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A B S T R A C T 

We combine stellar orbits with the abundances of the heavy, r-process element europium and the light, α-element, silicon to 

separate in situ and accreted populations in the Milky Way (MW) across all metallicities. At high orbital energy, the accretion- 
dominated halo sho ws ele v ated v alues of [Eu/Si], while at lo wer energies, where many of the stars were born in situ , the levels 
of [Eu/Si] are lower. These systematically different levels of [Eu/Si] in the MW and the accreted halo imply that the scatter in 

[Eu/ α] within a single galaxy is smaller than previously thought. At the lowest metallicities, we find that both accreted and in 

situ populations trend down in [Eu/Si], consistent with enrichment via neutron star mergers. Through compiling a large data 
set of abundances for 54 globular clusters (GCs), we show that differences in [Eu/Si] extend to populations of in situ /accreted 

GCs. We interpret this consistency as evidence that in r-process elements GCs trace the star formation history of their hosts, 
moti v ating their use as sub-Gyr timers of galactic evolution. Furthermore, fitting the trends in [Eu/Si] using a simple galactic 
chemical evolution model, we find that differences in [Eu/Si] between accreted and in situ MW field stars cannot be explained 

through star formation efficiency alone. Finally, we show that the use of [Eu/Si] as a chemical tag between GCs and their host 
galaxies extends beyond the Local Group, to the halo of M31 – potentially offering the opportunity to do Galactic Archaeology 

in an external galaxy. 

Key words: techniques: spectroscopic – stars: abundances – Galaxy: abundances – Galaxy: formation – (Galaxy:) globular clus- 
ters: general. 
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 I N T RO D U C T I O N  

he chemical fingerprint of a galaxy originates from elements forged
n four main nucleosynthesis channels (Burbidge et al. 1957 ). Very
roadly, light, α elements are created in massive stars and dispersed
y core-collapse (CC) supernovae (SNe), heavy elements up to
ron and beyond are synthesized in both Type Ia SNe CCSNe and
pproximately half of the elements heavier than iron are made via
he slow neutron capture process ( s-process) in Asymptotic Giant
ranch stars (Meyer 1994 ; Busso, Gallino & Wasserburg 1999 ;
 ̈appeler et al. 2011 ; Karakas & Lattanzio 2014 ). The dominant

ite of the fourth channel, the rapid neutron capture process ( r-
rocess) responsible for the production of the other half of the
lements heavier than iron, remains unconstrained (see e.g. Cowan,
hielemann & Truran 1991 ; Thielemann et al. 2011 ; C ̂ ot ́e et al. 2018 ;
obayashi, Karakas & Lugaro 2020 ). 
 E-mail: sm2744@cam.ac.uk 
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Fortunately, Galactic archaeology offers the chance to obser-
ationally constrain the yields of r-process elements in different
nvironments potentially revealing the nature of this elusive channel.
o achieve this goal, the population of low-metallicity, low-mass
tars in the Milky Way must be unscrambled into distinct, co-
volved populations. Today, in the era of Gaia (Lindegren et al. 2018 ,
021 ) and large-scale spectroscopic surv e ys, chemodynamical data
s routinely used to pick out signatures of individual accretion events
n the Galactic halo (e.g. Belokurov et al. 2018 ; Haywood et al. 2018 ;
elmi et al. 2018 ; Koppelman, Helmi & Veljanoski 2018 ; Myeong

t al. 2018a , 2019 ; Matsuno, Aoki & Suda 2019 ; Forbes 2020 ; Monty
t al. 2020 ; Yuan et al. 2020 ; Feuillet et al. 2021 ; Horta et al. 2021 ;
aidu et al. 2021 ; Buder et al. 2022 ; Carrillo et al. 2022 ; Malhan

t al. 2022 ; Ceccarelli et al. 2024 ). 
Despite the high quality of the available data, neither dynamics nor

hemistry alone is capable of unmixing the halo; both are needed in
andem to identify individual components with sufficient purity. This
ecomes particularly important when selecting members from the
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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ast major merger whose stars often o v erlap with in situ populations
n both orbital and chemical dimensions (Jean-Baptiste et al. 2017 ; 
agnini et al. 2023 ). While the view and origin of the Galactic halo
emains complex and the literature is yet to agree on the number,
iming, and mass of proposed accretion events, there is a general 
onsensus that the last significant merger in the Galaxy’s history 
 as lik ely between the MW and the Gaia -Sausage/Enceladus (GSE)
warf galaxy (dGal; for a different view, see Donlon et al. 2020 ,
022 ; Donlon & Newberg 2023 ). 
Chemically, Nissen & Schuster ( 2010 ) presented one of the most

triking lines of evidence for the existence of GSE (though it was
ot yet completely deciphered at the time) in the local view of the α-
etallicity plane. In their prolific study, stars assigned kinematically 

o the stellar halo are resolved into two distinct tracks, one with
igher, and one with lower [ α/Fe] abundance ratio but o v erlapping
roadly in [Fe/H]. It took the arri v al of the Gaia data to reveal that
he two halo sequences disco v ered by Nissen & Schuster ( 2010 )
lso had different orbital and colour–magnitude properties (Gaia 
ollaboration 2018 ; Haywood et al. 2018 ; Helmi et al. 2018 ; Myeong
t al. 2018b ). 

The distinct [ α/Fe]-abundance levels observed between GSE and 
he MW likely reflect differences in their SFHs. This interpretation 
tems from the assumption that α elements enter the interstellar 
edium (ISM) very quickly via CCSNe, after which they are 

ecycled to form new stars, while the progenitors of SNIa, the main
ontributors of iron, need non-negligible time to form and merge. 
ype Ia SN explosions are therefore delayed with respect to both the
tar formation and CCSNe. Exploiting this delay, the abundance ratio 
f α to iron is used to indicate how fast the new stars are produced
ompared to the typical SN Ia delay time (Wallerstein 1962 ; Tinsley
979 ). 
Simple assumptions about the recycling times for different element 

amilies can be combined with further approximations. Usually, 
onsistency of the nucleosynthetic yield per explosion, the timing 
f mixing of the material injected into the ISM, as well as the gas
irculation in and out of the galaxy, are all postulated to build power-
ul models of galactic chemical evolution (Andrews et al. 2017 ; C ̂ ot ́e
t al. 2017 ; Spitoni, Vincenzo & Matteucci 2017 ; Weinberg, Andrews 
 Freudenburg 2017 ). Ultimately though, variations in abundance 

atios generated by such models as a function of metallicity mostly
eflect differences in otherwise constant element production yields 
odulated by galaxy’s SF activity (and/or the temperature of the 

SM; Sch ̈onrich & Weinberg 2019 ). 
Dynamically, GSE debris is associated with less bound energies, 

ncluding some o v erlap with in situ stars and has very little net
pin, having lost most of its angular momentum in the interaction 
ith the Galaxy (see e.g. Belokurov et al. 2018 ; Helmi et al. 2018 ;
aidu et al. 2021 ; Vasiliev, Belokurov & Evans 2022 ). Many works
av e e xplored applying precise cuts in various parameter spaces to
elect pure samples of GSE and in situ stars, relying primarily on
he combination of the GSE’s high-energy, plunging, radial orbits 
nd its lower α abundance (e.g. Feuillet et al. 2021 ; Buder et al.
022 ). In parallel to this pursuit, other studies have shown the risk
characterised as the contamination fraction) in adopting inconsistent 
election criteria (Lane, Bovy & Mackereth 2022 ; Carrillo et al. 
024 ). Chemically, man y efforts hav e been made to identify new
ays in which GSE is unique relative to other MW stars at similar
etallicities (Matsuno et al. 2019 ; Monty et al. 2020 ; Feuillet et al.

021 ; Buder et al. 2022 ; Carrillo et al. 2022 ), with light elements
ike aluminium (Al) emerging as a promising descriminator. 

Concurrent to the disco v ery of GSE and other halo substructures,
an y studies hav e sought to associate halo Galactic globular clusters
GCs) with progenitor galaxies, assigning populations of GCs to 
ndi vidual accretion e vents (e.g. Myeong et al. 2018c ; Massari,
oppelman & Helmi 2019 ; Myeong et al. 2019 ; Forbes 2020 ; Horta
t al. 2020 ; Callingham et al. 2022 ; Limberg et al. 2022 ; Monty et al.
023b ). These efforts have thus far relied primarily on GC dynamics
nd/or their age–metallicity properties (Massari et al. 2023 ), with 
imited success stemming from detailed GC chemistry. For example, 
 lack of clear differentiation in average light ( α) element abundances
as been reported by Horta et al. ( 2020 ), while other studies
emonstrate that going beyond a single α indicator, for example 
y adding [Al/Fe] information or heavy element abundances, may 
mpro v e the quality of GC progenitor classification (Limberg et al.
022 ; Belokurov & Kravtsov 2023 , 2024 ; Monty et al. 2023b ). 
The main challenge associated with finding a chemical tag 

etween GCs and their progenitors is the presence of anomalous 
hemical enrichment channels operating inside GCs (see e.g. recent 
e vie ws by Bastian & Lardo 2018 ; Gratton et al. 2019 ; Milone &

arino 2022 ). One example of this is the MgAl chain occurring
uring hot bottom burning, where Mg can be converted into Al,
hus blurring or even destroying patterns otherwise established in 
he field stars (Karakas et al. 2009 ). Furthermore, it remains unclear
hether GCs should share both chemical and dynamical coherence 
ith their dGal progenitors (e.g. they may be stripped earlier in

he accretion process, while their hosts sink deeper into the MW
otential, resulting in the two occupying different energies; Pagnini 
t al. 2023 ; Chen & Gnedin 2024 ). 

Recently, the r-process element europium (Eu) has emerged as a 
otential chemical tag to resolve differences between in situ /accreted 
opulations and importantly, it appears to be unaffected strongly by 
he chemical processes internal to GCs (Roederer 2011 ; McKenzie 
t al. 2022 ; Kirby, Ji & Kov ale v 2023 ; Monty et al. 2023a ). In both
ALAH surv e y data (Matsuno et al. 2021 ; da Silva & Smiljanic
023 ) and dedicated high resolution follow-up (Aguado et al. 2021 ),
SE stars have been found to contain an o v erabundance of Eu relative

o inner halo MW stars of similar and higher metallicities. Because
u is an almost pure r-process element (Bisterzo et al. 2011 ), the
volution of Eu as a function of metallicity in a range of environments
an shed light on the physics of the r-process production and its
eposition into the ISM. 
Importantly, the two main r-process production channels, CCSNe 

e.g. magneto-rotational supernovae (MRSNe) and collapsars, Win- 
eler et al. 2012 ; Tsujimoto & Nishimura 2015 ; Siegel, Barnes &

etzger 2019 ] and neutron stars (NSs) as well as black hole NS
ergers (Lattimer & Schramm 1974 ; Rosswog et al. 2014 ; Thiele-
ann et al. 2017 ) have distinct delay times and ejecta energetics. NS
erger delay times are not currently constrained and may be as large

s 0.1–18 Gyr (Blanchard et al. 2017 ; C ̂ ot ́e et al. 2018 ; Sk ́ulad ́ottir
t al. 2019 ; Sk ́ulad ́ottir & Salvadori 2020 ; Naidu et al. 2022 ; de
os Reyes et al. 2022 ; Frebel & Ji 2023 ). Furthermore, predicted
ucleosynthetic yields associated with the demographic of present- 
ay binary neutron star systems in the MW may not be identical to
he yields associated with populations which enriched at early times 
Holmbeck & Andrews 2024 ). 

Studies extending r-process abundance analysis to GCs, which 
ave been dynamically associated with GSE, find similarly high 
alues of Eu (Koch-Hansen, Hansen & McWilliam 2021 ; Monty et al.
023a , b ). As mentioned, the prospect of chemically linking GCs to
heir progenitors using Eu relies on the Eu-enhancement in GCs being 
primordial’, and not the result of internal cluster evolution. This ap-
ears to be true in some clusters, where Eu-enhancement is indepen-
ent of population within the cluster (where populations are defined 
hrough their light element anticorrelations, see Roederer 2011 ). 
MNRAS 533, 2420–2440 (2024) 
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F or e xample, in ω -Centauri ( ω -Cen), arguably the most complex
GC’, Johnson & Pilachowski ( 2010 ) find a plateau in [Eu/Fe] across
ll five populations (defined using their metallicity distribution func-
ions.) Though this implies that self-enrichment of Eu in the cluster
oes occur, it goes with Fe-enrichment preserving the primoridal
atio found in the first generation of stars. In chemically complex
Cs with much smaller Fe-spreads, a plateau in [Eu/Fe] is also

ound, e.g in M 22 (Marino et al. 2011 ; McKenzie et al. 2022 ) and
GC 362 (Monty et al. 2023a ). Note ho we ver that recent studies
f M 92 (Kirby et al. 2023 ) and NGC 7078 (Cabrera Garcia et al.
024 ) sho w e vidence of correlations between Na and Eu in the first
eneration of stars. In the case of these clusters, Eu-enhancement
s not interpreted as being primordial but is instead thought to be
oncurrent with GC formation. 

In this study, we explore the use of Eu, weighted by a light α-
lement, as a chemical tag differentiating both in situ and accreted
eld stars and GCs. Of the light α-elements magnesium (Mg), silicon
Si) and calcium (Ca), we choose to neglect Mg in this study due to
ts strong involvement in GC light element anticorrelations. Of the
emaining light elements, Si and Ca, we choose Si as our light element
racer o v er Ca because it is a purer α-element (Kobayashi et al. 2020 ),
iving access to three nucleosynthetic channels ( α, Fe-peak and r-
rocess) across a broad range of metallicities (though with the caveat
hat it is involved in the MgAl chain in GCs, through Si-leakage).
fter establishing the significance of this tag, we explore whether

t extends across metallicities and investigate its origin using simple
alactic chemical evolution models. Finally, we explore whether the
ag e xtends be yond the MW halo into Local Group dwarf galaxies
nd their GCs and beyond, to the halo of M 31. 

