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A B S T R A C T 

We present a detailed study of the chemical diversity of the metal-poor Milky Way using data from the GALAH DR3 surv e y. 
Considering 17 chemical abundances relative to iron ([X/Fe]) for 9923 stars, we employ principal component analysis (PCA) and 

extreme deconvolution (XD) to identify 10 distinct stellar groups. This approach, free from chemical or dynamical cuts, reveals 
known populations, including the accreted halo, thick disc, thin disc, and in situ halo. The thick disc is characterized by multiple 
substructures, suggesting it comprises stars formed in diverse environments. Our findings highlight the limited discriminatory 

power of magnesium in separating accreted and disc stars. Elements such as Ba, Al, Cu, and Sc are critical in distinguishing disc 
from accreted stars, while Ba, Y, Eu, and Zn differentiate disc and accreted stars from the in situ halo. This study demonstrates 
the potential power of combining a latent space representation of the data (PCA) with a clustering algorithm (XD) in Galactic 
archaeology, in providing new insights into the Galaxy’s assembly and evolutionary history. 

Key words: methods: data analysis – methods: observational – Stars: abundances – Stars: Population II – Galaxy: abundances –
Galaxy: structure. 
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 I N T RO D U C T I O N  

he Milky Way’s (MW) stellar components have distinct star 
ormation histories (SFHs) that manifest in unique chemical sig- 
atures. Chemical diversity, which measures the spread of elemental 
bundances, can indicate contributions from both nucleosynthetic 
rocesses and accreted systems. Variations in chemical diversity are 
ore significant in the stellar halo than in the disc. This is because

he halo has accumulated stars from various smaller galaxies, each 
ith distinct SFHs, whereas the disc has experienced more thorough 

hemical homogenization due to ef fecti ve material mixing (Reddy, 
ambert & Prieto 2006 ; Feng & Krumholz 2014 ). 
The thick disc, first described by Gilmore & Reid ( 1983 ), consists

f prograde stars ( L z > 0) with scale heights between 530 ± 32 and
30 ± 29 pc abo v e the Galactic plane (K umar et al. 2021 ). These
tars are older than those in the thin disc ( ≥ 10 Gyr), more metal-
oor ( −2 . 2 ≤ [Fe/H] (dex) ≤ −0 . 5), and show higher enhancements
f α elements relative to iron ([ α/Fe] > 0 . 2 dex) (Freeman & Bland-
awthorn 2002 ; Navarro et al. 2011 ; Hayden et al. 2015 ). The thick
isc likely formed quickly, marked by an early burst of star formation
n the MW’s history. Its formation theories include: (i) secular 
volution through heating and primordial collapse (Prantzos et al. 
023 ), (ii) a significant merger, for example, Gaia Enceladus Sausage 
GES), influencing the proto-disc before the thin disc’s formation 
Belokurov et al. 2018 ; Helmi et al. 2018 ; Bignone, Helmi & Tissera
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019 ; Ciuc ̆a et al. 2023 ), and (iii) direct accretion of stars from
atellite galaxies (Reddy et al. 2006 ). 

The thin disc dominates the stellar material in spiral galaxies, with
 high and constant star formation rate (SFR) due to abundant gas,
eading to many young stars [ < 8 Gyr (Yu et al. 2021 )]. It is the
ow- α [[ α/Fe] < 0 . 2 dex (Navarro et al. 2011 )] region of the galactic
isc and is more metal rich due to later gas accretion. The thin disc
xtends to heights of ≈ 230 ± 20 to 330 ± 11 pc (Kumar et al. 2021 ).

The MW stellar halo comprises two main parts: the inner and outer
alo (Carollo et al. 2007 ; Nissen & Schuster 2010 ; Beers et al. 2012 ).
ithin the inner halo ( R gal < 15 kpc ), there are high- α (Ishigaki,
hiba & Aoki 2012 ) and low- α components (Bensby, Feltzing &
undstr ̈om 2003 ; Nissen & Schuster 2010 , 2012 ; Sheffield et al.
012 ; Hawkins et al. 2014 ; Jackson-Jones et al. 2014 ). The high- α
omponent includes in situ stars, GES, and the heated high- α disc
Zolotov et al. 2009 ; Nissen & Schuster 2010 ; Tissera et al. 2014 ;
illepich, Madau & Mayer 2015 ), formed from bursty star formation

riggered by mergers (Ledinauskas & Zubovas 2018 ; Fern ́andez- 
lvar et al. 2019 ; Liu et al. 2019 ; Emami et al. 2021 ). The low-
component is comprised of disrupted satellites with extended, 

ess intense episodes of star formation. The inner halo is primarily
nfluenced by GES, a significant dwarf galaxy accreted ≈ 8 −11 Gyr
go, marking the MW’s last major minor merger (Belokurov et al.
020 ). 
Due to the availability of large stellar spectroscopic surv e ys, for

xample, GALAH (Buder et al. 2021 ), APOGEE (Majewski et al.
017 ), SDSS/SEGUE (Yanny et al. 2009 ), LAMOST (Cui et al.
012 ), and H3 (Conroy et al. 2019 ), many studies have used integrals
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f motion and chemical abundances to cluster and disentangle
ystems with different histories. Dynamical tagging is one method
sed, in particular, using quasi-conserved quantities such as orbital
ctions ( J z , J R , and L z ) and energy ( E). Although these quantities
re not conserved over long time-scales, the E − L Z space has been
nstrumental in identifying distinct accreted structures such as GES
Helmi & de Zeeuw 2002 ; Belokurov et al. 2018 ; Helmi et al. 2018 ),
equoia (Myeong et al. 2019 ), and Kraken (a possible pre-disc in
itu population) (Forbes 2020 ; Kruijssen et al. 2020 ). 

Chemical tagging is the process of grouping stars together based on
hemical abundance ratios 1 (Freeman & Bland-Hawthorn 2002 ). It
ssumes that stars born in the same population are chemically similar
o each other but chemically distinct from other stars born at different
imes and/or locations. This allows us to use their preserved chemical
ignatures as snapshots of the Galaxy’s accretion history, facilitating
 detailed reconstruction of the MWs formation through chemical
agging (Robertson et al. 2005 ; Font et al. 2006 ; Bedell et al. 2018 ).
uder et al. ( 2022 ) analyse up to 30 element abundances, using them

o successfully distinguish GES from the in situ populations and find
hat the chemical signatures of Mg, Si, Na, Al, Mn, Fe, Ni, and Cu,
ignificantly differ from in situ MW stars. Through Gaussian mixture
odels applied to these chemical abundances, they isolate 1049 stars

ssociated with GES. 
In the literature, 2D hyperplanes, such as the Tinsley–Wallerstein

yperplane which features [ α/Fe] and [Fe/H] (Tinsley 1979 ) have
een used. The early-type dwarf galaxies formed stars early and
ave predominantly old stellar populations. The later types with
ngoing star formation have shallower [ α/Fe] – [Fe/H] slopes, which
eparates it from the steeper gradients present for MW stars. This
s due to a difference in SFR, which is a result of the relative size
ifference between the smaller satellite systems and the MW (Das,
awkins & Jofre 2020 ). 
Another informative 2D plane is [Mg/Mn] – [Al/Fe], shown in Das

t al. ( 2020 ) to ef fecti vely distinguish between accreted populations
nd the metal-poor disc (Hawkins et al. 2015 ; Mackereth et al. 2019 ;
rice-Jones et al. 2020 ). Mg and Mn are relatively pristine tracers of
ore-collapse supernovae (CCSNe) and type 1a supernovae (SNe1a),
espectively (Matteucci 2016 ). Similarly to [ α/Fe], the contrasting
ime-scales of these events make [Mg/Mn] an invaluable tool for
ecoding the SFHs of systems. As for [Al/Fe], accreted populations,
uch as GES (Hawkins et al. 2015 ) exhibit sub-solar values of this
atio due to the metallicity dependence of the light odd-Z element
roduction (Kobayashi et al. 2006 ; Ting et al. 2012 ). 
Exploring other nucleosynthesis channels, Manea et al. ( 2023 )

mphasized the role of neutron-capture elements in distinguishing
etween disc stars, significantly reducing the number of chemical
oppelgangers. The ratio of s-process to r-process elements, espe-
ially [Ba/Eu], is important here. Analysing [Ba/Eu] ratios within
hese galaxies reveals sub-solar values at low metallicities ([Fe/H]
 −1 . 7 dex), followed by a marked increase as more massive stars

ominate ISM enrichment (Lanfranchi, Matteucci & Cescutti 2006 ).
he difference between light s-process (ls) elements, such as yttrium
nd lanthanum, and heavy s-process (hs) elements, such as Ba is also
rucial. These elements are primarily synthesized during the AGB
hase of stellar evolution, with the [hs/ls] ratio serving as a gauge for
eutron source efficiency and s-process output. Lower metallicity
n AGB stars typically results in a higher [hs/ls] ratio, indicating
NRAS 534, 1985–2005 (2024) 

 [X/Y] = log ( N X /N Y ) ∗ − log ( N X /N Y ) �, is the logarithmic ratio between 
wo abundances with respect to solar abundances, where N X represents the 
umber of ‘X’ atoms per unit volume. 
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tronger neutron-capture activity and the significant influence of the
3C pocket (Kappeler, Beer & Wisshak 1989 ; Busso, Gallino &
asserburg 1999 ). Due to the obscurity surrounding the sites and

ields of neutron-capture elements, there has been little analysis of
hese heavier elements in abundance space. 

