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ABSTRACT

Context. The spatial distribution of elemental abundances and their time evolution are among the major constraints to disentangling the scenarios
of formation and evolution of the Galaxy.

Aims. In this paper we used the sample of open clusters available in the final release of the Gaia-ESO survey to trace the Galactic radial abundance
and abundance-to-iron ratio gradients, and their time evolution.

Methods. We selected member stars in 62 open clusters, with ages from 0.1 to about 7 Gyr, located in the Galactic thin disc at galactocentric radii
(Rgc) from about 6 to 21 kpc. We analysed the shape of the resulting [Fe/H] gradient, the average gradients [El/H] and [El/Fe] combining elements
belonging to four different nucleosynthesis channels, and their individual abundance and abundance ratio gradients. We also investigated the time
evolution of the gradients dividing open clusters in three age bins.

Results. The [Fe/H] gradient has a slope of —0.054 dex kpc™'. It can be better approximated with a two-slope shape, steeper for Rgc < 11.2 kpc
and flatter in the outer regions. We saw different behaviours for elements belonging to different channels. For the time evolution of the gradient,
we found that the youngest clusters (age < 1 Gyr) in the inner disc have lower metallicity than their older counterparts and that they outline a flatter
gradient. We considered some possible explanations, including the effects of gas inflow and migration. We suggest that the most likely one may
be related to a bias introduced by the standard spectroscopic analysis producing lower metallicities in the analysis of low-gravity stars.
Conclusions. To delineate the shape of the ‘true’ gradient, we should most likely limit our analysis to stars with low surface gravity logg > 2.5
and microturbulent parameter & < 1.8 km s~!. Based on this reduced sample, we can conclude that the gradient has minimally evolved over the
time-frame outlined by the open clusters, indicating a slow and stationary formation of the thin disc over the last 3 Gyr. We found a secondary role

of cluster migration in shaping the gradient, with a more prominent role of migration for the oldest clusters.
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1. Introduction

Open clusters (OCs) are considered excellent tracers of the
chemical properties of the thin-disc stellar populations of our
Galaxy, including the spatial distribution of elemental abun-
dances. Since the end of the 1970s, several works have exploited
the use of OCs to trace the radial distribution, initially of metal-
licity and then of individual elements (see e.g. Mayor 1976;
Janes 1979; Janes et al. 1988; Friel & Janes 1993; Carraro
& Chiosi 1994; Friel 1995; Twarog et al. 1997; Friel et al.
2002). Considered on their own, or appropriately combined with
other stellar and nebular Galactic tracers that correspond to
different epochs in the evolution of our Galaxy, such as HII
regions (e.g. Peimbert et al. 1978; Balser et al. 2011; Esteban
etal. 2017; Arellano-Cérdova et al. 2020; Méndez-Delgado et al.
2022), young massive O and B stars (e.g. Daflon & Cunha 2004;
Rolleston et al. 2000; Braganca et al. 2019), young late-type
stars (e.g. Padgett 1996; Cunha et al. 1998; Biazzo et al. 2011),
Cepheid variable stars (e.g. Pedicelli et al. 2009; Lemasle et al.
2007, 2008, 2013; Genovali et al. 2014, 2015; Luck 2018; da
Silva et al. 2022; Kovtyukh et al. 2022), and planetary nebulae
(e.g. Maciel et al. 2003; Perinotto & Morbidelli 2006; Henry
et al. 2010; Stanghellini & Haywood 2010, 2018), OCs have

broadened our understanding of the processes of thin disc for-
mation and evolution.

The best use of OCs as tracers of chemical evolution is pos-
sible when spectroscopic observations at high spectral resolu-
tion are available, from which detailed elemental abundances of
cluster member stars can be derived. In the past many spectro-
scopic observations were performed with a single slit or fibre,
thus observing one star at a time, as in the Bologna Open
Cluster Chemical Evolution (BOCCE) project (Bragaglia 2008;
Donati et al. 2012, 2014; Ahumada et al. 2013) and other stud-
ies (e.g. Yong et al. 2005, 2012; Casamiquela et al. 2016, 2017,
2019). Subsequently, the employment of new multi-fibre instru-
ments such as Hydra-WIYN (von Hippel & Sarajedini 1998)
and the FLAMES instrument on the ESO VLT (Pasquini et al.
2002) made it possible to study many members of the same
cluster simultaneously. The exploitation of FLAMES at the
VLT favoured the realisation of many large programmes dedi-
cated to the study of open clusters (Randich et al. 2003, 2005,
2006, 2007; Sestito et al. 2003, 2004, 2006, 2007, 2008a,b).
The following years were witness to an enlargement of the
sample of OCs with high-resolution spectroscopic observations,
providing innovative information on both the inner disc (e.g.

A119, page 1 of 25

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe-to-Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202244957
https://www.aanda.org
http://orcid.org/0000-0003-4486-6802
http://orcid.org/0000-0001-5415-2796
http://orcid.org/0000-0002-9760-6249
http://orcid.org/0000-0003-2438-0899
http://orcid.org/0000-0002-0845-6171
http://orcid.org/0000-0003-3969-0232
http://orcid.org/0000-0001-5344-8069
http://orcid.org/0000-0002-1027-5003
http://orcid.org/0000-0003-0942-7855
http://orcid.org/0000-0002-1178-8169
http://orcid.org/0000-0001-9715-5727
http://orcid.org/0000-0002-8173-4000
http://orcid.org/0000-0003-3978-1409
http://orcid.org/0000-0002-8028-8133
http://orcid.org/0000-0003-0788-5879
http://orcid.org/0000-0002-1892-2180
http://orcid.org/0000-0003-4632-0213
http://orcid.org/0000-0001-7672-154X
http://orcid.org/0000-0001-9091-5666
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

A&A 669, A119 (2023)

Magrini et al. 2010; Reddy et al. 2016; Jacobson et al. 2016;
Casamiquela et al. 2019) and the outer disc (e.g. Carraro et al.
2007; Yong et al. 2012). A few years later, the era of large spec-
troscopic surveys started, also aimed at complementing the sub-
sequent exploitation of the data coming from the Gaia satellite,
which was launched in 2013 (Gaia Collaboration 2016b,a, 2018,
2021). Among these the Gaia-ESO survey (Gilmore et al. 2012,
2022; Randich et al. 2013, 2022), the only one performed on
a 8 m class telescope, put a specific focus on the Galactic pop-
ulation of OCs; Gaia-ESO targeted OCs over a wide range of
ages, distances, masses, and metallicities, observing large unbi-
ased samples of cluster candidates, with a well-defined selection
function (Bragaglia et al. 2022; Randich et al. 2022).

Although focused on the Milky Way field, the other two
large surveys at medium to high spectral resolution, GALactic
Archeology with HERMES (GALAH; De Silva et al. 2015)
and Apache Point Observatory Galactic Evolution Experiment
(APOGEE; Majewski et al. 2017), also include several clus-
ters in their samples that allowed them to address the issue of
the radial distribution of chemical abundances (e.g. Donor et al.
2018, 2020; Spina et al. 2021; Myers et al. 2022). There is
also an important contribution from the lower-resolution spec-
troscopic survey performed by the Large sky Area Multi-Object
fiber Spectroscopic Telescope (LAMOST; Zhao et al. 2012),
whose data, combined with those from the Gaia mission, helped
define the shape of the gradient (e.g. Chen et al. 2009; Zhong
et al. 2020; Fu et al. 2022). The contribution of Gaia with its
elemental abundances measured from spectra taken with the
onboard RVS spectrograph is adding further constraints and
has already delineated the Galactic gradient with its DR3 (Gaia
Collaboration 2023). Many more clusters will be included in the
coming years thanks to instruments dedicated to spectroscopic
surveys, such as WEAVE (Dalton et al. 2018) and 4MOST
(de Jong et al. 2019). A review of the state of the art of the
radial [Fe/H] gradient, obtained combining and homogenising
the data of open clusters from the three main high-resolution
spectroscopic surveys (Gaia-ESO, APOGEE, and GALAH) is
presented in Spina et al. (2022). However, there are numerous
questions that are not completely resolved and on which full con-
sensus has not been reached yet, such as whether there is a time
evolution of the gradient traced by clusters in different age bins
and if the gradient is flattening or steepening with time; whether
clusters are affected by migration as much as isolated stars; and,
finally, if there is a global relationship between age and metallic-
ity for clusters or whether such a relationship exists only when
considering limited intervals in galactocentric distance. In this
paper we use the sample of OCs observed by the Gaia-ESO
survey (excluding the youngest ones with ages < 100 Myr) to
investigate some aspects of the above-mentioned open issues, in
particular those related to the abundance gradients, namely the
shape of the abundance gradients and their link with the different
nucleosynthesis channels; their temporal change with its impli-
cation for Galactic chemical evolution, the role of migration, and
the possible effects due to spectral analysis; and the impact of the
disc warp, with its variation with time, on the shape and evolu-
tion of the gradients. The structure of the paper is as follows.
In Sect. 2 we describe the abundance analysis and sample selec-
tion. In Sect. 3 we analyse the shape of the [Fe/H] and elemental
abundance gradients. In Sect. 4 we present the time-evolution
of the gradients, and in Sect. 5 we discuss its possible origins.
In Sect. 6, we select an unbiased sample of stars to trace the
time-evolution of the gradient. Finally, in Sect. 7 we provide our
summary and conclusions.
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2. Abundance analysis and sample selection

2.1. Elemental abundance determination in the Gaia-ESO
UVES spectra

In this work we adopted the final data release of the Gaia-
ESO Survey, selecting only the stellar parameters and abun-
dances from the high-resolution UVES spectra (resolving power
R = 47000), covering the spectral range 480.0-680.0 nm. In
particular, we considered only the spectra analysed by Working
Group 11 (WG 11), which is in charge of the analysis of UVES
spectra of FGK stars in the field and clusters. The structure of
the Gaia-ESO WGs is described in Gilmore et al. (2022). The
data reduction and analysis were performed by the Gaia-ESO
consortium, as described in Sacco et al. (2014), Smiljanic et al.
(2014), Randich et al. (2022) and Gilmore et al. (2022), among
others. The main steps for the analysis of the UVES spectra
are as follows: (i) data reduction, including radial and rotational
velocity determinations carried out at the Istituto Nazionale di
Astrofisica (INAF) for UVES using the FLAMES-UVES ESO
public pipeline (Sacco et al. 2014); (ii) spectral analysis with a
multi-pipeline strategy, shared within the same WG, among dif-
ferent nodes, and internally homogenised (see Smiljanic et al.
2014; Randich et al. 2022, for details); (iii) homogenisation of
the WG results on a common scale, and production of the final
database using, as calibrators, benchmark stars, open clusters,
and globular clusters (see Pancino et al. 2017; Hourihane et al.
2022, for a description of the strategy and its application). The
recommended parameters and abundances are distributed in the
IDRO catalogue, including those used in the present work: atmo-
spheric stellar parameters T.g, logg, [Fe/H], elemental abun-
dances, and radial velocities (RVs). The catalogue is also pub-
licly available in the ESO archive'.

2.2. Elemental abundances

For this work we considered a total of 25 chemical elements,
including iron, from different nucleosynthesis processes. We
used the following abundances: (i) O, Mg, Si, Ca, Ti, consid-
ered representative of the class of the a elements, produced by
massive stars (e.g. Woosley & Weaver 1995); (ii) two odd-Z
elements, namely Na and Al, which show a similar evolution
as the a elements (see Smiljanic et al. 2016, for a description
of the main astrophysical sites for the production of these ele-
ments); (iii) several iron-peak elements, namely Sc, V, Cr, Mn,
Co, Fe, and Ni; (iv) Cu and Zn, which have a more uncertain ori-
gin; most Cu production on Galactic scales might be due to the
weak s-process acting in massive stars (Romano & Matteucci
2007), and large fractions of Zn at low metallicities may come
from hypernovae or pair-instability supernovae (SNe; Kobayashi
et al. 2020), while the situation at high metallicities is less clear;
and (v) a number of neutron-capture elements, whose availabil-
ity is unique compared to other large spectroscopic surveys,
thanks to the higher resolution and spectral coverage of Gaia-
ESO. Among the elements whose origin is dominated by the
slow (s) process we used Y, Zr, Ba, La, and Ce, and among
those dominated by the rapid (r) process we used Mo, Pr, Nd,
and Eu.

2.3. Solar scale normalisation

Most of the stars observed in our sample of OCs are in the
giant phase (~75%); specifically, they are red giant branch or

I https://www.eso.org/qi/catalogQuery/index/393
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red clump stars. In some of the clusters Gaia-ESO also observed
dwarf stars in the main sequence (MS) phase (see Randich et al.
2022; Bragaglia et al. 2022). To produce solar-scaled abun-
dances, we adopted a normalisation procedure based on the
abundances of giant and dwarf stars in the open cluster M67
known to have a composition very similar to the solar one (see
e.g. Onehag et al. 2011; Liu et al. 2016).

In Table A.1 we show the solar abundances in Gaia-ESO
IDRO; the solar abundances of Grevesse et al. (2007), which are
the reference for the input model atmospheres and the synthetic
spectra in Gaia-ESO; the average abundances of M67; and those
for its giant (logg < 3.5) and dwarf (logg > 3.5) member
stars (from the Gaia-ESO IDR6). For the membership analy-
sis we refer to Magrini et al. (2021a). The agreement between
the solar and average M67 Gaia-ESO abundances and those of
Grevesse et al. (2007) is very good, within 1o for most elements.
A slightly worse agreement, within 20, is obtained for some ele-
ments (O, Al, Ca, Si, Cu, Ce). The differences between abun-
dances in dwarf and giant stars can be attributed both to physical
effects, such as stellar diffusion, and to spectral analysis issues
(cf. Onehag et al. 2014; Bertelli Motta et al. 2018; Souto et al.
2019). In our analysis we adopted the two sets of abundances to
normalise, respectively, the sample of giant and dwarf stars in
OCs. This choice has some impact for elements more influenced
by changes when measured in dwarfs or giants (Mg, Si, Ca, Na,
Al), but also for some of the neutron capture elements (e.g. Zr,
La, Ce).