In Section 2 , we present the sample of field stars we use, drawing
rom the third data release of the GALactic Archaeology with Hermes
GALAH) surv e y (Buder et al. 2021 ), the Measuring at Intermediate
etallicity Neutron-Capture Elements (MINCE) surv e y (Cescutti

t al. 2022 ; Fran c ¸ois et al. 2024 ) and the R-Process Alliance (Sakari
t al. 2018b ; Ezzeddine et al. 2020 ). We also describe our compilation
f literature GC abundances and new measurements in Section 2 . In
ection 3 , we explore the origin of the difference in [Eu/Si] between
ccreted and in situ populations using a new one-zone chemical
volution model. We then discuss successes and failures of our
odel to fit the data and speculate as to the origins of the model-

ata disagreements. In Section 4 , we show that GCs trace the star
ormation histories (SFHs) of their hosts across metallicities, in the

W halo, Local Group dwarf galaxies and potentially in the halo of
 31. Finally, we summarize our conclusions in Section 5 . 

 C H E M I C A L  A BU N DA N C E  DATA  SET  

n this section, we discuss the field star data sets at across metallic-
ties, including the selections we have made to acquire in situ and
ccreted samples and discuss how the GC data set was compiled.
e present the abundance distributions for each sample in the

orresponding section. 

.1 Field star compilation 

.1.1 GALAH data 

o explore global trends in [Eu/Si] throughout the Galaxy, we
tilize the GALAH DR3 data set of MW field stars (Buder et al.
021 ) abo v e metallicities [Fe / H] ≥ −2. We choose this cut-off as
he number of benchmark stars used to verify [Fe/H] in GALAH
R3 drops-off significantly below [Fe / H] = −2. We follow the

ecommendations from GALAH regarding which flagged stars to
NRAS 533, 2420–2440 (2024) 
emo v e. 1 The following cuts are applied to only retain stars with
n uncertainty in [EuSi/Fe] less than 0.2 dex, where X denotes
ither Eu or Si. In total, we retain ∼ 91 000 stars from the original
R3 catalogue. It is important to note that non-local thermodynamic

quilibrium (NLTE) corrections have been applied to the published
alues of Si and Fe in GALAH DR3. Of the seven GALAH DR3
i lines listed in Amarsi et al. ( 2020 ) NLTE corrections, the average
orrection is ∼ −0 . 04 dex for metal-poor stars −2 ≤ [Fe / H] ≤ −1
cross stellar types. NLTE corrections have not been applied to Eu
nd all Eu abundances are derived from the 6645 Å line. 

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

The dynamical properties, energy ( E) and z-component
f the angular momentum ( L z ), are taken from the
ALAH DR3 VAC dynamics v2 value added catalogue described

n Buder et al. ( 2022 ). To calculate E, L z , and other orbital
arameters, Buder et al. ( 2022 ) adopt the MW potential from
cMillan ( 2017 ) and assume a solar radius of 8.21 kpc and a

ircular velocity at the Sun of 233.1 km s −1 . They also orient the
un 25 pc abo v e the plane following Juri ́c et al. ( 2008 ) and adopt
 total solar velocity of ( U, V , W ) = (11.1, 248.27, 7.25) km s −1 

n keeping with Sch ̈onrich, Binney & Dehnen ( 2010 ). Throughout
his study, we adopt this same reference frame and choice of the

W potential to derive dynamical properties for stars from other
tudies. 

The [Si/Fe], [Eu/Fe], and [Eu/Si] distributions in the GALAH
eld star data set are presented in Fig. 1 . The figure slices through
- L z space in bins of metallicity to present the evolution of Si, Eu,

nd [Eu/Si]. The bin intervals are chosen such that the central bin
aptures the peak of the metallicity distribution of GSE (Belokurov
 Kravtsov 2022 ). The size of the metallicity bin is listed at the top of

he column in interval notation (where ‘(’ denotes an open interval).
Two additional dynamical features are included in Fig. 1 which we

ill revisit later. The first is the proposed boundary in E–L z between
ccreted and in situ stars introduced by Belokurov & Kravtsov
 2023 ). This is marked with a thick black line and moti v ated in
elokurov & Kravtsov ( 2023 ) by light element variations seen in
POGEE (Abdurro’uf et al. 2022 ) field stars. The second dynamical

eature we include (in the middle column only where the bulk of
SE stars appear in GALAH) is a set of density contours which

race the extent of the region occupied by the debris associated
he GSE merger (Belokurov et al. 2023 ). The exact energies for
oth dynamical features have been adjusted to accommodate our
hoice of potential. This was done by calculating the offset in energy
etween stars common to our study and that of Belokurov & Kravtsov
 2023 ). 

Beginning in the highest metallicity interval (the right-most
olumn in Fig. 1 , a clear distinction is observed between the in situ
nd accreted stars across both [Si/Fe] and [Eu/Fe]. The difference is
ikely driven by ‘high metallicity’ stars from GSE ( [Fe / H] > −0 . 9),
hich dominates the accreted halo at these metallicities and the

hick and thin discs (note the large number of stars at positive L z ,
arking the prograde disc). Moving to intermediate metallicities

middle column), GSE more obviously dominates the halo, while the

https://www.galah-survey.org/dr3/using_the_data/
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Figure 1. The distribution of our subset of GALAH DR3 stars (described in Section 2.1.1 ) presented in Energy versus z-component of angular momentum 

across metallicities. The metallicity range of GALAH stars is listed at the top of each column, while each row explores the evolution of [Si/Fe], [Eu/Fe], and 
the ratio of the two. The boundary in E–L z denoting accreted and in situ stars is included and contours marking the extent of GSE are adopted from Belokurov 
et al. ( 2023 ) (and adapted to our choice of potential) and shown in the middle column. Note the increased density of Eu-enhanced stars in the region of E–L z 

space occupied by GSE (emphasized in [Eu/Si] through an increased dynamical range). 
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n situ component is now dominated by ‘Splash’ stars (Belokurov 
t al. 2020 ) and the thick disc (some net rotation is still observed).
ote again that the strong chemical differences persist between the 

wo populations across all three element ratios. 
Finally, in the lowest metallicity interval and left-most column, 

he range of Si and Eu abundances are similar across the in
itu /accreted boundary, but still display hints of possible distinction 
 � (abo v e − below) ave ∼ 0 . 2 dex). This is likely because at low
etallicities, the signature of GSE becomes significantly weaker (ex- 

loring the low-metallicity tail of GSE), mixing with the signatures 
f smaller, earlier accretion events. In addition to this, the signature 
f the in situ stars becomes less clear as we enter the population
f ‘Aurora’ stars with large chemical dispersion (Belokurov & 

ravtsov 2022 ). Ho we ver, despite this, combining the information 
rovided by both Eu and Si into the ratio of [Eu/Si] leads to a slight
ncrease in the abundance differences between accreted and in situ 
 � (abo v e − below) ∼ 0 . 4 dex). 
ave t  
.1.2 Low-metallicity data set 

o explore the evolution of [Eu/Si] to metallicities below the range
robed accurately by GALAH ( [Fe / H] ≤ −2), we require additional 
ata of low-metallicity field stars. To this end, we combined mea-
urements of Eu and Si from the first Northern data release of the
-Process Alliance (RPA DR2; Sakari et al. 2018b ) and the fourth
ata release (DR4; Ezzeddine et al. 2020 ). We limit ourselves to only
onsidering RPA surv e y stars when compiling our low-metallicity 
ata set to minimize the introduction of additional zero point offsets.
nfortunately, additional RPA releases do not include Si (Hansen 

t al. 2018 ; Holmbeck et al. 2020 ). We do not consider offsets
etween the GALAH and RPA data sets; ho we ver, we ne ver combine
he two data sets directly (e.g. only the high-metallicity data set is
sed in the determination of a best-fitting galactic chemical evolution 
odel in Section 3.2 ). 
We apply a somewhat stricter cut on the quality of abundances

o clean the combined RPA sample as Si lines become weaker and
MNRAS 533, 2420–2440 (2024) 
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M

Figure 2. Stars from the combined, cleaned Northern Release of the R-Process Alliance DR1 data (Sakari et al. 2018b ) RPA DR4 catalogues (Ezzeddine et al. 
2020 ) in E–L z space, coloured by their LTE ratio of [Eu/Si]. The underlying distribution of GALAH DR3 stars in the range of −1 . 3 ≤ [Fe / H] ≤ −0 . 9 dex 
is shown underneath. The combined sample is split into three metallicity bins around the mean NLTE-corrected metallicity ( [Fe / H] = −2 . 2). The left-most 
column only shows stars with a metallicity lower than the average minus 0.5 σ . 
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ore difficult to measure at low-metallicities. We only retain stars
ith an uncertainty in [Eu/Si] less than or equal to the average
ncertainty in [Eu/Si] ( σ [Eu / Si] ave ∼ 0 . 1 dex, where σ [Eu / Si] is
he quadrature sum of the uncertainties in Eu and Si.) Finally, given
he stochastic nature of enrichment at low-metallicities, we only
elect stars with [Ba / Eu] < 0 to ensure Eu-enhancement traces the
 and not s-process channel. The final cleaned RPA sample contains
03 stars. 
The published NLTE-corrected values of metallicity and

X / Fe NLTE ] are adopted for the RP A sample. NL TE corrections to
Eu/H] and [Si/H] hav e not applied by the RPA. Giv en the linelist
f the RPA (Ezzeddine et al. 2020 ), the NLTE corrections for Si are
xpected to be marginal ( ∼ −0 . 01 − ( −0 . 04) dex at [Fe / H] ∼ −2
marsi et al. 2020 ). Unfortunately, this is not necessarily the case

or Eu. The two strongest Eu lines available in the optical occur
t 4129 Å and 6645 Å. The bluer line is much more sensitive to
LTE corrections, with the average NLTE correction evolving nearly

inearly from + 0.1 dex at [Fe/H] = 0, to + 0.4 dex at [Fe/H] = −4 for
 red giant branch star ( T eff = 4500 K, log g = 1 . 5). 2 The correction
o the red line is less extreme, with corrections ranging from −0.05
ex at [Fe / H] = 0, down to 0.15 dex at [Fe / H] = −2. 
Eu-abundances in the RPA sample are predominantly determined

rom the stronger blue line of Eu at 4129 Å, while the GALAH
bundances are determined from the weaker Eu line at 6645 Å. This
ifference necessary introduces some inconsistency. We discuss if
his has any impact on our results in upcoming sections. Finally, to
ssign dynamical properties to the stars, we solve for the energies and
-angular momenta under the same MW potential McMillan ( 2017 )
nd LSR as was assumed for the GALAH data set. 

Fig. 2 shows the distribution of the cleaned, combined RPA star
ample in E–L z where each star is coloured by its corresponding
he LTE [Eu/Si] abundance. The RPA data is plotted o v ertop of the
ntermediate metallicity GALAH sample, selected because it is better
opulated than the lowest metallicity bin. The combined sample is
plit into three metallicity bins to explore the evolution of [Eu/Si].
he central and right-most columns stars centred around the mean
LTE metallicity of the cleaned sample ( [Fe / H] = −2 . 19). The left-
NRAS 533, 2420–2440 (2024) 

 Nicholas Storm (pri v ate communication) and Guo et al. (in preparation). 

t  

(  

fi  
ost column shows stars with a metallicity lower than the average
etallicity minus 0.5 standard deviations. 
Three interesting observations emerge from Fig. 2 . The first, is

he o v erall tendenc y to wards lo wer v alues of [Eu/Si] ( < 0 dex)
ith decreasing metallicity, common to both accreted and in situ

tars (note the range of the colourbar in Fig. 2 ). The second is
he appearance of a tentative split in the average [Eu/Si] value in
he lowest metallicity bins across the accreted – in situ boundary
labelled in the third column of Fig. 2 ). On average, we find the
ccreted sample to be enhanced by ∼ 0 . 13 dex in [Eu/Si] relative to
he in situ sample. This is larger than the average measurement error
n [Eu/Si] (neglecting upper limits in Eu). We revisit the potential
onsequences of this potential split in accreted/ in situ populations in
pcoming sections. 
The third interesting feature, is that despite the o v erall enhance-
ent seen in [Eu/Si] in accreted stars relative to in situ stars, not

ll accreted RPA stars are enhanced in [Eu/Si] or [Eu/Fe] relative to
heir in situ counterparts. This could be a reflection of the diversity in
-process enhancement observed in ultra-faint dGals (UFDs; e.g. as
n the case of the UFDs Grus I and Triangulum II, in which neutron
apture elements are not detected; Ji et al. 2019 ) and predicted
hrough simulations of dGals (Kolborg et al. 2022 ). It could also be a
eflection of the transition in the dominance of the accreted halo away
rom GSE, towards smaller accretion events at lower metallicities.
he appearance of [Eu/Si] enhanced in situ stars could also reflect

his second point, that earlier and/or less-massive accretion events
ould sink below the accreted/ in situ boundary marked by GSE
contaminating our in situ selection. Ho we ver, note that at low
etallicities (the central and left-most columns) the most [Eu/Si]-

nhanced in situ stars sit the closest to the boundary. 