While 2D abundance hyperplanes ef fecti vely highlight enrichment
ifferences between the halo and disc, the boundary between the
nner halo and metal-poor disc requires more information to break
own the de generac y – implying that this region is more chemically
omplex and has a greater chemical diversity. To uncover the extent
f the chemical diversity in the MW, techniques have been applied to
eveal the number of dimensions in chemical space (hereafter referred
o as C-space, drawing from Freeman & Bland-Hawthorn 2002 ),
nd the abundance ratios which are most ef fecti ve at breaking the
hemical de generac y. Having a high-dimensional C-space is heavily
ecommended in Andrews et al. ( 2017 ) for the next generation of
ultielement stellar abundance surv e ys. 
The choice of appropriate abundances is key when trying to reco v er

ignatures of accretion events. In Ting & Weinberg ( 2022 ), they
etermine that for an observational uncertainty of ≈ 0 . 01 −0 . 015 dex,
 −7 abundances must be conditioned on. This is shown in Anders
t al. ( 2018 ), who used t-SNE (t-distributed stochastic neighbour
mbedding), a dimensionality-reduction technique, to dissect C-
pace revealing insights into the chemical diversity of the disc and
uggesting that it is formed from various progenitor systems and
s chemically complex. In this paper, we investigate this chemical
iversity and assess the chemical de generac y between the inner
alo and the metal-poor MW (defined by [Fe / H] ≤ −0 . 5 dex) in
he GALAH surv e y. The focus on the metal-poor MW is due to the
igh level of overlap in in situ disc, halo and accreted populations
hen viewed in 2D abundance planes and to also find known without

he use of dynamical or chemical selection cuts – other than a
etallicity cut. We aim to reveal nucleosynthesis contributions in

he metal-poor MW and identify reproducible chemical hyperplanes
or clustering chemically similar groups. After applying XD to
he PCA-transformed C-space, we distinguish these groups by
heir chemodynamical properties and compare them with known
tructures. By examining the metal-poor MW’s chemical diversity,
e seek to determine: (i) the most ef fecti ve chemical abundances for

esolving chemical de generac y in the disc and disc–halo region; (ii)
he ef fecti veness of unsupervised clustering algorithms in identifying
hemically coherent groups in the transformed C-space; and (iii)
nsights into the formation histories of the thick disc and stellar halo.

In Section 2 , we discuss the selection of the 17 element enhance-
ents ([X/Fe]) from GALAH DR3, and the sample cuts. In Section 3 ,
e utilize PCA to transform a high-dimensional (17) C-space to a

ower one (9), on which extreme deconvolution (XD) is applied
o find chemically coherent groups. In Section 4 , we e v aluate the
ontributions of the 17 [X/Fe] ratios to the variance of the C-space,
hich is examined in Section 5 . 

 DATA  

e first present the GALAH + (GALactic Archaeology with HER-
ES) DR3 (Buder et al. 2021 ) data and then discuss the chemical

lements that will be included to break down de generac y in C-
pace. The GALAH surv e y aims to e xplore the chemical and
inematic histories of the MW. Using the HERMES spectrograph at
he Australian Astronomical Observatory’s 3.9-m Anglo-Australian
elescope, GALAH is a high resolution ( R ≈ 28 000), optical surv e y.
ne of its core strengths is its large amount of data and determination
f chemical abundances for up to 30 different elements for five
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ifferent nucleosynthesis channels. Their abundance determination 
orkflow uses spectroscopy made easy (SME), which is a spectral 

ynthesis fitting code (Piskunov & Valenti 2017 ). 
In this work, we select 17 [X/Fe] ratios (X = Mg, Si, Ca, Ti, Ba,

a, Y, Eu, Mn, Zn, Co, Cr, Cu, Ni, Al, K, and Sc), which were taken
rom an initial set of 30 provided by GALAH. These abundance 
atios have been chosen for their reliability and ability to capture 
ey nucleosynthesis signatures in metal-poor stars. Abundance ratio 
easurements that are not measured in the imposed quality cuts 

re not included. Some elements were deliberately not included in 
his analysis: O and Na [both are light elements that are affected by
nternal mixing and depletion (Cohen 2004 )]. Additionally [Fe/H], 
hich is the iron abundance, was not included as [Fe/H] is highly

orrelated with the abundance ratios [X/Fe] that are considered in this
ork. We briefly summarize the elements included here as follows: 

(i) [Mg , Si , Ca , Ti / Fe] – The [ α/Fe] ratio is widely used to differ- 
ntiate between CCSNe, which enrich the ISM with α-elements on 
hort time-scales, and SNe1a, which contribute iron-peak elements 
cross longer time-scales. The play-off between these nucleosynthe- 
is processes leads to a characteristic ‘knee’ in the [Fe/H]–[ α/Fe]
lane, the location of which can indicate the mass of the system,
s more massive galaxies retain and accumulate more metals before 
Ne1a begin to dominate (De Boer et al. 2014 ; Hendricks et al.
014 ). Previous works highlight the chemical dichotomy of [ α/Fe]
n both the disc and halo of the MW, acting as key indicators of SFH
nd the timing of chemical enrichment (Tinsley 1979 ). 

(ii) [Ba / Fe] – As a hs-element, Ba features supersolar values in 
ystems with extended SFHs, indicative of enhancement due to AGB 

ucleosynthesis around 10 Myr after star formation (De Los Reyes 
t al. 2022 ). At low metallicities, Ba is synthesized via the r-process,
ontributing to the chemical diversity observed in ancient stellar 
opulations (Busso et al. 1999 ; Frebel 2018 ). 
(iii) [La , Y / Fe] – Observations suggest that ls elements exhibit 
ore scatter than their heavy counterparts and are more o v erabundant 

t low metallicities (Burris et al. 2000 ; Aoki et al. 2005 ). This scatter
ould be indicative of varied nucleosynthetic sites and processes con- 
ributing to their abundances, reflecting different chemical evolution 
aths. 
(iv) [Eu / Fe] – Eu is predominantly produced by the r-process 

nd serves as an excellent tracer of neutron-capture processes. 
he sources of the r-process are currently thought to be CCSNe,
hich contributes to the ele v ated Eu-enhancement observed at low 

etallicities, as well as neutron star mergers (NSMs). NSMs occur 
n similar delay time-scales to SNe1a (Wanajo, Hirai & Prantzos 
021 ), which leads to an o v erall increase of Eu abundance in time.
lthough studies indicate that NSMs are rare events, the observed r-
rocess abundance trends in dwarf galaxies can predominantly result 
rom stochastic effects (Beniamini, Hotokezaka & Piran 2016 ; Ji 
t al. 2016 ; Carrillo et al. 2022 ). This pattern is evidenced in dwarf
alaxies from the Local Group such as Carina and Draco, which 
xhibit notable Eu enrichment ([Eu/Fe] ≈ 0 . 5 dex) as observed by
anfranchi et al. ( 2006 ). 
(v) [Mn / Fe] – Mn is a more pristine tracer of SNe Ia compared 

o iron, which has other formation channels. Studies have shown 
hat [Mn/Fe] is underabundant in low-metallicity stars and increases 
owards solar values at higher metallicities (Feltzing, Fohlman & 

ensby 2007 ; North et al. 2012 ). 
(vi) [Zn , Co / Fe] – Zn and Co are interesting for their roles in 

yperno vae (HNe) nucleosynthesis, pro viding insights into the high- 
nergy end of stellar end-of-life processes (Kobayashi, Karakas & 

ugaro 2020 ). High [Zn/Fe] ratios in very metal-poor stars suggest
CSNe as a major site for Zn production but the required quantities
re more consistent with energetic HNe. In later phases of galactic
volution, the major Zn-production site likely switches from HNe to 
Ne1a. This dual contribution led to the solar isotope composition 
f Zn and solar [Zn/Fe] values in the disc (Tsujimoto & Nishimura
018 ). Low [Zn/Fe] can imply formation in an external environment
ith a low star formation efficiency and where the gas has been
oorly enriched by massive stars (Minelli et al. 2021 ). 
(vii) [Cr, Cu , Ni / Fe] – Cr is primarily produced in SNe1a and 

CSNe, with its abundance reflecting the integrated yield of these 
v ents o v er time. Cu, on the other hand, has a more complex
ucleosynthetic origin, involving both SNe1a and CCSNe, but 
lso significant contributions from AGB stars. Ni is predominantly 
ynthesized in SNe1a, making its abundance a valuable tracer for 
hese events. 

(viii) [Al , K, Sc / Fe] – Al and K are included for their potential 
o reveal unique nucleosynthetic signatures from massive stars and 
GB stars. The in situ and accreted halo appear to exhibit different
alues of [Al/Fe], with metal-poor populations having a lower 
fficiency of Al production due to inefficient C, N, and O in the
SM (see Kobayashi et al. 2006 for further details). 

We select stars with a sufficient spectrum signal-to-noise ratio, 
ith no identified problems with stellar parameter determination, 
o identified problems with abundance determination of any of the 
lements we consider, and with a low uncertainty in abundance ratios
y imposing the following cuts to the GALAH data (as recommended 
n Buder et al. 2021 ): 

(i) snr c3 iraf > 30 
(ii) flag sp == 0 
(iii) flag Fe H == 0 
(iv) flag X Fe == 0 
(v) e X Fe < 0 . 2 

The remaining sample is shown in Fig. 1 . Without these cuts,
purious relations can appear and distort the abundance relations by 
arge residual correlations (Jofr ́e, Heiter & Soubiran 2019 ; Ting &
 einberg 2022 ). W e only select red giant branch (RGB) stars

 log g < 3 and log T eff < 3 . 73), due to their high intrinsic luminosity
hich allows us to probe more distant stars. By conditioning on the

tellar parameters T eff and log g, we also ensure that our sample is not
mpacted by the different measurement systematics between spectral 
ypes (Jofr ́e et al. 2019 ; de Mijolla et al. 2021 ). A final additional cut
f [Fe/H] ≤ −0 . 5 dex has been made to focus on metal-poor stars.
fter making these cuts, our sample size is reduced from 678 423 to
923 stars. 
Note that the errors used in the cuts include the error calculated

rom repeat measurements, while for the rest of the analysis we use
nly internal SME covariance uncertainties. To provide further clarity 
n the data quality and the effects of these cuts, in the Appendix,
igs A1 and A2 display the elemental abundances [X/Fe] and their
ssociated uncertainties as a function of T eff and [Fe/H]. Of all the
bundances ratios used, [La/Fe] has the highest uncertainties. 

