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A B S T R A C T 

The view of globular clusters (GCs) as simple systems continues to unrav el, rev ealing comple x objects hosting multiple chemical 
peculiarities. Using differential abundance analysis, we probe the chemistry of the Type I GC, NGC 288 and the Type II GC, 
NGC 362 at the 2 per cent level for the �rst time. We measure 20 elements and �nd differential measurement uncertainties of 
the order of 0.01�0.02 dex in both clusters. The smallest uncertainties are measured for Fe I in both clusters, with an average 
uncertainty of ∼0.013 dex. Dispersion in the abundances of Na, Al, Ti I , Ni, Fe I , Y, Zr, Ba, and Nd are reco v ered in NGC 288, 
none of which can be explained by a spread in He. This is the �rst time, to our knowledge, a statistically signi�cant spread 

in s -process elements and a potential spread in metallicity has been detected in NGC 288. In NGC 362, we �nd signi�cant 
dispersion in the same elements as NGC 288, with the addition of Co, Cu, Zn, Sr, La, Ce, and Eu. Two distinct groups are 
reco v ered in NGC 362, separated by 0.3 dex in average differential s -process abundances. Given strong correlations between 

Al and several s -process elements, and a signi�cant correlation between Mg and Si, we propose that the s -process rich group 

is younger. This agrees with asymptotic giant branch star (AGB) enrichment between generations, if there is o v erlap between 

low- and intermediate-mass AGBs. In our scenario, the older population is dominated by the r -process with a � La �� Eu ratio of 
−0.16 ± 0.06. We propose that the r -process dominance and dispersion found in NGC 362 are primordial. 

Key words: techniques: spectroscopic � stars: abundances � stars: Population II � globular clusters: general � globular clusters: 
individual: NGC 288 � globular clusters: individual: NGC 362. 
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 INTRODUCTION  

lobular clusters (GCs) are among the most well-studied enigmas in 
odern astrophysics. Once prized as theoretical test beds for stellar 

volution, nucleosynthesis, and stellar dynamics, the assumption of 
heir simplicity has continued to unravel in recent years (a selection of
e vie ws on the subject include; Gratton, Carretta & Bragaglia 2012a ;
astian & Lardo 2018 ; Gratton et al. 2019 ; Milone & Marino 2022 ).
hemically, GCs are anything but simple, with many showing star- 

o-star abundance variations involving light elements (e.g. O and 
a; Yong et al. 2009 ; Carretta et al. 2014 ; Carretta 2015 ; Yong,
rundahl & Norris 2015 ) as well as spreads in iron (Gratton et al.
012b ; Y ong et al. 2014 ; Y ong, Da Costa & Norris 2016 ; Marino
t al. 2018 ) and other heavy elements (Gratton et al. 2012b ; Yong
t al. 2014 ). 

Early detection of the chemical complexity of GCs, like a large 
pread in strength of the cyanogen molecule (CN; Freeman & 
 E-mail: sm2744@cam.ac.uk 
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odgers 1975 ; Norris & Bessell 1975 ; Bessell & Norris 1976 ;
ottrell & Da Costa 1981 ), has since been shown to be indicative of
ultiple stellar populations (MSPs) formed through distinct episodes 

f star formation. The chemical differences between generations 
re attributed to high temperature hydrogen burning involving the 
lements C, N, O, F, Na, Mg, and Al in sites including asymptotic
iant branch stars (AGBs), fast rotating massive stars, binaries and 
upermassive stars (see Gratton, Sneden & Carretta 2004 , for a
e vie w). The use of narrow-band �lters aboard the Hubble Space
elescope ( HST ) in the last decade has been groundbreaking in
evealing the seemingly ubiquitous appearance of MSPs in Milky 

ay GCs (Marino et al. 2008 ; Piotto et al. 2015 ; Milone et al. 2017 ).
Despite the disco v ery that almost all GCs are not simple stellar

ystems, some GCs remain outliers even in this increasingly complex 
pace. Cataloguing the characteristics of MW GCs has revealed two 
opulations, termed �Type I� and �Type II�. Grouping GCs into these
w o types w as done using pioneering high resolution photometry and
hemical abundance analysis by Milone et al. ( 2017 ) and Marino
t al. ( 2019a ). The majority ( ∼ 80 per cent ) of GCs are of Type I and
isplay two distinct populations in chemical and colour�magnitude 
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Figure 1. Colour�magnitude diagrams for the clusters, NGC 288 ( left ) 
and NGC 362 ( right ) created using cleaned catalogues from Stetson et al. 
( 2019 ). The different horizontal giant branch morphology of the two clusters 
(characteristic of the second parameter problem) is highlighted by the purple 
bounding box in both clusters. The stars chosen for this study are highlighted 
in orange in both clusters. 
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1 Although a fascinating subject, we want to a v oid investigating the phenom- 
ena of MSPs in our clusters. Cross-matching with the catalogues of Piotto 
et al. ( 2015 ), resulted in HST UV photometry for only two of our NGC 362 
stars and three of our NGC 288 stars. Stars in both clusters appeared to occupy 
the same region of each cluster�s chromosome map. 
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pace due to differences in O, Na, N, and He abundances (the result
f H-burning, as mentioned). Type I GCs are also characterized
y homogeneous abundances in elements heavier than Si. Type
I GCs account for the other ∼ 20 per cent of MW GCs and are
haracterized by additional complexity in their HST pseudo two-
olour diagrams (�chromosome maps�) (Milone et al. 2017 ). Many
ype II GCs demonstrate multiple populations beyond just the two
ound in Type I GCs, often displaying spreads in metallicity and/or
low neutron capture elements (Marino et al. 2011a , 2015 , 2021 ). 

One of the most famous Type II GCs is ω Centauri ( ω-Cen), the
ost most massive and chemically complex GC (Marino et al. 2011b ,

012 ). Owing to both of these characteristics, it has been proposed
o be the nucleus of an accreted dwarf galaxy (dGal; Majewski et al.
000 ; Bekki & Freeman 2003 ). Another Type II GC, M 54, is known
o be the nucleus of the presently disrupting Sagittarius dGal (Ibata,
ilmore & Irwin 1994 , 1995 ). To explain the anomalous chemistry
f Type II GCs, an extragalactic origin has been proposed for these
Cs, be-it as the nuclei of accreted dGals or as a member of a GC

ystem of an accreted dGal (Bekki 2012 ; Marino et al. 2015 ; Da
osta 2016 ; Marino et al. 2019a ). To investigate this further, Milone
t al. ( 2020 ) included information on the GCs dynamics and found
hat seven out of 13 (7/13) Type II GCs likely share a common origin
accreted as part of one event). One of the more famous Type II GCs
hat is not classi�ed as accreted, is the massive GC M 22. Chemically,
 22 has often been compared to ω-Cen given its large dispersion in
etallicity (recently con�rmed using differential abundance analysis,
cKenzie et al. 2022 ) and heavy elements (Marino et al. 2011a ) and

et it is �rmly connected to the MW disc � making accretion unlikely.
Among the least massive Type II GCs is NGC 362, which

isplays both a spread in metallicity ( ∼0.12 dex), detectable with
ow resolution spectroscopy (Husser et al. 2020 ), and a Ba-enhanced
opulation of stars occupying a second red giant branch (RGB;
arretta et al. 2013 ). While a spread in slow neutron capture elements

s lik ely, thus f ar no obvious spread in rapid neutron capture elements
namely Eu) has been detected (Worley & Cottrell 2010 ). NGC 362 is
lso known to harbour at least two stellar populations and is unique
mong MSP-hosting GCs given that the older generation of stars
s located in the central regions of the cluster (Lim et al. 2016 ).
espite its classi�cation as a Type II, and unlike its more massive

ounterparts, NGC 362 is not considered a likely candidate to be
he nucleus of an accreted dGal (Pfeffer et al. 2021 ). Although, an
xtragalactic origin for this GC could still be likely. We investigate
his possibility in an upcoming companion paper. 