.1.3 Intermediate metallicity data set 

fter applying our cuts to both the GALAH and RPA data sets,
e find a lack of stars in bins near the metallicity extremes of the

wo sets ( −2 ≤ [Fe / H] ≤ −1 . 6). As such, we incorporate data from
he Measuring at Intermediate metallicity Neutron-Capture Elements
MINCE) surv e y (Cescutti et al. 2022 ), which specifically aims to
ll this gap by measuring precise abundances in halo stars with
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3 IRAF is distributed by the National Optical Astronomy Observatory, which 
is operated by the Association of Universities for Research in Astronomy 
(AURA) under cooperative agreement with the National Science Foundation. 
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Fe / H] < −1 . 4. We combine the first two publications from the
INCE group (Cescutti et al. 2022 ; Fran c ¸ois et al. 2024 ), apply the

ame cuts as GALAH (namely, uncertainty in [EuSi/Fe] less than 
.2 dex) and integrate the stars in our potential. In total, we retain
5 MINCE stars with orbital properties and [Eu/Si] abundances. 
o limit uncertainties associated with inconsistent Solar scales and 
bundance determinations, we restrict the o v erlap between the three 
amples when presenting the three together. Finally, we note that the 

INCE collaboration measures Eu from both the 6645 Å line (as in 
ALAH) and a line at 4435 Å. 

.2 GC compilation 

.2.1 Literature data for 54 GCs 

 selection of GC abundances of Eu and Si were compiled from the
iterature to sample both the accreted and in situ populations defined 
n Belokurov & Kravtsov ( 2024 ). We chose to prioritize GCs assigned
o GSE in the literature, as GSE is likely the largest contributor of ex
itu GCs to the MW (especially at less-bound energies). Table 5 of
ohnson et al. ( 2017b ) was used as the starting point for the literature
ompilation. Emphasis was placed on building a compilation of 
tudies with consistent wavelength coverage, instrumentation, and 
pectroscopic analysis technique. As such, all the chemical abun- 
ances in the literature compilation are derived from optical data, in 
he wavelength range of ∼ 3800 –6700 Å stemming predominately 
rom VLT/FLAMES (Pasquini et al. 2002 ), VLT/UVES (Dekker 
t al. 2000 ), Magellan/MIKE (Bernstein et al. 2003 ), or Keck/HIRES
Vogt et al. 1994 ). All abundance determinations were made under 
he assumption of local thermodynamic equilibrium (LTE) and 35/51 
tudies explicitly state the use of MOOG (Sneden 1973 ) to perform
ither equi v alent width analysis or spectrum synthesis. 

One of the major concerns regarding inconsistency across the 
ompilation is the choice of line list, this includes the atomic data as
ell as the choice of isotopic splitting of the Eu line. To explore the

everity of this, we synthesized Eu using the atomic data for the 6645
line published in the oldest study in our set, (McWilliam, Geisler 
 Rich 1992 ). Note that McWilliam et al. ( 1992 ) was published

efore the study of Lawler et al. ( 2001 ), whose atomic data for Eu
s commonly used in modern line lists (e.g. when creating line lists
ia linemake Placco et al. 2021 ). While the excitation potential 
emained the same (1.38 eV), the log gf value differed by 0.08 dex
etween the two studies. Selecting the most Eu-rich star in NGC 2808
to be discussed in the next section) as an example star, the change
n log gf value resulted in a 0.04 dex change to the best-fitting Eu
bundance in the star, within measurement uncertainties. While this 
imple test is encouraging in the case of Eu, it does not address
ifferences in the choice of isotopic splitting, which is often not 
xplicitly stated in studies. We therefore cannot rule out inconsistent 
ine lists as a source of uncertainty in creating our compilation. 

Two other obvious inconsistencies in the compiled data set are the 
hoice of Eu lines, and the solar scale. As discussed in Section 2.1.2 ,
LTE corrections to Eu vary significantly between the red, 6645 
and blue, 4129 Å line. For simplicity and in-keeping with our field 

tar compilation, we do not attempt to apply NLTE corrections to 
ny of the literature data and therefore prioritise studies which use 
he red Eu line in their abundance determinations. Finally, although 
he studies have not been placed on the same solar scales, the
hotospheric abundances of Si and Eu only differ by ±0 . 04 and
0 . 01 respectively between the popular solar scales of Grevesse 
 Sauval ( 1998 ) and Asplund et al. ( 2009 ). The LTE photospheric

bundance of Fe is unchanged across the two studies. Therefore, 
e do not consider inconsistent solar scales to introduce significant 
ncertainties. 
Our compiled data set is presented in Table 1 . The adopted values

f [Fe/H], [Si/Fe], and [Eu/Fe] and their respective uncertainties are 
isted alongside their designation of in situ /accreted (from Belokurov 
 Kravtsov 2024 ) and abundance references. In the case of multiple

bundance uncertainties listed in the studies, we adopt the largest 
alue listed (often the internal GC dispersion in each element). If
ore than one population of stars is present in the GC, we adopt the
ean abundance for the most metal-poor population. If a metallicity 

pread is not obvious, we adopt the Mg-rich population. Both choices
eflect a desire to sample the first generation of stars in the cluster. 

Measurements for NGC 2808 and NGC 1904 made in this study
re included in Table 1 and discussed in Appendix A . Note that
his compilation was made prior to the publication of the study of
-process abundances in GCs made by Schiappacasse-Ulloa et al. 
 2024 ). We find good agreement with the Eu abundances published
n their study for GCs in common, including between the two GCs
nalysed in this study, NGC 1904 and NGC 2808. We find good
greement within 0.06 dex in [Eu/Fe] for NGC 1904 between our two
tudies and acceptable agreement in NGC 2808 (0.10 dex difference). 

.2.2 Archival data for NGC 1904, NGC 2808, and NGC 1851 

hile compiling the literature data set discussed in the previous 
ection, we were unable at the time to find Eu abundance deri v ations
or two potential GSE-GCs identified by both Myeong et al. ( 2018c ,
019 ) and Massari et al. ( 2019 ), NGC 1904 and NGC 2808. To
nclude these GCs in our compilation, we reco v ered high resolution
rchi v al VLT FLAMES/UVES (Dekker et al. 2000 ; Pasquini et al.
002 ) spectra (program numbers 072.D-507 and 073.D-0211) for 
tars in each cluster and measured Eu, Mg, Si, and Ca in both. The
Ds of the stars are given in Table A1 , following the convention of
arretta et al. ( 2009b ). The archi v al observ ations were pre viously
sed in the studies of Carretta et al. ( 2009b ) to extract light element
bundances in a large number of MW GCs. 

The spectra (for both the red and blue arms) were retrieved from
he ESO Science Archive Facility. Four stars from each cluster with
he highest average signal-to-noise ratios (SNR ∼ 80) were selected 
rom each cluster. Prior to analysing the spectra, they were trimmed
o remo v e discontinuities at the ends, continuum-fit with a low-order
ubic spline using the continuum task in IRAF 3 and normalized 
efore measuring the chemical abundances. The spectra were also 
adial velocity corrected using the dopcor task in IRAF and the radial
elocities published in Carretta et al. ( 2009b ) prior to performing
bundance analysis. 

To extract chemical abundances, we performed standard 1D LTE 

qui v alent width analysis and spectrum synthesis. Given the large
atalogue of consistent GC abundances provided by Carretta et al. 
 2004 , , 2009a , b , 2013 ) in their series of prolific studies, and given
hat these catalogues dominate our literature sample, we examined 
he consistency of our chemical abundance analysis relative to the 
ndings of Carretta et al. ( 2009b , 2011 ). Furthermore, we performed

he same analysis on the GC NGC 1851 for which Carretta et al.
 2011 ) also measure Eu to examine the abundance consistency across
MNRAS 533, 2420–2440 (2024) 
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Table 1. Literature compilation of GC chemical abundances used throughout this study. Note that all of the studies perform 1D, LTE analysis of individual stars 
using data from a high resolution spectrograph (R ∼ 40 000). Assignment of in situ /accreted (1/0) from Belokurov & Kravtsov ( 2024 ) is listed in the third-to-last 
column. Clusters with conflicting chemistry/dynamics are assigned ‘0/1’. The literature source of each measurement is listed in the second-to-last column. 

GC [Fe/H] σ [Si/Fe] σ [Eu/Fe] σ In situ /Acc. (1/0) Study Comment 

Arp2 −1.77 0.04 0 .29 0.08 0 .45 0.22 0 Mottini & Wallerstein ( 2008 ) −
NGC104 −0.67 0.05 0 .30 0.10 − − 1 Carretta et al. ( 2004 ) Si abundance only 
NGC104 − − − − 0 .14 0.03 − James et al. ( 2004 ) Eu abundance only 
NGC1261 −1.25 0.02 0 .29 0.04 0 .59 0.01 0 Koch-Hansen et al. ( 2021 ) −
NGC1851 −1.18 0.07 0 .39 0.03 0 .67 0.11 0 Carretta et al. ( 2011 ) −
NGC1904 −1.66 0.04 0 .32 0.02 0 .43 0.11 0 This study −
NGC2298 −1.91 0.10 0 .51 0.05 0 .34 0.15 0 McWilliam et al. ( 1992 ) −
NGC2419a −2.15 0.11 0 .45 0.13 0 .19 0.18 0 Cohen & Kirby ( 2012 ) Mg-rich population 
NGC2808 −1.15 0.03 0 .32 0.01 0 .73 0.11 0 This study −
NGC288 −1.39 0.04 0 .43 0.09 0 .52 0.11 0/1 Shetrone & Keane ( 2000 ) −
NGC3201 −1.42 0.14 0 .42 0.14 0 .29 0.20 0 Gonzalez & Wallerstein ( 1998 ) −
NGC362 −1.17 0.05 0 .22 0.04 0 .70 0.07 0 Carretta et al. ( 2013 ) −
NGC 4147 −1.86 0.01 0 .46 0.01 0 .37 0.03 0 Villanova et al. ( 2016 ) −
NGC4590 −2.42 0.14 0 .21 0.24 0 .23 0.14 0 Schaeuble et al. ( 2015 ) −
NGC4833 −2.25 0.09 0 .74 0.09 0 .36 0.13 1 Roederer & Thompson ( 2015 ) −
NGC5024 −2.16 0.01 0 .34 0.17 0 .74 0.17 0 Lamb et al. ( 2015 ) −
NGC5139 −1.77 0.11 0 .29 0.16 0 .23 0.22 0 Johnson & Pilachowski ( 2010 ) Most metal-poor group 
NGC5272 −1.39 0.08 0 .27 0.06 0 .50 0.04 0 Cohen & Mel ́endez ( 2005 ) −
NGC5286 −1.80 0.05 0 .40 0.01 0 .32 0.03 0/1 Marino et al. ( 2015 ) −
NGC 5694 −1.98 0.03 0 .30 0.03 0 .00 − 0 Mucciarelli et al. ( 2013 ) Eu upper limit 
NGC5904 −1.21 − 0 .31 0.07 0 .43 0.11 0 Ivans et al. ( 2001 ) −
NGC 5927 −0.47 0.02 0 .24 0.03 0 .43 0.04 1 Mura-Guzm ́an et al. ( 2018 ) −
NGC6093 −1.79 0.02 0 .34 0.04 0 .51 0.02 1 Carretta et al. ( 2015 ) −
NGC6121 −1.18 − 0 .57 0.08 0 .34 0.10 1 Ivans et al. ( 2001 ) −
NGC 6171 −1.03 0.06 0 .53 0.08 − − 1 Carretta et al. ( 2009c ) Si abundance only 
NGC 6171 − − − − 0 .64 0.11 − Schiappacasse-Ulloa et al. ( 2024 ) Eu abundance only 
NGC6205 −1.50 0.07 0 .31 0.11 0 .57 0.11 1 Cohen & Mel ́endez ( 2005 ) −
NGC 6218 −1.33 0.04 0 .35 0.06 − − 1 Carretta et al. ( 2009c ) Si abundance only 
NGC 6218 − − − − 0 .42 0.10 − Schiappacasse-Ulloa et al. ( 2024 ) Eu abundance only 
NGC 6254 −1.58 0.06 0 .28 0.05 − − 1 Carretta et al. ( 2009c ) Si abundance only 
NGC 6254 − − − − 0 .52 0.10 − Schiappacasse-Ulloa et al. ( 2024 ) Eu abundance only 
NGC6266 −1.15 0.05 0 .52 0.04 0 .58 0.04 1 Yong et al. ( 2014a ) −
NGC6273 −1.77 0.08 0 .35 0.10 0 .39 0.15 1 Johnson et al. ( 2017a ) −
NGC6341 −2.52 0.06 0 .58 0.08 0 .44 0.14 0 Kirby et al. ( 2023 ) [Mg / Fe] > 0 . 45 
NGC6362 −1.07 0.01 0 .45 0.03 0 .43 0.01 1 Massari et al. ( 2017 ) −
NGC6388 −0.37 0.09 0 .32 0.10 0 .21 0.08 1/0 Carretta et al. ( 2007 ) Most-likely in situ 
NGC 6388 − − − − − − − − Massari et al. ( 2023 ) and 
NGC 6388 − − − − − − − − Carretta & Bragaglia ( 2023 ) 
NGC 6397 −1.99 0.04 0 .34 0.05 − − 1 Carretta et al. ( 2009c ) Si abundance only 
NGC 6397 − − − − 0 .63 0.10 − Schiappacasse-Ulloa et al. ( 2024 ) Eu abundance only 
NGC 6440 −0.50 0.03 0 .20 0.09 0 .45 0.02 1 Mu ̃ noz et al. ( 2017 ) −
NGC6441 −0.42 0.06 0 .33 0.11 0 .32 0.11 1 Carretta et al. ( 2007 ) −
NGC 6528 −0.20 0.06 −0 .02 0.05 0 .25 0.03 1 Mu ̃ noz et al. ( 2018 ) −
NGC 6553 −0.14 0.06 −0 .06 0.09 −0 .02 0.04 1 Mu ̃ noz et al. ( 2020 ) −
NGC 6584 −1.52 0.06 0 .33 0.06 0 .65 0.11 0/1 O’Malley & Chaboyer ( 2018 ) −
NGC6656 −1.76 0.10 0 .44 0.06 0 .46 0.07 1 Marino et al. ( 2011 ) −
NGC6715 −1.55 0.03 0 .11 0.07 0 .38 0.17 0 Brown, Wallerstein & Gonzalez ( 1999 ) −
NGC6752 −1.61 0.03 0 .33 0.05 0 .32 0.09 1 Yong et al. ( 2005 ) −
NGC6809 −2.01 0.02 0 .50 0.01 0 .54 0.02 1 Rain et al. ( 2019 ) −
NGC6838 −0.71 0.08 0 .28 0.14 0 .31 0.15 1 Ram ́ırez & Cohen ( 2002 ) −
NGC6864 −1.16 0.08 0 .37 0.09 0 .62 0.14 0 Kacharov, Koch & McWilliam ( 2013 ) −
NGC 6934 −1.43 0.05 0 .38 0.04 0 .60 0.07 0 Marino et al. ( 2021 ) −
NGC 7006 −1.55 0.03 0 .26 0.05 0 .36 0.05 0 Kraft et al. ( 1998 ) −
NGC7078 −2.64 0.08 0 .51 0.24 0 .80 0.25 1/0 Sobeck et al. ( 2011 ) Large dispersion in [Eu/Fe] 
NGC7078 − − − − − − − − in Cabrera Garcia et al. ( 2024 ) 
NGC7089 −1.68 0.04 0 .40 0.01 0 .38 0.04 0 Yong et al. ( 2014b ) Metal-poor group (‘ r-only’) 
NGC7099 −2.29 0.07 0 .53 0.06 0 .21 0.11 1 O’Malley & Chaboyer ( 2018 ) −
Pal14 −1.44 0.03 0 .42 0.10 0 .56 0.11 0 C ¸ alıs ¸kan, Christlieb & Grebel ( 2012 ) −
Pal3 −1.58 0.03 0 .49 0.05 0 .73 0.07 0 Koch, C ̂ ot ́e & McWilliam ( 2009 ) −
Pal5 −1.56 0.20 0 .53 0.25 0 .55 0.06 0 Koch & C ̂ ot ́e ( 2017 ) −
Terzan 7 −0.61 0.04 0 .00 0.01 0 .53 0.05 0 Tautvai ̌sien ̇e et al. ( 2004 ) −
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Figure 3. Top, distribution of MW GCs (hexagons) in our sample o v erplotted 
on top of the entire GALAH sample in log density, in E–L z space. The GCs 
are coloured by their [Eu/Si] abundance. GCs which exhibit an average [Eu/Si] 
abundance greater than 0.2 dex are marked with inset black circles. Bottom, 
same as the abo v e, but only GCs with metallicity greater than [Fe / H] ≥ −1 . 5 
are included to highlight that the majority of [Eu/Si]-enhanced GCs occupy 
the region of E- L z space associated with accreted GCs. 
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A description of the chemical abundance methodology and results 
f the consistency study are described in Appendix A . In general,
e find good agreement between our study and that of Carretta et al.