2.4. Open cluster sample

Here we considered the 62 OCs older than 100 Myr, as in
Viscasillas Vazquez et al. (2022). Abundances in stars belong-
ing to younger clusters might need a specific analysis (Baratella
et al. 2020, 2021; Spina et al. 2021; Zhang et al. 2021a), since
they can be affected by magnetic activity and rotation, influenc-
ing the determination of the microturbulent parameter, &, and,
in turn, of the whole set of stellar parameters and abundances.
In addition, these clusters represent only the latest instants in
the global Galactic chemical evolution, characterised by negligi-
ble variations with respect to the total timescale. For these rea-
sons, we did not include them in this work. For the distribution in
age and distances of our sample clusters we refer to Viscasillas
Vazquez et al. (2022, see their Fig. 1), and for a general descrip-
tion of the open cluster sample in Gaia-ESO to Randich et al.
(2022) and Bragaglia et al. (2022).

For each cluster we performed the membership analysis as in
Magrini et al. (2021a) and in Viscasillas Vazquez et al. (2022).
Specifically, for 41 clusters we used the membership probabil-
ity provided by Jackson et al. (2022), while for the remaining
clusters we adopted the analysis of Magrini et al. (2021a). Both
membership analyses are based on three-dimensional kinemat-
ics, complementing the RVs from Gaia-ESO with proper motions
and parallaxes from Gaia EDR3 (Gaia Collaboration 2021). Since
for clusters we rely on the average abundances of all members, it
is not necessary to introduce a cutoff on the abundances of each
individual member based on the signal-to-noise ratio or the errors
on parameters. We only discarded stars with high errors on abun-
dance >0.1 dex. In addition, for each cluster we used the interquar-
tile range rule to detect potential outliers that fall outside of the
overall abundance pattern.

We provide in Tables A.2—A.6 the global metallicity of each
cluster from Randich et al. (2022) together with the galactocen-

Table 1. Slopes of the [Fe/H] gradient from open cluster samples, from
the recent literature.

Reference Slope Range n. objs.
(dex kpc’l) (kpc)
This work -0.054 £0.004 6-21 62
-0.081 +£0.008 6-11.2 42
-0.044 £0.014 11.2-21 20
Gaia Collaboration (2023)  —-0.054 +0.008  5-12 503
Netopil et al. (2022) -0.058 6-21 136
Spina et al. (2022) -0.064 +£0.007 5-24 175
Zhang et al. (2021a) -0.066 £ 0.005  6-15.5 157
Donor et al. (2020) —-0.068 £0.004 6-16® 71
Myers et al. (2022) -0.073 £0.002 6-11.5 94
Spina et al. (2021) -0.076 £ 0.009  6-16.5 134
Carrera et al. (2019) —-0.077 £0.007 6-14.5® 90
Genovali et al. (2014) -0.051+£0.003 5-15 127

Notes. ®High-quality samples.

tric distances, Rgc; the age (Cantat-Gaudin et al. 2020); and the
abundance ratios used throughout the paper. For clusters whose
[Fe/H] was not available in Randich et al. (2022), we computed
the average [Fe/H] using the cluster members adopted in the
present work. In Table A.7 we provide the number of member
stars used to compute the abundance ratios per cluster and per
element.

3. Shape of radial abundance and abundance ratio
gradients

The shape of the metallicity gradient is an important observa-
tional constraint for defining the timescales of the formation
of the Galactic thin disc, the radial variations of the star for-
mation rate, of its efficiency and of the gas infall. Open clus-
ters have been used to track the gradient for many decades (see
e.g. Janes 1979), and many papers have highlighted the bimodal
nature of the gradient, with a break in abundances at around
Rgc ~ 10-12kpc, beyond which the gradient becomes flat-
ter (e.g. Bragaglia et al. 2008; Sestito et al. 2008a; Friel et al.
2010; Pancino et al. 2010; Carrera & Pancino 2011; Yong et al.
2012; Frinchaboy et al. 2013; Reddy et al. 2016; Magrini et al.
2017; Casamiquela et al. 2019; Donor et al. 2020; Zhang et al.
2021b; Netopil et al. 2022; Spina et al. 2022; Myers et al. 2022).
There is a general agreement for the existence of a steeper gra-
dient in the inner disc and an extended plateau in the outer
regions, although there is no substantial difference in the good-
ness of the fits done with a single slope compared to those with
two slopes.

In Table 1 we present some recent determinations of the
slope of the radial [Fe/H] gradient with OCs. The global
slope of the gradient in the literature varies from —0.054 to
—0.077 dex kpc™'. Samples that contain mainly inner clusters
have a steeper slope (see e.g. Carrera et al. 2019; Spina et al.
2021; Myers et al. 2022; Donor et al. 2020; Zhang et al. 2021b),
while samples reaching the Galaxy outskirts have flat global
gradients (see e.g. Spina et al. 2022; Netopil et al. 2022). The
gradient sampled by the Gaia Collaboration (2023) is an excep-
tion since it is limited to the regions between Rgc ~ 5 to 12 kpc,
but it is quite flat, —0.054 dex kpc~'. In the last row of the table,
we put as reference the gradient of the Cepheids, computed with
the high-quality sample of Genovali et al. (2014).
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3.1. Shape of [Fe/H] gradient

In the next sections we discuss our determination of the shape
of the [Fe/H] and elemental abundance gradients. We adopted
two different approaches to fit the data: a locally weighted lin-
ear regression (LOWESS), estimated using a non-parametric
regression method that combines multiple regression models in
a k-nearest-neighbour-based meta-model, and a classical linear
regression model fit with its confidence interval. The former
allowed us to follow the behaviour of the data better, while the
latter allowed us to compare with linear fits available in the liter-
ature, and to compare with our results with the slopes provided
in previous works.

In Fig. 1 we show the radial distribution of [Fe/H] as traced
by our sample of OCs, with the results of the two fitting pro-
cedures. In this figure we plot together clusters of all ages.
There is a non-negligible scatter at each Rgc related to several
aspects that we expand on in the next sections. In the upper
panel we present a global fit of the sample over the whole radial
range. There is a clear downward trend; the inner clusters reach
[Fe/H] values up to about +0.4, and the outer clusters reach
[Fe/H] ~ —0.4. The scatter increases in the transition region,
from the steeper inner gradient to the flatter one, by around 10—
12 kpc, but it is also quite high in the inner regions. Considering
a weighted single-slope fit, the shape of the gradient is

[Fe/H] = —0.054(£0.004) X Rgc + 0.474(+0.045) €))

with a Pearson correlation coefficient (PCC) of —0.85. In the bot-
tom panel of Fig. 1 we consider a two-slope fit, separating the
inner and the outer regions. To choose the radius that separates
the two regions, we applied the ELBOW method? to find the crit-
ical point where the slope changes from high to low. Using the
KNEEDLE algorithm (Satopaa et al. 2011), we found that the cut-
off point is at Rgc ~ 11.2kpc. The two-slope fitting provides a
better representation of the behaviour of the outer clusters; how-
ever, because they are dominated by the inner clusters, the PCCs
of the one-slope fit and of the inner part of the two-slope fit are
very close, as shown below. Considering the two radial regions,
Rge < 11.2 kpc and Rge > 11.2 kpc, we obtain a steeper inner
gradient

[Fe/H] = —0.081(%£0.008) X Rgc + 0.692(+0.068) 2)
with PCC = —0.86, and a much flatter outer plateau
[Fe/H] = —0.044(%0.014) X Rgc + 0.376(x0.178) 3)

with a correlation coefficient PCC = —0.61. Our results are also
reported in Table 1 to compare them with literature results. Our
global slope is in good agreement with other works covering
large radial regions, such as Netopil et al. (2022) and Spina et al.
(2022). Our slope for the inner gradient, —0.081 dex kpc™, is in
agreement, within the uncertainties, with the gradients mapping
the inner regions (Carrera et al. 2019; Spina et al. 2021; Myers
et al. 2022; Donor et al. 2020; Zhang et al. 2021a).

3.2. Shape of average radial gradients per nucleosynthesis
channel

Here and in the next sections we follow a purely observational
approach to describe the elemental abundance and abundance
ratio gradients. In comparing the gradients of the various ele-
ments, we expect different behaviour because they are sensitive

2 https://www.scikit-yb.org/en/latest/api/cluster/
elbow.html
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Fig. 1. Shape of radial [Fe/H] gradient. Upper panel: [Fe/H] vs Rgc
of our sample clusters. The blue line is a weighted linear regression
model fit to the global trend and the shaded area shows the confidence
interval. The cyan curve is the lowess fit. Bottom panel: [Fe/H] vs Rgc
with weighted linear regression model fits in two radial ranges, Rgc <
11.2 kpc (in brown) and Rgc > 11.2 kpc (in turquoise). The shaded
areas show the confidence intervals of the two fits and the dashed grey
curves are the lowess models in the two intervals. The vertical grey line
indicates the slope change point calculated by the elbow method. The
dashed vertical and horizontal lines mark the location and abundance of
the Sun.

to the timescales of the element production and to the variation
in star formation histories and efficiencies along the disc extent,
in particular the inside-out formation of the disc. Chemical evo-
lution models can predict these variations accurately by taking
into account, in a quantitative way, different channels of nucle-
osynthesis. An example is shown in Fig. 10 of Minchev et al.
(2014), where the combination of the inside-out formation of the
disc and the different timescales of the production of iron and of
the a elements produces the growth in [@/Fe] in the outer parts
of the disc. We plan a detailed comparison of the data presented
in this paper with the predictions of a chemical evolution model
(Molero et al. in prep.).

In Fig. 2 we present the radial distribution per group of ele-
ments. In each panel we computed the average abundance of the
elements belonging to different groups, characterised by sim-
ilar nucleosynthesis origins. This is clearly a rough approxi-
mation because even elements with similar origins (e.g. O and
Mg) show differences (see discussion in McWilliam et al. 2008;
Van der Swaelmen et al. 2023), but this approach can give
us an idea of the average behaviour of each element class. In
the figure we show the gradients of both [El/H] and [El/Fe].
In the first group, the @ elements, we average the abundances
of O, Mg, Ca, Si, and Ti. In this group we include Ti, not
properly an @ elements, but obtained from “3Cr, its radioactive
a-element progenitor (see e.g. Clayton 2003). We exclude Na
and Al, odd-Z elements synthesised in massive stars like the a
elements, whose abundances might be altered by stellar evo-
lution (Smiljanic et al. 2016). The overall @ gradient is only
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Fig. 2. Radial elemental gradients and average abundances for elements
belonging to five nucleosynthesis channels as a function of Rgc. The
blue lines are the linear regression model fits, and the translucent bands
around the regression lines are the confidence intervals for the regres-
sion estimate. The cyan curves are the lowess models.

slightly flatter than the [Fe/H] gradient, and, in the [a/Fe] ver-
sus Rgc diagram, it shows a slight tendency to rise in the outer
Galaxy, combined with a slight descent and high scatter in the
inner disc. In the second group, the iron-peak elements, we con-
sidered Sc, V, Cr, Mn, Co, Ni, and Zn. For these elements we
expect a behaviour similar to that of iron, and indeed the gra-
dient [iron-peak/Fe] is quite flat reflecting the common produc-
tion sites of Fe and these elements (cf. Myers et al. 2022). The
apparent increase is due only to the outermost cluster. In the third
group we combined the five s-process elements available in the
final data release, namely Y, Zr, Ba, Ce, and La. Their cumulative
gradient is slightly flatter than the [Fe/H] gradient. The strong
metallicity dependence of the yields of the s-process elements
comes into play, depressing the production with respect to iron
in the inner Galaxy and increasing it in the outer Galaxy. Finally,
in the fourth group we included the four r-process dominated
elements (Eu, Nd, Mo, Pr), which are expected to be produced,
in different percentages, by magnetically driven core collapse
SNe or by compact binary mergers, such as neutron star-neutron
star, neutron star-black hole, and black hole-black hole mergers
(see Matteucci 2014), or by a combination of the two (see e.g.
Simonetti et al. 2019; Molero et al. 2021; Van der Swaelmen
et al. 2023). In both cases, the timescales of their production are
short, as is shown by their flat [r/H] gradient and by the increas-
ing trend of [r/Fe] versus Rgc.-

3.3. Shape of individual element gradients

In Figs. 3 and 4 we show the radial [El/H] and [El/Fe] gradients
of all the individual elements grouped by their main nucleosyn-

Lol d b o d b
510 15 20 5 10 15 20 5

Rgc (kpc)

Fig. 3. Radial elemental gradients [El/H] as a function of Rgc. The
blue lines are linear regression model fits, the translucent bands around
the regression lines describe a 95% bootstrap confidence interval, and
the cyan curves are the lowess models. Each panel is colour-coded
according to the nucleosynthesis channel (red: @ and odd-Z elements;
light cyan: iron-peak elements; cyan: s-process elements; dark cyan:
r-process elements).

thesis channels. In Tables A.8 and A.9 we provide the coeffi-
cients of the weighted linear fits and the PCCs of the radial abun-
dance ([El/H]) and abundance ratio ([El/Fe]) gradients for the
whole radial range, and in the two radial regions (Rgc < 11.2 kpc
and Rgc > 11.2 kpc). Generally, the PCC is much larger for
the steeper inner gradients and tends to be smaller for the flatter
outer gradients.

a and odd-Z elements. In Fig. 3 and Table A.8, among the
gradients of the first group (O, Mg, Ca, Si, Ti, Na, and Al) the
gradient of [O/H] (Rgc < 11.2 kpc) is the flatter one. In that
radial region, the slope of the [O/H] gradient is also flatter than
that of Mg, the only other element in our sample expected to be
produced by massive stars alone. As discussed in McWilliam et al.
(2008), although the two elements are both produced by massive
stars, they have different nucleosynthesis mechanisms with dif-
ferent impacts from stellar winds in their production. Oxygen is
produced mostly during hydrostatic burning and expelled through
stellar winds. Hence, its yield is expected to have a stronger
dependence on the metallicity than the yields of the other « ele-
ments (e.g. Mg), which are synthesised mostly in the explosive
phases. These differences are indeed confirmed by their gradi-
ents. In addition, for the other elements (e.g. Si, Ca, and Ti)
there is a non-negligible fraction of their production in SN Ia
(see e.g. Kobayashi et al. 2020). The last two elements of the
group, Na and Al, are produced by massive stars, as are O and
Mg (Kobayashi et al. 2020), but they also have a non-negligible
contribution from low- and intermediate-mass stars, and, as dis-
cussed above, they might be affected by stellar evolution effects.
In Fig. 4 we show the behaviour of the radial abundance gradients
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Fig. 4. Radial abundance ratio gradients [El/Fe] as a function of Rgc.
Symbols and colours are as in Fig. 3.

in the [El/Fe] versus Rgc planes. Among the a elements, [O/Fe]
shows the greatest growth towards the outer regions of the Galaxy,
as expected by the inside-out formation of the Galactic disc. The
other @ elements and the two odd-Z elements have rather flat
[El/Fe] gradients, since they have a non-negligible production in
SN Ia, and thus similar timescales to iron.