The common companion to NGC 362 in the literature is the Type
 GC NGC 288, which together with NGC 362, forms the canonical
econd parameter problem pair. The second parameter problem
anifests as the appearance of distinctly different horizontal giant

ranch morphologies in the colour�magnitude diagrams (CMDs) of
early identical metallicity GCs. This is highlighted using the purple
ounding boxes in Fig. 1 for NGC 288 (left) and NGC 362 (right).
hemically, in the study of Shetrone & Keane ( 2000 ) NGC 288 was

ound to be slightly more metal-poor than NGC 362 ([Fe/H] = −1.39
ersus [Fe/H] = −1.33) and slightly more enhanced in Al, Na, and
a. Like most GCs, NGC 288 is also known to host two populations
f stars but without any clear difference in metallicity between the
wo (at R ∼ 18 000), as is expected for a Type I GC (Hsyu et al.
014 ). 
The primary aim of this study is to re-examine the chemical

bundances within the two GCs, NGC 288 and NGC 362, at the 0.01
ex (2 per cent) precision level. To do this we use the technique
f differential abundance analysis to remo v e as man y systematic
ources of error as possible. Such measurements should thereby, (i)
NRAS 518, 965�986 (2023) 
rovide new insight into the chemical homogeneity of each cluster
nd, (ii) rev eal an y une xpected elemental correlations which could
e indicative of the cluster formation environment and/or internal
volution. 

The paper is organized as follows. Section 2 describes the
bservational data set and analysis technique. Section 3 presents
he reco v ered dispersion in each element, in the context of the
lement individually and as a member of a nucleosynthetic group.
orrelations within each group are also explored in this section.
ection 4 explores the unexpected correlations between elements
ot found in the same nucleosynthetic group. The unexpected
orrelations are then discussed in the context of cluster formation
nd evolution. Finally, Section 5 provides a summary of the major
esults and the conclusions of the paper. 

 OBSERVATIONS  AND  ANALYSIS  

.1 Target selection 

e select a total of 14 stars from the original work of Shetrone &
eane ( 2000 ) to reanalyse, six in NGC 288 and eight in NGC 362.
hese stars are shown in orange in Fig. 1 highlighting their locations
ear the tip of the RGB. 1 As differential abundance analysis requires
oth high signal-to-noise (S/N) and high resolution spectra, we select
ur sample from amongst the brightest stars in the original study
nd re-observe them using VLT/UVES ( R ∼ 110 000; Dekker et al.
000 ). Example spectra for two of the program stars, NGC 288-344
nd NGC 362-1401 are shown in Fig. 2 highlighting the Mgb lines at
5100 ̄ in the top panel and two Ti I lines at ∼6554 and ∼6556 ̄

n the bottom panel, alongside H α at ∼6562 ̄ . 
The choice of stars in our study is also go v erned by the requirement

hat they act as approximate �stellar siblings�, meaning they span a

art/stac3040_f1.eps
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Figure 2. Example spectra showing two regions of the VLT/UVES spectra 
for a sample star from each cluster and the reference star mg9. In the top 
panel, the Mgb lines are shown at 5167.3, 5172.7, and 5183.6 ¯ via the 
vertical dashed lines. The bottom panel highlights two Ti I lines at ∼6554 
and ∼6556 ̄ , alongside H α at ∼6562 ̄ . The best-�tting stellar parameters 
reco v ered via the method described in Section 2.3 are listed for the program 
stars. The stellar parameters for mg9 are taken from Yong et al. ( 2013 ). 
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ery small range in stellar parameters. The original stellar parameters 
erived by Shetrone & Keane ( 2000 ) were used in the initial selection
o ensure this. Note that we will refer to the ef fecti ve temperature
 T eff ), surface gravity (log g ), and metallicity (expressed as [Fe/H])
s the fundamental stellar parameters in this work. Observational 
nformation and characteristics of the stellar spectra are presented 
n Table 1 , alongside the Gaia DR2/DR3 (Gaia Collaboration 
018 , 2021 ) IDs and the membership probability as determined by
asiliev & Baumgardt ( 2021 ) using proper motions from Gaia EDR3

Gaia Collaboration 2021 ). 

.2 Line list and equi v alent width measurements 

he line list to measure abundances was created by combining the 
ine lists from the studies of Yong et al. ( 2013 ), Battaglia et al.
 2017 ), and Ji et al. ( 2020 ) (and references therein). In the case of
 v erlapping lines, priority was given to the more recent publication.
wo additional species were added to the �nal line list, Zr II (Roederer
t al. 2018 ) and Sr I from NIST (Meggers, Corliss & Scribner 1975 ).
yper�ne structure (HFS) corrections were applied to the 5853.67 ̄ , 
141.71 ̄ , and 6496.9 ̄ lines of Ba II , the 5303.53 ̄ line of La II and
he 6645.10 ̄ line of Eu II using linemake 2 (Lawler , Bon vallet &
neden 2001a ; Lawler et al. 2001b ; Placco et al. 2021 ). To apply the
FS corrections, the additional transitions output from linemake 

ere added to the input linelist. 
Initial equi v alent width (EW) measurements were made using 

he automated EW measurement software, DAOSpec (Stetson & 

ancino 2008 ). Secondary measurements were also made using 
EvIEW 3 a PYTHON -based automated tool for EW measurements 
escribed in McKenzie et al. ( 2022 ). Initial cuts were made to only
nclude lines with EW measurements in the range [5, 100] m ̄ as

easured by DAOSpec . The two o v erlapping measurement sets
ere then compared for every line in common. To identify poor 
easurements in either method, lines were initially �agged if the 
 https:// github.com/vmplacco/ linemake 
 https:// github.com/madeleine-mckenzie/ REvIEW 

4

i
(

tandard deviation of the two measurements was greater than 5 m ̄ .
his pro v ed a more conserv ati ve method than culling by using an
rbitrary value of sigma. 

Following initial �ag assignments, the �agged lines were then 
xamined by hand using the splot routine within IRAF . 4 The
and-measured value most often lay between the two automated 
easurement values and thus the mean value of the tw o w as assigned

s the �nal EW. In the case that the values differed greatly from the
and-measured value, the hand-measured value was adopted. Finally, 
dditional lines were added for elements with e xclusiv ely larger than
00 m ̄ measurements (e.g. Ba II , Mn I , and V I ). 
A sample of EWs for several stars in the study, including the

eference star (mg9, or B3169; Buonanno et al. 1986 ; Yong et al.
013 ) discussed in the upcoming section, are given in Table C1 . The
ull version of Table C1 is included with the online supplementary
aterial. 

.3 Stellar parameter determination 

tellar parameters and abundances were determined using the 
YTHON tool q2 (Ram ·�rez et al. 2014 ) in a two-step process. Using q2
o communicate to the 1D local thermodynamic equilibrium (LTE) 
adiative transfer code MOOG (Sneden 1973 ) and a set of α-enhanced

ARCS model atmospheres (Gustafsson et al. 2008 ), initial stellar 
arameters were found using the classical spectroscopic approach in 
 differential sense with respect to the reference star (Mel ·endez et al.
009 ). We do not consider departures from LTE in this study as the
ange of stellar parameters spanned by our program stars is small (a
esult of our choice of �stellar siblings�). We select the same reference
tar as Yong et al. ( 2013 ) to perform our differential analysis, namely
he star mg9 found near the tip of the RGB in NGC 6752. This choice
as moti v ated by the similarities in stellar parameters between mg9

nd our program stars ( T eff = 4288 K, log g = 0.91, ξ = 1.72 km s −1 ,
Fe/H] = −1.66), and to place the abundances on the same scale as
he study of Yong et al. ( 2013 ). 

The initial values of effective temperature ( T eff ) and microturbu-
ence ( ξ ) were found via minimizing the slopes of � FeI versus exci-
ation potential and � FeI versus log (EW/wav elength), respectiv ely. 
he differential abundance of Fe I ( � Fe I ) is determined line by line as
A line = A 

program star 
line − A 

mg9 
line where A is the abundance measurement 

ssociated with each line. An initial value of surface gravity (log g )
as found via imposing ionization equilibrium between the � Fe I and 
 Fe II abundances. Note that � X refers to the differential elemental 

bundance relative to the references star mg9 (here and throughout), 
nd hence all excitation balances and ionization equilibria were 
chieved in a differential sense. Determining stellar parameters in 
his manner has been shown to provide accurate results (Nissen &
ustafsson 2018 ). 
As a starting point for the minimization process, the stellar pa-

ameters from Shetrone & Keane ( 2000 ) were fed to q2 . Preliminary
tep sizes of ±200 K, ±0.5 cm s −2 and ±0.5 km s −1 in T eff , log g ,
nd micro-turbulence, respectively, were then selected for the initial 
xploration. q2 uses an iterative process to converge on the best-
tting stellar parameters by �nding an initial minimum, re-sampling 

he atmospheric grid with a smaller step size surrounding the initial
olution and then re-determining the best-�tting stellar parameters. 
MNRAS 518, 965�986 (2023) 

 IRAF is distributed by the National Optical Astronomy Observatory, which 
s operated by the Association of Universities for Research in Astronomy 
AURA) under cooperative agreement with the National Science Foundation. 
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Table 1. Target information for the �fteen stars selected for re-analysis with VLT/UVES. Gaia IDs (Gaia Collaboration 2018 , 2021 ) and membership 
probability as taken from Vasiliev & Baumgardt ( 2021 ) are listed in the �rst two columns. The total exposure time resulting from summing N exposures 
is listed prior to the date the observation was collected, which is then followed by the total number of exposures. V -band magnitudes are taken from 
Shetrone & Keane ( 2000 ; table 1, references listed therein). 