 M E T H O D S  

n the following section, we describe the details of using PCA to
nd a compact latent space transformation of the high-dimensional 
-space. The transformation allows us to explore the importance of 
ach element in the chemical diversity of the data set and helps the
D clustering method by reducing the dimensionality of the data set

Bovy, Hogg & Roweis 2011 ; Mukherjee, Doerkar & Zhang 2024 ). 
MNRAS 534, 1985–2005 (2024) 
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M

Figure 1. The logarithmic surface gravity and ef fecti ve temperature of 
GALAH stars. The grey points represent the full sample (without the cuts 
discussed abo v e), while o v erlaid points are of our working sample coloured 
by their metallicity. This limits our sample to RGB stars, which are selected 
due to their high luminosity. 
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.1 Principal component analysis 

rincipal component analysis (PCA) is a dimensionality reduction
echnique that forms linear combinations of the original variables,
rdered by their information content (i.e. contribution to the total
ariance). By removing those principal components (PCs) with the
east information, the data can be simplified in an optimal way,

aking it easier to visualize and allowing clustering algorithms to
nd groups more cleanly (Jolliffe & Cadima 2016 ). 
We refer to our analysis as principal component abundance

nalysis (PCAA, coined by Andrews et al. 2012 ). Previous studies
ave shown PCA’s potential to reveal latent correlations between
hemical elements, providing insights into nucleosynthetic pathways
nd the Galaxy’s chemical e volution (Andre ws et al. 2012 ; Ting
t al. 2012 , 2019 ). This process yields eigenvectors (PCs) and
igenvalues representing the variance captured by each component.
 larger eigenvalue indicates that its corresponding PC captures
ore variance, holding more ‘information’ about the original data.
y projecting on to a subset of the most significant eigenvectors, the
ata set can be dimensionally reduced. 
PCA’s linearity, unlike t-SNE, necessitates that our data reflect

his property. The decision to work in [X/Fe] space is based on
wo assumptions: (1) [X/Fe] correlations are linear due to their
ogarithmic nature; and (2) [X/Fe] errors are Gaussian distributed.
X/H] ratios are highly correlated, offering less distinctiveness in
he C-space. Ting et al. ( 2012 ) analysed the dimensionality of C-
pace in various metallicity bands, revealing that neutron-capture
b undances significantly contrib ute to observed variances in low-
etallicity ranges ( −3 . 5 < [Fe / H] < −1 . 5 de x). The y demonstrated

hat the dimensionality of C-space, defined by the number of PCs
equired to encapsulate intrinsic variations, is accurately represented
hen the cumulati ve v ariance of the first k PCs is around 85 per cent.
his threshold is influenced by sample size, observed abundances,
nd their uncertainties. Unlike 2D chemical hyperplanes, PCA probes
NRAS 534, 1985–2005 (2024) 
o w dif ferent elements e volve together, re vealing the chemical
iversity of the MW. 

.2 Extreme deconvolution 

n this study, we employ XD, a clustering algorithm, designed
o reco v er an underlying multi-Gaussian distribution, ev en in the
resence of noise. We start with the assumption that the N observed
ata points are drawn from a mixture of k multi v ariate Gaussian
istributions with means μk ∈ R 

d and covariances � k ∈ R 

d×d , where
 is the number of dimensions. For each observed data point x i ,
here is an associated observational error, which can be modelled
s a Gaussian. The covariance matrix of this error is represented as
i . The initial predictions on the fraction of the total N points that
elong to the k th Gaussian component are given by πk , such that
 K 

k= 1 πk = 1. The initial estimates for πk , μk and � k are initialized
sing the sklearn.mixture.GaussianMixture package, 
nd are generated using K-Means. The XD algorithm employs the
xpectation–maximization technique, which consists of two steps:
he E-step, where the posterior probabilities ω k,i are computed, and
he M-step, where the Gaussian parameters are updated. 

In the E-step, the algorithm calculates the probability that data
oint x i belongs to the k th Gaussian component using Bayes’
heorem: 

 k,i = 

p( x i | μk , � k + χi ) ∑ k 

j= 1 πj p( x i | μj , � j + χi ) 
, (1) 

here p( x i | μk , � k + χi ) represents the probability density function
f the Gaussian distribution with mean μk and covariance � k 

 v aluated at x i . In the M-step, the estimates for μk and � k are
pdated. The revised mean μk for all k is 

k = 

1 

N k 

N ∑ 

i= 1 

ω k,i x i , (2) 

ith N k being the ef fecti ve count of data points ascribed to the k th 

aussian component. The updated covariance estimate for all k is 

 k = 

1 

N k 

N ∑ 

i= 1 

ω k,i ( x i − μk )( x i − μk ) 
T − χi . (3) 

his formula accounts for the observational error, refining the true
istribution’s covariance estimate. Lastly, the prior probability πk is
djusted: 

k = 

N k 

N 

. (4) 

The XD algorithm iterates between the E-step and M-step until
onvergence is reached. XD’s robustness against noise and its ability
o discern intricate structures make it particularly valuable in astro-
hysics. This was show cased by Bovy et al. ( 2011 ) and Belokurov
t al. ( 2018 ), to break down the complex velocity distributions of
olar neighbourhood stars and the MW stellar halo, respectively. 

.3 Group number ( k ) estimation 

fter employing XD, the next critical task is to determine the optimal
umber of Gaussian groups, hereafter defined as k. The Bayesian
nformation criterion (BIC) emerges as a practical tool for this
urpose (Fraley & Raftery 2002 ). It provides a trade-off between
he fit of the model to the data and the dimensionality (hereafter
efined as d) of the model. The formula for BIC is given by 

IC = −2 ln ( L ) + m ln ( N ) , (5) 
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Table 1. The compiled results of the XD mock tests, investigating the impact 
of the dimensionality ( d), number of groups ( k), and the errors X err . 

d-dimensions k-groups X err k-predicted 

3 3 0.0, 0.05, 0.10, 0.20 3, 3, 3, 3 
3 5 0.0, 0.05, 0.10, 0.20 5, 4, 5, 6 
3 10 0.0, 0.05, 0.10, 0.20 5, 5, 5, 4 
5 3 0.0, 0.05, 0.10, 0.20 3, 3, 3, 2 
5 5 0.0, 0.05, 0.10, 0.20 6, 6, 6, 6 
5 10 0.0, 0.05, 0.10, 0.20 11, 11, 11, 8 
7 3 0.0, 0.05, 0.10, 0.20 3, 3, 3, 3 
7 5 0.0, 0.05, 0.10, 0.20 8, 5, 5, 5 
7 10 0.0, 0.05, 0.10, 0.20 11, 6, 9, 9 
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Figure 2. The explained variance of a PC is the eigenvalue of that PC. 
Applying a cut-off at 85 per cent cumulative explained variance shows that 
nine components are required to reliably capture the patterns present in the 
data. Thus, a dimensionality reduction can be made from a 17D to a 9D space. 
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here L is the likelihood of the observed data given the model, m is
he number of free parameters in the model and as before, N is the
umber of data points. L is the product of the probabilities of each
ata point, given the model parameters and is given by 

 = 

N ∏ 

i= 1 

p( x i | θ ) , (6) 

here θ denotes the set of parameters of the Gaussian mixture model. 
he value of m is given by 

 = d 
d + 3 

2 
k. (7) 

The BIC tends to fa v our models with fewer parameters (simpler
odels) for smaller data sets and models with more parameters 

more complex models) for larger data sets. As a result of this, the
IC penalizes o v erfitting, discouraging o v erly comple x models.

n our study, underestimating the number of groups is more 
dvantageous than o v erestimating, as during subsequent dynamical 
nalyses these merged groups could be teased apart based on their 
ynamical properties. 
In order to test the accuracy and limitations of XD, we generated

 set of mock multi v ariate distributions, adjusting the number of
roups ( k), means ( μk ), covariances ( � k ), weights ( πk ), number
f dimensions ( d = 2, 5, and 7) and magnitude of the errors
 X err = 0 . 0 , 0 . 05 , 0 . 10 , 0 . 20 dex). The summarized results are found
n Table 1 . These errors were chosen to span the range of errors that
re encountered in the GALAH data. To keep these tests applicable to
he ranges of our PCA-transformed data, we use the same sample size
 N = 9923), generating random samples with the following number 
f artificially included groups: 3, 5, 7, and 10. XD performs well in
eco v ering the correct number of groups, k, but this performance is
nfluenced by both the dimensionality, d , of the space and the magni-
ude of k. In a 3D space with three groups ( d = 3 , k = 3), the number
f groups predicted by the BIC, k predicted , is accurate. Ho we ver, when
he number of groups is increased to 10 in the same 3D space the
rediction becomes less reliable, resulting in k predicted = 4, when the 
rrors are set to X err = 0 . 2 dex. As the dimensionality increases, the
ccuracy of the group reco v ery seems to impro v e, for e xample, in
he case of d = 7 and k = 10, the BIC is able to predict a range of
alues close to the actual number, k predicted = 6–11. 

This suggests that higher dimensional spaces provide better 
eparation between groups, allowing for more accurate predictions 
y the BIC. In summary, when looking at various dimensions and 
roup numbers, k predicted does not consistently indicate a tendency 
oward o v erfitting or underfitting our mock tests. Nev ertheless, in
ases where k = 10, which is the number used in this work as
escribed in Section 4.2 , the predicted number of groups falls short
cross all dimensions, indicating a tendency towards underfitting. 
onsequently, we conclude that when applying this method to our 
ata, the BIC score’s ‘knee’ (the point where adding more groups
oes not significantly impro v e the model) represents a lower limit of
he true number of groups in our data set, so is unlikely to subdivide
he C-space into too many groups. 

 RESULTS  

ere, we describe the results of applying PCA and our clustering
nalysis, followed by a presentation of the chemodynamical proper- 
ies of the revealed groups- assigning known stellar components to 
he 10 derived groups as follows: the thick disc (G1, G4, G6, G7,
nd G8), GES (G2), the in situ halo (G3 and G5) and the thin disc
G9). G10 is interpreted as an outlier group. 