Iron-peak elements. The group of iron-peak elements (Sc,
V, Cr, Mn, Co, Ni, Zn) has a quite homogeneous behaviour in
the [El/H]-Rgc plane. The slopes of their gradients are very
similar, around —0.08 dex kpc™' for Rgc < 11.2 kpc and
—0.025 dex kpc™! for Rgc > 11.2 kpc (see Table A.8). In the
[El/Fe]-Rgc plane, they are almost flat (see slopes in Table A.9
and Fig. 4). The abundances of Cu I are the most problematic
values, as shown by the higher scatter of the results.

s-process elements. The s-process elements (Y, Zr, Ba, Ce,
and La) have the most complex behaviour. In the [El/H]-Rgc
plane there is a non-negligible scatter in their gradients, as traced
with clusters of all ages. Their overall gradients have typical
slopes around —0.04 dex kpc™!, close to those of the @ element
gradients. In the [El/Fe]-Rgc plane there is slight increase in the
positive slope in the inner regions (Rgc < 11.2 kpc), and an
almost flat trend for Rgc > 11.2 kpc, with a decreasing trend for
Zr and Ba.

r-process elements. The r-process elements (Eu, Nd, Mo,
Pr) have mild overall gradients in the [El/H]-Rgc plane, with
typical slopes of ~ — 0.02 dex kpc™'. In the [El/Fe]-Rgc plane
they have typical slopes of ~+0.03 dex kpc~', indicating for
these elements shorter production timescales than those of iron.
They are mainly produced by magnetically driven core collapse
SNe or by compact binary mergers (Matteucci 2014), both on
shorter timescales with respect to SN Ia.
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4. Time evolution of radial abundance and
abundance ratio gradients

Several stellar populations have been used to study the time evo-
lution of the gradient: planetary nebulae (PNe), separated into
age classes or combined with abundances of HII regions (e.g.
Maciel et al. 2003, 2005; Stanghellini & Haywood 2010, 2018;
Magrini et al. 2016); stars of different ages, in particular those
with accurate age determination from asteroseismic observations
(e.g. Anders et al. 2017). However, compared to other tracers,
OCs have the advantage of being a homogeneous population
whose ages and distances can be accurately determined, thereby
resulting in an excellent tool to follow the time evolution of the
abundance gradients.

Open clusters have been widely used to trace the changes in
time of the Galactic metallicity and of its radial distribution (see
e.g. Janes 1979; Twarog et al. 1997; Carraro et al. 1998; Friel
et al. 2002; Chen et al. 2003; Magrini et al. 2009; Yong et al.
2012; Frinchaboy et al. 2013; Cunha et al. 2016; Spina et al.
2017, 2021; Donor et al. 2020; Zhong et al. 2020; Zhang et al.
2021a; Netopil et al. 2022; Myers et al. 2022). However, a com-
mon agreement on the time evolution of the gradient has not been
reached to date, either because the cluster samples used in the
past were small or because inhomogeneous data were often com-
bined. The use of homogeneous data from large spectroscopic
surveys proved to be fundamental (Spina et al. 2022; Myers et al.
2022). In Table 2 we show some recent literature results for the
time evolution of the slope of the radial [Fe/H] gradient from
open clusters. On average, the gradient shows a limited time
evolution, with a slightly flatter gradient for the younger pop-
ulations. The differences in the results presented in Table 2 are
mainly due to the differences in the sampled radial regions and
the considered age intervals, and when the younger clusters are
included in the samples (see also Table 1).

Here we have the opportunity to revisit this issue with one
of the largest samples of open clusters whose high-resolution
spectra were homogeneously analysed.

4.1. Time evolution of [Fe/H] gradient

In Fig. 5, we present the radial [Fe/H] gradient of our open clus-
ter sample, divided into three age bins. The age bins were chosen
so as to have a similar number of clusters in each one. In Fig. 1
the dispersion observed in the overall [Fe/H] gradient, in particu-
lar in the inner part of the Galaxy, is mostly due to the mixing of
clusters of different ages. For instance, between Rgc 6.5-7.5 kpc
the overall [Fe/H], including clusters of all ages, has a typical
dispersion o = 0.13 dex. The dispersion in metallicity of clus-
ters belonging to each of the three age bins, at a given Rgc, is
smaller than the dispersion of the total sample (see Fig. 5). From
Fig. 5 we see a remarkable evolution of the gradient with respect
to what is suggested on the basis of simple chemical evolution
arguments (i.e. the oldest populations should be less enriched
than the youngest ones). In the radial range from Rgc ~ 6 to
about 10 kpc the figure is evidence of a weird evolution of the
gradient, where the youngest clusters more metal poor than the
oldest ones. In addition, the gradient is flatter for the youngest
clusters, while for Rgc > 10 kpc the trend is reversed, and the
younger clusters have similar [Fe/H] values to the older clusters.
Similar conclusions were found in previous works based on open
clusters (Carraro et al. 1998; Chen et al. 2003; Friel et al. 2002;
Magrini et al. 2009; Spina et al. 2016; Randich et al. 2022, but
see Netopil et al. 2022 for a contrasting result).
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Table 2. Literature [Fe/H] gradients of open cluster samples divided in age bins.

Reference Age bins (Gyr)

This work 0.1<age<1 1 <age<3 age>3
Slope (dex kpc™') —-0.038 = 0.004 —-0.063 + 0.006 —-0.084 +0.019
Netopil et al. (2022) age<0.4 04<age<1 1<age<1.9 1.9<age<4 3<age<5.2
Slope (dex kpc™') —-0.054 £0.007 —-0.058 +£0.008 —0.059 +0.008 —0.062+0.011 —0.081 +0.031
Spina et al. (2021) age<1 l<age<?2 2<age<4 age>4
Slope (dex kpc™') —-0.080 = 0.010 —0.084 +£0.013 —-0.107 +0.018 —0.183 +0.029
Gaia Collaboration (2023) age<1 l<age<?2 2< age<3 age >3
Slope (dex kpc™') —-0.044 + 0.004 —0.065 +0.010 —-0.087 +0.023 —-0.106 +0.010
Myers et al. (2022) age<0.4 0.4 <age<0.8 0.8 <age<?2 age>?2

Slope (dex kpc™!) —-0.052 +£0.003 —-0.059 +£0.003 —-0.059 +0.002 —0.052 +0.002

Age (Gyr)

0.4
0.2

% 0.0
w —0.2

—-0.4
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1

N
2 14
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Fig. 5. Time evolution of radial [Fe/H] gradient. The circles are colour-coded by cluster ages. The three solid lines are the weighted linear
regressions and the dashed curves are lowess models for the three age bins: age <1 Gyr (red), 1 Gyr<age <3 Gyr (beige), and age >3 Gyr

(green).

The Gaia DR3 data also showed a similar behaviour.
Recio-Blanco et al. (2023) presented two samples, the former
composed of young field stars and the latter of stars in young
open clusters. In both samples, they found a flattening of the
gradient at recent epochs (a slope of —0.036 + 0.002 dex kpc™')
in the sample of young and massive stars, to be compared with
a slope of —0.055 + 0.007 dex kpc™! in the entire sample, in
excellent agreement with our results (see Table 2 for more details
about the gradient derived only with open clusters). Therefore,
Recio-Blanco et al. (2023) concluded, from Gaia data alone, that
both open clusters and field stars show a flattening of their radial
[Fe/H] gradient in the more recent epochs of Milky Way evolu-
tion. On the other hand, the works of Spina et al. (2021), Netopil
et al. (2022) and Myers et al. (2022) do not indicate large varia-
tions in the gradient slope with time (see Table 2), although the
youngest clusters have lower [Fe/H] than the oldest ones. We
discuss some hypotheses on the origin of the evolution of the
gradient in Sect. 5.

4.2. Time evolution of average radial gradients per
nucleosynthesis channel

In Fig. 6 we plot the radial abundance and abundance ratio gra-
dients of the averaged elements in the four considered classes
divided in the same age bins as Fig. 5. As above, Na, Al, and
Cu are excluded from the average values. The [a/H] gradient
has an evolution with time similar to the [Fe/H] gradient, but
it is less pronounced: the oldest clusters are only slightly more
enriched than the youngest ones. In addition, in the [a/Fe] versus
Rgc plot we find an important difference. For the older clusters
(age > 1 Gyr), there is a slight decrease in the inner disc and a
growth in the outer disc, as attested by the inside-out formation
of the Galaxy and the different timescales of the formation of
the a elements and Fe; instead, for the youngest clusters [a/Fe]
is flat. For the iron-peak elements, we have, as for iron, a greater
enrichment of [El/H] in the older clusters, while the youngest
clusters have a flat gradient and are less enriched. Due to the
common formation sites, the [El/Fe] gradients are almost flat at
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Fig. 6. Radial elemental gradients showing average abundances for ele-
ments belonging to four nucleosynthesis channels as a function of Rgc.
The lines are the linear regression model fit in every age bin, and the
translucent bands around the regression lines show the confidence inter-
val for the regression estimate. The dashed curves are the lowess mod-
els. The symbols and curves are colour-coded by cluster age as in Fig. 5.

all ages. The situation of the s-process elements is more complex
also with regard to their time evolution. The average [s/Fe] gra-
dient does not show a remarkable variation with age in the inner
region, while in the outer regions the youngest clusters are more
enriched in s-process elements. This is likely due to the differ-
ent timescales of their production and to the strong metallicity
dependence of their yields (Casali et al. 2020b; Magrini et al.
2021b; Vescovi 2021; Viscasillas Vazquez et al. 2022). In the
[s/Fe] plane the separation between the three age bins is clearer
and is driven by the differences in [Fe/H] of the clusters. Finally,
the r-process elements show a behaviour similar to that of the &
elements, as expected due to their production on short timescales
(see e.g. Matteucci 2014). On the [r/Fe] versus Rgc plane the
separation between the three age bins is likely driven by [Fe/H],
as it is for the s-process elements.

In summary, the average abundance and abundance ratio gra-
dients of the four classes of elements considered have distinct
time evolution. While for the iron-peak elements we recognise
the same behaviour as [Fe/H], @ elements and r-process elements
have a limited time evolution of their [El/H] gradients, and their
slopes remain almost constant with time. The behaviour of the s-
process elements is the most complex, and their average gradient
might hide this complexity. We describe the gradients element by
element in Sect. 4.3.

4.3. Time evolution of individual element gradients

In Figs. 7 and 8 we present the abundance and abundance ratio
gradients of all our sample elements, with open clusters divided
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Fig. 7. [EI/H] as a function of Rgc. The clusters are divided into three
age bins. The symbols and colours are as as in Fig. 5.

into three age bins (0.1 Gyr <age < 1 Gyr, 1 Gyr < age < 3 Gyr,
and age >3 Gyr); in Fig. 9 we show the coefficients (slope-m;,
y-intercept, and PCC) of the linear weighed fits (single slope) in
the three age bins for the [El/H] gradients.

a elements. For the a and odd-Z elements our data show a
limited time evolution of the slopes and intercepts of their gradi-
ents (see Fig. 9). In almost all cases, from O to Al, the shape of
the gradient is basically unvaried with time in age range spanned
by the youngest bin and the intermediate-age bin. The « ele-
ments do not appear to be significantly more abundant in either
the youngest or the oldest population. In the two youngest age
bins, the values of the intercepts of the gradients are in agree-
ment within the uncertainties. In Fig. 8 the inner disc clusters
at young ages show a flatter trend for their [a/Fe] with respect
to the older clusters. The differences are mostly driven by varia-
tions in the denominator, Fe.