 2009b , 2011 ) across Si and Eu. In the case of Si, 9/12 stars display
onsistent (within measurement uncertainties) abundances across the 
hree studies. In the case of our calibration cluster, NGC 1851, the
alues of Eu differ by on average only 0.09 dex between our study
nd that of Carretta et al. ( 2011 ). 

.2.3 GCs enhanced in [Eu/Si] are also accreted 

reviously studies of the chemodynamics of low-metallicity field 
tars have revealed extreme r-process enhancement in a large number 
f accreted stars (Roederer, Hattori & Valluri 2018 ; Sakari et al.
018a ; Gudin et al. 2021 ; Shank et al. 2023 ; Zhang et al. 2024 ).
lustering of r-process enhanced stars purely in the halo purely in 
ynamics ( E- L z and eccentricity; Gudin et al. 2021 ) has revealed
roups with consistent chemistry (small spreads in metallicity σ < 

 . 5 dex; Roederer et al. 2018 ) – suggesting a common origin. While
ome of these groups are associated with known GCs, others are not,
ointing to the possibility for the existence of a number of disrupted
ow-mass dGals in the MW halo (akin to the extremely r-process
nhanced dGal, Reticulum II and explicitly seen in the r-process 
ich dGal stream, Indus, Ji et al. 2016 ; Hansen et al. 2021 ). While
hese studies have demonstrated a chemical distinctness in r-process 
lements in accreted field stars, systematic differences between large 
opulations of in situ and accreted GCs in r-process abundances has 
ot been explored before. 
To investigate if a difference exists, we plot the GCs in our sample

n Fig. 3 , again in E-L z space on top a 2D histogram showing the
ensity of the entire GALAH sample. In the top panel we plot the
ntire sample of 54 GCs across metallicities, colouring each by 
he average [Eu/Si] abundance. GCs which exhibit an abundance 
f 0.3 dex or greater in [Eu/Si] are overplotted using nested black
ots. The dynamical separation between [Eu/Si]-normal and [Eu/Si]- 
nhanced GCs is striking. The majority of the [Eu/Si]-enhanced GCs 
re accreted and show a slight bias to being prograde. Furthermore, 
ote that a large number of [Eu/Si]-enhanced GCs occupy the region 
f E-L z space associated with the GSE merger. This is highlighted 
ore clearly in the bottom panel of Fig. 3 , showing only the GCs
ith [Fe / H] ≥ −1 . 5 . 

 O R I G I N  O F  T H E  [EU/SI ]  EXCESS  IN  T H E  

CCRETED  H A L O  

rom Fig. 1 , we have shown that the accreted halo appears signif-
cantly enhanced in [Eu/Si] relative to the remainder of the MW, 
rguably across all metallicities, but most obviously at intermediate 
etallicities. This is a known result (Aguado et al. 2021 ; Matsuno

t al. 2021 ) that we have presented in a different space through com-
ining E–L z and abundances. When moving to the low-metallicity 
PA sample, we find tentati ve e vidence that the enhancement in

Eu/Si] found in accreted stars extends to NLTE metallicities as 
ow as [Fe / H] ∼ −2 . 5 (LTE metallicities of [Fe / H] ∼ −3). To our 
nowledge, this is the first time this signature has been seen. Finally,
e have shown that the most [Eu/Si]-enhanced GCs belong to the 
opulation of accreted clusters. In the upcoming section, we seek a 
otential explanation for this apparent enhancement in accreted stars 
sing a galactic chemical evolution model. We discuss the strengths 
nd weaknesses of our simplified model, speculating as to the cause 
f any disagreements and the potential temporal power encoded in 
he abundances of GCs. 
.1 Selecting in situ and accreted field stars 

o consider the evolution of accreted and in situ field stars across
etallicity, we split our GALAH, MINCE and RPA field stars into

ccreted and in situ populations. The mean values of these two groups
ill then be used to constrain our GCE models. Beginning with the
ALAH data, we select accreted stars by sampling the centroid of the
SE contours in E- L z space presented in the middle column of Fig.
 . We do this by drawing a circle radius radius 0.2 in E/ 10 5 , L z / 10 3 

nd selecting stars in the metallicity range −2 ≤ [Fe / H] < −0 . 6.
rom this sample, further chemical cuts are made such that bonafide
SE stars must follow [Mg / Fe] ≤ −0 . 3 × [Fe / H] (Belokurov & 
MNRAS 533, 2420–2440 (2024) 
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ravtsov 2023 , 2024 ). Our final GSE GALAH sample contains
860 stars. 
To select in situ stars in our GALAH sample, we again select stars

n E- L z , but draw from deeper in the MW potential. We select stars
ithin a circle radius 0.2 in E/ 10 5 , L z / 10 3 centred at [0, –2.25]

nd require only that [Fe / H] ≥ −2. The in situ GALAH sample
elected contains ∼ 5300 stars. To extend to lower metallicities, we
lso classify the MINCE and RPA samples into accreted and in situ .
o do this, we simply divide the samples into ‘accreted’ and ‘ in situ ’
sing the boundary marked in Fig. 2 and described in Belokurov &
ravtsov ( 2023 ). Stars above the boundary are deemed accreted, and

tars below, in situ . Of the 25 MINCE stars in our sample, we classify
5 as accreted and ten as in situ . Of the 99 RPA stars in our sample,
6 are classified in situ and 53 are classified as accreted. We note that
he sample of in situ MINCE and RPA stars is likely contaminated by
he most-bound accreted stars (likely accreted at very early times).
o we ver, until a more complete low-metallicity sample of in situ
alo stars exists, we are forced to adopt this simple cut. 
We present our sample of accreted and in situ field stars in Fig. 4

n red and blue, respectively. This colour convention is maintained
hroughout. We plot the binned mean in Fig. 4 , using bins of size 0.3
ex for the GALAH samples, 0.9 dex for the MINCE samples, and
.4 dex for the RPA samples. The standard deviation of each sample
s shown as the large shaded region, while the median absolute
eviation weighted by the number of stars per bin is shown as
he smaller, darker shaded region. The GALAH samples maintain
eparation across the three element ratios ([Si/Fe], [Eu/Fe] and
Eu/Si]). Note that at metallicities lower than [Fe/H] ∼ −1 . 3 dex
n the in situ selection, we are likely selecting ‘Aurora’ stars, which
s speculated to be the primordial component of the MW (Belokurov
 Kravtsov 2022 ; Myeong et al. 2022 ). The sustained difference

etween Aurora and GSE in [Eu/Si] supports different SFHs for
he two ancient galaxies. The low-metallicity combined MINCE and
PA samples also show a separation between in situ /accreted across

he three element ratios. The separation of the two in [Eu/Si] as
inted at in Fig. 2 appears once more. We note the combination of Si
nd Eu creates a larger dynamical range o v er which the two samples
eparate – highlighting its diagnostic power. 

.2 Galactic chemical evolution models 

o interpret the presented data samples, we construct simple analytic
hemical evolution models as discussed by Weinberg et al. ( 2017 ),
anders, Belokurov & Man ( 2021 ), and (Sanders in preparation).
or this modelling, we assume that (i) the SFH is linear-exponential
 Ṁ � ∝ t exp ( −t/τsfh )), (ii) the star formation efficiency (SFE) is
onstant 1 /τ� = Ṁ � /M , (iii) the mass-loading factor is constant
eading to constant depletion time, τdep , (iv) the stellar products enter
 single cold ISM phase after some delay time distribution depending
n the specific channel, and (v) the stellar yields from each channel
re metallicity independent. 

We consider three stellar yield channels: (i) core collapse super-
ovae (CC) that return Mg, Si, and Fe to the ISM instantly, (ii) type
a supernovae (Ia) that return Si and Fe to the ISM after a delay-time
istribution ∝ t −q Ia for t > t D , Ia , and (iii) NS mergers that return Eu
o the ISM after a delay-time distribution ∝ t −q NS for t > t D , NS . These
elay-time distributions are handled in an approximate analytic
ay using a sum of three exponential functions (each of which

s analytically tractable; Weinberg et al. 2017 ). The production of
lement x from each stellar yield channel Y is parametrized by m 

Y 
x ,

he mass of the element returned after an infinite time per unit mass
f stars formed. We work with these quantities on the ‘solar scale’ (as
NRAS 533, 2420–2440 (2024) 
eported in the data), i.e. normalized by the mass fraction of element
 in the Sun as reported in Asplund et al. ( 2009 ). 
Note that we do not consider MRSNe as a source of r-process in

ur models, removing the prompt enrichment channel. This choice
s largely driven by the rise in [Eu/Si] seen in our compilation at
ow-metallicities which is in contrast to the plateau predicted by

RSNe. We explore including MRSNe in our models in an upcoming
ompanion study (Sanders et al. in preparation). 

We jointly model both the accreted and in situ GALAH data sets at
igh metallicities only , due to the uncertainty in GSE membership at
ow metallicities. As further clarification, because we are jointly mod-
lling the two data sets, the chemical yields are fixed and the models
ay only alter the SFHs and depletion timescales (outflows) of the

wo systems to fit the data. For each data set, we bin the stars into 10
qually-populated bins in [ Fe / H] and compute median abundances
or the ith bin A 

i = ([ Fe / H] i , [ Mg / Fe ] i , [ Si / Fe ] i , [ Eu / Fe ] i ) and
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Table 2. Adopted priors for the chemical evolution modelling. Each param- 
eter has a normal prior with the given means and standard deviations (SD). 
The top section contains system-dependent parameters (inde x ed by s) and the 
lower section system-independent parameters. 