.1 PCAA 

CA is applied to the 17D C-space, with the explained variance
hown in Fig. 2 . The explained variance is the fraction of the
otal variance in the original data set that is contained in each PC.
onsistent with the approach of Ting et al. ( 2012 ), we have imple-
ented a cumulative explained v ariance cutof f of 85 per cent, thereby

xcluding those PCs dominated by noise or errors. Notably, the cumu- 
ativ e e xplained variance increases gradually, requiring a substantial 
umber of PCs to reach the 85 per cent threshold. This pattern could
uggest, within the metallicity range of −1 . 7 ≤ [Fe / H] ≤ −0 . 5,
he presence of multiple independent nucleosynthetic processes that 
nfluence the observed chemical patterns, as well as different SFHs 
ontributing to the enrichment of this region. These aspects are 
xplored further in Section 5 . Implementing the 85 per cent cutoff
educes the 17D space to a 9D space, highlighted in Fig. 2 . We note
hat changing the number of PCs we consider by a few does not
ignificantly affect the number of groups that are identified by our
ubsequent clustering analysis in Section 4.2 . 
MNRAS 534, 1985–2005 (2024) 
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M

Figure 3. The 17 [X/Fe] abundances are coloured approximately by their nucleosynthetic families: α (blue), light-odd Z (green), heavy s-process (red), light 
s-process (purple), r-process (pink), and iron-peak (orange). The first PC (left plot) makes up 29 per cent of the total variance of the C-space. The second PC 

(right plot) makes up 18 per cent of the total variance. The weights (positive and negative) show how each [X/Fe] chemical abundance ratio contributes to the PC. 
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Figure 4. The ‘core’ is the group centred around PC1 ≈ 0 and PC2 ≈ −2. 
The ‘branch’ is the group centred around PC1 ≈ 5 and PC2 ≈ 0. The ‘spray’ 
is the group centred around PC1 ≈ 0 −1 and PC2 ≈ 10. 
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To further breakdown the elemental contributions to the variance,
ig. 3 shows the weights ( i.e. eigenvector coefficients for each
lement enhancement) for the first two PCs, which contain 50 per cent
f the variance of the data. In PC1, [Al/Fe], [Cu/Fe], and [Ba/Fe]
ontribute the most to the variance (in terms of absolute magnitude).
n PC2, there is a greater contribution from the ls-elements, [Y/Fe],
nd [La/Fe]. The lack of contribution, positive or negative, from
lements like [Eu/Fe] and [K/Fe] in PC1, and [Mn/Fe], [Al/Fe],
Co/Fe], [Ni/Fe], and [Cu/Fe] in PC2, is a consequence of the non-
inearity of some nucleosynthesis processes, for example, Al, where
wo trends can cancel out. To see more clearly how these elements
ontribute to the spread of observed abundances, we show the PC1–
C2 plane in Fig. 4 . We use the following terms to define the three
eneral regions that are identifiable by eye in this 2D plane; the
core’, the ‘branch’ and the ‘spray’. We argue in the following that
he ‘core’ is made up of disc populations, the ‘branch’ is made
p from a single accreted population (GES) and the ‘spray’ features
upersolar s-process enhanced stars which are in situ in origin. These
egions are used for reference when analysing the distributions of
ach [X/Fe] abundance ratio in the PC1–PC2 plane in Fig. 5 . We
an also identify that the positive PC1 direction varies between disc
‘core’) and accreted stars (‘branch’), with hs-element [Ba/Fe] having
 positive contribution and iron-peak and light odd-Z elements having
 ne gativ e contribution which points towards metal-poor populations
ith extended SFHs. The positive PC2 direction varies between disc

nd in situ populations (‘spray’), pointing towards s-process and
-enhancement. 
Our main findings are as follows: 

(i) Core: The ‘core’ is characterized by relatively metal-rich stars
ith [Fe/H] ≈ −0 . 6 dex, noting that the sample is selected to have

Fe/H] ≤ −0 . 5 de x. This re gion shows significant enhancement in
Al/Fe], indicating differences in SFHs compared to other regions-
ith the ‘core’ experiencing recent/ongoing star formation compared
ith the accreted populations in the ‘branch’. The majority of
NRAS 534, 1985–2005 (2024) 
he ‘core’ shows enhanced [Cu/Fe], except for the lower region
ccupying PC1 ≈ −2, PC2 ≈ −4. The ‘core’ has near-solar values
f [Ba/Fe], suggesting it is representative of disc populations. There
s a lower [Mg/Fe] value in the lower region of the ‘core’ compared
ith the upper ‘core’, with a difference of ≈ 0 . 3 dex, which is greater

han the average errors of [Mg/Fe] (0.07 dex). This could indicate the
resence of thin disc stars. Additionally, some [Sc/Fe] enhancement
s observed in the left region of the ‘core’ (at PC1 ≈ −5 and PC2 ≈ 0).

(ii) Spray: The ‘spray’ region displays a complex mixture of
etallicities. It is notable for hs-enhancement in [Ba/Fe] and su-

ersolar [Y/Fe] stars, indicating a distinct chemical signature from
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Figure 5. The PC1–PC2 hyperplane coloured by various abundances ratios ([Fe/H], [Al/Fe], [Zn/Fe], [Cu/Fe], [Eu/Fe], [Ba/Fe], [Y/Fe], [Mg/Fe], and [Sc/Fe]). 
The only abundance ratio here that was not included in the C-space is [Fe/H]. We e v aluate the chemical enrichment in three regions: the ‘core’, the ‘branch’, 
and the ‘spray’. 
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oth the ‘core’ and ‘branch’. PC2 shows a high positive weighting for
-process elements towards the ‘spray’, suggesting significant contri- 
utions from AGB stars in these populations. This could also indicate 
he presence of Ba-rich stars resulting from binary processes. Higher 
GB contributions imply these populations underwent prolonged or 
ultiple-phase star formation, allowing intermediate-mass stars to 

volve into AGB stars, enriching the ISM with s-process elements. 
he ‘spray’ has a varied range of abundance ratios for the other
lements considered, showing no clear pattern like the ‘core’ or 
branch’, which makes it a more heterogeneous group in terms of
hemical composition. 

(iii) Branch: The ‘branch’ contains more metal-poor stars, with 
Fe/H] ≈ −1 . 4 de x. It e xhibits significant variance in [Eu/Fe], point-
ng to stochasticity in r-process element production in the metal-poor 
e gime. The ‘branch’ e xhibits lower [Al/Fe] than the ‘core’ or ‘spray’
egions, indicating significant differences in SFHs, with low [Al/Fe] 
eing a property of accreted populations. Many of the iron-peak ele- 
ents have negative weights in PC1, which can be seen through the
 s
ub-solar values of elements such as [Cu/Fe] towards the ‘branch’. A
imilar trend is observed in [Cu/Fe], where the lower [Cu/Fe] agrees
ith findings for accreted halo stars. The ‘branch’ also has high

Ba/Fe] values, and a slightly sub-solar [Mg/Fe] present in the lower
e gion, potentially indicativ e of low- α halo stars. In PC1, [Ba/Fe],
Zn/Fe], [Y/Fe], and [La/Fe] have positive weights, indicating these 
lements increase towards the accreted population in the ‘branch’. 

The PC1-PC2 hyperplane is just a 2D representation of the reduced
D C-space, which indicates why there are only three components 
elected by eye (see Fig. 4 ). This will be explored in more detail in
he following Section 4.2 , where we cluster the latent space using
D to estimate the underlying number of groups. 

.2 Clustering the PCA-transformed space 

ur goal is to cluster the metal-poor MW stars into groups with
imilar chemistry to better understand the chemical diversity and 
MNRAS 534, 1985–2005 (2024) 
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Figure 6. BIC scores for clustering the 9D-transformed C-space of metal- 
poor MW stars. The minimum BIC, the ‘knee’, suggests 10 groups. The inset 
shows the minimum BIC score at 10 groups. Although 10 to 14 groups yield 
similar scores, we proceed with 10 groups for simplicity and robustness. 
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ormation history of components such as the thick disc, thin disc,
nd stellar halo. We apply XD to our 9D-transformed C-space for a
arying number of groups and calculate the BIC for each case. The
IC scores shown in Fig. 6 suggest the presence of ≈ 10 groups,
hich we label as G1–G10. It is important to note that the optimal
umber of groups is not very clear from the BIC analysis, as a range
f about 10 to 14 groups returns similar BIC scores. For simplicity
nd to facilitate our analysis, we proceed with the minimum number
f groups suggested by the BIC knee, which is 10, noting also that
 slight underestimation of the total number of groups is preferable
o an o v erestimation, as discussed in Section 3.3 . Additionally, we
nly assign stars to a group if they have a ≥ 70 per cent probability
f belonging to that Gaussian component. 

.3 Mapping the groups to known populations 

n Fig. 7 , we show the location of the groups in commonly used
hemodynamical hyperplanes, [Mg/Mn] – [Al/Fe], L z – E and L z /L c 

[Fe/H], while also showing where the groups lie in the reduced
C1–PC2 space. While [Mg/Fe] has a relatively low weight of −0 . 2

n PC1 (shown in Fig. 3 ), indicating it does not vary significantly,
e still utilize it to explore its associations with the thick disc, thin
isc and halo populations. Combining this with information from the
ther [X/Fe] distributions for each group, found in the Appendix, we
an determine the chemodynamical properties of each of them. We
lso refer the reader to Table A1 for a complete collection of means
nd errors of the chemodynamical distributions and Fig. A3 for the
X/Fe] abundance distributions for each group. 