Star Gaia ID Mem. Prob. RA Dec. V Exp. Time Obs. Date N Im. 
[J2000] [J2000] [s] 

NGC 288-20c 2342903118077555840 1 .0 00:52:43.30 −26:36:57.09 12.96 6000.0 July 15, 2005 2 
... ... ... ... ... ... ... July 21, 2005 ... 
NGC 288-281 2342904488170510592 0 .99 00:52:58.46 −26:36:06.12 13.27 9000.0 Aug. 18, 2005 3 
NGC 288-287 2342907584843612416 1 .0 00:52:46.67 −26:35:08.10 14.72 15000.0 Aug. 24, 2005 5 
... ... ... ... ... ... ... Aug. 25, 2005 ... 
... ... ... ... ... ... ... Sept. 11, 2005 ... 
NGC 288-338 2342904763048460416 1 .0 00:52:52.80 −26:34:38.73 13.63 6000.0 Sept. 15, 2005 2 
NGC 288-344 2342904732985400704 1 .0 00:52:52.88 −26:35:20.09 13.27 9000.0 Aug. 18, 2005 3 
... ... ... ... ... ... ... Sept. 11, 2005 ... 
NGC 288-351 2342904659969201024 1 .0 00:52:52.51 −26:36:04.03 13.54 9000.0 Aug. 14, 2005 3 

NGC 362-1137 4690886864638749312 1 .0 01:02:59.23 −70:49:43.8 13.02 9000.0 July 21, 2005 3 
... ... ... ... ... ... ... Aug. 5, 2005 ... 
... ... ... ... ... ... ... Aug. 20, 2005 ... 
NGC 362-1334 4690839448199896704 1 .0 01:03:38.19 −70:52:00.6 12.77 9000.0 Aug. 24, 2005 3 
... ... ... ... ... ... ... Aug. 26, 2005 ... 
... ... ... ... ... ... ... Sept. 11, 2005 ... 
NGC 362-2127 4690839448199896704 1 .0 01:02:37.12 −70:50:33.0 12.95 9000.0 July 20, 2005 3 
NGC 362-1401 4690839723077800320 0 .99 01:03:36.08 −70:50:50.9 12.63 6000.0 Aug. 23, 2005 2 
NGC 362-1423 4690839791797273216 1 .0 01:03:33.48 −70:49:35.0 12.77 6000.0 Aug. 23, 2005 2 
NGC 362-1441 4690886795919334912 1 .0 01:03:22.52 −70:48:38.7 12.72 6000.0 Aug. 22, 2005 2 
NGC 362-77 4690886727199867904 1 .0 01:03:25.04 −70:49:56.2 12.72 9000.0 Aug. 23, 2005 3 
... ... ... ... ... ... ... Aug. 24, 2005 ... 
NGC 362-MB2 4690886658480344320 1 .0 01:03:07.53 −70:49:43.7 12.94 6000.0 Aug. 22, 2005 2 
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Table 2. Final stellar parameters for the program stars in NGC 288 and 
NGC 362, respectively, (separated by the third horizontal line) derived using 
the process outlined in Section 2.3 and adopted for the remainder of the 
study. The differential uncertainties on the stellar parameters are also listed. 
The stellar parameters for the NGC 6752 reference star, mg9, taken from 
Yong et al. ( 2013 ) are also listed. 

Star T eff log g ξ [Fe/H] 
(K) (cm s −2 ) (km s −1 ) 

20c 4109 ± 9 0 .76 ± 0.05 1 .78 ± 0.03 − 1 .376 ± 0.01 
281 4144 ± 7 0 .86 ± 0.06 1 .61 ± 0.02 − 1 .362 ± 0.01 
287 4335 ± 12 1 .18 ± 0.05 1 .65 ± 0.02 − 1 .438 ± 0.01 
338 4314 ± 14 1 .28 ± 0.06 1 .60 ± 0.03 − 1 .390 ± 0.01 
344 4168 ± 5 0 .95 ± 0.06 1 .67 ± 0.03 − 1 .393 ± 0.01 
351 4264 ± 16 1 .13 ± 0.05 1 .69 ± 0.03 − 1 .422 ± 0.02 
403 3977 ± 20 0 .55 ± 0.05 1 .62 ± 0.03 − 1 .326 ± 0.02 

1137 4071 ± 20 0 .62 ± 0.07 1 .76 ± 0.05 − 1 .243 ± 0.02 
1334 4043 ± 23 0 .62 ± 0.07 1 .83 ± 0.06 − 1 .175 ± 0.03 
2127 4124 ± 14 0 .59 ± 0.05 1 .85 ± 0.04 − 1 .271 ± 0.02 
1401 3853 ± 17 0 .32 ± 0.14 2 .00 ± 0.10 − 1 .278 ± 0.04 
1423 4046 ± 15 0 .27 ± 0.09 2 .14 ± 0.07 − 1 .301 ± 0.02 
1441 3942 ± 11 0 .41 ± 0.10 1 .91 ± 0.07 − 1 .179 ± 0.02 
77 4127 ± 17 0 .50 ± 0.07 1 .97 ± 0.06 − 1 .297 ± 0.02 
MB2 4085 ± 12 0 .40 ± 0.10 2 .59 ± 0.12 − 1 .328 ± 0.02 

mg9 4288 0 .91 1 .72 − 1 .66 
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his process is continued until an absolute minimum is found,
ielding the �nal stellar parameters. 
Using the initial stellar parameters determined via the process

escribed abo v e, preliminary Fe I and Fe II abundances were found
n both the absolute and differential sense. In the case of the
eference star mg9, abundances were only determined in the absolute
ense. This is described in more detail in the next section. The
nitial Fe I and Fe II abundances were then plotted as a function
f wavelength to examine outliers. Initially, a 1.5 σ cull was
erformed to remo v e the bulk of the outliers. These lines were
hen visually examined to identify blended lines, poor continuum
lacement and/or inaccurate measurement of EW. Based on this
hey were remeasured, or removed from the line list for that star
ntirely. 

Following the culling procedure, the second step in the process
as performed by re-determining the stellar parameters via running

he 1.5 σ -culled linelist through q2 . The initial stellar parameters
etermined during the �rst round of minimization were used as the
tarting point for q2 and the step sizes were reduced to ±30 K,
0.1 cm s −2 and ±0.1 km s −1 in T eff , log g , and micro-turbulence,

espectiv ely. F ormal error analysis was performed by q2 in a purely
ifferential sense taking into account co-variances and following the
pproach of Epstein et al. ( 2010 ). The �nal stellar parameters adopted
or the remainder of the study are listed in Table 2 , alongside the
tellar parameters of the reference star. 

Comparing our �nal parameters to Shetrone & Keane ( 2000 ), we
nd average absolute differences of � T eff = 30 ± 21 K (NGC 288)
nd � T eff = 46 ± 28 K (NGC 362) in ef fecti ve temperature, � log g =
.16 ± 0.10 dex (NGC 288) and � log g = 0.19 ± 0.10 dex (NGC 362)
n surface gravity, �ξ = 0.12 ± 0.0.10 km s −1 (NGC 288) and
ξ = 0.21 ± 0.16 km s −1 (NGC 362) in microturbulence and �nally,
NRAS 518, 965�986 (2023) 
omparing the metallicity of our adopted atmospheric models to
hose of Shetrone & Keane ( 2000 ), yields average differences of
 [Fe/H] model = 0.05 ± 0.03 dex (NGC 288) and � [Fe/H] model =

.07 ± 0.05 dex (NGC 362). 
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Table 3. Average (differential) cluster abundances in the elements discussed in Section 3.1 ( � X ave ), along with the average measurement error in 
each element ( σmeas, ave , the contribution from He is not included), the dispersion in the element within the cluster ( σ� X ) and the uncertainty on 
the dispersion ( σ� X error ) as de�ned in Section 3.1.1 . Two measurements sets are given for NGC 362, the �rst is without including the s -process 
enhanced star 1441 (no s -rich) and second, including 1441 ( s -rich). 

