stad557
http://dx.doi.org/10.1086/510114
http://dx.doi.org/10.18727/0722-6691/5117
http://dx.doi.org/10.1038/nature24453
http://dx.doi.org/10.1038/nature12990
http://dx.doi.org/10.1093/mnras/stab1783
https://doi.org/10.1146/annurev-astro-071221-053453
http://dx.doi.org/10.1086/133416
http://dx.doi.org/10.1051/aas:1999267
http://dx.doi.org/10.1051/0004-6361/202245786
http://dx.doi.org/10.3847/2041-8213/aaa438
http://dx.doi.org/10.3847/1538-4357/ac46d3
http://dx.doi.org/10.3847/1538-4357/ac8159
http://dx.doi.org/10.3847/2041-8213/adf196
http://dx.doi.org/10.3847/2041-8213/adc8a3
http://dx.doi.org/10.1051/0004-6361/201016095
http://dx.doi.org/10.1051/0004-6361/202142195
http://dx.doi.org/10.1017/pasa.2025.16
http://dx.doi.org/10.1093/mnras/stz645
http://dx.doi.org/10.3847/1538-4357/833/1/65
http://dx.doi.org/10.1093/mnras/stad2114
http://dx.doi.org/10.3390/universe8070359
http://dx.doi.org/10.3847/1538-4357/ade2cd
https://ui.adsabs.harvard.edu/abs/2025arXiv250710521M
http://dx.doi.org/10.3847/1538-4357/aad6ec
http://dx.doi.org/10.1051/0004-6361/202142889
http://dx.doi.org/10.3847/1538-4357/abaef4
http://arxiv.org/abs/2506.11846
http://arxiv.org/abs/2506.11846
http://dx.doi.org/10.3847/1538-3881/ab1a27
http://dx.doi.org/10.1088/0004-637X/810/2/109
http://dx.doi.org/10.1051/0004-6361/201629202
http://dx.doi.org/10.1093/mnrasl/slz109
http://dx.doi.org/10.1086/320650
http://dx.doi.org/10.1093/mnras/stad1960
http://dx.doi.org/10.1093/mnras/stae081
http://dx.doi.org/10.1017/pasa.2019.27
http://dx.doi.org/10.1017/pasa.2024.53
http://dx.doi.org/10.3847/1538-4357/ac5a53
http://dx.doi.org/10.1038/nature24298
http://dx.doi.org/10.1088/0004-637X/797/1/21
http://dx.doi.org/10.3847/1538-4357/adf846
http://dx.doi.org/10.1016/j.physrep.2007.02.006
http://dx.doi.org/10.1086/169622
http://dx.doi.org/10.1086/169932
http://dx.doi.org/10.3847/2041-8213/ac8ea6
http://dx.doi.org/10.1051/0004-6361/202453603
http://dx.doi.org/10.1051/0004-6361/202141480
http://dx.doi.org/10.1088/0004-637X/743/2/107
http://dx.doi.org/10.1088/0031-8949/90/5/054005
http://dx.doi.org/10.1093/mnras/sts653
http://dx.doi.org/10.1111/j.1745-3933.2009.00772.x
http://dx.doi.org/10.1051/0004-6361/202347479
http://dx.doi.org/10.1093/mnras/stab1345
http://dx.doi.org/10.1093/mnras/stad2206
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/5492/0000/AAOmega-a-scientific-and-optical-overview/10.1117/12.550871.full
http://dx.doi.org/10.1086/374412
http://dx.doi.org/10.1086/305772
http://dx.doi.org/10.1051/0004-6361/200810925
http://dx.doi.org/10.1093/mnras/stz043
http://dx.doi.org/10.1093/mnrasl/slaa022
http://dx.doi.org/10.1117/12.671022
http://dx.doi.org/10.1086/424504
http://dx.doi.org/10.1051/0004-6361/202555073
http://dx.doi.org/10.1038/297483a0
http://dx.doi.org/10.1051/0004-6361:20041274
http://dx.doi.org/10.1093/mnras/sty2276
http://dx.doi.org/10.3847/1538-4357/ad35b9


18 B. D. C. Lowe et al. 

M

T
V
V

W  

W
W  

W

W
W
W
Y
Y
Y
Y
Z  

Z
Z
D

S

T  

r

T
T
T
T
T
T
T
T
T
T
T
T

P  

c  

t  

d

A

T ≤ 43  

[ repre  

s ns sh  

d

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/3/stag170/8440185 by D
ennis H

ejhal user on 13 M
arch 2026
sujimoto T. , Nishimura N., 2015, ApJ , 811, L10 
ernet J. et al., 2011, A&A , 536, A105 
incenzo F. , Spitoni E., Calura F., Matteucci F., Silva Aguirre V., Miglio

A., Cescutti G., 2019, MNRAS , 487, L47 
ang E. X. , N or dlander T., Asplund M., Amarsi A. M., Lind K., Zhou Y.,

2021, MNRAS , 500, 2159 
ang E. X. et al., 2024, MNRAS , 528, 5394 
heeler A. J. , Abruzzo M. W., Casey A. R., Ness M. K., 2022, Astrophysics

Source Code Library, record (ascl:2211.016) 
heeler A. J. , Abruzzo M. W., Casey A. R., Ness M. K., 2023, AJ , 165, 