.3.1 G1, G4, G6, G7, and G8 – thick disc groups 

1, G4, G6, G7, and G8 contain 763, 648, 2235, 832, and 610
tars, respectively. In the PC1–PC2 plane, these groups form the
core’. They occupy an α-rich region with [Mg/Fe] μ values of ≈
 . 3 dex. Their [Fe/H] distributions show the most metal-enhanced
NRAS 534, 1985–2005 (2024) 
alues among the groups of around −0 . 6 de x. All hav e prograde
rbits ( L z ≈ 1200 kpc km s −1 ) and e distributions peaking at ≈ e =
 . 30. 
Regarding their chemistry, the [Ba/Fe] values differ: G4 and G8

ave supersolar values ([Ba/Fe] μ = 0 . 28 and 0.21 de x respectiv ely),
hile G6 and G7 have slightly sub-solar values ([Ba/Fe] μ = −0 . 05

nd –0.10 de x, respectiv ely). The [Y/Fe] trend is similar. [Eu/Fe]
bundances are consistently supersolar across these groups ( ≈
 . 3 dex). G4 shows a high Zn enhancement ([Zn/Fe] μ = 0 . 42 dex),
hile others are closer to solar ( ≈ 0 . 1 dex). G7 and G8 show bi-
odalities in [Zn/Fe] with solar and sub-solar components (e.g.
7 subsolar = −0 . 3 and G7 solar = 0 . 1 dex). The [Al/Fe] distribution is
arrow across all groups, with abundances ranging from [Al/Fe] μ =
 . 22 − 0 . 45 de x. F or [Cu/Fe], all groups have solar values except
4, which has [Cu/Fe] μ = −0 . 08 dex. In [Ni/Fe], all groups have

upersolar Ni-abundances except G4 ([Ni/Fe] μ = 0 . 00 dex). Finally,
he [Sc/Fe] distributions are similar across G4, G6, and G7, with
ails extending between [Sc/Fe] = 0 . 0 −0 . 2 dex. G1 has an extended
istribution with [Sc/Fe] reaching ≈ 0 . 4 dex. G8 is the only group
ith sub-solar values, [Sc/Fe] μ = 0 . 04 dex, and a tail extending
own to ≈ −0 . 2 dex. These groups (G1, G4, G6, G7, and G8) lie in
he thick disc region of the [Mg/Mn]–[Al/Fe] plane. 

The properties of these groups, including their α-rich nature,
elatively high metallicity, prograde orbits, and specific chemical
bundance patterns, align with the expected SFH of the thick disc.
his history involves rapid early star formation from gas enriched
y CCSNe, followed by prolonged or multiple-phase star formation
pisodes (Bland-Hawthorn & Gerhard 2016 ; Yu et al. 2021 ). G4 and
8 have some exceptions to expected abundance patterns, in the case
f [Ba/Fe] and [Zn/Fe], this is further discussed in Section 5.1 . 

.3.2 G2–GES 

2 contains 671 stars and dominates the ‘branch’ in the PC2–
C1 plane. G2 has lo w-metallicity v alues ([Fe/H] μ = −1 . 00 dex)
nd L z,μ = 145 . 13 ± 521 . 97 kpc kms −1 , with an eccentricity e μ =
 . 80 ± 0 . 21, extending up to a peak at e ≈ 1, making it the most
ynamically hot of all groups. 
It is α-rich, slightly less so than the groups in the ‘core’, with

Mg/Fe] μ = 0 . 13 dex, and is the most Mn-depleted group present,
ith [Mn/Fe] μ = −0 . 37 dex. G2 has a high Ba enhancement,

Ba/Fe] μ = 0 . 41 dex, though the ls-process element Y enhancement
s [Y/Fe] μ = 0 . 11 dex, indicating a lower abundance compared to the
s-process. G2 shows supersolar [Eu/Fe] values at μ = 0 . 44 dex and
 uni-modal, solar [Zn/Fe] distribution with [Zn/Fe] μ = 0 . 08 dex.
he [Al/Fe] distribution is subsolar, the lowest across all groups, with

Al/Fe] μ = −0 . 12 dex. Notably, G2 has a dominant peak at very sub-
olar [Cu/Fe] values, [Cu/Fe] μ = −0 . 46 dex, making it the least Cu-
nriched in the sample. The [Ti/Fe] distribution shows that while G2
s enhanced in Mg (which is also an α-element), it extends to [Ti/Fe]
bundances as low as those of G9. G2 has [Ni/Fe] μ = −0 . 11 dex,
nd [Sc/Fe] μ = −0 . 01 dex. 

In the [Mg/Mn]–[Al/Fe] plane, G2 o v erlaps with the ‘blob’
dentified in Das et al. ( 2020 ) and also mirrored by other studies
Myeong et al. 2022 ), indicating the presence of GES stars. The low
etallicity of these stars position G2 within the more metal-rich

xtent of GES ([Fe/H] μ = −1 . 05 ± 0 . 20 dex (Ortigoza-Urdaneta
t al. 2023 ), although GES is thought to extend down to [Fe/H]
−1 . 5 dex (Naidu et al. 2022 ), a metal-poor region not fully

aptured in our sample, which extends down to [Fe/H] ≈ −0 . 6 dex.
3 and G10 also show GES-like stars, with G10 reaching lower
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Figure 7. Plots of all groups in varying chemodynamical and PC planes. Top panel: the thick disc groups, G1, G4, G6, G7, and G8, in order from left to right: 
PC2 – PC1, [Mg/Mn] – [Al/Fe], L z – E and L z /L c – [Fe/H]. Middle panel: GES (G2) and the thin disc (G9), in order from left to right: PC2 – PC1, [Mg/Mn] 
– [Al/Fe], E – L z and [Fe/H] – L z /L c . Bottom panel: the in situ halo groups (G3 and G5) in order from left to right: PC2 – PC1, [Mg/Mn] – [Al/Fe], E – L z , 
and [Fe/H] – e. 
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etallicities. The high [Ba/Fe] values in G2 present a discrepancy 
ith studies that indicate GES has negligible s-process contribution 

nd subsolar [Ba/Fe] values ( −0 . 02 dex) (Carrillo et al. 2022 ).
o we ver, our [Ba/Fe] μ = 0 . 41 ± 0 . 19 dex closely matches Myeong

t al. ( 2022 )’s estimate for metal-rich GES ([Ba/Fe] = 0.38 dex,
Fe/H] = −0 . 96 dex). G2 also shows r-process enhancement with
Eu/Fe] μ = 0 . 44 dex, aligning with the metal-rich GES cited in the
iterature ([Eu/Fe] = 0 . 47 dex (Myeong et al. 2022 )). The sub-
olar [Al/Fe] μ = −0 . 12 dex is consistent with an accreted popu-
ation, matching Myeong et al. ( 2022 )’s metal-rich GES ([Al/Fe]
 −0 . 17 ± 0 . 09 de x). G2’s e xtreme sub-solar [Cu/Fe] values define

t distinctly. 

.3.3 G9 – thin disc 

9 contains 581 stars and is part of a distinct lower cluster in
he segmented ‘core’ shown in Fig. 4 . G9 has the highest L z 

mong the groups, with L z = 2020 . 10 ± 619 . 82 kpc km s −1 . There
s a slight bi-modality in L z , with a small group of stars having
 z ∼ 0, and it has the most circular orbits of all the groups, with
 distinct peak at e ≈ 0 . 1. G9 has a tail towards L z ≤ 0, with 9
tars exhibiting retrograde kinematics, representing ≈ 1 . 72 per cent 
ontamination from G2. G9 is the most α-poor group in the
ample, with [Mg/Fe] μ = 0 . 10 dex, supported by low [Ti/Fe] values
[Ti/Fe] μ = 0 . 09 dex). It has the most overall Mn-rich distribution of
he groups, with [Mn/Fe] μ = −0 . 08 dex), with only G1 and G10
howing extended tails to higher Mn-enhancement. The [Fe/H] 
istribution is the narrowest and also among the most metal-rich 
[Fe/H] μ = −0 . 56 dex). The s-process enhancement shows slight bi-
odality, more evident in the ls-process element Y, with [Y/Fe] 

eaturing peaks at solar ( ≈ 0 . 1 dex) and sub-solar ( ≈ −0 . 2 dex)
alues. G9 has the lowest r-process enhancement with [Eu/Fe] μ = 

 . 15 dex). The [Zn/Fe] values are solar, [Zn/Fe] μ = −0 . 01 dex, and
eature a tail extending to low [Zn/Fe] values ( < −0 . 5 dex). [Al/Fe]
ligns with the ‘core’ groups, and the [Cu/Fe] distribution closely 
esembles that of G1, G6, and G8. G9 has the lowest [Ti/Fe] of
ll groups, [Ti/Fe] μ = 0 . 09 dex, with a tail extending to sub-solar
alues, ≈ −0 . 2 dex, similar to G2. The [Ni/Fe] distribution is similar
o G1, G4, G6, and G7 ([Ni/Fe] μ = 0 . 04 dex), and [Sc/Fe] values
losely match G8, at [Sc/Fe] μ = 0 . 06 dex. In the [Mg/Mn]–[Al/Fe]
lane, G9 lies in a region characteristic of the thin disc. This is
orroborated by its predominantly prograde and circular orbits. 
he α-poor nature and narrow metallicity distribution at [Fe/H] 
 −0 . 8 dex are consistent with the thin disc population studied by
MNRAS 534, 1985–2005 (2024) 
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awkins et al. ( 2015 ). The retrograde contamination (1.72 per cent)
ikely originates from GES, as they possess a similar α enhancement.