Iron-peak elements. In the group of the iron-peak elements,
the time evolution is more marked. For Zn, Sc, V, Cr, Mn, Co,
and Ni, the youngest clusters appear to be less enriched and they
show a flatter gradient (see top and central panels of Fig. 9). The
situation for Cu is less clear due to the high uncertainties on its
abundance measurements and different nucleosynthetic origin.
The [iron-peak/Fe] abundance ratios show almost flat gradients
in the light of the common nucleosynthesis of iron and iron-peak
elements.

s-process elements. The s-process elements are charac-
terised by an inverse trend with respect to the @ and iron-peak
elements: the youngest clusters tend to have [El/H] abundances
that are slightly higher than or equal to the older clusters. The
s-process elements are mainly produced during He-shell burning
in low-mass stars (1-3 Mp; see e.g. Busso et al. 2001; Cristallo
et al. 2011; Karakas & Lugaro 2016), which enrich the ISM at
later times. Thus, the younger stellar populations formed from
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Fig. 9. Coefficients of the weighted linear fits of the abundance gradi-
ents: slope (top panel), intercepts (central panel), PCC (bottom panel).

the ISM enriched by the products of low-mass stars will also be
more abundant in s-process elements (see the values of the inter-
cepts in the central panel of Fig. 9). In the gradients of [s/Fe]
we recognise the strong age-dependence of those ratios (see e.g.
D’Orazi et al. 2009; Maiorca et al. 2011, 2012). Unlike all the
other gradients, for these abundance ratios we see a clear layer-

ing: the younger clusters have higher [s/Fe] and the older clusters
are less enriched. This is particularly evident for [ Y/Fe], [Ba/Fe],
[La/Fe], and [Ce/Fe]; instead, [Zr/Fe] has a non-negligible
r-process production and shows little time evolution in its
[Zr/Fe] gradient.

r-process elements. Finally, similarly to a elements,
r-process elements also do not show large variations with age
for their gradient slopes and intercepts. For the r-process ele-
ments, the patterns are similar to those of the « elements, and
they are mainly driven by the variations in Fe.

5. Origin of the gradient time evolution

From a purely observational point of view, our data confirm an
extremely interesting result that is not immediately apparent.
Focusing on Fig. 5 for the [Fe/H] gradient and on Fig. 7 for
the individual abundance gradients, we can see a clear time evo-
lution: older clusters (age > 1 Gyr) have steeper gradients and
reach higher abundances, while younger clusters (age <1 Gyr)
have a flatter gradient with abundances below or equal to those
of the older clusters. This evolution is peculiar in the context
of chemical evolution, where we expect the chemical content to
grow with time (in the closed-box approximation and in general
in large galaxies, as our Milky Way, where the outflow is not
considered dominant), and whose timescales generally do not
predict such large changes in just 1 Gyr, especially during the
latest phases of Galactic chemical evolution. Only a considerable
infall of gas with lower metallicity could be invoked to explain
the observations from a chemical evolution point of view (see
e.g. the three infall models described in Spitoni et al. 2023).

In this section we investigate three hypotheses to explain the
time evolution of the abundance gradients, evaluating some of
their aspects. First, we discuss the infall of low-metallicity gas
that triggered the latest episode of star formation in the thin disc
(Ruiz-Lara et al. 2020) from which the youngest clusters were
formed (Spitoni et al. 2019, 2023). Second, we look at migra-
tion and selective disruption effects (as suggested by e.g. Anders
et al. 2017 and Spina et al. 2021, and more recently by Myers
et al. 2022) in which the oldest clusters are more affected by
migration, and preferentially originate in the inner disc where
the typical metallicity is higher (see also Tarricq et al. 2022,
for a characterisation of the orbits of clusters as a function of
their age). Third, we consider artefacts due to spectral analysis
in low-gravity giant stars (see e.g. Casali et al. 2020a; Zhang
et al. 2021b; Spina et al. 2022; Carrera et al. 2022).

5.1. Effect of a recent infall

The work of Shanahan et al. (2019) claimed the discovery of
compressed diffuse warm ionised medium in the spiral arm,
upstream of the major star formation regions. Soler et al. (2020)
found that the majority of the filamentary gas structures are
aligned with the Galactic plane, although there are some sig-
nificant exceptions of HI filaments mostly perpendicular to the
Galactic plane. Perpendicular filaments correspond to locations
in the disc where there is a significant accumulation of HII
regions and supernova remnants. There is observational evidence
of the presence of gas infall in the Galactic disc. The gas from
outside can sustain the star formation in the spiral arms, and may
have some effect on metallicity, diluting by the same amount
the abundances of all elements and resulting in young stars with
lower abundances in all elements. The chemical characteristics
of the youngest and innermost clusters in the sample show a
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composition in @ elements and r-process elements very simi-
lar to that of the oldest clusters of the sample and a depletion in
the abundances of the iron-peak elements. These features can be
informative in understanding the nature of the gas from which
these clusters might have been formed. The dilution of the inter-
stellar medium (ISM) with pristine gas causes a depletion of the
same amount in all elements, as shown, for instance, in Spitoni
et al. (2023) with their three-infall model. In this model, the thick
disc originates from a first infall episode and the youngest thick-
disc stars reach solar metallicities. A second infall, then, dilutes
the gas, leading to a decrease in [Fe/H] and [El/H], while the
[El/Fe] ratios remain substantially unchanged until the star for-
mation activity resumes and new generations of SN II start pol-
luting the ISM. Finally, a third recent infall episode is required
that explains the chemical properties of the youngest metal-
poor massive stars observed by Gaia (Gaia Collaboration 2023),
while also being consistent with the recent enhanced star forma-
tion activity spotted by Ruiz-Lara et al. (2020) via an analysis of
Gaia colour-magnitude diagrams. From the composition of our
young clusters it can be inferred that the gas that formed them
should have low metallicity (i.e. [Fe/H] < 0) at the solar radius.
Furthermore, from Fig. 7 it appears that there is a diversifica-
tion in the evolution with time of the gradients of the various
elements. This seems to indicate that, if a large amount of gas
infall is requested, it should also have a highly peculiar chemical
composition. Full hydrodynamical simulations are required to
investigate this scenario on a quantitative basis, both to identify
the source of the gas and to explain its peculiar composition.

5.2. Migration and selection effects

Whether or not clusters are affected by radial migration as stars
is not completely settled. Open clusters are more massive than
single stars, and thus the effect of the interactions with perturb-
ing structures, such as the spiral arms and the bar, might be
different and less pronounced than for single stars (cf. Zhang
et al. 2021a). Chemical evolution models have clearly pointed
out that stellar migration has a non-negligible effect on the evo-
lution with time of the gradient (see e.g. Minchev et al. 2013,
2014). Anders et al. (2017) attempted to explain the phenomenon
of the time evolution of the gradient traced by open clusters by
attributing the anomaly to the metallicities of the oldest clusters;
their high metallicity for the current location was explained on
the basis of their inner birth radius and the preferential migra-
tion direction from the inner to the outer disc. As discussed in
Anders et al. (2017), Spina et al. (2021), Myers et al. (2022)
and Gaia Collaboration (2023), metal-rich old clusters formed in
the inner disc can survive only if they migrate outwards where
the Galactic potential is less destructive, while those migrat-
ing inwards are quickly disrupted. Selection effects and migra-
tion might indeed affect the older populations, including clusters
with age > 3 Gyr, increasing the scatter in the gradient out-
lined by them and favouring the survival of metal-rich clusters
moving from inner to outer disc regions. However, while stel-
lar migration might have played a role for the oldest clusters,
the intermediate-age clusters show a well-defined gradient, with
small scatter along the whole disc, suggesting a very low proba-
bility that they have all migrated from the inner disc (see Fig. 5).
Hence, the migration of old clusters can explain the higher abun-
dances and the steeper gradient of the older populations, but it
could hardly explain the differences between the gradients of the
clusters in the young and intermediate-age bins, which had less
time to migrate (see Frankel et al. 2018, and references therein).
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5.3. Artefacts of spectral analysis in giants with low surface
gravity

The unexpected shape of the gradient in the inner disc out-
lined by the youngest clusters is driven mainly by the metallicity
derived in clusters that host only or mainly giant stars with low
logg. The giant phase for young massive stars is characterised
by high luminosities and low logg. In these stars, particularly
those with high metallicity, spectral analysis is often prone to
strong systematic effects that lead to a greater underestimation
of metallicity, the lower the gravity. Casali et al. (2020a) care-
fully evaluated a number of possibilities to explain the origin of
this issue, for example testing the use of photometric parameters
instead of spectroscopic ones, the impact of non-local thermo-
dynamic equilibrium (NLTE), the choice of the line list, the use
of different atmosphere models, and the definition of the pseudo-
continuum. In Fig. 10 we show [Fe/H] as a function of log g in
a sample of OCs in which we observed numerous giant stars in
a wide range of log g. The general trend indicates a decrease in
[Fe/H] for stars with lower gravities. A clear example is shown
by member stars in the cluster Trumpler 20, where stars with
logg > 2.5 have [Fe/H] around 0.15, while those with lower
gravity have [Fe/H] between O and 0.1. Therefore, when the
number of stars with logg > 2.5 dominates, we have smaller
effects in determining the average cluster abundance. Instead, in
the case of young clusters where only stars with low gravity are
present (e.g. NGC 6067, NGC 6259, NGC 6705), their [Fe/H] is
most likely underestimated by a factor that depends on the typi-
cal gravity of the observed stars. The separation shown in Fig. 10
atlogg = 2.5 is quite arbitrary, and it likely varies with metallic-
ity, and it is set just to guide the eye. In addition, the effect may
act differently for specific elements, due to the different photo-
spheric regions in which their spectral lines forms and their rela-
tion with gravity.

The trend of [Fe/H] versus log g is not specific to the analy-
sis performed by Gaia-ESO but it is also found in the APOGEE
and GALAH surveys, as shown in the Appendix (see Figs. A.1
and A.2), so it seems to be related to basic aspects, such as the
treatment of opacity in model atmospheres or the use of sempli-
fied one-dimensional models. In Fig. A.3 we also show the com-
parison with the Gaia calibrated spectroscopic results, which are
in excellent agreement with the Gaia-ESO data; however, as they
are calibrated on open clusters, they display [Fe/H] values for
young clusters similar to those of Gaia-ESO. In a forthcoming
paper we will analyse the effects of the one-dimensional and
three-dimensional approximations, and the possible impact of
magnetic activity in young low-gravity giants by also studying
its effects on various elements.

5.4. Giant stars in the youngest clusters

In the youngest clusters in our sample, we also observe a sys-
tematic increase in the measured microturbulent parameter (see
Fig. 11). The origin of this phenomenon is still unknown; how-
ever, it closely resembles the effect that chromospheric activity
has on the analysis of dwarf stars. Recent studies on solar twins
have shown that strong absorption lines are intensified at high
activity levels (Yana Galarza et al. 2019; Spina et al. 2020). This
effect might be ascribed to the Zeeman broadening of absorption
lines that form near the top of the stellar photosphere or even to
the presence of cold stellar spots. However, other physical phe-
nomena may be at work (Baratella et al. 2020, 2021). In any case,
whatever the origin of this effect, the systemic rise in the micro-
turbulent parameter for younger ages may cause biases in the
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Fig. 10. [Fe/H] as a function of logg in giant star members of a sub-
sample of OCs. The vertical line marks log g =2.5.

abundance determinations for the youngest stars in our sample.
Overestimating £ implies underestimating both the effective tem-
perature and the abundances of many elements, including Fe. To
test this effect, we reanalysed the stars of the youngest cluster in
our sample, NGC 6067. A recent work by Alonso-Santiago et al.
(2017) gives for the giant stars in this cluster an average metal-
licity [Fe/H] = +0.19+0.05 consistent with the Galactic metallic-
ity gradient. In their spectral analysis, the microturbulent param-
eter is set at the theoretical value of Adibekyan et al. (2012).
We then re-analysed our sample of stars in NGC 6067, keep-
ing ¢ fixed at its theoretical value, and using the recommended
parameters of Teg and log g from Gaia-ESO. In agreement with
Alonso-Santiago et al. (2017), we obtain a super-solar metallic-
ity, much higher than the recommended Gaia-ESO value, where
& was derived from the spectral analysis and is higher than the
theoretical value. Thus, the problem is most likely due to the
determination of &, the physical origin of which might be linked
to the magnetic activity of these stars.

At present, however, there is scarce information about mag-
netic activity in giant stars that can lead us to firmly conclude
that the effect is related to it. Recent results seem to support the
possibility of a phase of enhanced activity for the most massive
giant stars: following Schroder et al. (2018), we expect that chro-
mospheric heating undergoes a remarkable reversal and revival
as giant luminosity increases, and it becomes more important in
young massive giants. In addition, these authors found the effect
is enhanced in the most massive (and young) giant stars, which
are generally more active. Similarly Konstantinova-Antova et al.
(2014) found no evidence for magnetic giants below 1.7 M, but
they detect magnetic G and K giants with M > 1.7 M, in the
upper part of the RGB and in the AGB phase in more than 50%
of their sample. In our sample, the youngest clusters with cool
giants with logg < 2.5 have masses between 3.2 and 4.5 M,
thus all possibly hosting magnetic activity.

6. The true gradient

In this section our aim is to select stars for which the standard
analysis, as performed by Gaia-ESO and other spectroscopic
surveys, produces unbiased results. Moreover, we test the role
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Fig. 11. Microturbulent parameter ¢ as a function of the age of the clus-
ter for individual giant cluster members.

of stellar dynamics, such as the Galactic warp and the cluster
orbits.

6.1. Effect of biases introduced by spectral analysis

In Fig. 12 we show three versions of the gradient, limiting the
samples to the inner radial region. In the top panel the gradient
is drawn considering all clusters (equivalent to Fig. 5, but with
symbols proportional to the number of members in each cluster
and excluding clusters with fewer than three observed members).
In the central panel we removed giant stars with logg < 2.5 in
computing the cluster average metallicity. In the bottom panel
of Fig. 12 we removed member giant stars with microturbulent
velocity & > 1.8 km s~!. The results shown in the central and
bottom panels are quite similar since the two removal conditions
have similar effects, acting especially for clusters in which only
low logg stars were observed (i.e. the youngest ones), which
also have high £&. The results of the linear fits are also shown
in Table 3. The final effect is a gradient for the youngest pop-
ulations which is very close to that of OCs with ages between
1 and 3 Gyr, pointing to a very limited evolution of the gra-
dient in this amount of time. The intercept of the gradients of
the young clusters rises in the two cases where stars have been
removed for their logg or & with respect to the gradient com-
puted with the full sample, thus solving the issue of the lack
of enrichment of young populations. The limited evolution with
time of the gradient might be a signature of the slow evolu-
tion and the lack of major interactions of the Milky Way with
other galaxies in the latest few Gyr (see e.g. Sillero et al. 2017).
The radial [Fe/H] gradient of their simulated galaxies, which are
not experiencing strong disturbances, evolves smoothly without
strong changes. The gradient of the oldest clusters (age > 3 Gyr)
is almost unchanged by the removal of stars with low log g and
high £. It remains steeper than that of the youngest populations,
and with a positive offset towards higher metallicities, likely
because of preferential cluster radial migration from metal-rich
regions towards the Galaxy outskirts.