Parameter Mean SD 

log 10 
m 

CC 
Fe 

τ�,s [ Gyr ] −3 . 45 0.27 

τsfh ,s 10 Gyr 10 Gyr 
τdep ,s 2 Gyr 2 Gyr 
t max ,s 10 Gyr 10 Gyr 
ln σa,s −3 1 
log 10 m 

Y 
x 0 ∞ 

[ Mg / Fe ] CC 0.4 0.05 
log 10 ( m 

Ia 
Fe /m 

CC 
Fe ) 0.32 0.23 

t D , Ia 60 Myr 20 Myr 
t D , NS 10 Myr 3 Myr 
q Ia / NS 1.1 0.2 
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orresponding uncertainties σ i 
A 

as 1 . 4826 × MAD (approximately 
ne standard deviation) where MAD is the median absolute deviation. 
or each set of chemical evolution model parameters, we compute 

he evolution of abundance a as ˜ A a ( t) and calculate the product of
ndividual datum likelihoods: 

 

i = t −1 
max 

∫ t max 

0 
d t 

∏ 

a 

N ( A 

i 
a | ˜ A a ( t) , σ

i 
A ,a 

2 + σ 2 
a ) , (1) 

here product a is o v er abundances. σa are introduced to account for
dditional scatter and we set σ[ Fe / H] = 0. Each datum has an unknown
ime t that we marginalize o v er. Note we do not weight the data by
he SFH to mitigate the impact of selection effects (and our binning)
n the modelling. 
The models are implemented in the probabilistic program- 
ing language, STAN (Stan Development Team 2024 ). We fit 

or a set of system-dependent parameters for the sth system, 
 m 

CC 
Fe /τ� , τsfh , τdep , t max ) s , and the ‘universal’ stellar yields from each

hannel, m 

Y 
x , which are system independent. We use the priors listed

n Table 2 . Note that m 

CC 
Fe /τ� is chosen as the parametrization of the

FE because it is this quantity that go v erns the metallicity scale of
he models and without prior information, element production and 
FE are degenerate. The prior on ln m 

CC 
Fe /τ� has been chosen using

C supernova yields tables (Woosley & Weaver 1995 ; Chieffi & 

imongi 2004 ; Kobayashi et al. 2006 ; Pignatari et al. 2016 ; Ritter
t al. 2018 ) and reasonable initial mass functions (e.g. Kroupa 2001 ;
habrier 2003 ), to find log 10 m 

CC 
Fe = ( −3 . 17 ± 0 . 17) combined with

he SFE measurement of 1 /τ� = (5 . 25 ± 2 . 5) × 10 −10 yr −1 from
eroy et al. ( 2008 ) (which we convert to the solar abundance scale
sing the solar mass fraction log 10 Z �, Fe = −2 . 9). We place a prior
n the relative iron production from Type Ia and CC SNe using
he number of Type Ia produced per unit stellar mass formed of
 Ia /M � = (2 ± 0 . 5) × 10 −3 M 

−1 
� from Maoz & Mannucci ( 2012 )

nd an approximate M Fe = (0 . 7 ± 0 . 15) M � of iron produced per
 ype Ia. W e further place a prior on [ Mg / Fe ] CC to encourage the
odels to reproduce reasonable early plateaus in [ α/ Fe ]. 

.3 SFE alone cannot explain the difference between GSE and 

he MW 

he GCE models described in the previous section are presented in 
ig. 4 across the three element ratios. Recall that the models were

ointly fit, and only fit to the in situ and accreted GALAH field star
ata (abo v e [Fe / H] ≥ −2) in [Si/Fe], [Mg/Fe], and [Eu/Fe]. The 
est-fitting accreted GCE model is marked with dashed blue line in 
ll panels, while the best-fitting in situ model is marked with a red
otted line. 
While the models do a great job at replicating the two populations

n [Si/Fe] at high metallicities ( [Fe / H] > −2), neither model does a
ood job of fitting its respective component at low metallicities. This
s perhaps most perplexing in the ratio of [Si/Fe], where the RPA
ata for both components is significantly higher than predictions. 
xamining the [Mg/Fe] abundance ratios presented in fig. 10 of 
akari et al. ( 2018b ), the [Si/Fe] and [Mg/Fe] abundances seem to be
enerally consistent. Ho we ver, at [Fe / H] ∼ −3, the mean [Mg/Fe] 
bundance is ∼ 0 . 5 dex, 0.25 dex lower than the average value of
Si/Fe]. A rise is α-elements at low-metallicities has been seen in
edicated high-resolution studies of [O/Fe] (e.g. in both 1D LTE 

nd 3D NLTE abundances Amarsi, Nissen & Sk ́ulad ́ottir 2019 ),
ut is not reco v ered by large surv e ys like APOGEE (J ̈onsson et al.
020 ). Regardless of the fit to the low-metallicity [Si/Fe] values,
he high metallicity end shows a good fit – helping to pin down
he star formation efficiencies of the two systems by way of the
-knee. 
Moving to [Eu/Fe] and [Eu/Si], the most revealing feature of the
odels is not their inability to fit the individual populations, but

ather their inability to replicate the trends seen in both. Recall that
ecause the models are jointly fit to both populations, the only free
arameters which may be adjusted to fit the data are (i) the SFH of
ach progenitor and (ii) outflows from the system. The metallicity- 
cale predicted by the models and go v erned by the SFE determined
n the fit to [Si/Fe] predicts the appearance of a peak in [Eu/Fe] at
igher metallicities than what is seen in the data. This is the case
or both populations. Furthermore, while the models predict the two 
opulations will reach the same plateau in [Eu/Fe], this is clearly not
he case in the data. Finally, while the models predict a continued
limb in the ratio of [Eu/Si], both data sets display a plateau across
etallicities from −1 . 5 ≤ [Fe / H] ≤ 0. 
Considering both the successes and failures of our jointly fit 
odels across the two populations, we interpret (i) the high-quality fit 

o [Si/Fe] informing us that SFE alone cannot explain the differences
etween the two populations, as the metallicity scale set by this SFE
ails to predict the evolution of [Eu/FeSi] and (ii) the appearance of
he different plateaus in the two populations is the result of the two
alaxies reaching different equilibrium levels of [Eu/Si]. Finally, we 
nterpret the upwards trend of [Eu/Si] at low-metallicities as support 
or NS mergers dominating r-process enhancement at early times. 
his last point is explored further in an upcoming study (Sanders
t al., in preparation). 

In both the studies of Matsuno et al. ( 2021 ) and Naidu et al. ( 2021 ),
he evolution of [Eu/Mg] is compared across MW stars with different
rigins. In Matsuno et al. ( 2021 ), GSE stars are compared against
n situ MW stars, while Naidu et al. ( 2021 ) compare GSE stars to
tars from the proposed Kraken merger, theorised to have taken place
arly on in the MW’s history (Kruijssen et al. 2020 ). Regardless of
he true nature of the non-GSE component, given the selection space
f the in situ and Kraken stars in both Matsuno et al. ( 2021 ) and
aidu et al. ( 2021 ), o v erlap in samples is likely. While both studies

ttribute the difference between populations to the different SFHs, 
heir explanations differ slightly. Matsuno et al. ( 2021 ) argue a more
fficient and extended SFH is needed to explain the low [Eu/Mg] val-
es in the MW at higher metallicities, while Naidu et al. ( 2021 ) argue
 shorter star formation duration explains the lower value in Kraken
which was truncated before achieving the value seen in GSE). 

While the explanation of Naidu et al. ( 2021 ) seems plausible if both
elections originate in dGals, it is incompatible with the explanation 
f Matsuno et al. ( 2021 ) and with data found in other dGals at
imilar metallicities (e.g. in the LMC where [Eu / Mg] ∼ 0 . 4 dex at
MNRAS 533, 2420–2440 (2024) 
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Fe / H] ∼ −1 . 5 despite large differences in the predicted SFH and
FE between the LMC and GSE, Van der Swaelmen et al. 2013 ;
eggiani et al. 2021 ). If we accept the explanation of Matsuno et al.
 2021 ), that SFE alone explains the offset (merely a shift in the x -axis
ue to the MW producing stars to higher metallicities), we would
xpect the in situ MW stars to trend up, increasing in [Eu/Si] at
igher metallicities. In fact, this is the trend predicted by our simple
CE models. In an upcoming paper (Sanders et al. in preparation),
e investigate whether multizone ISM models can reproduce the flat

rends observed in the data. 

.4 Implications of the potential continuation of differences 
etween in situ and accreted stars below [Fe / H] ∼ −2 

o explore the robustness of a potential continuation in the dif-
erence of [Eu/Si] between accreted and in situ samples at low-
etallicities, we perform a Kolmogoro v–Smirno v (KS) test using

CIPY stats.ks 2samp on the two populations in the combined
PA sample. The test returns a global p -value of 0.07 when consid-
ring the distributions of [Eu/Si], or a ∼ 1 . 8 σ confident rejection of
he hypothesis that the two are drawn from the same distribution. If
e perform a sliding window KS-test as described in Davies et al.

 2024 ) using a window size of 0.4 dex, we find p-values less than
r equal to 0.05 (2 σ confidence) for the two populations below
Fe / H] = −2 . 45. Finally, if we cull the RPA sample to keep only
iant stars with log g < 3 and T eff ≤ 5500 to apply the linear NLTE
orrection to Eu mentioned in Section 2.1.2 , and perform the same
est, we find a global p -value of 0.04, or > 2 σ confidence that two
amples did not originate in the same distribution. 

This is in contrast to what has been seen in the literature before,
oth through simulations and observations. In Sk ́ulad ́ottir & Sal-
adori ( 2020 ), a flat trend in [Eu/Mg] is observed across metallicities
n MW field stars. At metallicities of [Fe / H] < −1, Sk ́ulad ́ottir &
alvadori ( 2020 ) adopt the abundances of Roederer et al. ( 2014 )
hich, like the RPA data, sit both abo v e and below the accreted in situ
oundary in E- L z (when placed in our same potential). Examining
he [Eu/Mg] distribution of the two populations in Roederer et al.
 2014 ) (limited by the small number of stars with well-measured
Mg/Fe] and Gaia data, n = 72) we again find that the accreted sam-
le is enhanced in [Eu/Mg]. Performing the same KS test (as in the
PA sample), we find a p -value of 4 . 6 × 10 −5 ( > 99 per cent confi-
ence that the two samples are not drawn from the same distribution.)

Across the metallicity interval −2 . 2 ≤ [Fe / H] ≤ −1, where
k ́ulad ́ottir & Salvadori ( 2020 ) utilize the Roederer et al. ( 2014 )
ata, the in situ sample has an average value of [Eu / Mg] ∼ −0 . 3, in
ontrast to the accreted sample at [Eu / Mg] ∼ 0. This is in agreement
ith our finding, that the ratio of [Eu/ α] in the in situ population
ecreases at higher metallicities more rapidly than the accreted
opulation. In summary, if the two populations are not resolved,
his would lead to the interpretation that the MW ( in situ ) population
aintains a flat mean abundance in [Eu/Mg] ( ∼ 0) with large scatter.
Some analytical galactic chemical evolution models have assessed

heir validity in reproducing the MW by capturing the apparently
at trend of [Eu/ α] or [Eu/Fe] with time. The model of Kobayashi
t al. ( 2020 ), a one-zone model with outflows and many production
ites, predicts the flat trend of [Eu/Fe] and [Eu/O] at low metallicities
Kobayashi et al. 2023 ). When comparing the model to observational
ata sets of halo stars, the flat trend fits the data well because of the
pparently large dispersion at low-metallicities. 

In addition to using the flat trend to constrain the global SFH of
he MW, the analytical model of Kobayashi et al. ( 2023 ) also uses
he apparent trend to determine the rate of magneto-rotational SNe in
NRAS 533, 2420–2440 (2024) 
heir models. Even if we apply the linear NLTE correction discussed
n Section 2.1.2 associated with the blue line of Eu, we find that the
atio of [Eu/Si] continues to decrease in both populations at low-
etallicities. While magneto-rotational SNe enrich in both α and

-process producing the flat trend in [Eu/ α], our result implies that
 more pure r-process channel like NS mergers better predicts the
volving trend seen in [Eu/Si]. 

The origin of the large scatter in [Eu/Fe] and [Eu/ α] at low-
etallicities in the MW has recently been probed using cosmological

imulations (Haynes & Kobayashi 2019 ; van de Voort et al. 2020 ;
irai et al. 2022 ). In van de Voort et al. ( 2020 ), they introduce

-process elements into 16 MW-like galaxies from the AURIGA
imulation suite (Grand et al. 2017 ). They do this by implementing
he r-process elements as ‘passive tracers’, meaning that they are
eleased into the ISM without impacting the dynamical evolution of
he galaxy. They implement two sites, rare core collapse SNe and
eutron star mergers stochastically, fixing the yields from each across
ll metallicities. 

To assess the agreement between their model and observations
f MW stars, van de Voort et al. ( 2020 ) look at the evolution of
he mean abundance of [Eu/Fe] for both disc and halo stars (at
 = 0) in their simulations. To compare to observations they use
ow-metallicities stars from the SAGA database (Suda et al. 2008 ),
ndoubtedly composed of both in situ and accreted stars. Ho we ver,
an de Voort et al. ( 2020 ) know the origin of their MW stars exactly,
nding only 8 per cent of the total stars in their selection to have an ex-
itu origin. This number increases substantially at low-metallicities,
ith 78 per cent of the stars below [Fe / H] < −2 having formed ex-

itu – the metallicity at which the dispersion in [Eu/Fe] increases.
esolving abundance differences in low-metallicity observational
ata sets between accreted/ in situ stars would make it possible to
xploit knowledge of the origin and thus, the SFH of the progenitors
rovided by simulations. 
Ultimately, van de Voort et al. ( 2020 ) are unable to determine

hether their fiducial NS merger model, which predicts a rise
n [Eu/Fe] with metallicity at early times, and their rare CCSNe
odel, which predicts a flat value of [Eu/Fe] across metallicities,

etter reflects the observations. This is also the case in Haynes &
obayashi ( 2019 ). While the presence of large dispersion in [Eu/Fe]
nd [Eu/ α] at low-metallicities can be reproduced in hydrodynamical
imulations, decoupling the physical source of the dispersion (site
nd efficiency of r-process production) from the accretion history of
he galaxy may not be possible without knowing the origin of the stars
and the unique SFHs of their progenitors). That is, without knowing
he fractional contribution of the in situ and accreted components in
bservational data, it is likely impossible to disentangle the physical
ource of the dispersion from the selection function of the study. 