.3.4 G3 and G5 – in situ halo 

3 and G5 contain 651 and 141 stars, respectiv ely. The y both occupy
he upper region of the ‘core’ (at PC1 ≈ 0 and PC2 ≈ 5), with G3
xtending into the ‘branch’ and G5 extending into the ‘spray’. It is
vident that these two groups o v erlap across multiple hyperplanes,
apturing stars on retrograde and more circular orbits. G3 features a
i-modality at L z ≈ 1000 and 0 kpc kms −1 . The prograde peak aligns
ith G1, G4, G6, G7, and G8 (i.e. the thick-disc populations), while

he L z ≈ 0 kpc kms −1 peak matches G2 (GES). G5 also shows a bi-
odal distribution in L z , with stars at L z = 0 and retrograde values.
he e distribution in both groups is widely spread between e = 0 and
, with a bi-modality of thick disc-like and higher eccentricity orbits.
The [Mg/Fe] distribution of G3 is centred at [Mg/Fe] μ = 0 . 32 dex,

imilar to the α-enhanced G1, G4, G6, G7, and G8 (thick-disc
opulations). G5 has the most α-rich stars of all groups, with
Mg/Fe] μ = 0 . 36 dex, and a distribution tail extending to ≈ 0 . 75 dex.
oth groups have wide metallicity distributions, with G5 being
ore metal-rich ([Fe/H] μ = −0 . 75 dex), and G3 having a lower
etallicity ([Fe/H] μ = −0 . 87 dex). The Ba-enrichment of G3 is

imilar to G2 ([Ba/Fe] μ = 0 . 44 ± 0 . 24 dex), while G5 has the highest
Ba/Fe] enrichment among all groups ([Ba/Fe] μ = 0 . 97 ± 0 . 37 dex).
3 has a narrow [Y/Fe] distribution ([Y/Fe] μ = 0 . 33 ± 0 . 17 dex),
nique among the groups, while G5 has a higher enhancement,
Y/Fe] μ = 0 . 68 ± 0 . 26 de x, with a comple x distribution featuring
bout four peaks. The high s-process enhancements present in G3 are
ound in the protogalaxy population Aurora (Myeong et al. 2022 ), and
re attributed to the prolonged star formation of in situ populations.
imilarly, Heracles (Horta et al. 2020 ; Naidu et al. 2022 ), an ancient
erger event prior to the GES merger has similar s-process properties

o G3. The Eu-enhancement of G3 closely resembles G1 and G6
thick-disc groups), featuring a tail of Eu-enhanced stars trailing
p to [Eu/Fe] > 0 . 7 dex. G5 has a similar distrib ution b ut with a
lightly higher mean enhancement ([Eu/Fe] μ = 0 . 39 dex), and a tail
xtending up to [Eu/Fe] ≈ 0 . 8 dex. 

The [Al/Fe] distribution are 0.25 and 0.31 dex for G3 and G5,
espectively, and are too high to be considered from Heracles,
hich is limited to [Al/Fe] < 0 (Horta et al. 2020 ). This range,
o we ver, matches well with the in situ halo population Aurora, with
Al/Fe] = 0 . 10 ± 0 . 16 de x (Myeong et al. 2022 ). F or [Zn/Fe], G3
as [Zn/Fe] μ = 0 . 19 dex and G5 has [Zn/Fe] μ = 0 . 25 dex, similar
o G1, G6, and G8. Both G3 and G5 extend to the lowest [Cu/Fe]
alues ( ≈ −0 . 5 dex), with G3 having the lowest mean ([Cu/Fe] μ =
0 . 14 dex). The [Ti/Fe] distributions for G3 and G5 are similar

o G1, G6, and G7 (thick-disc groups), with [Ti/Fe] μ = 0 . 26 dex
nd [Ti/Fe] μ = 0 . 28 de x respectiv ely, which is also seen in the case
f [Ni/Fe]. The [Sc/Fe] distributions of both G3 and G5 closely
atch G9 and G8, with [Sc/Fe] μ = 0 . 08 and 0.11 de x, respectiv ely.
etrograde contamination in these groups is 99 stars for G3 (15.2
er cent of the group) and 15 stars for G5 (10.6 per cent of the group).
ocated in the [Mg/Mn]–[Al/Fe] plane where in situ halo stars are

ound, G3 and G5 are distinguished by their s-process enhancement
n [Ba/Fe] and [Y/Fe]. 

.3.5 G10 – outlier group 

10 contains 365 stars and is an outlier group, o v erlapping into the
branch’, ‘spray’, and ‘core’. G10 appears as a background compo-
ent in all hyperplanes. In L z , G10 has two peaks with a greater spread
NRAS 534, 1985–2005 (2024) 
owards prograde values ( L z > 2000 kpc km s −1 ), and a wide e
istribution. G10 shows a broad range of [Mg/Fe] values from −0 . 75
o 0.75 dex, grouping together some of the most α-rich and α-poor
tars in the data set. It also has a spread of extreme [Ba/Fe] values,
ikely captured in the ‘spray’, with hs-process enhancement ([Ba/Fe]
 2 . 0 dex). [Y/Fe] shows a similar spread. The [Eu/Fe] distribution

as wide dispersion and tails to very high Eu-enhancements ([Eu/Fe]
1 . 0 dex). In contrast, [Ni/Fe] and [Sc/Fe] distributions are narrower

han other chemical abundances, with [Ni/Fe] μ = 0 . 00 ± 0 . 16 dex
nd [Sc/Fe] μ = 0 . 12 ± 0 . 17 dex, showing similarities to G5 in both
bundances. Kinematically, G10 includes approximately two distinct
roups that align with the thick disc kinematics of G1, G4, G6,
7, and G8, as well as the accreted, L z ≈ 0, G2 group. The wide
istribution of chemical and kinematic features contrasts with its
ight distributions in both [Ni/Fe] and [Sc/Fe]. 

 DI SCUSSI ON  

n this section, we assess the robustness of our method and compare
ur findings with previous studies. We discuss the chemical and
inematic properties of different groups, emphasizing the distinct
opulations within the thick disc and their implications for the SFH
f the metal-poor MW. Additionally, we examine the in situ halo
roups and GES and explore the chemical diversity present in our
ample. 

.1 Multiple populations in the thick disc 

he magnitude of the weights for Ba (PC1 and PC2), Y (PC2), Zn
PC2), Al (PC1), Cu (PC1), La (PC2), Sc (PC2), and Eu (PC2) are
mong the highest, and the distinguishing power of these chemical
bundances become a useful tool to decompose the thick disc. Fig. 8
hows the chemical composition of groups we associate with the thick
isc. We select the following hyperplanes: [Zn/Cu] – [Ba/Eu], [Sc/Y]
[Al/Zn], [Ba/Zn] – [Sc/Cu], and [Ba/Al] – [Cu/Y]. [Zn/Cu] is

elected as they both have different time-scales: Cu from SNe1a and
GB (longer delay) and Zn from CCSNe and HNe (shorter delay).
ence, regions with early star formation might have higher [Zn/Cu],
hile prolonged star formation sho ws lo wer [Zn/Cu]. [Ba/Eu] traces

- versus r-process nucleosynthesis. Higher [Ba/Eu] indicates a
tronger AGB star influence and prolonged star formation; lower
Ba/Eu] suggests significant r-process events linked to early, rapid
tar formation. Thus, in Fig. 8 , G4 in the top right (high [Zn/Cu],
igh [Ba/Eu]) could represent an older population with rapid star
ormation and early enrichment. We note that G4 lies in the region
f the chemical hyperplane, and suspect it could have experienced a
igh number of HNe. [Sc/Y] indicates the play-off between CCSNe
nd the ls-process in AGB stars – Y shows a very high weighting in
C2 and this variance is seen in [Sc/Y]. [Al/Zn] is another probe for
Ne, as well as for lower mass (low Al) populations. This means G4

nd G8 both have low [Al/Zn], indicating lower mass systems with
vidence of early intense star formation. The bottom two chemical
yperplanes also demonstrate how the thick disc populations lie, with
4 and G8 being the most distinctly separate. 
Overall, G1 and G6 are chemically similar, representing the

lassical thick disc. G7 differs due to its Mn and Zn enhancement,
hile G4 is the most chemically distinct among the thick disc
roups captured here. G8 alongside G4 has a distinctive hs-element
nhancement which is captured in [Ba/Fe]. This enhancement in Ba,
ut not Y, could indicate that there was an environment with higher
eutron density (Bisterzo et al. 2010 ). Additionally, G4 features a
ery high [Zn/Fe] enhancement which could be the contribution
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Figure 8. Four hyperplanes: [Zn/Cu] – [Ba/Eu], [Sc/Y] – [Al/Zn], [Ba/Zn] – [Sc/Cu], and [Ba/Al] – [Cu/Y] (left to right, top to bottom panels). The five groups 
are selected to belong to the thick disc as defined by their high [ α/Fe] and thick disc-like kinematics. In these chemical hyperplanes, the thick-disc populations 
show distinction in chemistry. G4 is easier to classify separately in each plane, whereas G7 is most clearly distinguishable in [Al/Zn] and [Zn/Cu]. 
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rom HNe (Kobayashi et al. 2020 ). This suggests while some studies
ave argued that the thick disc is mostly chemically homogeneous 
Haywood et al. 2019 ; Chandra et al. 2024 ), we find evidence that the
hick disc’s formation could have resulted from three separate events 
r nuanced nucleosynthesis channel which results in the classical 
hick disc (G1 + G6 + G7), G4 (high Zn, high Ba) and G8 (low Sc,
igh Ba) (Navarro et al. 2011 ; Belokurov & Kravtsov 2022 ). 

.2 In situ halo and GES 

3 and G5 are likely the in situ halo. We look to Heracles, postulated
o be an ancient accreted population. The stars are proposed to have
ormed prior to the spin-up of the MW disc. It was disco v ered
hemodynamically by Horta et al. ( 2020 ) and is thought to have an
stimated progenitor stellar mass of M ∗ ≈ 5 × 10 8 M �. The [Al/Fe]
istribution presented in this paper is on average higher than the 
xpectation for Heracles quoted in Horta et al. ( 2023 ). This is because
he authors selected Heracles according to the following chemical 
riteria: [Al/Fe] < −0 . 07& [Mg/Mn] ≥ 0 . 25, and [Al/Fe] ≥ −0 . 07&
Mg/Mn] ≥ 4 . 25 × [Al/Fe] + 0 . 5475. Other connections have been
ade relating to this population, for example, Kraken (Kruijssen 
t al. 2020 ) and Koala (Forbes 2020 ). 