NGC 288 NGC 362 
No s -rich s -rich 

Element � X ave σmeas, ave σ� X σ� X error � X ave σmeas, ave σ� X σ� X error � X ave σmeas, ave σ� X σ� X error 

Na I 0.282 0.023 0.252 0.080 0 .217 0.033 0.213 0.062 0.276 0.032 0.241 0.064 
Al I 0.031 0.013 0.109 0.034 − 0 .013 0.023 0.191 0.055 0.011 0.022 0.189 0.051 
Mg I 0.223 0.117 0.060 0.019 0 .247 0.077 0.037 0.011 0.253 0.078 0.040 0.011 
Si I 0.317 0.019 0.012 0.004 0 .297 0.028 0.049 0.014 0.299 0.029 0.046 0.012 
Ca I 0.236 0.021 0.017 0.005 0 .218 0.033 0.059 0.017 0.234 0.033 0.064 0.017 
Ti I 0.266 0.025 0.041 0.013 0 .289 0.040 0.058 0.017 0.301 0.039 0.060 0.016 
Ti II 0.222 0.027 0.026 0.008 0 .229 0.037 0.082 0.024 0.238 0.037 0.080 0.021 
Cr I 0.215 0.030 0.013 0.004 0 .272 0.045 0.052 0.015 0.283 0.045 0.056 0.015 
Cr II 0.279 0.067 0.094 0.030 0 .337 0.046 0.100 0.029 0.481 0.043 0.245 0.065 
Fe I 0.224 0.015 0.021 0.007 0 .353 0.023 0.035 0.010 0.361 0.023 0.039 0.010 
Fe II 0.240 0.031 0.017 0.005 0 .335 0.054 0.041 0.012 0.347 0.053 0.046 0.012 
Co I 0.257 0.015 0.031 0.010 0 .322 0.023 0.062 0.018 0.330 0.024 0.061 0.016 
Ni I 0.275 0.017 0.021 0.007 0 .302 0.026 0.039 0.011 0.310 0.026 0.042 0.011 
Cu I 0.661 0.032 0.156 0.049 0 .549 0.076 0.137 0.040 0.615 0.078 0.266 0.071 
Zn I 0.107 0.018 0.088 0.028 0 .164 0.035 0.073 0.021 0.193 0.035 0.100 0.027 
Sr I 0.117 0.018 0.035 0.011 0 .094 0.035 0.235 0.068 0.123 0.032 0.230 0.062 
Y II 0.391 0.035 0.059 0.019 0 .361 0.056 0.120 0.035 0.396 0.054 0.157 0.042 
Zr II 0.352 0.022 0.033 0.010 0 .314 0.032 0.150 0.043 0.345 0.028 0.162 0.043 
Ba II 0.303 0.035 0.064 0.020 0 .448 0.064 0.131 0.038 0.548 0.059 0.213 0.057 
La II 0.365 0.047 0.036 0.011 0 .419 0.046 0.078 0.022 0.460 0.044 0.146 0.039 
Ce II 0.368 0.041 0.038 0.012 0 .379 0.048 0.056 0.016 0.417 0.046 0.145 0.039 
Nd II 0.359 0.026 0.049 0.015 0 .521 0.053 0.089 0.026 0.559 0.051 0.127 0.034 
Eu II 0.402 0.024 0.018 0.006 0 .543 0.037 0.090 0.026 0.559 0.034 0.093 0.025 
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nd the scale of the dispersions in NGC 288 appearing more similar
o NGC 6752. This is also apparent in Ti I , although to a lesser extent,
here both cluster dispersions are considered genuine. Note that the 

arger uncertainty associated with the Ti measurements is likely due 
o the larger number of measured lines leading to increased scatter in
his case. The lack of any signi�cant spread in Ca in NGC 288 is in
greement with previous observations of narrow-band Ca photometry 
f the cluster (Lim et al. 2015 ). 
When only considering Ca, Si, T i I , and T i II , the weighted average

lpha element dispersion values ( � α − � Fe , analogous to [ α/Fe]) in
he two clusters are σ� α/ Fe = 0 . 02 ± 0 . 006 for NGC 288 and σ� α/ Fe =
 . 05 ± 0 . 02 for NGC 362. The uncertainties on the dispersion values
re determined as described in Section 3.1.1 . The average value 
f σ ave + He for the four α-elements is 0.03 dex in NGC 288 and
.04 dex in NGC 362. In the case of NGC 362, the average α-element
ispersion value is slightly larger than the uncertainty introduced by 
ave + He ( ∼1.25 × larger). In the case of NGC 288, the spread can
e explained by measurement errors and a He-spread alone. If the 
ispersion in NGC 362 is genuine, this is likely the �rst detection of a
pread which has been predicted (Marino et al. 2018 ) but previously
ndetected (Kov ale v et al. 2019 ). 
To e v aluate the scale of our α-element dispersion values, we can

ompare our values to the two lightest Type II GCs (both more
assive than NGC 288), NGC 1261 ( M = 1.82 × 10 5 M �) and
GC 6934 ( M = 1.36 × 10 5 M �) (Baumgardt & Hilker 2018 ). Note

hat both are similar in metallicity to our two GCs [NGC 1261 [Fe/H]
−1.3, NGC 6934 [Fe/H] ∼ −1.6 Marino et al. ( 2021 )]. Using the
ost recent abundance measurements from Marino et al. ( 2021 ) and

he same α-elements, we �nd a dispersion of σ [ α/Fe] = 0.03 ± 0.004 
n NGC 1261 and σ [ α/Fe] = 0.04 ± 0.003 in NGC 6934. Although the
verage measurement errors are ∼0.10 dex in both clusters, making 
t dif�cult to conclude that the dispersion is real. 

If the α-dispersion is to be believed in the two clusters (which may
ot be the case for NGC 288), our values place NGC 362 well within
he low-mass range of Type II GCs and NGC 288 not far outside the
ange � despite being a Type I GC. In total we �nd �ve out of six (5/6,
n Na, Al, Si, Ca, and Ti) genuine dispersion measurements in the
ight and α-elements in NGC 362 and three out of size (3/6, in Na, Al,
nd Ti) in NGC 288. Of these dispersion measurements, the largest
nd smallest dispersions are σ� Na ∼ 0 . 25 ± 0 . 08 and σ� Si ∼ 0 . 01 ±
04 in NGC 288 and σ� Na ∼ 0 . 21 ± 0 . 06 and σ� Mg ∼ 0 . 04 ± 0 . 11
n NGC 362, respectively. 

Another interesting thing to note is the opposite direction of 
he trend in α-element dispersion found within GCs versus dGals. 

assive GCs display larger spreads in both light elements and α-
lements (e.g. ω-Cen with a spread of 0.2 dex in Si, Johnson &
ilacho wski 2010 ), while massi ve dGals sho w small spreads in α-
lements compared to their less massiv e counterparts. F or e xample,
n the LMC (total mass, M T = 1.4 × 10 11 M �, Erkal et al. 2019 )

[Si/Fe] ∼ 0.10 o v er � [Fe/H] = 0.2 de x (Pomp ·eia et al. 2008 ; Berg
t al. 2015 ), while in the less massive dGal, Sculptor (total mass,
 T = 3.4 × 10 8 M �, Battaglia et al. 2008 ), σ [Si/Fe] ∼ 0.3 o v er
 [Fe/H] = 0.3 dex (Hill et al. 2019 ). Note that the studies of
omp ·eia et al. ( 2008 ) and Hill et al. ( 2019 ) were both completed
sing the VLT/FLAMES spectrograph with comparable resolutions 
nd S/N ( ∼80). This trend in dGals has been proposed to be due to
nhomogeneous mixing in low gas-mass environments and has been 
upported by simulations (Re v az & Jablonka 2012 ). Beyond the light
lement variations, perhaps the �heavy� α-element dispersion in GCs 
ay also be distinct from dGals. 
MNRAS 518, 965�986 (2023) 
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(viii) We �nd at least two distinct s -process groups in NGC 362,
eparated by 0.3 dex in � Y, Ba, La and aided by the presence of an
xtremely s -process enhanced star. 