6.2. Effect of the warp

The outer part of the Galactic disc is not flat, but it is warping
upwards in the north and downwards in the south. The warp of
the Milky Way is not unique, but it is a typical characteristic of

Al119, page 11 of 25



A&A 669, A119 (2023)

Table 3. Radial gradients within 11.2 kpc with different restrictions
(clusters with more than three members).

All members (38 OCs) 0.1 <age<1 1<age<3 age>3
Slope (dex kpc™!) —-0.072+0.016 -0.086 +0.012 -0.122 +0.025
Intercept (dex) 0.579+£0.121  0.795+0.0998  1.119+0.225
pPCC -0.74 -0.82 -0.89
logg > 2.5 (29 OCs) 0.1 <age<1 1<age<3 age>3
Slope (dex kpc™!) —0.104+0.013 —-0.085 +0.012 —-0.132+0.019
Intercept (dex) 0.847+0.102  0.788+0.096 1.218+0.167
PCC -0.94 -0.92 -0.95
£<18kms™ ! (330Cs) 0.1<age<l1 1<age<3 age>3
Slope (dex kpc™!) —-0.092+0.016 —0.086 +0.012 —0.124 +0.025
Intercept (dex) 0.745+0.124  0.798+0.097 1.137+0.229
PCC —-0.86 -0.93 —-0.89

disc galaxies: about 50% of spiral galaxies have a warped disc
(Reshetnikov & Combes 1998; Guijarro et al. 2010; Reshetnikov
et al. 2016). Amores et al. (2017) studied the time dependence
of the structural parameters of the outer disc, including warp,
flare, and disc truncation. They found evidence of time varia-
tion of the thin-disc scale length and of the shapes of the warp
and flare (see also Lopez-Corredoira et al. 2007). The reasons
can be searched for in the misalignment between the disc and
the dark halo surrounding the Galaxy or in the interaction with
the Magellanic Clouds. As done in Spina et al. (2022), we cor-
rected the Rgc of our sample clusters considering the effect of
the warp and its time dependence. The final effect is that older
clusters suffer a larger radial correction than the younger ones
because the disc of the Galaxy was shorter and more curved in
the past. In Fig. 13 we show the radial [Fe/H] gradients in three
age bins, with Rgc corrected for the time-dependent shape of
the warp. There is some reduction in the scatter in the region of
the change in slope of the gradient, but still some old clusters
have a remarkably low metallicity for their position at Rgc ~
10-12 kpc. Finally, the time-dependent correction for the Galac-
tic warp has rather unrealistically moved the two outermost clus-
ters of more than 20 kpc away from the Galactic centre. This is
so because the correction for warp of older clusters is based on
the model of the shape evolution of the Galaxy of Amodres et al.
(2017), which has considerable uncertainties going back in time.

6.3. Effect of radial migration (blurring)

We estimated the impact of radial migration, which, among its
various effects, can also change the stellar or cluster orbits from
circular to perturbed, with a relevant epicyclic component (blur-
ring). Stars on perturbed orbits maintain their guiding radius
and their angular momentum, but they can be found at differ-
ent Rgc along their orbits (Bird et al. 2012). Local encounters
with molecular clouds (e.g. Spitzer & Schwarzschild 1953) or
Lindblad resonance scattering between stars and spiral waves
(e.g. Sellwood & Binney 2002) can also produce a change in
the angular momentum and consequently in the stellar guiding
radius. This effect is more difficult to evaluate, and probably
affects to a lesser extent clusters that are more massive than indi-
vidual stars (cf. Gustafsson et al. 2016).

We calculated the orbits of our cluster sample using the
GALPY code, with the axisymmetric potential MWPOTENTIAL
2014 (Bovy 2015). From the cluster orbits we computed their
guiding radius, Ryeqn, defined as the average between the mini-
mum and maximum radius (see e.g. Halle et al. 2015). We used
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Fig. 12. Radial [Fe/H] gradient with all sample clusters divided into age
bins (top panel), for members with logg > 2.5 (central panel), and for
cluster members with & < 1.8 km s™! (bottom panel). Open clusters are
sized by the number of members and only clusters with three or more
members are considered. The symbols and curves are colour-coded by
cluster age as in Fig. 5.

Riean to recompute the overall [Fe/H] gradients and their time
evolution, considering the three age bins. The results are shown
in Fig. 14. The high dispersion between 10 and 12 kpc is reduced
using Rpyean Since some clusters located in that regions are likely
coming from the outer regions.

In Table 4 we report the three implementations of the [Fe/H]
gradients: with the present-time Rgc, with Riyean and with Ryarp.
We provide both the overall gradient and the gradients in the
three age bins. While the correction that takes into account the
time-variable warp tends to flatten the gradients, especially for
the sample of the oldest clusters, the gradients computed using
Ruean are slightly steeper. It is likely that the model-dependent
correction, which should reduce the effect of the warp, tends to
overestimate the changes in the radius of the outer-disc old clus-
ters, thus artificially flattening the slope. On the other hand, the
gradients computed with Rgc and Rpean are consistent within
the errors, and also have similar PCCs (see Myers et al. 2022),
indicating a secondary role of cluster migration in shaping the
gradient. In the oldest bin, the effect of using Ryean improves the
PCC of the fit, indicating, as expected, a more prominent role of
migration for the oldest clusters.
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7. Summary and conclusions

In this paper we used the final data release of the Gaia-ESO
survey to investigate the spatial distribution of the abundances
and abundance ratios and their time evolution, as traced by open
clusters (OCs). We can summarise our results in the following
points:

— Our sample of OCs traces a well-defined [Fe/H] gra-
dient, which can be approximated with a single-slope
fit [Fe/H] = —0.054(£0.004)XRgc + 0.474(x0.045), or with
a two-slope fit, separating the inner region (Rgc <
11.2 kpc) and the outer one. Considering the two
radial regions, we have an inner gradient, [Fe/H] =
—0.081(£0.008)XRgc + 0.692(£0.068), and an outer plateau
[Fe/H] = —0.044(+0.014) X Rgc + 0.376(+0.178).

— We derived radial abundance [El/H] and abundance ratio
[El/Fe] gradients for additional 24 elements. We analysed
both ratios in groups considering the average gradients of
the «, iron-peak, s-process, and r-process elements, and
for each individual element. All groups of elements and
individual elements show negative [El/H] gradients. In the
[El/Fe] versus Rgc plane, @ elements and r-process elements
present slightly increasing trends, while iron-peak elements
are almost flat. We find that s-process elements have a com-
plex behaviour related to their nucleosynthesis.

— We investigated the time evolution of the gradients,
dividing the clusters into three age bins: age <0.1 Gyr,

Table 4. Fitting coefficients of [Fe/H] = m, - R + ¢ for the total open
cluster sample, and in the three investigated age bins, with Rgc, Rwarp.
and Rpean-

m C PCC
All ages
Rae —0.054+0.004 0.474+0.045 -0.851
Rinean —-0.060+0.005 0.481+0.050 -0.831
Ryarp —0.029+0.003 0.255+0.033 —-0.815
Age (Gyr) < 1
Rge —0.038+0.004 0.312+0.042 —-0.888
Rinean —0.041+£0.004 0.309+0.035 -0.914
Ryarp —0.025+0.003 0.204+0.035 -0.858
1 <age (Gyr) <3
Rge —-0.063+0.006 0.584+0.064 —-0.923
Rinean —-0.071+£0.010 0.579+0.096 -0.847
Ryarp —-0.031+£0.004 0.292+0.053 -0.871
Age (Gyr) >3
Rge —-0.084+0.019 0.753+0.186 -0.788
Rinean —0.091+0.015 0.756+0.134 —0.872
Ryarp —-0.036+£0.011 0.316+0.121 —-0.682

1 Gyr<age<3 Gyr, and age>3 Gyr. We found that the
[Fe/H] of the youngest bin is characterised by a flatter slope,
and for Rgc < 11.2 kpc by a lower metallicity. For the
other elements, iron-peak elements have flatter gradients for
the youngest clusters, while for o element and r-process
elements the gradients are almost constant with age. The
youngest clusters are more enhanced in s-process elements
than the older ones, and have flatter gradients. We proposed
some ideas to explain this evolution trend, for example chem-
ical evolution and infall of metal-poor gas and stellar migra-
tion and selective disruptive events; finally, we considered
the possible problem of the standard spectral analysis of low-
gravity giant stars, as anticipated by Casali et al. (2020a)
and Spina et al. (2022). We found that in the analysis of
giants (log g < 2.5) we are likely to underestimate [Fe/H]. In
addition, in the youngest giants at low log g, we might also
overestimate the microturbulent velocity due to the possibly
enhanced magnetic activity.

— We evaluated the effect of the Galactic warp, considering
also its shape in the past epochs, following Amores et al.
(2017). The gradients computed with distances deprojected
in the warped disc tend to be flatter, especially for the older
clusters. We also took into account stellar migration, com-
puting the orbits of OCs. Using their Rpea, instead of Rgc,
we computed the gradients. The scatter in the critical region
around 10-12 kpc is reduced, but the overall shape of the
gradient is almost unvaried within the errors.

We conclude that the radial [Fe/H] gradient as traced by OCs
contains much important information on Galactic and stellar
physics. Dividing clusters into age bins and carefully exclud-
ing young cool low-gravity giants allows us to trace the time-
evolution of the radial metallicity gradient, which is very limited
in time indicating a slow and stationary formation and evolu-
tion of the thin disc. The older clusters (age >3 Gyr) still show
a slightly steeper gradient, with an offset towards higher [Fe/H],
likely related to preferential cluster migration from the inner to
the outer disc. Upcoming instruments dedicated to spectroscopic
surveys, such as WEAVE and 4MOST, will increase the number
of clusters with a metallicity determination, but for the moment
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the Gaia-ESO data remains unbeaten in terms of spectral range
and resolution, and consequently the number of measured chem-
ical elements.
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Appendix A: Additional material

A.1. Effect of analysis of low-gravity giants in other
spectroscopic surveys

In this section, we show the metallicity as a function of log g for
a sample of members of open clusters in common between Gaia-
ESO and GALAH DR3 and between Gaia-ESO and APOGEE
DR17. In Fig. A.1 we present the results of GALAH and in
Fig. A.2 the results of APOGEE DR17. In both figures a trend
of decreasing metallicity as gravity declines can be seen. In
Fig. A.3 we plot the results of Gaia RVS (Recio-Blanco et al.
2023) for stars in common with Gaia-ESO.
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Fig. A.1. Metallicity vs gravity of a sample of stars in clusters in
common between Gaia-ESO and GALAH DR3. The [Fe/H] and log g
vlaues from GALAH DR3 and from Gaia-ESO are shown with different
symbols, as indicated in the legend.

A.2. Individual element gradients: Abundances and
parameters of linear weighed regressions fits

In this section we provide tables with the solar and M67 abun-
dances (Table A.1), with coeflicients of the linear weighed
regressions fitting for the two radial regions (Tables A.8 and A.9)
and for the three age bins (Tables A.10 and A.11).

The average [El/H] and [El/Fe] of our cluster sample for
the « elements are listed in Table A.2, for the odd elements
in Table A.3, for the iron-peak elements in Table A.4, for the
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Fig. A.2. Metallicity vs gravity of a sample of stars in clusters in com-
mon between Gaia-ESO and APOGEE DR17. The [Fe/H] and logg
values from APOGEE DR17 and from Gaia-ESO are shown with dif-
ferent symbols, as indicated in the legend.
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Fig. A.3. Metallicity vs gravity of a sample of stars in clusters in com-
mon between Gaia-ESO and Gaia RVS (Recio-Blanco et al. 2023). The
[Fe/H] and log g values from Gaia and from Gaia-ESO are shown with
different symbols, as indicated in the legend.

s-process elements in Table A.5, and for the r-process elements
in Table A.6. In Table A.7 we show the number of member stars
whose abundances have been used in each cluster per element.



Table A.1. IDR6 solar and M67 abundances.