Heracles has been found to have very similar properties to the
rotogalaxy population, Aurora, as identified in Myeong et al. 
 2022 ). Aurora is associated with having a higher [ α/Fe] ratio
ompared with Heracles, indicating that Aurora had a higher SFR 

han Heracles (Horta et al. 2023 ). Additionally, as G3 occupies
 lower orbital energy region, E μ = −1 . 82 × 10 5 km 

2 s −2 , this
ppears to kinematically match with Aurora which has orbital 
nergies of −1 . 76 ± 0 . 15 × 10 5 km 

2 s −2 . Additionally, as noted, G3
s incredibly enhanced in the [Ba/Fe] and [Y/Fe] ratio, indicating 
he contribution of metallicity-dependent AGB stars. Our values 
f s-process enhancement, [Ba/Fe] = 0 . 44 ± 0 . 24 dex, align with
hose presented for Aurora at [Ba/Fe] = 0 . 48 ± 0 . 25 dex (Myeong
t al. 2022 ). Additionally, Malhan & Rix ( 2024 ) has identified two
tellar substructures, Shakti and Shi v a using Gaia DR3 data, whose
hemodynamical properties match G3 and G5. These substructures 
re characterized by being metal-poor but significantly enhanced in 
Mg/Fe] and [Al/Fe] compared to GSE and most known mergers or
warf galaxies of the MW. This suggests a rapid enrichment inside
MNRAS 534, 1985–2005 (2024) 
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Figure 9. These box plots show the spread and distribution of absolute errors 
in PC1 (upper panel) and PC2 (lower panel) for all the groups. The whiskers 
extend to 1.5 times the interquartile range. Data points beyond the whiskers 
are considered outliers and are marked as individual dots. It is unlikely that 
G10’s wide distribution of chemodynamical properties are due to large errors, 
as shown. 
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heir massive progenitors. They propose possible origins for Shakti
nd Shi v a to be: in situ /disc, protogalactic, ‘heated’ disc, ‘spun up’
alo or accreted. Of these origins, they find that the metallicity,
hemical abundances and [Al/Fe] > 0 suggest a protogalactic origin,
imilarly to Aurora. They do note that both Shakti and Shi v a
ave a higher binding energy than Aurora and determine that
he unconventional orbital and abundance properties of these two
opulations makes it difficult to classify their origins. We call G3
nd G5 as in situ halo populations, as despite their low metallicity,
heir supersolar [Al/Fe] does not mark them as accreted populations.

G2’s chemodynamical properties point to it being representative
f the accreted population GES. This structure has been e xtensiv ely
tudied in terms of its chemodynamical properties. In this work, we
nd that G2 has lower α-enrichment than the thick disc, in agreement
ith previous works (e.g. Haywood et al. 2018 ; Helmi et al. 2018 ;
ackereth et al. 2019 ; Das et al. 2020 ; Buder et al. 2022 ; Horta

t al. 2023 ). Additionally, as GES is an accreted population we find
hat it has a sub-solar [Al/Fe] ratio which resembles the abundance
attern of stars from satellites of the MW (Hawkins et al. 2015 ;
orta et al. 2020 ). Looking to the neutron-capture elements, we

ee that G2 has a high [Eu/Fe] ratio of 0 . 44 ± 0 . 15 dex, this aligns
ith many other sources (see e.g. Aguado et al. 2021 ; Matsuno

t al. 2021 ; Carrillo et al. 2022 ; Myeong et al. 2022 ; Naidu et al.
022 ). On the other hand, looking to the s-process abundances, such
s Ba and Y, we see that our sample of GES candidates have an
qui v alent enhancement to Eu ([Ba/Fe] = 0 . 41 ± 0 . 19 dex). This is
n contradiction with some studies who indicate that GES has solar
evels of Ba-enhancement (e.g. Carrillo et al. 2022 ), while others
easure a strong enhancement of up to [Ba/Fe] = 0 . 38 ± 0 . 18 dex

Myeong et al. 2022 ). GES is thought to have an extended SFH of
3 . 6 Gyr (Bonaca et al. 2021 ), meaning theoretically there would

e an expected source of enrichment via AGB stars. 

.3 Method robustness and comparison 

e find in this study of observational data that nine PCs are required
o make up 85 per cent of the cumulative variance, reflecting the
ndings of Ting et al. ( 2012 ) and Price-Jones & Bovy ( 2019 ), who
rgued for the necessity of ≈ 6 −10 abundance dimensions. The
esults contrast, ho we ver, with those obtained from applying PCA
o a set of chemical abundances predicted by a one-zone chemical
 volution model, Andre ws et al. ( 2017 ). Here, the authors found
hat α-elements and elements such as Fe, Mn, and Al dominate the
ncoded information, with two PCs accounting for 99 per cent of
he variance in their model. This suggests that chemical evolution

odels may be underestimating the true diversity of contributions to
he high-dimensional C-space. While we find that Ba, Zn, and Cu are
ll important elements in chemically distinguishing stars, we do not
ee a significant variance in [Mg/Fe]. Ting et al. ( 2012 ) found that
ow-mass AGB stars are significant contributors to the abundance
f hs and ls-elements at higher metallicity, which could reflect the
a-enhancement we see in G4 and G8 among the thick-disc groups.
he s-process elements are also shown to be ef fecti ve for chemical

agging in Blanco-Cuaresma et al. ( 2015 ). Weinberg et al. ( 2022 ) em-
hasize that to ef fecti vely chemically tag groups, it is recommended
o minimize group o v erlap and reduce residual correlations between
bundances to below the level of observational uncertainties. 

Hogg et al. ( 2016 ) assessed the potential of chemical tagging in
ight of challenges such as noise and incompleteness in chemical
bundance measurements and determined that clustering in an
bundance space can be ef fecti ve. We also find that by using the PCA
atent space as the clustering target we are able to cleanly reco v er
NRAS 534, 1985–2005 (2024) 
ifferent histories in the metal-poor MW for the majority of groups.
n Naidu et al. ( 2020 ), they conclude that clustering algorithms (such
s DBSCAN, HBDSCAN, and k-means) either fracture the space
nto too many clusters, or assign all stars to a dominant structure
e.g. GES or the thick disc). Furthermore, Blanco-Cuaresma et al.
 2015 ) indicate that chemical homogeneity across differing groups
ecomes a challenge, with there being a non-ne gligible o v erlap
etween structures dependent on the C-space. In light of this, we
ill discuss the outlier group (G10). The errors of the PC1 and PC2
ariables for each group are shown in Fig. 9 , indicating that high
rrors are not the reason for this group capturing an extreme range
f chemodynamical properties. 
Also, we look at the renormalized unit weight error (RUWE)

alues of the s-process enhanced in situ halo groups (G3 and G5)
o e v aluate whether they are unresolved AGB binaries which may
ossess enhanced s-process values due to mass transfer and other
ffects. After examining the RUWE values across all groups, we
uantified the number with RUWE ≥ 1 . 4, based on the recommended
ut-of f v alue from Buder et al. ( 2021 ). The number of stars with
UWE ≥ 1 . 4 is very low across all groups, indicating that unresolved
inaries are not a significant concern. Additionally, we cross-matched
POGEE (Prieto et al. 2008 ) and GALAH surv e ys to obtain [C/Fe]
alues for 329 stars, as high C along with Ba is another indicator
f binary AGB stars. The data suggest that Ba-rich stars are not a
oncern in our analysis. This is shown in Fig. 10 . 
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Figure 10. G1–G10 plotted in the [Y/Fe] – [Ba/Fe] chemical space, and colour-mapped by the R UWE values. At R UWE ≥ 1 . 4 (Buder et al. 2021 ), the 
single-star astrometric fit becomes poor and this could indicate the presence of an unresolved binary. The number of stars with RUWE ≥ 1 . 4 is very low across 
all groups. Black points represent stars with [C/Fe] values obtained from cross-matching APOGEE and GALAH data. 
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 C O N C L U S I O N S  

n this study, we explored the chemical diversity of the MW’s metal-
oor populations by combining PCA and XD on 17 abundances 
easured for 9923 stars in the GALAH DR3 data set. This method-

logy allowed for an unbiased and comprehensive examination of 
he Galaxy’s chemical landscape, leading to the identification of 10 
istinct stellar groups. Our approach provides a clear advantage over 
raditional techniques by a v oiding arbitrary cuts based on chemistry 
r kinematics, offering a less biased representation of the Galaxy’s 
hemical complexity. Our key findings include: 

(i) Identification of known populations: By using chemistry alone, 
e successfully identified known stellar populations through a com- 
ination of latent space representation and a detailed examination of 
hemical abundances beyond a traditional 2D analysis. This includes 
ES, the thick disc, the thin disc and in situ halo populations. 
(ii) Limited discriminatory power of Mg: Mg has less impact in 

eparating accreted and disc stars, with the greatest α-separation 
eing between the thick and thin discs. Other elements like Ba, Al,
u, and Sc are important for distinguishing disc from accreted stars,
nd Ba, Y, Eu, and Zn for distinguishing disc and accreted stars from
n situ halo. 

(iii) Multiple chemically distinct populations in the thick disc: 
he thick disc is revealed to be a composite of multiple populations
ith distinct chemical histories, underscoring its complexity and 

he consideration of it being a diverse assembly rather than a 
omogeneous entity. 