(ix) Given both the presence of strong correlations between Al
nd several s -process elements, and a signi�cant positive correlation
etween Mg�Si in the s -process rich group, we hypothesize that
he s -rich group is younger than the s -weak group. This is in
greement with enrichment scenarios from AGB stars, if there is
 v erlap between low- and intermediate-mass AGB star enrichment. 
(x) In NGC 288 a 3 σ or greater correlation is found between the

 -process elements Ba, Nd, and Fe-peak elements Ni and Fe. This
rend is also observed in the s -weak population in NGC 362. 

(xi) The s -weak population is dominated by the r -process, dis-
laying a � La �� Eu (analogous to [La/Eu]) ratio of −0.16 ± 0.06.
f the s -weak population truly represents an earlier epoch of star
ormation in NGC 362, this suggests a primordial origin for the
 -process enrichment. 

These results have signi�cant implications for our understanding
f globular cluster formation in the early Milky Way. In particular,
ur analysis provides evidence that NGC 288 and NGC 362 are
hemically inhomogeneous in elements from all four nucleosythentic
roups ( α-elements, Fe-peak, s -, and r -process). By extension, we
peculate that perhaps all GCs could be chemically inhomogeneous
t the 0.02 de x lev el. Whether these inhomogeneities are primordial
r the result of internal evolution remains to be seen. Regardless,
hese results act as a high-precision reproducible for theories of both
ype I and II GC formation and place constraints on the level of
in)homogeneity in the ISM in the earliest dGal environments. 

CKNOWLEDGEMENTS  

e thank the referee, Chris Sneden immensely for his comments
nd suggestions that impro v ed this paper. A portion of this paper
as written while SM had COVID-19. She was incredibly grateful

o the amazing scientists who created a vaccine that kept her safe
nd healthy during that time. She also dedicates this paper to her best
riend, a front-line nurse who despite everything continues to show up
very day for her patients, and to her grandmother who lost her life to
OVID-19 early in the pandemic. If she could have taken the vaccine

he would have. She also wishes to acknowledge the traditional
ustodians of Mt. Stromlo, the Ngunnawal, and Ngambri people and
ay her respect to Elders past and present. SM acknowledges funding
upport from the the Natural Sciences and Engineering Research
ouncil of Canada (NSERC), [funding reference number PGSD3 -
45852 - 2020]. Cette recherche a ·et ·e �nanc ·ee par le Conseil de
echerches en sciences naturelles et en g ·enie du Canada (CRSNG),
num ·ero de r ·ef ·erence PGSD3 - 545852 - 2020]. Funding for the
tellar Astrophysics Centre is provided by The Danish National
esearch Foundation (Grant DNRF106). 
This work relies heavily on the ASTROPY (Astropy Collabora-

ion 2013 , 2018 ), SCIPY (Virtanen et al. 2020 ), NUMPY (Harris
t al. 2020 ), and MATPLOTLIB (Hunter 2007 ) libraries. Based on
bservations collected at the European Organisation for Astronom-
cal Research in the Southern Hemisphere under ESO programme
75.D-0209(A). 

ATA  AVAILABILITY  

he data underlying this article are available in the article and online
hrough provided links and supplementary material. 
NRAS 518, 965�986 (2023) 
EFERENCES  

splund M., Amarsi A. M., Grevesse N., 2021, A&A , 653, A141 
stropy Collaboration, 2013, A&A , 558, A33 
stropy Collaboration, 2018, AJ , 156, 123 
astian N., Lardo C., 2018, ARA&A , 56, 83 
attaglia G., Helmi A., Tolstoy E., Irwin M., Hill V., Jablonka P., 2008, ApJ ,

681, L13 
attaglia G., North P., Jablonka P., Shetrone M., Minniti D., D ·�az M.,

Starkenburg E., Savoy M., 2017, A&A , 608, A145 
aumgardt H., Hilker M., 2018, MNRAS , 478, 1520 
ekki K., 2012, MNRAS , 421, L44 
ekki K., Freeman K. C., 2003, MNRAS , 346, L11 
erg T. A. M., Ellison S. L., Prochaska J. X., Venn K. A., Dessauges-Zavadsky

M., 2015, MNRAS , 452, 4326 
essell M. S., Norris J., 1976, ApJ , 208, 369 
isterzo S., Gallino R., Straniero O., Cristallo S., K ¤appeler F., 2011, MNRAS ,

418, 284 
uonanno R., Caloi V., Castellani V., Corsi C., Fusi Pecci F., Gratton R.,

1986, A&AS, 66, 79 
urbidge E. M., Burbidge G. R., Fowler W. A., Hoyle F., 1957, Rev. Mod.

Phys. , 29, 547 
usso M., Gallino R., Wasserburg G. J., 1999, ARA&A , 37, 239 
ameron A. G. W., 2001, ApJ , 562, 456 
ameron A. G. W., 2003, ApJ , 587, 327 
arretta E., 2015, ApJ , 810, 148 
arretta E., Bragaglia A., Gratton R., D�Orazi V., Lucatello S., 2009, A&A ,

508, 695 
arretta E. et al., 2013, A&A , 557, A138 
arretta E. et al., 2014, A&A , 564, A60 
ohen J. G., 2011, ApJ , 740, L38 
 � ot ·e B. et al., 2018, ApJ , 855, 99 
ottrell P. L., Da Costa G. S., 1981, ApJ , 245, L79 
�Ercole A., Vesperini E., D�Antona F., McMillan S. L. W., Recchi S., 2008,

MNRAS , 391, 825 
�Ercole A., D�Antona F., Ventura P., Vesperini E., McMillan S. L. W., 2010,

MNRAS , 407, 854 
a Costa G. S., 2016, in Bragaglia A., Arnaboldi M., Rejkuba M., Romano

D., eds, Proc. IAU Symp. 317, The General Assembly of Galaxy Halos:
Structure, Origin and Evolution. Kluwer, Dordrecht, p. 110 

e Mink S. E., Pols O. R., Langer N., Izzard R. G., 2009, A&A , 507, L1 
ekker H., D�Odorico S., Kaufer A., Delabre B., Kotzlowski H., 2000, in Iye

M., Moorwood A. F., eds, Proc. SPIE Conf. Ser. Vol. 4008, Optical and
IR Telescope Instrumentation and Detectors. SPIE, Bellingham, p. 534 

otter A. et al., 2010, ApJ , 708, 698 
pstein C. R., Johnson J. A., Dong S., Udalski A., Gould A., Becker G., 2010,

ApJ , 709, 447 
rkal D. et al., 2019, MNRAS , 487, 2685 
ishlock C. K., Karakas A. I., Lugaro M., Yong D., 2014, ApJ , 797, 44 
reeman K., Bland-Hawthorn J., 2002, ARA&A , 40, 487 
reeman K. C., Rodgers A. W., 1975, ApJ , 201, L71 
aia Collaboration, 2018, A&A , 616, A1 
aia Collaboration, 2021, A&A , 649, A1 
ratton R., Sneden C., Carretta E., 2004, ARA&A , 42, 385 
ratton R. G., Carretta E., Bragaglia A., 2012a, A&AR , 20, 50 
ratton R. G., Villanova S., Lucatello S., Sollima A., Geisler D., Carretta E.,

Cassisi S., Bragaglia A., 2012b, A&A , 544, A12 
ratton R., Bragaglia A., Carretta E., D�Orazi V., Lucatello S., Sollima A.,

2019, A&AR , 27, 8 
ustafsson B., Edvardsson B., Eriksson K., Jłrgensen U. G., Nordlund ̄ .,