L. Magrini et al.: The Galactic abundance gradients

A(ED) Sun 1IDR6) Sun M67 1DR6) M67 (DR6) M67 1DR6)
Grevesse et al. (2007) (giants) (dwarfs)

O1 8.66 £0.05 8.66 £0.05 8.74 £0.06 8.72 £0.06 8.80 £0.01
Mg1 7.51 +£0.02 7.53 +£0.09 7.50 +£0.05 7.53 +£0.03 7.48 +0.05
Si1 7.44 +£0.02 7.51 £0.04 7.45 +£0.06 7.50 +£0.05 7.42 +£0.06
Cal 6.32 £0.02 6.31 =0.04 6.29 £0.06 6.25 +0.05 6.31 £0.06
Ti1 4.89 +0.02 4.90 +0.06 4.87 +0.07 4.87 +0.07 4.87 +0.07
Nal 6.18 £0.02 6.17 £0.04 6.22 +0.06 6.25 +0.06 6.20 £0.05
Al1 6.40 +0.02 6.37 +£0.06 6.43 +0.09 6.49 +0.05 6.40 +0.08
Cul 4.09 +0.02 4.21 £0.04 4.13 +0.13 4.23 +0.07 4.09 =0.12
Znl 4.59 +0.02 4.60 +0.03 4.52 +0.04 4.50 +0.03 4.53 +0.04
Sc1r 3.19 £0.02 3.17 £0.10 3.17 £0.07 3.16 £0.06 3.18 +£0.08
Vi 4.00 =0.02 4.00 +0.02 3.97 £0.08 3.95 £0.04 3.98 +£0.09
Cri 5.67 £0.02 5.64 +£0.10 5.61 +£0.06 5.58 +£0.06 5.63 +0.06
MnI1 5.40 £0.02 5.39 +0.03 5.40 £0.11 5.40 =0.07 5.40 =0.12
Co1l 4.93 +0.02 4.92 +0.08 4.90 +0.03 4,90 +0.03 4.89 +0.04
NiI 6.26 +£0.02 6.23 +£0.04 6.24 +0.04 6.25 +£0.02 6.24 +0.05
Y 2.19 £0.04 2.21 +£0.02 2.18+0.08 2.12 +£0.04 2.20 +0.08
7r1 2.62 +£0.13 2.58 +0.02 2.55+0.09 2.52 +0.08 2.61 +0.07
Ban 2.20+0.04 2.17 £0.07 2.17+0.06 2.12 +0.05 2.19 £0.05
La1x 1.13+0.02 1.13 £0.05 1.19 +0.08 1.19 £0.07 1.19 +0.09
Cell 1.70+0.02 1.70 £0.10 1.65 +£0.07 1.66 +£0.07 1.62 +0.03
Mol 2.01 £0.06 1.92 +0.08 1.92+0.09 1.92 +0.09 -

Pru 0.57+0.02 0.58 +£0.10 0.57+0.07 0.54 +0.07 0.61 +0.04
Nd 1t 1.49+0.02 1.45 £0.05 1.44 +0.07 1.41 +£0.04 1.45 +0.07
Eunr 0.52+0.02 0.52 +0.06 0.54 +0.11 0.56 +=0.08 0.53 +0.12
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Table A.2. Average [a/H] and [a/Fe] for our sample of open clusters. The age (Gyr) and Rgc (kpe) are from Cantat-Gaudin et al. (2020) and
[Fe/H] is from Randich et al. (2022).

GES_FLD [Fe/H] Age (Gyr) Rgc (kpc) [O1/H] [Mgl/H] [Si1/H] [Cal/H] [Ti1/H] [O1/Fe] [Mgi/Fe] [Sil/Fe] [Cal/Fe] [Ti1/Fe]

Blancol -0.03 0.1 8.3 -0.01 -0.03 0.01 -0.04 0.01 0.01 0.03 0.0
Br20 -0.38 4.79 16.32 -0.3 -0.29 -0.28 -0.23 0.08 0.09 0.09 0.15
Br21 -0.21 2.14 14.73 -0.17 -0.17 -0.26 -0.26 0.03 0.04 -0.05 -0.05
Br22 -0.26 2.45 14.29 -032 -0.26 -0.22 -0.15 -0.01 0.01 0.07 0.14
Br25 -0.25 2.45 13.81 -0.29  -0.26 -0.3 -0.28 0.01 0.05 0.04 0.03
Br29 -0.36 3.09 20.58 -0.32 -0.35 -0.21 -0.18 0.07 0.04 0.18 0.21
Br30 -0.13 0.3 1325 -0.12 -0.18 -0.14 -0.14  -0.32 0.05 -0.04 0.01 0.0 -0.18
Br31 -0.29 2.82 15.09  -0.07 -0.24  -0.29 -0.2 -0.2 0.23 0.04 0.02 0.09 0.08
Br32 -0.31 49 11.14 -0.24  -0.24 -0.2 -0.15 0.05 0.04 0.08 0.13
Br36 -0.15 6.76 11.73  -0.05 0.02 -0.2 -0.28 -0.24 0.21 0.18 0.02 -0.06 -0.02
Br39 -0.14 5.62 1149  -0.03 -0.08 -0.1 -0.1 -0.08 0.13 0.06 0.04 0.04 0.06
Br44 0.22 1.45 7.01 0.23 0.14 0.08 0.07 0.02 -0.07 -0.13 -0.16
Br73 -0.26 1.41 13.76 -0.24  -0.22 -0.21 -0.23 0.01 0.03 0.05 0.03
Br75 -0.34 1.7 14.67 -0.32 -0.33 -0.25 -0.32 0.03 0.02 0.09 0.03
Br8l 0.22 1.15 5.88 0.16 0.19 0.08 0.06 -0.05 -0.03 -0.13 -0.16
Coll10 -0.1 1.82 10.29 -0.08 -0.08 0.07 -0.05 0.02 0.02 0.17 0.04
Col261 -0.05 6.31 7.26 0.05 -0.02 0.01 -0.07 -0.02 0.09 0.03 0.06 -0.02 0.02
Cz24 -0.11 2.69 12.29 -0.12 -0.17 -0.09 -0.11 -0.01 -0.06 0.02 0.0
Cz30 -0.31 2.88 13.78  -0.06 -0.27 -0.33 -0.25 -0.3 0.26 0.06 0.0 0.08 0.02
ESO92 05 -0.29 4.47 12.82 -0.18 -0.24 -0.21 0.21 0.08 0.12
Haf10 -0.1 3.8 10.82 0.01 -0.13 -0.12 -0.11 -0.1 0.13 -0.01 -0.0 -0.0 0.01
M67 0.0 4.27 8.96 0.0 -0.0 -0.0 -0.0 -0.0 0.02 0.02 0.03 0.03 0.03
Melotte71 -0.15 0.98 9.87 -0.1 -0.19  -0.18 -0.05 -0.14 0.01 -0.04 -0.06 0.07 -0.01
NGC2141 -0.04 1.86 13.34 -0.2 -0.06  -0.06 -0.06 -0.07 -0.02 -0.02 0.0 0.0 -0.0
NGC2158 -0.15 1.55 12.62  -0.11 -0.12  -0.17 -0.1 -0.16 0.09 0.04 -0.0 0.06 -0.01
NGC2243 -0.45 4.37 10.58  -0.31 -0.37 -0.39 -0.31 -0.33 0.17 0.1 0.06 0.13 0.11
NGC2324 -0.18 0.54 12.08  -0.21 -0.18 -0.18 -0.14  -0.23 -0.03 -0.01 -0.0 0.04 -0.04
NGC2355 -0.13 1.0 10.11 -0.14 -0.19  -0.13 -0.06 -0.13 -0.03 -0.09 -0.05 0.05 -0.03
NGC2420 -0.15 1.74 10.68 -0.15 -0.14 -0.12 -0.06 0.02 0.03 0.06 0.11
NGC2425 -0.13 2.4 10.92 -0.15 -0.13 -0.11 -0.06 0.01 0.03 -0.0 0.08
NGC2477 0.14 1.12 885  -0.04 0.09 0.07 0.1 0.11 -0.14 -0.05 -0.07 -0.04 -0.03
NGC2506 -0.34 1.66 10.62 -0.33 -0.32 -0.2 -0.19 0.01 0.02 0.14 0.15
NGC2516 -0.04 0.24 8.32 -0.02  -0.02 -0.0 0.01 0.03 0.02 0.04 0.05
NGC2660 -0.05 0.93 8.98 -0.08 -0.14 0.0 -0.1 -0.03 -0.08 0.05 -0.03
NGC3532 -0.03 0.4 8.19 0.01 -0.01 -0.0 0.02 0.05 -0.01 -0.01 -0.0 0.03 0.06
NGC3960 0.0 0.87 7.68  -0.04 -0.07 -0.03 -0.0  -0.02 -0.04 -0.07 -0.03 -0.01 -0.02
NGC4337 0.24 1.45 7.45 0.11 0.19 0.24 0.21 0.17 -0.14 -0.07 -0.02 -0.05 -0.08
NGC4815 0.08 0.37 7.07 -0.1 0.03 0.02 00 -0.08 -0.06 0.03 0.03 -0.01 -0.08
NGC5822 0.02 0.91 7.69 -0.12  -0.06 -0.0  -0.06 -0.13 -0.07 -0.01 -0.07
NGC6005 0.22 1.26 6.51 0.05 0.19 0.19 0.1 0.04 -0.17 -0.03 -0.03 -0.12 -0.17
NGC6067 0.03 0.13 6.78  -0.05 0.21 0.09 -0.06 0.1 -0.01 0.19 0.11 -0.08 0.09
NGC6192 -0.08 0.24 6.73 -0.1 -0.03 -0.04 -0.03 -0.08 -0.04 0.06 0.05 0.05 0.0
NGC6253 0.34 3.24 6.88 0.13 0.26 0.34 0.22 0.36 -0.13 -0.08 -0.01 -0.13 0.02
NGC6259 0.18 0.27 6.18 0.1 0.3 0.16 0.11 0.18 -0.1 0.13 -0.01 -0.06 0.01
NGC6281 -0.04 0.51 7.81 -0.0 -0.06 0.23 0.03 -0.08 0.04 -0.01 0.36 0.08 -0.03
NGC6404 0.01 0.1 5.85 0.01 0.31 0.21 -0.07 0.08 0.06 0.34 0.24 0.0 0.15
NGC6583 0.22 12 6.32 0.09 0.13 0.21 0.08 0.04 -0.13 -0.09 -0.01 -0.14 -0.18
NGC6633 -0.03 0.69 8.0 0.04 0.05 0.18 0.01 0.03 0.12 0.24 0.0
NGC6705 0.03 0.31 6.46 0.09 0.21 0.11 0.03 0.04 0.06 0.18 0.07 0.0 0.01
NGC6709 -0.02 0.19 76  -0.06 -0.04  -0.08 -0.04 0.03 0.01 -0.0 -0.04 0.01 0.08
NGC6791 0.23 6.31 7.94 0.35 0.25 0.19 0.36 0.2 0.1 0.11 0.28
NGC6802 0.14 0.66 7.14 0.15 0.07 0.08 0.13 0.02 -0.0 -0.06 -0.06 -0.0 -0.11
Pismis15 0.02 0.87 8.62 0.1 -0.05 -0.04 0.06 0.02 0.06 -0.07 -0.06 0.01 -0.02
Pismis18 0.14 0.58 6.94 0.1 0.11 0.11 0.06 -0.01 -0.06 -0.04 -0.03 -0.08 -0.16
Rup134 0.27 1.66 6.09 0.14 0.3 0.3 0.17 0.18 -0.12 0.02 0.02 -0.09 -0.09
Rup147 0.12 3.02 8.05 -0.07 0.06 0.1 0.09 0.1 -0.2 -0.06 -0.02 -0.04 -0.02
Rup4 -0.13 0.85 11.68  -0.06 -0.19  -0.16 -0.08 -0.2 0.06 -0.05 -0.03 0.05 -0.06
Rup7 -0.24 0.23 13.11  -0.23 -0.25 -0.29 -0.26 -0.28 -0.04 -0.02 -0.04 -0.02 -0.04
Tom?2 -0.24 1.62 15.76 -0.29  -0.25 -0.21 -0.18 -0.06 -0.04 0.0 0.04
Trumpler20  0.13 1.86 7.18 0.06 0.1 0.05 0.01 -0.07 -0.03 -0.08 -0.12
Trumpler23 0.2 0.71 6.27 0.14 0.29 0.24 0.13 0.09 -0.07 0.08 0.03 -0.08 -0.1
Trumpler5 -0.35 4.27 1121 -0.14 -0.31 -0.35 -0.25 -0.31 0.21 0.04 -0.0 0.09 0.04
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Table A.3. Average [odd/H] and [odd/Fe] for our sample of open clusters. The age (Gyr) and Rgc (kpc) are from Cantat-Gaudin et al. (2020) and
[Fe/H] is from Randich et al. (2022).

GES_FLD [Fe/H] Age (Gyr) Rgc (kpc) [Nal/H] [Al1/H] [Cul/H] [Zn1l/H] [Nal/Fe] [Al1/Fe] [Cul/Fe] [ZnI/Fe]