Recently, Ou et al. ( 2024 ) also observed a downwards trend
n [Eu/Mg] in GSE stars at lo w-metallicities; ho we v er, the y hav e
elati vely fe w (ele ven) stars in their study below [Fe / H] = −2 (it
s unclear whether this is an LTE or NLTE metallicity). Below
Fe / H] = −2 they find a large dispersion in [Eu/Mg], which they
nterpret as being due to delayed r-process enrichment with plausible
elay times ranging from 10 to 500 Myr. While we likely need more
onafide in situ stars at low-metallicities to explore the significance
f the difference between populations, we are confident in the general
ownwards trend we also find in both populations at low metallicities.
s discussed in the next section, accreted GCs in our data set, specif-

cally those identified by Myeong et al. ( 2019 ) as belonging to GSE,
race the same trend seen in the field stars – namely a downwards
rends with decreasing metallicities, seen in both [Eu/Si] and [Eu/Fe].
urthermore, the GCs provide tight abundance constraints in both
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Figure 5. All, abundance of [Si/Fe], [Eu/Fe], and [Eu/Si] for the in situ and accreted samples of field stars. The column-normalized in situ and accreted 
samples of GALAH stars are shown as blue and red clouds, respectively, with the binned mean value o v erplotted. The intermediate metallicity MINCE and 
low-metallicity RPA data sets are also included, with the red being stars found abo v e the Belokuro v & Kravtso v ( 2023 ) E-L z cut-off and the blue below. In the 
case of the RPA data and MINCE data, the binned mean value is plotted along with the standard deviation weighted by the square root of the number of stars per 
bin (dark shaded region) the standard deviation in each bin (lighter shaded region). Centre, in situ GCs as classified by Belokurov & Kravtsov ( 2024 ), are plotted 
o v ertop of the MW populations using white markers. Right, GCs theorized to be associated with GSE from the study of Myeong et al. ( 2019 ) are shown in black. 
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Eu/ α] and [Fe/H]. Finally, the agreement seen in the GCs is not the
esult of Eu, nor Si, in isolation, but the evolution of both. We discuss
ossible extensions of this discovery in the next section. 

.5 Possible constraints from GCs 

n Fig. 5 , we again plot the accreted and in situ field star populations,
ut this time present the GALAH sample as a column-normalized 
cloud’, binned first in metallicity and then column normalized. In 
ddition to the field star populations, we include, in the middle panel,
ll the GCs in our sample which have been classified as in situ by
elokurov & Kravtsov ( 2024 ) (after removing NGC 5139 and NGC
273 which they note are likely mis-classified), and in the final panel,
Cs which were flagged as being associated with GSE by Myeong 

t al. ( 2019 ). 
To bring our GC abundances onto the same scale as GALAH, we

ompared the [Si/Fe] and [Eu/Fe] abundances for clusters in common 
etween our study and GALAH DR3 (NGC 288, NGC 362, NGC 

851, and NGC 5139). Note that we choose not to adopt GALAH
bundances for any of the GCs in our sample, as they are known to
xhibit unphysical chemical trends with stellar parameters. This will 
e addressed in future abundance releases of GCs from GALAH. 
f  
e calculated the offsets using only RGB stars in the GALAH
C sample in an effort to match our high resolution compilation
ethodology as closely as possible. On average we found an offset

f ∼ + 0 . 15 dex in [Si/Fe] between our GC compilation and that of
ALAH and offset of ∼ −0 . 05 in [Eu/Fe]. As such, the GCs were

hifted downwards by 0.15 dex in [Si/Fe] and upwards by 0.05 dex in
Eu/Fe] (resulting in an upwards shift of 0.20 dex in [Eu/Si]) in Fig. 5 .

Beginning first with the final (right-most) column, of Fig. 5 we
how the intersection of our GC data set with the population of
SE GCs published in Myeong et al. ( 2019 ). A KS test of the
yeong et al. ( 2019 ) GSE-tagged GCs and the in situ GALAH, RPA,
INCE samples returns a p-value of 0.01, suggesting the GSE GCs
ere not drawn from the in situ field star distribution. Comparing
yeong et al. ( 2019 ) GSE GCs to the mean accreted RPA, MINCE,

nd GALAH samples returns a p-value of 0.33, suggesting they 
ould have come from the same distribution. We find the agreement
etween the GSE GCs and the accreted field star population across
etallicities, in all three panels, remarkable for two reasons. 
The first reason is how tight the sequence of GCs is across the three

atios. We speculate that this may be the clearest rise in [Eu/ α] seen
n any data set to-date, potentially providing the strongest support 
or the importance of NS mergers at early times. As discussed in
MNRAS 533, 2420–2440 (2024) 
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4 We acknowledge that the continued use of the name Magellan is both 
potentially traumatic for Indigenous peoples and factually incorrect, as he 
did not disco v er the clouds. We advocate for the adoption of a new naming 
scheme and abbreviate the name only for the remainder of this paper. 
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he previous section, the prediction of large dispersion in [Eu/Fe]
and by extension [Eu/Si]) at low-metallicities by hydrodynamic
imulations is not seen in the population of GSE GCs. In this way,
he elemental abundances of GCs could be used to place constraints
n the chemical history of the progenitor down to low metallicities
ith higher precision that is currently achieved in field stars. We

evisit the validity of this statement in the next section. 
The second reason we find the agreement between GSE field

tars and GCs to be remarkable, is the possibility of adding an
dditional dimension through the relatively precise GC ages. At
ow metallicities, sub-Gyr age precision from isochronal ages are
ossible for GCs (Ying et al. 2023 ). In contrast, while astroseismic
ges of individual field stars below [Fe / H] ∼ −2 may be possible (as
emonstrated in Alencastro Puls et al. 2022 ), uncertainties increase
rastically be yond fiv e Gyr (from ±1 Gyr at 9 Gyr, to ±3 Gyr at
3 Gyr). Label-transfer methods for field stars trained on high-quality
stroseismic ages also show large discrepancies for stars older than
0 Gyr (ages are underpredicted by ∼ 3 Gyr on average Mackereth
t al. 2019 ). 

In the case of data sets like VandenBerg et al. ( 2013 ) or Mar ́ın-
ranch et al. ( 2009 ), large numbers of GC ages ( > 50) derived
sing a consistent methodology (choice of isochrone) can provide
ges down to metallicities of [Fe / H] ∼ −2 with a precision perhaps
nachie v able in field stars. In this way, the GCs can provide precise
imestamps for the GCE model, mapping between metallicity and
ime. In the case of the GSE GCs, cross-matching the GSE-tagged
Cs in our sample using the list of Myeong et al. ( 2019 ) with ages

rom VandenBerg et al. ( 2013 ) results in the ratio of [Eu/Si] increas-
ng from 0 to ∼ 0 . 5 dex over a period of one Gyr. The entire sequence
rom [Eu / Si] ∼ −0 . 25 dex to [Eu / Si] ∼ 0 . 5 dex spans 1.75 Gyr,
lacing constraints on the SFE and history of the GSE progenitor. 
Moving to the in situ GCs (shown in the middle panel of Fig. 5 ), we

an see that at metallicities abo v e [Fe/H] ∼ −1 . 5, the in situ group
ollows the in situ field stars fairly nicely in [Si/Fe]. In [Eu/Fe],
he in situ GCs display increased dispersion, spanning both the in
itu and accreted populations, but they show a clear downturn abo v e
etallicities of [Fe / H] > −0 . 5, in-line with the in situ population.

n [Eu/Si] ho we ver, the high-metallicity GCs sho w on average better
greement with the in situ field stars on average, aided by the
istinguishing power of [Si/Fe]. 
A KS-test comparing the mean [Eu/Si] values of the in situ GCs

cross metallicities to the mean in situ RPA, MINCE, and GALAH
amples cannot reject the hypothesis that they were drawn from the
ame distribution ( p = 0 . 17). Comparing the in situ GCs to the mean
ccreted field star sample returns a p-value of p = 0 . 03, strongly
uggesting they we not drawn from the same distribution. 

At low metallicities ( [Fe / H] < −1 . 50), the agreement between in
itu field stars and GCs breaks down. Of the GCs in this region,
GC 6397 ( [Fe / H] = –1.99) and NGC 6205 ( [Fe / H] = –1.50) have

he second and third highest values of [Eu/Si] ( ∼ 0 . 26 –0 . 29 dex).
n the case of NGC 6205, it is the closest GC to the accreted/ in situ
oundary in E-L z . For this reason, we suggest it may be mis-classified
nd have marked it with a black dot inside the white marker in all
anels. The high [Eu/Si] value of NGC 6397 is less easy to explain,
s Eu is genuinely high in the GC. 

The other major outlier in [Eu/Si] among the in situ GCs is the
owest metallicity GC, NGC 7078. We have also marked this cluster
ith a black dot in the middle panel of Fig. 5 . This enhancement

n [Eu/Si] in NGC 7078 is at a level unseen among accreted field
tars at the same metallicity. This is driven by a large, but uncertain
u enhancement ( [Eu / Fe] = 0 . 8 ± 0 . 25). Recently, Cabrera Garcia
t al. ( 2024 ) confirmed a large spread in [Eu/Fe] ( σ ∼ 0 . 2) in the
NRAS 533, 2420–2440 (2024) 
luster using measurements of 62 stars (significantly more than the
tudy of Sobeck et al. 2011 ). Note that Cabrera Garcia et al. ( 2024 )
o not report a value [Si/Fe] for the cluster, hence why we have
dopted [Eu/Si] from Sobeck et al. ( 2011 ). 

Cabrera Garcia et al. ( 2024 ) report a similar mean value of [Eu/Fe]
o Sobeck et al. ( 2011 ) ( [Eu / Fe] ∼ 0 . 7) but note that this is the
verage of two distinct populations of Eu-stars (also observed in
orley et al. 2013 ). They detect a possible correlation between Na

nd Eu, contrary to what Roederer ( 2011 ) found. Ho we v er, the y
ypothesize that this is the result of r-process enrichment during the
ormation of the first generation of stars – maintaining a connection
etween the host environment. We speculate that the large o v erall
u enhancement of the cluster is likely linked to the proximity of the
-process enrichment event. 

 G C S  T R AC E  T H E  C H E M I C A L  HI STORIES  O F  

HEI R  HOSTS  

n this section, we continue to explore the agreement between field
tar abundances in dGals and their clusters, across metallicities.

oti v ated by the results in Section 3.5 , we focus on other dGal
ystems, specifically the Large M. Cloud 4 (LMC) and Sagittarius
Sgr) dGal and their clusters. We focus on these two galaxies because
he y (i) hav e large systems of GCs with high quality measurements,
nd (ii) have published field star [Eu/Si] abundances across a large
ange of metallicities. Pushing beyond the MW, and thanks to the
round-breaking technique of extracting high-precision abundances
rom integrated light spectroscopy (Sakari et al. 2015 ), we explore
he [Eu/Si] abundances in GCs around M 31 and discuss the potential
f classifying extra-galactic GCs as in situ and accreted. 

.1 In local group dgals 

ig. 6 presents data for field stars and clusters in Sgr and the LMC,
howcasing the remarkable agreement between the evolution of
Eu/Si] as a function of metallicity across both field stars and clusters
n the two systems. Sgr is shown in the left panel, where the mean
bundance (and dispersion) of [Eu/Mg] is plotted using field stars
rom the study of Reichert et al. ( 2020 ) in yellow. Sgr GCs identified
or confirmed) by Vasiliev, Belokurov & Erkal ( 2021 ) are included
sing the black crosses taking their [Eu/Si] abundances from our
iterature compilation. 

The right panel shows the mean values (and dispersion) of [Eu/Si]
n LMC field stars from Pomp ́eia et al. ( 2008 ), Van der Swaelmen
t al. ( 2013 ), Reggiani et al. ( 2021 ), and Oh et al. ( 2024 ) in purple,
ith LMC GCs from the studies of Mucciarelli et al. ( 2008 , 2010 )
 v erplotted with star symbols. Abundances from Mucciarelli et al.
 2008 , 2010 ) are derived from between five and eleven stars in each
C. Note that the extremely low-metallicity data from Oh et al.