Plez B., 2008, A&A , 486, 951 
arris C. R. et al., 2020, Nature , 585, 357 
ill V. et al., 2019, A&A , 626, A15 
syu T., Johnson C. I., Lee Y.-W., Rich R. M., 2014, PASP , 126, 597 
unter J. D., 2007, Comput. Sci. Eng. , 9, 90 
usser T.-O. et al., 2020, A&A , 635, A114 

bata R. A., Gilmore G., Irwin M. J., 1994, Nature , 370, 194 
bata R. A., Gilmore G., Irwin M. J., 1995, MNRAS , 277, 781 

http://dx.doi.org/10.1051/0004-6361/202140445
http://dx.doi.org/10.1051/0004-6361/201322068
http://dx.doi.org/10.3847/1538-3881/aabc4f
http://dx.doi.org/10.1146/annurev-astro-081817-051839
http://dx.doi.org/10.1086/590179
http://dx.doi.org/10.1051/0004-6361/201731879
http://dx.doi.org/10.1093/mnras/sty1057
http://dx.doi.org/10.1111/j.1745-3933.2011.01203.x
http://dx.doi.org/10.1046/j.1365-2966.2003.07275.x
http://dx.doi.org/10.1093/mnras/stv1577
http://dx.doi.org/10.1086/154616
http://dx.doi.org/10.1111/j.1365-2966.2011.19484.x
http://dx.doi.org/10.1103/RevModPhys.29.547
http://dx.doi.org/10.1146/annurev.astro.37.1.239
http://dx.doi.org/10.1086/323869
http://dx.doi.org/10.1086/368110
http://dx.doi.org/10.1088/0004-637X/810/2/148
http://dx.doi.org/10.1051/0004-6361/200913003
http://dx.doi.org/10.1051/0004-6361/201321905
http://dx.doi.org/10.1051/0004-6361/201323321
http://dx.doi.org/10.1088/2041-8205/740/2/L38
http://dx.doi.org/10.3847/1538-4357/aaad67
http://dx.doi.org/10.1086/183527
http://dx.doi.org/10.1111/j.1365-2966.2008.13915.x
http://dx.doi.org/10.1111/j.1365-2966.2010.16996.x
http://dx.doi.org/10.1051/0004-6361/200913205
http://dx.doi.org/10.1088/0004-637X/708/1/698
http://dx.doi.org/10.1088/0004-637X/709/1/447
http://dx.doi.org/10.1093/mnras/stz1371
http://dx.doi.org/10.1088/0004-637X/797/1/44
http://dx.doi.org/10.1146/annurev.astro.40.060401.093840
http://dx.doi.org/10.1086/181945
http://dx.doi.org/10.1051/0004-6361/201833051
http://dx.doi.org/10.1051/0004-6361/202039657
http://dx.doi.org/10.1146/annurev.astro.42.053102.133945
http://dx.doi.org/10.1007/s00159-012-0050-3
http://dx.doi.org/10.1051/0004-6361/201219276
http://dx.doi.org/10.1007/s00159-019-0119-3
http://dx.doi.org/10.1051/0004-6361:200809724
http://dx.doi.org/10.1038/s41586-020-2649-2
http://dx.doi.org/10.1051/0004-6361/201833950
http://dx.doi.org/10.1086/677400
http://dx.doi.org/10.1109/MCSE.2007.55
http://dx.doi.org/10.1051/0004-6361/201936508
http://dx.doi.org/10.1038/370194a0
http://dx.doi.org/10.1093/mnras/277.3.781


Precision abundances in NGC 288 and NGC 362 I 981 

J
J
K  
K  

K
K
K
K  

K  

K
K
L  

L
L
L  

L
L  

L
L  

M  
 

M  

M
M
M
M
M
M
M
M
M
M
M
M  

M
M
M
M
M
M
M
M
M
M
N
N
N
P  

P
P  

 
P

R
R
R
R
R
R  

S
S  

S
S  

S
S  

S
T
V  

V
V
V  

V
W
W
Y  

Y
Y
Y
Y
Y

S

S

T
T
T

P  

o
A  

c

A
C

T
r  

t  

e
t  

b  

o  

T
a
H  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/1/965/6769811 by U
ni P

D
 user on 10 February 2023
i A. P. et al., 2020, AJ , 160, 181 
ohnson C. I., Pilachowski C. A., 2010, ApJ , 722, 1373 
 ¤appeler F., Gallino R., Bisterzo S., Aoki W., 2011, Rev. Mod. Phys. , 83, 157
arakas A. I., 2010a, in de Grijs R., L ·epine J. R. D., eds, Proc. IAU 266, Star

Clusters: Basic Galactic Building Blocks Throughout Time and Space. 
Kluwer, Dordrecht, p. 161 

arakas A. I., 2010b, MNRAS , 403, 1413 
arakas A. I., Lattanzio J. C., 2003, Publ. Astron. Soc. Aust. , 20, 279 
arakas A. I., Lattanzio J. C., 2014, Publ. Astron. Soc. Aust. , 31, e030 
arakas A. I., van Raai M. A., Lugaro M., Sterling N. C., Dinerstein H. L.,

2009, ApJ , 690, 1130 
obayashi C., Umeda H., Nomoto K., Tominaga N., Ohkubo T., 2006, ApJ ,

653, 1145 
obayashi C., Karakas A. I., Lugaro M., 2020, ApJ , 900, 179 
ov ale v M., Bergemann M., Ting Y.-S., Rix H.-W., 2019, A&A , 628, A54 
amers H. J. G. L. M., Levesque E. M., 2017, Understanding Stellar

Evolution . IOP Publishing, Bristol, UK 
ardo C., Salaris M., Cassisi S., Bastian N., 2022, A&A , 662, A117 
awler J. E., Bonvallet G., Sneden C., 2001a, ApJ , 556, 452 
awler J. E., Wickliffe M. E., den Hartog E. A., Sneden C., 2001b, ApJ , 563,

1075 
egnardi M. V. et al., 2022, MNRAS , 513, 735 
im D., Han S.-I., Lee Y.-W., Roh D.-G., Sohn Y.-J., Chun S.-H., Lee J.-W.,

Johnson C. I., 2015, ApJS , 216, 19 
im D., Lee Y.-W., Pasquato M., Han S.-I., Roh D.-G., 2016, ApJ , 832, 99 
ind K., Charbonnel C., Decressin T., Primas F., Grundahl F., Asplund M.,

2011, A&A , 527, A148 
ajewski S. R., Patterson R. J., Dinescu D. I., Johnson W. Y., Ostheimer J. C.,

Kunkel W. E., Palma C., 2000, in Noels A., Magain P., Caro D., Jehin E.,
Parmentier G., Thoul A. A., eds, Liege International Astrophysical Col- 
loquia Vol. 35, Liege International Astrophysical Colloquia. Universit ·e 
de Li ‘ege, Li ‘ege, Belgium, p. 619 

arino A. F., Villanova S., Piotto G., Milone A. P., Momany Y., Bedin L. R.,
Medling A. M., 2008, A&A , 490, 625 

arino A. F. et al., 2011a, A&A , 532, A8 
arino A. F. et al., 2011b, ApJ , 731, 64 
arino A. F. et al., 2012, ApJ , 746, 14 
arino A. F. et al., 2014, MNRAS , 442, 3044 
arino A. F. et al., 2015, MNRAS , 450, 815 
arino A. F. et al., 2018, ApJ , 859, 81 
arino A. F. et al., 2019a, MNRAS , 487, 3815 
arino A. F. et al., 2019b, ApJ , 887, 91 
arino A. F. et al., 2021, ApJ , 923, 22 
cKenzie M., Bekki K., 2021, MNRAS , 507, 834 
cKenzie M. et al., 2022, MNRAS , 516, 3515 
eggers W. F., Corliss C. H., Scribner B. F., 1975, Tables of Spectral-line

Intensities. Part I, II � Arranged by Elements. Go v ernment Printing Of�ce, 
Washington D.C. 

el ·endez J., Asplund M., Gustafsson B., Yong D., 2009, ApJ , 704, L66 
el ·endez J. et al., 2012, A&A , 543, A29 
 ·esz ·aros S. et al., 2020, MNRAS , 492, 1641 
eyer B. S., 1994, ARA&A , 32, 153 
ilone A. P., Marino A. F., 2022, Universe , 8, 359 
ilone A. P. et al., 2014, ApJ , 785, 21 
ilone A. P. et al., 2015, ApJ , 808, 51 
ilone A. P. et al., 2017, MNRAS , 464, 3636 
ilone A. P. et al., 2018, MNRAS , 481, 5098 
ilone A. P. et al., 2020, MNRAS , 491, 515 
issen P. E., Gustafsson B., 2018, A&AR , 26, 6 
omoto K., Kobayashi C., Tominaga N., 2013, ARA&A , 51, 457 
orris J., Bessell M. S., 1975, ApJ , 201, L75 
feffer J., Lardo C., Bastian N., Saracino S., Kamann S., 2021, MNRAS ,