Blancol -0.03 0.1 8.3 -0.09 -0.1 -0.21 -0.06 -0.06 -0.07 -0.19 -0.02
Br20 -0.38 4.79 16.32 -0.28 -0.23 -0.33 0.1 0.15 0.04
Br21 -0.21 2.14 14.73 -0.28 -0.29 -0.62 -0.13 -0.04 -0.09 -0.42 0.07
Br22 -0.26 2.45 14.29 -0.19 -0.24 -0.44 -0.08 0.11 0.03 -0.18 0.18
Br25 -0.25 2.45 13.81 -0.26 -0.3 -0.24 -0.26 0.05 0.0 -0.08 0.05
Br29 -0.36 3.09 20.58 -0.23 -0.24 -0.46 -0.28 0.16 0.17 -0.07 0.11
Br30 -0.13 0.3 13.25 -0.09 -0.24 -0.15 0.06 -0.09 -0.0
Br31 -0.29 2.82 15.09 -0.26 -0.25 -0.2 -0.21 0.05 0.04 0.08 0.08
Br32 -0.31 49 11.14 -0.22 -0.21 -0.28 -0.22 0.06 0.07 0.01 0.07
Br36 -0.15 6.76 11.73 -0.23 -0.13 -0.33 -0.16 -0.04 0.06 -0.18 0.07
Br39 -0.14 5.62 11.49 -0.13 -0.08 -0.03 -0.1 0.01 0.07 0.11 0.03
Br44 0.22 1.45 7.01 0.21 0.07 -0.06 0.26 0.0 -0.15 -0.21 0.1
Br73 -0.26 1.41 13.76 -0.19 -0.27 -0.46 -0.16 0.07 -0.01 -0.22 0.1
Br75 -0.34 1.7 14.67 -0.33 -0.34 0.03 -0.29 0.02 0.01 0.3 0.06
Br8l 0.22 1.15 5.88 0.27 0.1 0.14 0.11 0.05 -0.12 -0.09 -0.11
Coll10 -0.1 1.82 10.29 -0.04 -0.11 0.01 -0.04 0.06 -0.01 0.1 0.06
Col261 -0.05 6.31 7.26 -0.06 0.02 -0.08 -0.01 0.07 -0.0
Cz24 -0.11 2.69 12.29 -0.15 -0.16 -0.06 -0.1 -0.04 -0.05 0.07 0.01
Cz30 -0.31 2.88 13.78 -0.29 -0.32 -0.39 -0.35 0.04 0.01 -0.07 -0.02
ESO92_ 05 -0.29 4.47 12.82 -0.16 -0.37 -0.74 -0.19 0.18 0.02 -0.41 0.14
Haf10 -0.1 3.8 10.82 -0.15 -0.15 -0.03 -0.07 -0.04 -0.03 0.07 0.04
M67 0.0 4.27 8.96 0.0 0.0 0.0 0.0 0.03 0.04 0.04 0.03
Melotte71 -0.15 0.98 9.87 -0.08 -0.18 -0.34 -0.13 0.07 -0.03 -0.18 -0.01
NGC2141 -0.04 1.86 13.34 -0.04 -0.09 0.03 -0.05 -0.01 -0.04 0.07 0.0
NGC2158 -0.15 1.55 12.62 -0.15 -0.2 -0.24 -0.17 0.02 -0.03 -0.07 -0.01
NGC2243 -0.45 4.37 10.58 -0.35 -0.35 -0.36 -0.39 0.1 0.09 0.1 0.07
NGC2324 -0.18 0.54 12.08 -0.07 -0.22 -0.1 -0.14 0.11 -0.04 0.08 0.03
NGC2355 -0.13 1.0 10.11 -0.07 -0.18 -0.13 -0.11 0.03 -0.08 -0.03 -0.01
NGC2420 -0.15 1.74 10.68 -0.16 -0.13 -0.22 -0.16 -0.01 0.04 -0.06 0.0
NGC2425 -0.13 2.4 10.92 -0.14 -0.14 -0.39 -0.12 -0.03 -0.01 -0.25 0.01
NGC2477 0.14 1.12 8.85 0.11 0.03 0.06 0.16 -0.04 -0.11 -0.06 0.01
NGC2506 -0.34 1.66 10.62 -0.35 -0.42 -0.01 -0.08

NGC2516 -0.04 0.24 8.32 -0.07 -0.05 -0.13 -0.02 -0.02 0.0 -0.08 0.02
NGC2660 -0.05 0.93 8.98 -0.03 -0.15 -0.16 -0.06 0.02 -0.08 -0.11 0.01
NGC3532 -0.03 0.4 8.19 -0.03 -0.0 -0.05 -0.02 -0.02 0.0 -0.05 -0.01
NGC3960 0.0 0.87 7.68 0.04 -0.09 -0.03 0.01 0.11 -0.09 -0.03 -0.0
NGC4337 0.24 1.45 7.45 0.32 0.2 0.19 0.22 0.06 -0.05 -0.07 -0.03
NGC4815 0.08 0.37 7.07 0.14 -0.03 -0.11 -0.02 0.13 -0.02 -0.08 -0.04
NGC5822 0.02 0.91 7.69 0.04 -0.13 -0.08 -0.02 0.03 -0.13 -0.07 -0.03
NGC6005 0.22 1.26 6.51 0.24 0.08 0.06 0.19 0.02 -0.14 -0.15 -0.03
NGC6067 0.03 0.13 6.78 0.12 0.1 -0.19 -0.06 0.11 0.06 -0.12 -0.04
NGC6192 -0.08 0.24 6.73 0.07 -0.04 -0.37 -0.08 0.16 0.05 -0.25 0.0
NGC6253 0.34 3.24 6.88 0.44 0.4 0.36 0.21 0.1 0.07 0.02 -0.13
NGC6259 0.18 0.27 6.18 0.31 0.2 -0.04 0.17 0.13 0.03 -0.2 -0.01
NGC6281 -0.04 0.51 7.81 0.08 0.0 0.07 0.0 0.13 0.13 0.08 0.05
NGC6404 0.01 0.1 5.85 -0.08 0.11 -0.22 -0.02 -0.02 0.17 -0.14 0.05
NGC6583 0.22 12 6.32 0.24 0.06 0.14 0.24 0.03 -0.16 -0.09 0.02
NGC6633 -0.03 0.69 8.0 -0.09 -0.01 -0.05 -0.1 -0.02 0.02
NGC6705 0.03 0.31 6.46 0.18 0.15 -0.15 0.02 0.14 0.11 -0.17 -0.02
NGC6709 -0.02 0.19 7.6 0.43 -0.05 -0.27 -0.01 0.47 0.02 -0.2 0.03
NGC6791 0.23 6.31 7.94 0.35 0.68 0.29 -0.24 0.16 0.49 -0.07 -0.33
NGC6802 0.14 0.66 7.14 0.18 0.02 0.09 0.18 0.05 -0.12 -0.04 0.05
Pismis15 0.02 0.87 8.62 0.06 -0.07 -0.21 0.07 0.0 -0.11 -0.25 0.03
Pismis18 0.14 0.58 6.94 0.26 0.06 0.09 0.1 0.11 -0.08 -0.03 -0.05
Rup134 0.27 1.66 6.09 0.33 0.19 0.17 0.26 0.07 -0.07 -0.08 -0.01
Rup147 0.12 3.02 8.05 0.13 0.09 0.11 0.13 0.01 -0.02 -0.01 0.01
Rup4 -0.13 0.85 11.68 -0.05 -0.19 -0.19 -0.14 0.08 -0.06 -0.05 -0.01
Rup7 -0.24 0.23 13.11 -0.13 -0.2 -0.11 -0.24 0.11 0.05 0.16 0.01
Tom?2 -0.24 1.62 15.76 -0.14 -0.3 -0.41 -0.11 0.09 -0.07 -0.22 0.1
Trumpler20  0.13 1.86 7.18 0.1 -0.01 0.07 0.11 -0.03 -0.14 -0.07 -0.01
Trumpler23 0.2 0.71 6.27 0.3 0.1 0.11 0.22 0.09 -0.09 -0.1 0.0
Trumpler5 -0.35 4.27 11.21 -0.31 -0.3 -0.3 -0.27 0.03 0.04 0.04 0.08
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Table A.4. Average [iron peak/H] and [iron peak/Fe] for our sample of open clusters. The age (Gyr) and Rgc (kpc) are from Cantat-Gaudin et al.
(2020) and [Fe/H] is from Randich et al. (2022).

GES_FLD [Fe/H] Age (Gyr) Rgc (kpe) [Scu/H] [VI/H] [Cri/H] [Mni1/H] [Col/H] [Ni1/H] [Scu/Fe] [VI/Fe] [Cri/Fe] [Mn1/Fe] [Col/Fe] [NiI/Fe]

Blancol -0.03 0.1 8.3 -0.14 0.01 -0.02 -0.04 -0.16 -0.13 -0.1 0.05 0.02 -0.01 -0.12 -0.09
Br20 -0.38 4.79 16.32 -0.25 -0.31 -0.34 -0.47 -0.3 -0.35 0.12 0.06 0.04 -0.09 0.08 0.02
Br21 -0.21 2.14 14.73 -0.12 -0.26 -0.24 -0.32 -0.27 -0.28 0.09 -0.06 -0.03 -0.08 -0.06 -0.07
Br22 -0.26 2.45 14.29 -0.09  -0.22 -0.03 -0.18 -0.25 -0.31 0.19 0.05 0.21 0.1 0.02 -0.03
Br25 -0.25 2.45 13.81 -0.09  -0.32 -0.27 -0.25 -0.24 -0.45 0.18 -0.01 0.06 0.05 0.07 -0.1
Br29 -0.36 3.09 20.58 -0.18 -0.37 -0.27 -0.21 -0.23 -0.31 0.21 0.02 0.14 0.17 0.16 0.07
Br30 -0.13 0.3 13.25 -0.14  -0.22 -0.15 -0.33 -0.25 -0.29 0.0 -0.08 -0.0 -0.18 -0.1 -0.15
Br31 -0.29 2.82 15.09 -022 -0.29 -0.25 -0.31 -0.27 -0.36 0.05 0.0 0.05 -0.02 0.02 -0.04
Br32 -0.31 49 11.14 -0.14  -0.26 -0.24 -0.34 -0.23 -0.29 0.14 0.04 0.05 -0.06 0.06 -0.02
Br36 -0.15 6.76 11.73 -024  -0.24 -0.23 -0.26 -0.12 -0.31 -0.02 -0.03 -0.01 0.0 0.1 -0.05
Br39 -0.14 5.62 11.49 -0.03 -0.11 -0.11 -0.19 -0.09 -0.15 0.12 0.03 0.03 -0.05 0.05 -0.01
Br44 0.22 1.45 7.01 0.15 0.04 0.23 0.1 0.12 0.13 -0.07 -0.15 0.11 -0.12 -0.1 -0.08
Br73 -0.26 1.41 13.76 -0.17 -0.22 -0.18 -0.37 -0.28 -0.33 0.09 0.02 0.06 -0.1 -0.02 -0.07
Br75 -0.34 1.7 14.67 -022 -0.26 -0.32 -0.43 -0.31 -0.42 0.13 0.08 0.02 -0.09 0.04 -0.07
Br81 0.22 1.15 5.88 0.16 0.1 0.14 0.12 0.18 0.13 -0.06 -0.12 -0.08 -0.09 -0.04 -0.08
Coll10 -0.1 1.82 10.29 -0.03 -0.08 -0.04 -0.11 -0.1 -0.15 0.07 0.02 0.06 -0.05 -0.01 -0.06
Col261 -0.05 6.31 7.26 -0.01 -0.04 -0.05 -0.06 0.05 -0.04 0.06 0.01 0.0 -0.01 0.1 0.01
Cz24 -0.11 2.69 12.29 -0.05 -0.11 -0.1 -0.22 -0.16 -0.21 0.06 0.0 0.01 -0.11 -0.05 -0.09
Cz30 -0.31 2.88 13.78 -0.28 -0.31 -0.25 -0.41 -0.36 -0.41 0.05 0.02 0.07 -0.08 -0.04 -0.09
ES092_05 -0.29 4.47 12.82 -0.18 -0.33 -0.34 -0.23 0.14 -0.01 -0.02 0.11