 2024 ) includes upper limits for five of the seven stars in their study.
Due to a lack of Eu-abundances for SMC field stars, we include

MC GCs from the recent study of Mucciarelli et al. ( 2023 ) alongside
he LMC data in Fig. 6 . The SMC GCs include the GCs NGC 121,
GC 339, and NGC 419 using measurements of between five and

ight stars in each. Due to the large metallicity difference between
ornax GCs and Fornax field stars with Eu measurements from the
tudies Letarte et al. ( 2006 ) and Letarte et al. ( 2010 ), respectively
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Figure 6. Left, binned mean abundance values of Sgr field stars from Reichert et al. ( 2020 ) in [Eu/Mg] versus [Fe/H] are shown in yellow. The median absolute 
deviation weighted by square root the number of stars per bin is shown as the dark shaded region and 1.4826 times the median absolute deviation (approximately 
one standard deviation) as the lighter shaded region. GCs associated with Sgr from the study of Vasiliev et al. ( 2021 ) are o v erplotted with black crosses (using 
their abundance of [Eu/Si] listed in Table 1 ). Note the o v erlap between the GCs and field stars. Right, the binned mean abundance and dispersion for LMC field 
stars from the studies of Oh et al. ( 2024 ), Reggiani et al. ( 2021 ), Van der Swaelmen et al. ( 2013 ) and Pomp ́eia et al. ( 2008 ) is shown in purple. LMC GCs from 

the studies of Mucciarelli et al. ( 2008 ) and Mucciarelli, Origlia & Ferraro ( 2010 ) are o v erplotted as stars. SMC and Fornax GCs are taken from spectroscopy of 
resolved GC stars from the studies of Mucciarelli et al. ( 2023 ) and Letarte et al. ( 2006 ) respecti vely. Chemical e volution models tailored individually to GSE 

(accreted) and the MW ( in situ ) are plotted in both panels as the dashed black line and dotted black line, respectively, to guide the eye. The details of the models 
are discussed in Section 3.2 . 
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Figure 7. The distribution of [Eu/Si] as a function of metallicity for GCs in 
external galaxies. LMC, MW ( in situ ), and GSE (accreted) field stars means 
are shown alongside the median absolute deviation weighted by square root 
the number of stars per bin (dark shaded region), and 1.4826 times the median 
absolute deviation as (lighter shaded region). M 31 GC abundances are derived 
from analysis of their integrated light from Sakari et al. ( 2015 ). Open symbols 
denote upper limits. Note the o v erabundance of [Eu/Si] in the GCs associated 
with substructure around M 31. The M 31 GC H 23, the closest to the main 
body of M 31 and unassociated with substructure, is marked in orange; to 
highlight its proximity to the MW GCE model supporting an in situ origin. 
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0.5 dex), we also include Fornax GCs in the panel showing data
or the LMC. Data for the Fornax GCs, 1, 2, and 3 is taken from
he study of Letarte et al. ( 2006 ) averaging measurements for two to
hree stars in each. 

Because Letarte et al. ( 2006 ) did not measure Si in their study,
e adopt Ca as our α-tracer to include the Fornax GCs. We justify

his choice by noting that the published Ca abundances of GCs in
ur compilation are on average only 0.1 dex lower than Si. Note that
he Fornax field star data truncated at [Fe / H] = −1 . 5 show the same
lateau at [Eu/Ca] = 0.7 as the GCs. The Fornax GCs appear super
nhanced in [Eu/Ca] at very low metallicities, which is driven in the
ase of Fornax 3 (the only GC with a true measurement, rather than
n upper limit, denoted by open symbols in Fig. 7 ), by truly enhanced
u ( ∼ 0 . 90 ± 0 . 10 dex). 
To provide further support for the idea that GCs trace the SFH

f their hosts, we include predictions from the individually-fit GCE 

odels introduced in the previous section. The dGal GCE model 
ailored to GSE is plotted using the dashed line, while the MW
odel is plotted with a dotted line in both panels. The agreement

etween our GCE model tailored to GSE and the Sgr stars (both field
nd GCs) is striking. Although age is not included in these plots, the
CE models reach the metallicity of the 7–8 Gyr old cluster Terzan
 in Sgr but do not achieve the metallicity of the much younger
1–2 Gyr) LMC GCs. In our joint GSE-MW GCE model, the GSE
aximum age is (6 ± 3) Gyr explaining this difference. 
In their study of SFHs in dGals, Hasselquist et al. ( 2021 ) derive

 SFE in GSE that is five times higher than the efficiency in Sgr.
herefore, we interpret the fit to the Sgr data as further evidence

hat SFE alone cannot explain the appearance of ele v ated [Eu/Si] in
Gals at late times. 

.2 Beyond the MW, in M31 

e now expand our exploration of [Eu/Si] beyond the MW into the
ystem of GCs around M 31. Unfortunately, Eu measurements have 
ot been made for field stars in M 31, though we note that α-element
b undances ha ve been made in resolved field stars in M 31 (Escala
t al. 2019 ). Therefore, we utilise our MW in situ and accreted field
tar abundances for comparison in this section. 

Data for GCs in the halo of M 31 comes from the integrated light
tudy of Sakari et al. ( 2015 ), who examined GCs associated with
ubstructure around the galaxy. These measurements include data 
MNRAS 533, 2420–2440 (2024) 
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or the GCs, PA 17, H 23, H 10, PA 53, PA 54, PA 56, and PA 06,
wo of which have only upper limits of Eu. Note that the naming
onventions for these GCs follows that of Sakari et al. ( 2015 ) which
n-turn adopts the conventions of Huxor et al. ( 2008 , 2014 ). Note
hat Sakari et al. ( 2015 ) uses the 6645 Å line of Eu is to determine
u-abundances, which is consistent with our GC compilation. Upper

imits for denoted using empty symbols, while measurements are
lled (and have corresponding uncertainties). 
The distribution of the M 31 GCs in [Eu/Si] versus [Fe/H]

pace is shown in Fig. 7 , alongside the mean LMC field star and
ALAH/MINCE/RPA in situ and accreted sample abundances. The
rst thing of note is the continued appearance of an ele v ated ratio of
Eu/Si] in the GCs associated with the halo of M 31 relative to the

W in situ field star sample, with the exception of the M 31 GC, H
3. This enhancement mirrors what is seen in the population of GCs
ssociated with GSE (e.g. see the lower right panel in Fig. 5 ). Note
hat the study of Mackey et al. ( 2019 ) found that with the exception
f PA 56, none of the GCs are explicitly associated with substructure.
o we ver, gi ven that the GCs are situated in the outer halo of M 31 at
rojected distances of greater than 30 kpc, it is more likely that they
ave an accreted origin than an in-situ origin. Sakari et al. ( 2015 ) also
onclude this by e v aluating the full range of chemical abundances
he y reco v er. 

An explanation for the single outlying GC, H 23, is an interesting
nd potentially powerful one. When considering the projected
istance of the GCs around M 31, H 23 lies the closest to the
ain body of M 31. H 23 is also the second most metal-rich GC

 [Fe / H] = −1 . 12) in the M 31 sample and was found by Sakari et al.
 2015 ) to have chemistry consistent with both MW field stars and

W GCs at the same metallicity . Finally , Sakari et al. ( 2015 ) also
ote that despite initial evidence that H 23 could be associated with
tream D in M 31 from the study of Mackey et al. ( 2010 ) that follow-
p radial velocity measurements from Veljanoski et al. ( 2014 ) likely
ule this out. The follow-up study of Mackey et al. ( 2019 ) maintains
n "ambiguous" classification for this cluster. 

Given that the chemo-dynamical evidence surrounding H 23
uggests that it may not be associated with substructure, it could
e that its association with the GCE track of a larger galaxy suggests
n in situ origin. If this is the case, and the trend of an o v erabundance
f [Eu/Si] in other dGal GCs is to be believed, the ratio of [Eu/Si]
n GCs surrounding other galaxies could be used to discern which
riginated around dGals and were then later accreted. In the era of
xtremely large telescopes, with the ability to resolve large numbers
f stars in GCs around other galaxies, this could be a means of
xploring the accretion history of those galaxies (e.g. using ANDES
n the Extrelemy Large Telescope; Roederer et al. 2023 ). 

 C O N C L U S I O N S  

n this study, we explored the use of the r-process element, europium
Eu) as a chemical differentiator between populations of in situ and
ccreted field stars and their GCs. By combining information from
ight ( α) and heavy ( r-process) elements, we find the ratio of [Eu/Si]
esolves the different SFHs of both in situ and accreted field stars
nd GCs across a large range in metallicities ( −2 . 6 ≤ [Fe / H] ≤ 0),
ith more [Eu/Si] measurements needed at the lowest metallicities

o confirm this. 
The main results of this study are summarized in the following: 

(i) We demonstrate the existence of a significant change in the
 v erall abundance ratio of [Eu/Si] across the dynamical boundary in
-L z separating in situ from accreted stars (as defined previously by,
NRAS 533, 2420–2440 (2024) 
yeong et al. 2018b ; Belokurov & Kravtsov 2023 ). Stars with ener-
ies higher than approximately Solar (accreted) exhibit an ele v ated
alue of [Eu/Si], largely driven by [Eu/Fe], while those below this
nergy level ( in situ ) have lower [Eu/Si]. At high metallicities, these
ifferences persist through two distinct plateaus across metallicity in
he two populations. 

(ii) We provide evidence that these global [Eu/Si] trends may
ersist down to low metallicities ( [Fe / H] NLTE = −2 . 5). While the
v erage lev els of [Eu/Si] decrease with decreasing [Fe/H] across both
amples, in situ stars with lower total energies have systematically
o wer [Eu/Si] relati ve to accreted stars abo v e the dynamical boundary.
his implies that the [Eu/ α] scatter within a single galaxy is lower

han previously estimated. 
(iii) We suggest that the difference between the two sequences is

ot caused by differences in SFE as previously suggested (Matsuno
t al. 2021 ; Naidu et al. 2021 ), with the caveat that we are only
tting data abo v e [Fe / H] ≥ −1 . 8. This is supported by the failure of
FEs derived from high-quality fits to the α-[Fe/H] plane to fit either
Eu/Fe] or [Eu/Si]. Follow-up multi-zone GCE models will explore
hether a multiphase ISM is needed to explain the differences. 
(iv) Because of this difference, we suggest galactic chemical

volution models and hydrodynamic simulations consider the origin
accreted/ in situ ) of stars in when comparing to observational data
ets. To differentiate the two populations, the simple dynamical cut in
- L z introduced in Belokurov & Kravtsov ( 2023 ) could be applied.
(v) From a literature compilation of 54 GCs, we find that accreted

Cs trace the [Eu/Si] ab undance ev olution of accreted field stars
cross metallicities remarkably well. These results support the
rimordial origin of Eu in some GCs, as suggested by previous
orks (Roederer 2011 ; Koch-Hansen et al. 2021 ; Kirby et al. 2023 ;
onty et al. 2023a ). 
(vi) Using ages from VandenBerg et al. ( 2013 ) for the population

f GSE GCs taken from Myeong et al. ( 2019 ), an enrichment of
.75 dex in [Eu/Si] (from –0.25 to 0.5 dex) occurs in GSE over the
ime span of 1.75 Gyr, presenting the opportunity for sub-Gyr timing
esolution when building host galaxy SFHs. 

(vii) In both accreted and in situ field stars and more significantly
n GCs, we find a downwards trend in [Eu/Si] at low metallicities.
his trend persists after applying NLTE corrections to Eu. We suggest

hat this preferentially supports enhancement by neutron star mergers
 v er magneto-rotational supernovae (which produce a flat trend in
Eu/Si]). 

(viii) We suggest that [Eu/Si] could be used as a chemical tag
eyond the MW, based on evidence that GCs trace field star [Eu/Si]
bundances in Local Group dwarf galaxies (dGals). We show this is
lso true in the halo of M 31, where the GC H 23 displays an in situ -
ike [Eu/Si] abundance ratio which supports its lack of association
ith substructure. 
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Figure A1. Example spectra highlighting the Eu II line at 6645 Å in the 
highest SNR stars (1904-97, 2808–7536) and lowest SNR stars (1904-113 
and 2808–10571) in the two clusters. A neighbouring Ni I line is also labelled. 
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s these clusters have been studied e xtensiv ely in the literature,
e did not re-derive the abundances for the full extent of elements
easurable in the UVES spectra. Instead, we only re-measured the 

bundance of Mg, Si, and Ca in the clusters and the abundance of Eu.
o do this, we measured equi v alent widths and performed a classical
pectroscopic analysis, assuming 1D LTE utilizing plane parallel 
tmospheres. As these techniques have been described e xtensiv ely in
he literature (including in, Monty et al. 2023a ), we a v oid re-hashing
he process step-wise here and instead provide a brief description of
he process. 

Briefly, equi v alent widths were measured for the 5528 Å and 5711
Mg I lines line using both IRAF’SSPLOT task and the automated

ine measurement software DAOSPEC (Stetson & Pancino 2008 ). 
easurements between DAOSPEC and SPLOT were found to be 

xtremely consistent in the region of 10 < EW < 70 m Å, so EWs
ere determined for Si and Ca using DAOSPEC alone. In total, nine

ines of Si and 22 lines of Ca were selected (from the linelist of Monty
t al. 2023a ) to determine the abundances of these two elements. All
ine measurements were culled to remo v e > 3 σ outliers prior to
bundance determination. 

The 6645 Å line of Eu II was synthesized to determine the
bundance of Eu in all program stars. Hyperfine structure corrections 
ere adopted from Lawler et al. ( 2001 ), using the LINEMAKE program
lacco et al. ( 2021 ). Isotopic splitting across the two Eu isotopes, 151
nd 153, was also considered, adopting a fractional contribution of 
3 per cent and 47 per cent, respectively (Sneden, Cowan & Gallino
008 ). A macroturbulent velocity of 7 km s −1 was included for all
f the stars, reflecting an average estimate of macroturbulence in 
volved giants (Gray & Toner 1986 ; Carney et al. 2008 ). Finally,
he synthetic spectra were smoothed to reflect the average spectral 
esolution of the observations ( ∼ 47 000) using a Gaussian function,
ull width at half-maximum equal to 6645 Å/47 000 = 0.14 Å. 