500, 2514 
iotto G. et al., 2015, AJ , 149, 91 
lacco V. M., Sneden C., Roederer I. U., Lawler J. E., Den Hartog E. A.,

Hejazi N., Maas Z., Bernath P., 2021, Res. Notes Am. Astron. Soc. , 5, 92
omp ·eia L. et al., 2008, A&A , 480, 379 
p
am ·�rez I. et al., 2014, A&A , 572, A48 
enzini A., Marino A. F., Milone A. P., 2022, MNRAS , 513, 2111 
e v az Y., Jablonka P., 2012, A&A , 538, A82 
oederer I. U., 2011, ApJ , 732, L17 
oederer I. U., Sneden C., 2011, AJ , 142, 22 
oederer I. U., Sakari C. M., Placco V. M., Beers T. C., Ezzeddine R., Frebel

A., Hansen T. T., 2018, ApJ , 865, 129 
hetrone M. D., Keane M. J., 2000, AJ , 119, 840 
hingles L. J., Karakas A. I., Hirschi R., Fishlock C. K., Yong D., Da Costa

G. S., Marino A. F., 2014, ApJ , 795, 34 
neden C., 1973, ApJ , 184, 839 
neden C., 2005, in Hill V., Francois P., Primas F., eds, Proc. IAU Symp. 228,

From Lithium to Uranium: Elemental Tracers of Early Cosmic Evolution. 
Kluwer, Dordrecht, p. 337 

tetson P. B., Pancino E., 2008, PASP , 120, 1332 
tetson P. B., Pancino E., Zocchi A., Sanna N., Monelli M., 2019, MNRAS ,

485, 3042 
tromgren B., Gustafsson B., Olsen E. H., 1982, PASP , 94, 5 
hielemann F.-K. et al., 2011, Prog. Part. Nucl. Phys. , 66, 346 
argas C., Villanova S., Geisler D., Mu � noz C., Monaco LO P�Connell J.,

Sarajedini A., 2022, MNRAS , 515, 1903 
asiliev E., Baumgardt H., 2021, MNRAS , 505, 5978 
 entura P ., D�Antona F., 2009, A&A , 499, 835 
 entura P ., D�Antona F., Di Criscienzo M., Carini R., D�Ercole A., vesperini

E., 2012, ApJ , 761, L30 
irtanen P. et al., 2020, Nat. Methods , 17, 261 
oosley S. E., Heger A., Weaver T. A., 2002, Rev. Mod. Phys. , 74, 1015 
orley C. C., Cottrell P. L., 2010, MNRAS , 406, 2504 

ong D., Grundahl F., D�Antona F., Karakas A. I., Lattanzio J. C., Norris J.
E., 2009, ApJ , 695, L62 

ong D. et al., 2013, MNRAS , 434, 3542 
ong D. et al., 2014, MNRAS , 441, 3396 
ong D., Grundahl F., Norris J. E., 2015, MNRAS , 446, 3319 
ong D., Da Costa G. S., Norris J. E., 2016, MNRAS , 460, 1846 
ong D. et al., 2021, Nature , 595, 223 

UPPORTING  INFORMATION  

upplementary data are available at MNRAS online. 

ableC1Complete.dat 
ableC2Complete.dat 
ableC3Complete.dat 

lease note: Oxford University Press is not responsible for the content
r functionality of any supporting materials supplied by the authors. 
ny queries (other than missing material) should be directed to the

orresponding author for the article. 

PPENDIX  A:  VERIFYING  REFERENCE  STAR  

ONSISTENCY  

o perform our differential abundance analysis, we re-analysed the 
eference star mg9 from the study of Yong et al. ( 2013 ) following
he procedure described in Section 2 . A comparison of the reco v ered
lemental abundances between studies (the difference between the 
wo) is shown in Fig. A1 . The large difference in Ba II abundances
etween the two studies can be partially explained by the lack
f HFS corrections applied to the element in Yong et al. ( 2013 ).
o investigate this we re-determined the Ba II abundance without 
pplying HFS corrections and re-calculated the difference. Without 
FS corrections, the difference between studies is shown as the red
oint, signi�cantly reducing the tension between the two. 
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Figure A1. Absolute abundance differences measured in the reference star 
mg9 for the elements in common between this study and Yong et al. ( 2013 ). 
Almost all elements show agreement within 1 σ with the exception of Ba II , 
La II, and Eu II . This is likely due to the use of spectral synthesis in the original 
study for the elements La II and Eu II . In the case of Ba II , HFS corrections 
were applied in this study and not in Yong2013. The red marker shows the 
difference if HFS corrections are not applied. Note that the same stellar 
parameters were assumed for the reference star in both studies. 
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Figure B2. Fe-peak element correlations coloured by statistical signi�cance 
for NGC 288 . 
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PPENDIX  B:  ADDITIONAL  CHEMICAL  

ORRELATIONS  

lement correlations for each nucleosynthetic group as discussed in
ection 3.2 are shown for the α-elements (both clusters: Fig. B1 ),

he Fe-peak elements (NGC 288: Fig. B2 , NGC 362: Fig. B3 ) and
eavy elements (NGC 288: Fig. B4 , NGC 362: Fig. B5 ). Chemical
orrelations for all possible element correlations in the two s -process
roups in NGC 362 are shown in Fig. B6 . the s -rich group is shown
n the topmost panel and s -weak group below. Interpretations of the
nteresting and unexpected correlations are discussed in Section 4.1
nd subsequent sections. 
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igure B1. α-element correlations coloured by statistical signi�cance for 
GC 288 (left) and NGC 362 (right) . 

Figure B3. Fe-peak element correlations coloured by statistical signi�cance 
for NGC 362 . 
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Figure B4. s - and r -process element correlations coloured by statistical 
signi�cance for NGC 288 . 

Figure B5. s - and r -process element correlations coloured by statistical 
signi�cance for NGC 362 . 
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Figure B6. Same as Fig. 10 for the two s -process groups in NGC 362 . The s -process rich group is shown on the top and the s -process weak group on the 
bottom . Note that only in the s -process rich group are the s -process elements Ce, Ba, and Y found to correlate with the light element Al � indicating enrichment 
via AGB stars as a natural consequence of GC evolution. The lack of correlation between the s -process weak group and the light element Al supports primordial 
enrichment in s -process elements within the protocluster environment. 
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PPENDIX  C:  EQUIVALENT  WIDTHS  AND  

TELLAR  ABUNDANCES  

able C1 lists a sample of EW measurements for all stars in this
tudy, including the reference star mg9. A description of how the 
ines are measured and which lines are included for the �nal analysis
Table C1. Sample of the equi v alent widths measured for t
of differential abundances. Lines for the reference star, mg9
methodology and choice of lines to include is given in Section 

Wavelength Element χ log gf mg9 
( ̄ ) ... (eV) ... (m ̄ ) 

6363.78 8.0 0 .02 − 10 .3 11 .1 
5682.63 11.0 2 .1 − 0 .71 56 .6 
5688.2 11.0 2 .1 − 0 .41 ... 
6154.226 11.0 2 .1 − 1 .547 13 .7 
6160.747 11.0 2 .1 − 1 .246 25 .6 
5528.4 12.0 4 .35 − 0 .5 170 .6 
5711.09 12.0 4 .34 − 1 .72 84 .2 
6698.673 13.0 3 .14 − 1 .647 17 .2 
5645.613 14.0 4 .93 − 2 .14 14 .8 
5665.55 14.0 4 .92 − 2 .04 16 .6 
5684.48 14.0 4 .95 − 1 .42 ... 
5690.43 14.0 4 .93 − 1 .87 22 .3 
5701.1 14.0 4 .93 − 2 .05 16 .9 
5948.55 14.0 5 .08 − 1 .23 47 .5 
6142.49 14.0 5 .62 − 1 .48 9 .6 
6155.14 14.0 5 .62 − 0 .86 29 .7 
6237.33 14.0 5 .62 − 1 .08 20 .3 
6243.814 14.0 5 .62 − 1 .244 13 .1 
6244.465 14.0 5 .62 − 1 .091 ... 
6721.84 14.0 5 .86 − 0 .94 14 .2 
... ... ... ... ... 