68 
olf C. et al., 2018, Publ. Astron. Soc. Aust. , 35, e010 
oosley S. E. , Hoffman R. D., 1992, ApJ , 395, 202 
u F. W. et al., 2025, A&A , 693, A138 

an H.-L. et al., 2021, Nat. Astron. , 5, 86 
ong D. et al., 2013, ApJ , 762, 26 
ong D. et al., 2021a, MNRAS , 507, 4102 
ong D. et al., 2021b, N atur e , 595, 223 
ackrisson E. , Rydberg C.-E., Schaerer D., Östlin G., Tuli M., 2011, ApJ ,

740, 13 
ackrisson E. et al., 2012, MNRAS , 427, 2212 
hang R. et al., 2024, ApJ , 966, 174 

ˇ urov ̌cíková D. et al., 2025, ApJ , 987, L33 

P P E N D I X  A:  C H  F I T S  

he fits to the CH region across the wavelength region 4285 ≤ λ

 

C/Fe ] value are shown in red, with the statistical fitting errors 
hown in blue, with the upper limit value being plotted. Regio
etection limits. 
NRAS 546, 1–22 (2026) 
U P P O RT I N G  INFORMATION  

ables in the manuscript (Tables 1 –8 ) and Supplementary Mate-
ial (Tables S1–S4) are available at MNRAS online. 

able 1. Program stars and observational parameters. 
able 2. Observing details. 
able 3. Median abundance errors. 
able 4. Stellar parameters. 
able 5. Chemical abundances. 
able 6. [ C/N ] abundances. 
able 7. [ α/ Fe] abundances. 
able 8. [ Sr/Ba ] and [ Ba/H ] abundances. 
able S1. Fitting windows. 
able S2. Fitting windows for Na. 
able S3. NLTE corrections and continuum offsets for Ca ii . 
able S4. CH evolutionary corrections. 

lease note: Oxford University Press is not responsible for the
ontent or functionality of any supporting materials supplied by
he authors. Any queries (other than missing material) should be
irect ed t o the corresponding author for the article. 

17 Å are shown in Figs A1 and A2 . Detections with best-fitting
sented by the red shaded region. Those with non-detections are
aded in grey were used in the χ2 calculations for determining
 

http://dx.doi.org/10.1088/2041-8205/811/1/L10
http://dx.doi.org/10.1051/0004-6361/201117752
http://dx.doi.org/10.1093/mnrasl/slz070
http://dx.doi.org/10.1093/mnras/staa3381
http://dx.doi.org/10.1093/mnras/stae385
http://dx.doi.org/10.3847/1538-3881/acaaad
http://dx.doi.org/10.1017/pasa.2018.5
http://dx.doi.org/10.1086/171644
http://dx.doi.org/10.1051/0004-6361/202452338
http://dx.doi.org/10.1038/s41550-020-01217-8
http://dx.doi.org/10.1088/0004-637X/762/1/26
http://dx.doi.org/10.1093/mnras/stab2001
http://dx.doi.org/10.1038/s41586-021-03611-2
http://dx.doi.org/10.1088/0004-637X/740/1/13
http://dx.doi.org/10.1111/j.1365-2966.2012.22078.x
http://dx.doi.org/10.3847/1538-4357/ad31a6
http://dx.doi.org/10.3847/2041-8213/ade71c
https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stag170#supplementary-data


Metal-poor stars with X-Shooter 19 

MNRAS 546, 1–22 (2026) 

Figure A1. CH fits for the 16 sample stars across the wavelength region 4285 ≤ λ ≤ 4317 Å. The observed data is shown by the thin line, and for 
detections: the thick line is best-fitting [ C/Fe ] value (alongside its fitting error; [ C/Fe ] value not corrected for evolutionary effects), with the statistical 
error shown by the shaded region. Those without detections have their upper-limit v alue fit ted, shown by the thick line without shading . A r efer ence 
synthetic spectrum with [ C/Fe ] = 0 . 5 is shown by the light dashed line, alongside a spectrum with [ C/Fe ] = −3 . 0 shown by the dark dashed line. Stellar 
parameters T eff, log g, and [ Fe/H ] are found in the legend for each star. Grey shaded regions refer to regions used for χ2 calculations. Several prominent 
atomic lines are present, including Fe i at 4294.125 and 4307.901 Å, alongside Ca i at 4302.528 Å. Continues in Fig. A2 . 
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Figure A2. Continuation of Fig. A1 . 
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A P P E N D I X  B :  NH  F I T S  

The fits to the NH region across the wavelength region 3355 ≤ λ ≤ 3365 Å are shown in Figs B1 and B2 . Plot format is identical to the 
CH fits described in Appendix A . 

Figure B1. NH fits for the 16 sample stars across the wavelength region 3355 ≤ λ ≤ 3365 Å. A reference synthetic spectrum with [ N/Fe ] = 0 . 5 is shown 
by the light dashed line, alongside a spectra at [ N/Fe ] = −3 . 0 shown by the dark dashed line. In our window, we have the atomic lines Cr i at 3358.491 Å
and Ti ii at 3361.212 Å present. Format is otherwise identical to the CH plots in Fig. A1 . Continues in Fig. B2 . 
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Figure B2. Continuation of Fig. B1 . 
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