Examples of the Eu II line for the highest and lowest SNR stars
n each cluster are shown in Fig. A1 . The average of the two set of
ndependent measurements were then adopted for further analysis. To 
etermine the spectroscopic stellar parameters for the stars (ef fecti ve
MNRAS 533, 2420–2440 (2024) 
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Table A1. Compilation of stellar parameters (ef fecti ve temperature: T eff , log surface gravity: log g, metallicity: [Fe/H] and microturbulence: ξ ) derived in 
this study and from the study of Carretta et al. ( 2009b ) for stars in NGC 1904 and NGC 2808 and Carretta et al. ( 2011 ) for stars in NGC 1851. The optimal 
spectroscopic SPs derived using the method described in Section A are listed first, followed by the photometric SPs published in Carretta et al. ( 2009b ) and 
Carretta et al. ( 2011 ). 

Spectro. Photo. 

Star T eff log g [Fe/H] ξ T eff log g [Fe/H] ξ

... [K] [dex] [dex] [cm/s 2 ] [K] [dex] [dex] [cm/s 2 ] 

NGC1904-97 4479 ± 18 0 . 89 ± 0 . 13 −1 . 69 ± 0 . 03 1 . 52 ± 0 . 03 4378 1.23 −1.62 1.49 
NGC1904-98 4483 ± 31 1 . 04 ± 0 . 10 −1 . 69 ± 0 . 04 1 . 44 ± 0 . 04 4386 1.25 −1.57 1.92 
NGC1904-149 4609 ± 29 1 . 16 ± 0 . 11 −1 . 62 ± 0 . 04 1 . 39 ± 0 . 04 4512 1.51 −1.62 1.77 
NGC1904-113 4561 ± 33 1 . 10 ± 0 . 11 −1 . 61 ± 0 . 05 1 . 49 ± 0 . 05 4430 1.34 −1.54 1.66 

NGC2808-7536 4283 ± 26 0 . 86 ± 0 . 17 −1 . 18 ± 0 . 03 1 . 51 ± 0 . 03 4311 1.19 −0.98 1.69 
NGC2808-38660 4318 ± 37 1 . 12 ± 0 . 12 −1 . 12 ± 0 . 04 1 . 54 ± 0 . 04 4322 1.22 −1.21 1.62 
NGC2808-8603 4365 ± 29 1 . 19 ± 0 . 12 −1 . 16 ± 0 . 03 1 . 51 ± 0 . 04 4343 1.24 −1.18 1.66 

NGC2808-10571 4334 ± 30 1 . 20 ± 0 . 12 −1 . 12 ± 0 . 03 1 . 55 ± 0 . 03 4315 1.21 −1.21 1.66 
NGC1851-26271 3986 ± 31 0 . 50 ± 0 . 13 −1 . 17 ± 0 . 04 1 . 81 ± 0 . 04 3910 0.54 −1.24 2.13 
NGC1851-28520 4273 ± 50 1 . 04 ± 0 . 11 −1 . 15 ± 0 . 04 1 . 62 ± 0 . 05 4141 1.01 −1.27 1.83 
NGC1851-32903 4058 ± 43 0 . 67 ± 0 . 16 −1 . 10 ± 0 . 05 1 . 64 ± 0 . 05 4040 0.80 −1.06 1.66 
NGC1851-39801 4099 ± 39 0 . 64 ± 0 . 14 −1 . 16 ± 0 . 04 1 . 69 ± 0 . 04 3979 0.68 −1.19 1.83 

Table A2. Abundances of Mg, Si, Ca, and Eu determined using spectroscopic SPs determined as described in Section A . Errors associated with single line 
measurements (Eu) are a result of the uncertainty in the SPs remaining uncertainties quote the abundance dispersion arising from the set of line measurements. 
After each abundance we list the abundance difference between our study and that of Carretta et al. ( 2009b ) (in the case of NGC 1904 and NGC 2808) or Carretta 
et al. ( 2011 ) (in the case of NGC 1851), the difference is defined as � [X / Fe] = Carretta et al. ( 2009b , 2011 ) – this study. The uncertainty of the associated the 
abundance measurement from Carretta et al. ( 2009b , 2011 ) is listed in brackets after each difference. 

Star [Mg/Fe] � [Mg/Fe] [Si/Fe] � [Si/Fe] [Ca/Fe] [Eu/Fe] � [Eu/Fe] 

NGC1904-97 0 . 33 ± 0 . 06 0.00 (0.05) 0 . 30 ± 0 . 05 −0.03 (0.09) 0 . 28 ± 0 . 05 0 . 47 ± 0 . 06 –
NGC1904-98 0 . 31 ± 0 . 06 0.02 (0.13) 0 . 33 ± 0 . 05 −0.07 (0.06) 0 . 17 ± 0 . 05 0 . 57 ± 0 . 11 –
NGC1904-149 0 . 13 ± 0 . 06 0.20 (0.13) 0 . 34 ± 0 . 05 0.00 (0.06) 0 . 37 ± 0 . 05 0 . 30 ± 0 . 11 –
NGC1904-113 0 . 08 ± 0 . 06 0.08 (0.05) 0 . 32 ± 0 . 05 0.00 (0.07) 0 . 26 ± 0 . 05 0 . 34 ± 0 . 16 ... 

NGC2808-7536 0 . 27 ± 0 . 15 0.04 (0.05) 0 . 32 ± 0 . 06 −0.08 (0.06) 0 . 21 ± 0 . 05 0 . 58 ± 0 . 10 –
NGC2808-38660 0 . 23 ± 0 . 13 0.17 (0.12) 0 . 32 ± 0 . 05 −0.09 (0.08) 0 . 25 ± 0 . 06 0 . 70 ± 0 . 06 –
NGC2808-8603 0 . 23 ± 0 . 16 0.04 (0.23) 0 . 34 ± 0 . 05 −0.03 (0.12) 0 . 26 ± 0 . 05 0 . 89 ± 0 . 06 –
NGC2808-10571 0 . 21 ± 0 . 14 0.15 (0.19) 0 . 30 ± 0 . 06 −0.02 (0.09) 0 . 22 ± 0 . 05 0 . 68 ± 0 . 06 –

NGC1851-26271 0 . 22 ± 0 . 13 0.16 (0.21) 0 . 32 ± 0 . 05 0.09 (0.06) 0 . 12 ± 0 . 06 0 . 70 ± 0 . 06 0.14 (0.03) 
NGC1851-28520 0 . 19 ± 0 . 14 0.14 (0.19) 0 . 27 ± 0 . 06 0.10 (0.12) 0 . 20 ± 0 . 06 0 . 73 ± 0 . 11 0.06 (0.03) 
NGC1851-32903 0 . 27 ± 0 . 20 0.04 (0.19) 0 . 34 ± 0 . 08 0.09 (0.11) 0 . 20 ± 0 . 07 0 . 58 ± 0 . 11 0.10 (0) 
NGC1851-39801 0 . 24 ± 0 . 16 0.15 (0.04) 0 . 30 ± 0 . 05 0.07 (0.12) 0 . 17 ± 0 . 06 0 . 64 ± 0 . 06 −0.06 (0) 
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emperature: T eff , log surface gravity: log g, metallicity: [Fe/H],
nd microturbulence: ξ ), 180 Fe I and 15 Fe II lines from the
inelist of Monty et al. ( 2023a ) were measured using DAOSPEC . The
e I /Fe II linelist was cleaned to remo v e ob vious ( > 3 σ outliers) prior

o determination of the stellar parameters. 
In the case of NGC 2808, the spectroscopic stellar parameters

SPs) were determined using the classical technique of minimizing
bundance trends with excitation potential and reduced equi v alent
idth and balancing of the Fe ionization states. All SP determi-
ations and abundance measurements were performed using the
YTHON -based tool q2 (Ram ́ırez et al. 2014 ) to communicate to
he radiative transfer code MOOG (Sneden 1973 ). MARCS model
tmospheres (Gustafsson et al. 2008 ) were adopted throughout. The
nal spectroscopic SPs and literature photometric SPs are listed in
able A1 alongside those published in Carretta et al. ( 2009b ) (in the
ase of NGC 2808 and NGC 1904) and Carretta et al. ( 2011 ) (in
he case of NGC 1851). The uncertainties we quote on the stellar
arameters are not absolute and instead reflect the precision of the
inimization of abundance trends and Fe I versus Fe II abundance

ifferences (standard 1D spectroscopic determination of SPs). 
NRAS 533, 2420–2440 (2024) 
Given the metallicity of NGC 2808, and the agreement between
he spectroscopic and photometric SPs and their respective abun-
ances, we adopt the abundances determined using the spectroscopic
arameters for the remainder of this study. In the case of the lower-
etallicity GC NGC 1904 ( [Fe / H] ≈ −1 . 6 Carretta et al. 2009b ),
e adopted the photometric SPs published in Carretta et al. ( 2009b )

o a v oid issues associated with spectroscopically determined SPs at
ow metallicities (Mucciarelli & Bonifacio 2020 ). 

When adopting the photometric SPs for the stars in NGC 1904,
he resultant Mg abundances were significantly lower than those
ublished in Carretta et al. ( 2009b ). In the most extreme case, the
g abundances differed by ∼ 0 . 4 dex. This is likely because the

road Mg lines are very sensitive to the choice ef fecti ve temperature.
oth the Eu and Si abundances were observed to change by no
ore than ∼ 0 . 1 dex (on the order the measurement uncertainty).
his is likely because the Si and Eu lines are significantly weaker

han the Mg lines, making them less sensitive to the choice of SPs.
hen using the optimal spectroscopic SPs derived for NGC 1904

using the classical spectroscopic optimization technique), the Mg
bundances were brought into much better agreement, differing by no
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ore than 0.19 dex. Ultimately, because of the disagreement in Mg
bundances observed when adopting spectroscopic or photometric 
Ps, and the concerns discussed in Section 2.2.1 , we focus on the
eco v ery and v erification of Si abundances between our study and that
f Carretta et al. ( 2009b ) and adopt Si as our α-element tracer moving
orward. 

The abundance determinations for Mg, Si, Ca, and Eu are shown 
n Table A2 and compared (in the case of Mg and Si) to those
etermined by Carretta et al. ( 2009b , 2011 ). The abundances are
olar-scaled using the Solar abundances of Asplund et al. ( 2009 ).
ote that Carretta et al. ( 2009b ) do not adopt the same solar scale,

s they perform differential line-by-line abundance determination 
elative to the Sun. However, we do not expect the offsets to be
arger than the abundance uncertainties. In general, we find good 
greement with Carretta et al. ( 2009b , 2011 ) in Mg and Si, with
/12 stars displaying consistent (within measurement uncertainties) 
cross the three studies. In the case of our calibration cluster, NGC
851, the values of Eu are remarkably consistent [with the exception 
f NGC 1851-26271, for which Carretta et al. ( 2011 ) find a higher
u abundance]. The values of [Mg/Fe] are the most disparate across
tudies, in addition to having the largest uncertainties. We take this
s evidence to support our choice of an alternative α-element tracer. 
o we ver, we note that the disagreement could be driven by our

hoice to fit all lines with Gaussian profiles, when the 5528 Å line
f Mg may require fitting with a Voigt profile. The cluster averages
re derived by combining the second to last column as a weighted
verage, the cluster standard deviation is also quoted. 
igure B1. Data from the homogeneous study of Schiappacasse-Ulloa et al. ( 202
tudy with [Eu/Fe] measurements, we classify ten as in situ using the designation 
y Massari et al. 2019 ). 
PPENDI X  B:  EXPLORI NG  T H E  

I STRI BU TI ON  O F  DI FFERENT  

SE-IDENTIFIED  G C S  

o explore if the tight trend of increasing [Eu/Si] found among the
ccreted GCs (specifically those tagged as belonging to GSE by 
yeong et al. 2019 ) is significant, ideally we w ould lik e to plot the

volution of a homogeneously measured set of GSE GCs. The recent
tudy of Schiappacasse-Ulloa et al. ( 2024 ) provides homogeneously 
easured [Eu/Fe] for ten in situ GCs and six GSE GCs (as identified

y Massari et al. 2019 ). Their measurements are shown in Fig. B1 . Of
he GSE GCs, they only have three with metallicity [Fe / H] < −1 . 5

aking it difficult to assess if the rise in [Eu/Fe] we see in Fig. 5 is
resent in their data as well. Examining their in situ GCs, we again
ee o v erlap with both the accreted stars in [Eu/Fe] and in situ stars.
nce again NGC 7078 is an outlier among the in situ GCs with very
igh [Eu/Fe]. 
In an attempt to further explore the robustness of the trend of

ncreasing [Eu/Si] with metallicity. We considered classifications of 
SE GCs from other studies, namely those of Massari et al. ( 2019 ),
orbes ( 2020 ), Callingham et al. ( 2022 ), Limberg et al. ( 2022 ), and
alhan et al. ( 2022 ). Using our compilation of abundances cross-
atched with the GSE-tagged GCs from each study, we created 
ig. B2 . With the caveat that many of the studies identify the same
SE GC candidates, we can see that the trend present in Fig. 5 is

een in every compilation. Although we cannot neglect the weakness 
f our compilation being inhomogeneous, it is reassuring to see that
he trend persists. 
MNRAS 533, 2420–2440 (2024) 

4 ) examining neutron capture abundances in GCs. Of the 16 GCs in their 
of Belokurov & Kravtsov ( 2024 ) and six as belonging to GSE (as identified 
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Figure B2. Same as Fig. 5 , except the GSE-tagged GCs are taken from the studies of Massari et al. ( 2019 ), Forbes ( 2020 ), Callingham et al. ( 2022 ), Limberg 
et al. ( 2022 ), and Malhan et al. ( 2022 ), moving from left to right. 
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