Table C2. Sample of the stellar abundances for the GC NGC 288 determined fo
are quoted in a differential sense relative to the reference star mg9. The abundan

Element N mg9 σ N NGC 288-281 σ

Na I 3 4 .895 0.025 4 − 0 .034 0.015 
Mg I 2 6 .351 0.014 2 0 .279 0.142 
Al I 1 5 .303 ... 1 − 0 .068 0.007 
Si I 10 6 .230 0.036 6 0 .335 0.009 
Ca I 12 5 .037 0.036 3 0 .248 0.013 
Sc II 1 1 .408 ... 1 0 .440 0.019 
Ti I 39 3 .550 0.068 18 0 .309 0.017 
Ti II 10 3 .574 0.051 5 0 .261 0.016 
V I 1 2 .339 ... 0 ... ... 
Cr I 4 3 .915 0.054 3 0 .221 0.035 
Cr II 2 4 .127 0.003 2 0 .301 0.132 
Mn I 3 3 .503 0.029 0 ... ... 
Fe I 130 5 .849 0.093 97 0 .250 0.008 
Fe II 15 5 .770 0.032 16 0 .263 0.026 
Co I 2 3 .504 0.236 1 0 .279 0.009 
Ni I 43 4 .524 0.107 23 0 .298 0.011 
Cu I 1 2 .416 ... 1 0 .844 0.025 
Zn I 1 2 .951 ... 1 − 0 .051 0.010 
Sr I 1 3 .548 ... 1 0 .111 0.012 
Y II 8 0 .582 0.096 5 0 .467 0.047 
Zr II 1 1 .446 ... 1 0 .325 0.018 
Ba II 3 − 0 .175 0.049 3 0 .343 0.042 
La II 3 − 0 .627 0.074 2 0 .357 0.058 
Ce II 3 − 0 .080 0.057 3 0 .376 0.040 
Nd II 11 − 0 .025 0.044 4 0 .400 0.020 
Sm II 1 − 0 .438 ... 1 0 .523 0.016 
Eu II 1 − 1 .240 ... 1 0 .401 0.020 
s given in Section 2.2 . A sample of abundances measurements for
elect stars in NGC 288 and NGC 362 are given in Tables C2 and
3 , respectively. Full tables are included in the online material. 
MNRAS 518, 965�986 (2023) 

he stars in this study and used in the determination 
 are also included. A description of the measurement 
2.2 . 

NGC 288-281 NGC 288-287 NGC 288-338 
(m ̄ ) (m ̄ ) (m ̄ ) 

26 .6 10 .3 19 .3 
64 .9 80 .9 56 .1 
90 .7 ... ... 
16 .3 27 .1 13 .5 
32 .4 43 .0 24 .1 

197 .3 170 .1 195 .3 
113 .5 98 .9 98 .3 

19 .6 20 .2 14 .3 
... 23 .1 22 .0 

27 .0 ... 25 .6 
... 32 .1 ... 

34 .3 32 .5 36 .4 
26 .9 24 .9 26 .6 
60 .9 65 .8 61 .5 

... 14 .9 ... 
40 .0 42 .0 43 .7 
29 .6 31 .2 29 .1 

... 20 .7 22 .8 

... 21 .1 ... 

... 20 .8 18 .8 

... ... ... 

llowing the methodology described in Section 2.4 . All abundances listed 
ces listed for mg9 are absolute abundances. 

N NGC 288-287 σ N NGC 288-338 σ

3 0.358 0.018 3 − 0 .036 0.016 
2 0.134 0.139 2 0 .225 0.036 
1 0.097 0.011 1 − 0 .105 0.013 

11 0.298 0.013 9 0 .318 0.019 
7 0.226 0.021 6 0 .269 0.027 
1 0.446 0.021 1 0 .413 0.026 

33 0.198 0.026 23 0 .286 0.028 
10 0.179 0.027 7 0 .233 0.026 
1 0.279 0.030 1 0 .403 0.038 
4 0.200 0.028 3 0 .239 0.031 
2 0.155 0.030 2 0 .211 0.080 
2 0.374 0.131 2 0 .445 0.234 

105 0.191 0.013 105 0 .231 0.015 
14 0.213 0.027 13 0 .251 0.033 
2 0.194 0.018 1 0 .285 0.015 

38 0.237 0.018 31 0 .291 0.014 
1 0.383 0.027 1 0 .653 0.035 
1 0.179 0.016 1 0 .144 0.019 
1 0.102 0.016 1 0 .184 0.020 
7 0.296 0.030 7 0 .402 0.031 
1 0.355 0.018 1 0 .420 0.023 
3 0.194 0.039 3 0 .386 0.035 
2 0.303 0.035 2 0 .395 0.029 
2 0.340 0.018 3 0 .444 0.043 

11 0.277 0.023 8 0 .395 0.030 
1 0.358 0.017 0 ... ... 
1 0.370 0.020 1 0 .433 0.025 
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Table C3. Same as Table C2 , for the GC NGC 362. 

Element N mg9 σ N 
NGC 

362 −1137 σ N NGC 362 −1334 σ N 
NGC 

362 −2127 σ

Na I 3 4 .895 0.025 4 − 0 .074 0.033 3 − 0 .022 0.035 3 0.361 0.028 
Mg I 2 6 .351 0.014 2 0 .270 0.088 2 0 .241 0.144 2 0.275 0.050 
Al I 1 5 .303 ... 1 − 0 .329 0.018 1 − 0 .181 0.021 1 0.200 0.013 
Si I 10 6 .230 0.036 7 0 .286 0.023 7 0 .324 0.027 8 0.255 0.018 
Ca I 12 5 .037 0.036 4 0 .295 0.030 3 0 .319 0.032 5 0.216 0.024 
Sc II 1 1 .408 ... 1 0 .508 0.037 1 0 .546 0.038 1 0.401 0.029 
Ti I 39 3 .550 0.068 18 0 .368 0.039 14 0 .377 0.046 23 0.218 0.029 
Ti II 10 3 .574 0.051 4 0 .297 0.035 4 0 .363 0.037 5 0.175 0.026 
V I 1 2 .339 ... 1 0 .822 0.066 1 0 .946 0.085 1 0.453 0.040 
Cr I 4 3 .915 0.054 2 0 .305 0.042 2 0 .348 0.043 3 0.209 0.052 
Cr II 2 4 .127 0.003 2 0 .472 0.097 1 0 .392 0.038 1 0.457 0.029 
Mn I 3 3 .503 0.029 3 1 .314 0.249 3 1 .367 0.185 3 0.884 0.124 
Fe I 130 5 .849 0.093 77 0 .371 0.017 74 0 .421 0.020 72 0.359 0.012 
Fe II 15 5 .770 0.032 14 0 .366 0.055 13 0 .421 0.059 15 0.341 0.042 
Co I 2 3 .504 0.236 1 0 .363 0.017 1 0 .404 0.019 1 0.310 0.013 
Ni I 43 4 .524 0.107 24 0 .325 0.020 24 0 .384 0.024 27 0.307 0.017 
Cu I 1 2 .416 ... 1 0 .796 0.065 1 0 .299 0.066 1 0.576 0.048 
Zn I 1 2 .951 ... 0 ... ... 1 0 .252 0.038 1 0.124 0.025 
Sr I 1 3 .548 ... 1 0 .051 0.030 1 0 .073 0.034 0 ... ... 
Y II 8 0 .582 0.096 3 0 .309 0.030 2 0 .501 0.031 3 0.247 0.053 
Zr II 1 1 .446 ... 1 0 .269 0.028 1 0 .388 0.029 1 0.281 0.022 
Ba II 3 0 .099 0.396 2 0 .440 0.041 2 0 .573 0.048 2 0.479 0.074 
La II 3 − 0 .627 0.074 3 0 .426 0.032 3 0 .530 0.045 3 0.404 0.042 
Ce II 3 − 0 .080 0.057 2 0 .376 0.033 2 0 .339 0.080 2 0.338 0.031 
Nd II 11 − 0 .025 0.044 5 0 .538 0.039 5 0 .688 0.065 6 0.463 0.038 
Sm II 1 − 0 .438 ... 0 ... ... 0 ... ... 0 ... ... 
Eu II 1 − 1 .240 ... 1 0 .563 0.032 1 0 .725 0.035 1 0.592 0.027 

This paper has been typeset from a T E X/L A T E X �le prepared by the author. 
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