These findings highlight the intricate chemical structure of the 
hick disc and the broad range of influential elements, reflecting the 
iverse enrichment environments specific to the metal-poor MW. 
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n this appendix, Figs A1 and A2 show the [X/Fe] abundances
nd their associated SME covariance uncertainties versus T eff and
oloured by [Fe/H]. This is referenced in Section 2 and shows that
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he shown abundances have no strong systematic trends. Table A1 
ummarizes the chemodynamical properties of the stellar groups 
dentified in this study – useful for Section 4.3 . To support this
able A1. Group characteristics based on sample size, chemistry, kinematics, PC1

roup Sample size Chemistry (dex) ( μ ± σ ) Kinematics ( L z kpc k

1 763 [Ba/Fe] = −0 . 32 ± 0 . 21 
[Mg/Fe] = 0 . 32 ± 0 . 11 

[Mn/Fe] = −0 . 13 ± 0 . 14 
[Y/Fe] = −0 . 02 ± 0 . 23 
[Eu/Fe] = 0 . 30 ± 0 . 10 
[Zn/Fe] = 0 . 12 ± 0 . 22 
[Al/Fe] = 0 . 37 ± 0 . 11 

[Fe/H] = −0 . 62 ± 0 . 10 
[Cu/Fe] = 0 . 09 ± 0 . 10 
[Ti/Fe] = 0 . 28 ± 0 . 10 
[Ni/Fe] = 0 . 07 ± 0 . 07 
[Sc/Fe] = 0 . 17 ± 0 . 07 

L z = 1175 . 89 ±
0 . 29 ± 0

2 671 [Ba/Fe] = 0 . 41 ± 0 . 19 
[Mg/Fe] = 0 . 13 ± 0 . 10 

[Mn/Fe] = −0 . 37 ± 0 . 12 
[Y/Fe] = 0 . 11 ± 0 . 17 
[Eu/Fe] = 0 . 44 ± 0 . 15 
[Zn/Fe] = 0 . 08 ± 0 . 15 

[Al/Fe] = −0 . 12 ± 0 . 14 
[Fe/H] = −1 . 00 ± 0 . 20 
[Cu/Fe] = −0 . 46 ± 0 . 12 

[Ti/Fe] = 0 . 14 ± 0 . 10 
[Ni/Fe] = −0 . 11 ± 0 . 07 
[Sc/Fe] = −0 . 01 ± 0 . 07 

L z = 145 . 13 ±
0 . 80 ± 0

3 651 [Ba/Fe] = 0 . 44 ± 0 . 24 
[Mg/Fe] = 0 . 32 ± 0 . 08 

[Mn/Fe] = −0 . 27 ± 0 . 10 
[Y/Fe] = 0 . 33 ± 0 . 17 
[Eu/Fe] = 0 . 30 ± 0 . 10 
[Zn/Fe] = 0 . 19 ± 0 . 15 
[Al/Fe] = 0 . 25 ± 0 . 15 

[Fe/H] = −0 . 87 ± 0 . 18 
[Cu/Fe] = −0 . 14 ± 0 . 14 

[Ti/Fe] = 0 . 28 ± 0 . 08 
[Ni/Fe] = 0 . 00 ± 0 . 08 
[Sc/Fe] = 0 . 08 ± 0 . 08 

L z = 660 . 54 ±
0 . 49 ± 0

4 648 [Ba/Fe] = 0 . 28 ± 0 . 12 
[Mg/Fe] = 0 . 31 ± 0 . 06 

[Mn/Fe] = −0 . 17 ± 0 . 06 
[Y/Fe] = 0 . 12 ± 0 . 13 
[Eu/Fe] = 0 . 24 ± 0 . 09 
[Zn/Fe] = 0 . 42 ± 0 . 08 
[Al/Fe] = 0 . 22 ± 0 . 08 

[Fe/H] = −0 . 58 ± 0 . 07 
[Cu/Fe] = −0 . 08 ± 0 . 07 

[Ti/Fe] = 0 . 20 ± 0 . 06 
[Ni/Fe] = 0 . 00 ± 0 . 06 
[Sc/Fe] = 0 . 13 ± 0 . 04 

L z = 1218 . 60 ±
0 . 32 ± 0
urther, Fig. A3 shows histograms of the identified stellar groups 
the thick disc, in situ halo, GES, the thin disc and the outlier
roup. 
MNRAS 534, 1985–2005 (2024) 

–PC2 location, and notable information. 

ms −1 ) ( μ ± σ ) PC1–PC2 location Notes 

450 . 05 e = 

 . 19 
Core Thick disc chemistry and 

kinematics 

521 . 97 e = 

 . 21 
Branch GES 

599 . 88 e = 

 . 26 
Core/branch Bi-modal L z , in situ 

population 

441 . 24 e = 

 . 20 
Core Thick disc kinematics, high 

[Zn/Fe] distinguished from 

other thick disc groups 
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Table A1 – continued 

Group Sample size Chemistry (dex) ( μ ± σ ) Kinematics ( L z kpc kms −1 ) ( μ ± σ ) PC1–PC2 location Notes 

G5 141 [Ba/Fe] = 0 . 97 ± 0 . 37 
[Mg/Fe] = 0 . 34 ± 0 . 12 

[Mn/Fe] = −0 . 21 ± 0 . 11 
[Y/Fe] = 0 . 68 ± 0 . 26 
[Eu/Fe] = 0 . 39 ± 0 . 13 
[Zn/Fe] = 0 . 25 ± 0 . 17 
[Al/Fe] = 0 . 31 ± 0 . 14 

[Fe/H] = −0 . 75 ± 0 . 18 
[Cu/Fe] = −0 . 04 ± 0 . 15 

[Ti/Fe] = 0 . 28 ± 0 . 08 
[Ni/Fe] = 0 . 02 ± 0 . 08 
[Sc/Fe] = 0 . 11 ± 0 . 06 

L z = 840 . 21 ± 609 . 00 e = 

0 . 45 ± 0 . 25 
Core/spray High s-process 

enhancement 

G6 2235 [Ba/Fe] = −0 . 05 ± 0 . 12 
[Mg/Fe] = 0 . 29 ± 0 . 07 

[Mn/Fe] = −0 . 14 ± 0 . 06 
[Y/Fe] = −0 . 06 ± 0 . 13 
[Eu/Fe] = 0 . 31 ± 0 . 09 
[Zn/Fe] = 0 . 13 ± 0 . 08 
[Al/Fe] = 0 . 37 ± 0 . 06 

[Fe/H] = −0 . 62 ± 0 . 08 
[Cu/Fe] = 0 . 08 ± 0 . 06 
[Ti/Fe] = 0 . 27 ± 0 . 06 
[Ni/Fe] = 0 . 07 ± 0 . 05 
[Sc/Fe] = 0 . 14 ± 0 . 04 

L z = 1245 . 04 ± 430 . 14 e = 

0 . 31 ± 0 . 19 
Core Thick disc, chemically 

similar to G1 and G8 

G7 832 [Ba/Fe] = −0 . 10 ± 0 . 13 
[Mg/Fe] = 0 . 27 ± 0 . 08 

[Mn/Fe] = −0 . 23 ± 0 . 07 
[Y/Fe] = 0 . 09 ± 0 . 20 
[Eu/Fe] = 0 . 34 ± 0 . 06 

[Zn/Fe] = −0 . 08 ± 0 . 19 
[Al/Fe] = 0 . 43 ± 0 . 06 

[Fe/H] = −0 . 63 ± 0 . 09 
[Cu/Fe] = 0 . 12 ± 0 . 06 
[Ti/Fe] = 0 . 24 ± 0 . 06 
[Ni/Fe] = 0 . 06 ± 0 . 05 
[Sc/Fe] = 0 . 18 ± 0 . 05 

L z = 1153 . 59 ± 416 . 14 e = 

0 . 31 ± 0 . 18 
Core Thick disc kinematics with 

bi-modal [Zn/Fe] 

G8 610 [Ba/Fe] = 0 . 21 ± 0 . 15 
[Mg/Fe] = 0 . 36 ± 0 . 08 

[Mn/Fe] = −0 . 18 ± 0 . 08 
[Y/Fe] = −0 . 05 ± 0 . 18 
[Eu/Fe] = 0 . 22 ± 0 . 07 
[Zn/Fe] = 0 . 15 ± 0 . 15 
[Al/Fe] = 0 . 27 ± 0 . 07 

[Fe/H] = −0 . 61 ± 0 . 08 
[Cu/Fe] = 0 . 06 ± 0 . 08 
[Ti/Fe] = 0 . 19 ± 0 . 06 
[Ni/Fe] = 0 . 10 ± 0 . 05 
[Sc/Fe] = 0 . 04 ± 0 . 05 

L z = 1073 . 85 ± 462 . 95 e = 

0 . 35 ± 0 . 21 
Core Thick disc, chemically 

similar to G1 and G6 

G9 581 [Ba/Fe] = 0 . 24 ± 0 . 19 
[Mg/Fe] = 0 . 10 ± 0 . 07 

[Mn/Fe] = −0 . 08 ± 0 . 08 
[Y/Fe] = −0 . 06 ± 0 . 18 
[Eu/Fe] = 0 . 15 ± 0 . 09 

[Zn/Fe] = −0 . 03 ± 0 . 20 
[Al/Fe] = 0 . 21 ± 0 . 09 

[Fe/H] = −0 . 56 ± 0 . 06 
[Cu/Fe] = 0 . 05 ± 0 . 09 
[Ti/Fe] = 0 . 09 ± 0 . 07 
[Ni/Fe] = 0 . 04 ± 0 . 07 
[Sc/Fe] = 0 . 06 ± 0 . 06 

L z = 2020 . 10 ± 649 . 82 e = 

0 . 19 ± 0 . 19 
Core Most α-poor, thin disc 
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Table A1 – continued 

Group Sample size Chemistry (dex) ( μ ± σ ) Kinematics ( L z kpc kms −1 ) ( μ ± σ ) PC1–PC2 location Notes 

G10 365 [Ba/Fe] = 0 . 63 ± 0 . 65 
[Mg/Fe] = 0 . 28 ± 0 . 23 

[Mn/Fe] = −0 . 19 ± 0 . 28 
[Y/Fe] = 0 . 37 ± 0 . 53 
[Eu/Fe] = 0 . 39 ± 0 . 24 
[Zn/Fe] = 0 . 26 ± 0 . 34 
[Al/Fe] = 0 . 24 ± 0 . 28 

[Fe/H] = −0 . 78 ± 0 . 22 
[Cu/Fe] = −0 . 11 ± 0 . 27 

[Ti/Fe] = 0 . 22 ± 0 . 21 
[Ni/Fe] = 0 . 00 ± 0 . 16 
[Sc/Fe] = 0 . 12 ± 0 . 17 

L z = 982 . 75 ± 831 . 54 e = 

0 . 44 ± 0 . 31 
Core/branch/spray Significant variance, 

o v erlaps with multiple 
groups 
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Figure A1. Plots continue on next page. 
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Figure A2. Plots showing [X/Fe] abundances (top) and associated uncertainties (bottom) versus T eff , with a colour bar indicating [Fe/H]. We note that [La/Fe] 
has the greatest errors of all the abundances. We refer to Buder et al. ( 2021 ), who state that La is one of the abundances impacted the most by blended spectral 
lines. 
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Figure A3. Histograms of the chemodynamical properties of each group (thick disc, in situ halo, GES, thin disc and the outlier group). 
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Figure A3. – continued. 
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