Haf10 -0.1 3.8 10.82 -0.04  -0.15 -0.06 -0.2 -0.16 -0.19 0.07 -0.04 0.05 -0.09 -0.04 -0.08
M67 0.0 4.27 8.96 -0.0 0.0 -0.0 0.0 0.0 -0.0 0.04 0.02 0.02 0.03 0.02 0.02
Melotte71 -0.15 0.98 9.87 -0.16  -0.16 -0.07 -0.15 -0.23 -0.21 0.02 -0.03 0.08 -0.03 -0.1 -0.06
NGC2141 -0.04 1.86 13.34 0.01 -0.09 -0.01 -0.1 -0.07 -0.12 0.05 -0.03 0.04 -0.06 -0.03 -0.08
NGC2158 -0.15 1.55 12.62 -0.1 -0.18 -0.13 -0.24 -0.2 -0.26 0.06 -0.03 0.04 -0.08 -0.03 -0.09
NGC2243 -0.45 4.37 10.58 -0.33 -0.41 -0.35 -0.47 -0.44 -0.45 0.12 0.04 0.1 -0.02 0.03 -0.01
NGC2324 -0.18 0.54 12.08 -0.19  -0.21 -0.17 -0.26 -0.23 -0.24 -0.01 -0.03 0.01 -0.08 -0.06 -0.06
NGC2355 -0.13 1.0 10.11 -0.13 -0.13 -0.06 -0.2 -0.24 -0.22 -0.03 -0.03 0.04 -0.1 -0.13 -0.12
NGC2420 -0.15 1.74 10.68 -0.11 -0.17 -0.08 -0.2 -0.17 -0.21 0.06 -0.0 0.08 -0.04 -0.01 -0.04
NGC2425 -0.13 2.4 10.92 -0.1 -0.13 -0.07 -0.21 -0.17 -0.19 0.06 0.01 0.04 -0.08 -0.01 -0.06
NGC2477 0.14 1.12 8.85 0.11 0.14 0.15 0.08 0.06 0.06 -0.03 -0.0 0.01 -0.05 -0.08 -0.08
NGC2506 -0.34 1.66 10.62 -032  -043 -0.24 -0.35 -0.37 0.02 -0.09 0.1 -0.01 -0.03
NGC2516 -0.04 0.24 8.32 -0.13 -0.05 -0.01 0.12 -0.11 -0.1 -0.09 -0.01 0.03 0.16 -0.06 -0.07
NGC2660 -0.05 0.93 8.98 -0.11 -0.09 -0.04 -0.09 -0.18 -0.12 -0.06 -0.04 0.01 -0.04 -0.13 -0.07
NGC3532 -0.03 0.4 8.19 -0.07 -0.03 0.05 -0.0 -0.05 -0.08 -0.06 -0.03 0.06 0.01 -0.04 -0.07
NGC3960 0.0 0.87 7.68 0.01 -0.05 0.04 -0.06 -0.11 -0.08 0.0 -0.06 0.04 -0.06 -0.12 -0.09
NGC4337 0.24 1.45 7.45 0.25 0.24 0.16 0.21 0.27 0.23 0.0 -0.01 -0.09 -0.04 0.02 -0.02
NGC4815 0.08 0.37 7.07 0.04  -0.05 0.01 -0.06 -0.08 -0.1 0.03 -0.04 0.01 -0.05 -0.07 -0.12
NGC5822 0.02 0.91 7.69 0.0 -0.04 0.01 -0.1 -0.15 -0.12 -0.01 -0.05 -0.0 -0.11 -0.17 -0.13
NGC6005 0.22 1.26 6.51 0.17 0.1 0.13 0.14 0.14 0.13 -0.03 -0.11 -0.09 -0.08 -0.08 -0.09
NGC6067 0.03 0.13 6.78 -0.05 0.01 0.02 -0.02 -0.05 -0.09 -0.01 0.04 0.04 -0.03 -0.06 -0.07
NGC6192 -0.08 0.24 6.73 -0.04  -0.08 -0.05 -0.2 -0.14 -0.16 0.05 0.01 0.04 -0.11 -0.05 -0.07
NGC6253 0.34 3.24 6.88 0.42 0.33 0.3 0.38 0.37 0.39 0.07 -0.01 -0.05 0.05 0.03 0.05
NGC6259 0.18 0.27 6.18 0.2 0.18 0.16 0.12 0.24 0.13 0.03 0.01 -0.02 -0.06 0.07 -0.04
NGC6281 -0.04 0.51 7.81 0.05 -0.12 -0.18 -0.17 -0.09 -0.12 0.09 0.01 -0.05 -0.12 0.04 -0.08
NGC6404 0.01 0.1 5.85 -0.0  -0.04 0.04 -0.01 -0.06 0.04 0.05 0.03 0.11 0.02 0.06 0.07
NGC6583 0.22 12 6.32 0.2 0.04 0.08 0.1 0.13 0.11 -0.02 -0.18 -0.14 -0.12 -0.09 -0.11
NGC6633 -0.03 0.69 8.0 -0.03 0.04 0.08 0.0 -0.03 -0.02 -0.04 0.1 0.07 0.07 -0.04 -0.03
NGC6705 0.03 0.31 6.46 0.12 0.09 0.02 -0.04 0.12 0.02 0.08 0.05 -0.02 -0.07 0.08 -0.01
NGC6709 -0.02 0.19 7.6 0.15 -0.09 -0.02 0.06 -0.07 -0.14 0.19 -0.04 0.02 0.1 -0.0 -0.1
NGC6791 0.23 6.31 7.94 0.34 0.64 0.1 0.11 0.55 0.18 0.09 0.48 -0.06 0.03 0.39 0.09
NGC6802 0.14 0.66 7.14 0.12 0.08 0.13 0.04 0.03 0.02 -0.01 -0.06 -0.01 -0.1 -0.11 -0.11
Pismis15 0.02 0.87 8.62 0.07  -0.05 0.04 -0.08 -0.06 -0.09 0.02 -0.07 0.02 -0.1 -0.1 -0.11
Pismis18 0.14 0.58 6.94 0.15 0.07 0.1 0.04 0.04 0.02 0.0 -0.08 -0.05 -0.1 -0.1 -0.13
Rup134 0.27 1.66 6.09 0.26 0.23 0.2 0.21 0.28 0.23 0.0 -0.05 -0.07 -0.05 0.0 -0.03
Rup147 0.12 3.02 8.05 0.13 0.16 0.13 0.09 0.11 0.07 0.01 0.04 0.0 -0.03 -0.0 -0.05
Rup4 -0.13 0.85 11.68 -0.1 -0.19 -0.13 -0.31 -0.27 -0.25 0.03 -0.06 0.0 -0.18 -0.14 -0.12
Rup7 -0.24 0.23 13.11 -0.21 -0.28 -0.23 -0.36 -0.36 -0.38 0.03 -0.04 0.01 -0.12 -0.11 -0.14
Tom?2 -0.24 1.62 15.76 -0.1 -0.22 -0.23 -0.22 -0.25 -0.35 0.12 0.02 0.03 0.01 -0.03 -0.08
Trumpler20  0.13 1.86 7.18 0.09 0.08 0.1 0.05 0.02 0.03 -0.04 -0.04 -0.02 -0.08 -0.11 -0.1
Trumpler23 0.2 0.71 6.27 0.2 0.16 0.13 0.14 0.18 0.14 -0.0 -0.06 -0.08 -0.08 -0.03 -0.07
Trumpler5 -0.35 4.27 11.21 -0.26  -0.34 -0.32 -0.42 -0.33 -0.4 0.09 0.01 0.03 -0.07 0.02 -0.05
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Table A.S. Average [s/H] and [s/Fe] for our sample of open clusters. The age (Gyr) and Rgc (kpe) are from Cantat-Gaudin et al. (2020) and [Fe/H]
is from Randich et al. (2022).

GES_FLD [Fe/H] Age (Gyr) Rgc (kpc) [Y1/H] [Zri/H] [Ban/H] [Lan/H] [Ceni/H] [Y1/Fe] [Zri/Fe] [Bam/Fe] [Lall/Fe] [Cell/Fe]
Blancol -0.03 0.1 8.3 0.01 -0.04 0.05 0.1 -0.01 0.03 0.02 0.09 0.11 0.04
Br20 -0.38 4.79 16.32 -0.34 -0.35 -0.32 -0.35 -0.34 0.04 0.02 0.05 0.08 0.04
Br21 -0.21 2.14 14.73 -0.08 -0.22 0.05 -0.03 0.13 0.01 0.29 0.19
Br22 -0.26 2.45 14.29 -0.26 -0.33 0.04 -0.27 0.01 -0.03 0.28 0.11
Br25 -0.25 2.45 13.81 -0.22 -0.26 -0.27 -0.29 -0.3 0.08 0.04 0.06 0.07 0.03
Br29 -0.36 3.09 20.58 -0.1 -0.37 0.29 -0.01

Br30 -0.13 0.3 13.25 -0.06 -0.09 0.12 0.11 0.06 0.09 0.08 0.26 0.26 0.21
Br31 -0.29 2.82 15.09 -0.23 -0.22 -0.22 -0.19 -0.12 0.1 0.05 0.1 0.16 0.21
Br32 -0.31 4.9 11.14 -0.25 -0.19 -0.18 -0.17 -0.21 0.04 0.09 0.1 0.11 0.07
Br36 -0.15 6.76 11.73 -0.16 -0.12 -0.32 0.05 -0.14 -0.01 0.11 -0.08 0.31 0.01
Br39 -0.14 5.62 11.49 -0.14 -0.08 -0.14 -0.07 -0.06 -0.01 0.06 -0.01 0.07 0.07
Br44 0.22 1.45 7.01 0.06 0.13 -0.01 0.1 -0.06 -0.05 -0.22 -0.12
Br73 -0.26 1.41 13.76 -0.18 -0.2 -0.12 -0.14 -0.08 0.09 0.07 0.14 0.1 0.17
Br75 -0.34 1.7 14.67 -0.28 -0.38 -0.23 -0.27 -0.26 0.07 0.01 0.11 0.12 0.12
Br8l 0.22 1.15 5.88 0.22 0.21 0.13 0.28 0.31 -0.0 0.0 -0.08 0.07 0.07
Coll10 -0.1 1.82 10.29 0.07 -0.03 0.2 0.09 0.14 0.15 0.06 0.31 0.15 0.24
Col261 -0.05 6.31 7.26 -0.06 -0.04 -0.05 0.02 -0.08 -0.01 0.01 -0.0 0.05 -0.0
Cz24 -0.11 2.69 12.29 0.05 -0.02 0.04 0.14 0.07 0.16 0.08 0.15 0.24 0.18
Cz30 -0.31 2.88 13.78 -0.23 -0.2 -0.07 -0.08 0.09 0.14 0.26 0.24
ESO092_ 05 -0.29 4.47 12.82 -0.25 -0.24 0.08 0.09

Haf10 -0.1 3.8 10.82 0.01 -0.03 0.0 0.03 0.03 0.12 0.07 0.11 0.15 0.15
M67 0.0 4.27 8.96 -0.0 -0.0 -0.0 -0.0 0.0 0.02 -0.01 0.02 0.01 0.0
Melotte71 -0.15 0.98 9.87 0.01 0.02 0.1 0.03 0.05 0.16 0.14 0.22 0.18 0.18
NGC2141 -0.04 1.86 13.34 0.08 0.03 0.07 0.12 0.08 0.13 0.06 0.12 0.14 0.11
NGC2158 -0.15 1.55 12.62 -0.01 -0.0 -0.03 0.02 0.01 0.15 0.16 0.15 0.17 0.18
NGC2243 -0.45 4.37 10.58 -0.35 -0.39 -0.35 -0.4 -0.38 0.1 0.08 0.11 0.06 0.09
NGC2324 -0.18 0.54 12.08 -0.06 -0.11 0.1 -0.13 -0.02 0.12 0.07 0.28 0.05 0.16
NGC2355 -0.13 1.0 10.11 -0.01 0.03 0.12 0.04 0.07 0.1 0.14 0.23 0.14 0.17
NGC2420 -0.15 1.74 10.68 -0.06 0.0 -0.02 0.01 0.01 0.11 0.15 0.15 0.17 0.17
NGC2425 -0.13 2.4 10.92 -0.02 -0.05 -0.04 0.07 -0.01 0.08 0.05 0.1 0.17 0.13
NGC2477 0.14 1.12 8.85 0.21 0.18 0.18 0.11 0.17 0.06 0.07 0.04 0.0 0.07
NGC2506 -0.34 1.66 10.62 -0.02 0.32

NGC2516 -0.04 0.24 8.32 0.06 0.02 -0.33 0.1 0.06 -0.29

NGC2660 -0.05 0.93 8.98 0.03 0.0 0.13 0.09 0.15 0.09 0.05 0.18 0.15 0.2
NGC3532 -0.03 0.4 8.19 0.1 0.08 0.11 0.05 0.22 0.11 0.08 0.12 0.06 0.21
NGC3960 0.0 0.87 7.68 0.13 0.09 0.22 0.15 0.17 0.12 0.08 0.21 0.15 0.16
NGC4337 0.24 1.45 7.45 0.18 0.19 0.15 0.12 0.18 -0.06 -0.07 -0.11 -0.13 -0.08
NGC4815 0.08 0.37 7.07 0.02 0.07 0.26 -0.01 0.19 0.03 0.1 0.25 0.04 0.17
NGC5822 0.02 0.91 7.69 0.15 0.09 0.25 0.1 0.15 0.14 0.08 0.23 0.09 0.13
NGC6005 0.22 1.26 6.51 0.14 0.2 0.13 0.04 0.17 -0.08 -0.02 -0.09 -0.18 -0.05
NGC6067 0.03 0.13 6.78 -0.05 0.08 0.15 -0.04 0.03 -0.05 0.15 0.23 -0.01 0.06
NGC6192 -0.08 0.24 6.73 -0.0 0.01 0.18 0.1 0.1 0.08 0.1 0.27 0.2 0.18
NGC6253 0.34 3.24 6.88 0.37 0.21 0.25 0.28 0.26 0.02 -0.03 -0.09 -0.03 0.02
NGC6259 0.18 0.27 6.18 0.18 0.15 0.24 0.15 0.28 0.0 -0.03 0.06 -0.03 0.11
NGC6281 -0.04 0.51 7.81 0.64 0.04 0.25 0.12 0.14 0.77 0.08 0.29 0.13 0.18
NGC6404 0.01 0.1 5.85 0.12 -0.15 0.11 0.05 0.13 0.17 -0.12 0.17 0.04 0.12
NGC6583 0.22 12 6.32 0.15 0.11 0.23 -0.07 -0.11 0.02
NGC6633 -0.03 0.69 8.0 0.11 0.19 0.01 0.1 0.18 -0.0

NGC6705 0.03 0.31 6.46 0.12 0.08 0.18 0.12 0.18 0.09 0.04 0.14 0.08 0.16
NGC6709 -0.02 0.19 7.6 0.31 0.0 0.3 0.08 0.07 0.35 0.07 0.34 0.15 0.14
NGC6791 0.23 6.31 7.94 0.36 0.68 0.25 0.19 0.35 0.04 0.36 0.0 -0.13 0.12
NGC6802 0.14 0.66 7.14 0.29 0.19 0.24 0.11 0.22 0.16 0.05 0.1 -0.02 0.09
Pismis15 0.02 0.87 8.62 0.21 0.1 0.18 0.22 0.19 0.17 0.08 0.14 0.17 0.15
Pismis18 0.14 0.58 6.94 0.16 0.16 0.26 0.2 0.2 0.02 0.02 0.13 0.07 0.05
Rup134 0.27 1.66 6.09 0.15 0.21 0.11 0.1 0.21 -0.11 -0.07 -0.17 -0.17 -0.05
Rup147 0.12 3.02 8.05 0.13 0.09 0.04 0.01 -0.03 -0.08

Rup4 -0.13 0.85 11.68 0.02 -0.1 0.09 0.09 0.11 0.15 0.05 0.22 0.23 0.25
Rup7 -0.24 0.23 13.11 -0.04 -0.08 0.15 -0.06 -0.04 0.21 0.18 0.4 0.18 0.19
Tom?2 -0.24 1.62 15.76 -0.06 -0.07 -0.14 -0.02 -0.27 0.17 0.08 0.14 0.22 0.03
Trumpler20  0.13 1.86 7.18 0.18 0.17 0.12 0.16 0.15 0.05 0.05 -0.0 0.02 0.03
Trumpler23 0.2 0.71 6.27 0.18 0.19 0.17 0.14 0.2 -0.03 -0.02 -0.02 -0.07 -0.01
Trumpler5 -0.35 4.27 11.21 -0.24 -0.3 -0.24 -0.21 -0.24 0.11 0.05 0.1 0.14 0.11
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Table A.6. Average [r/H] and [r/Fe] for our sample of open clusters. The age (Gyr) and Rgc (kpc) are from Cantat-Gaudin et al. (2020) and [Fe/H]
is from Randich et al. (2022).

GES_FLD [Fe/H] Age (Gyr) Rgc (kpc) [Mol/H] [Prui/H] [Ndu/H] [Eul/H] [Mol/Fe] [Prii/Fe] [Ndu/Fe] [Eull/Fe]]

Blancol -0.03 0.1 8.3 -0.09 0.14 0.06 -0.06 0.18 0.07
Br20 -0.38 4.79 16.32 -0.16 -0.31 -0.15 -0.16 0.22 0.07 0.23 0.22
Br21 -0.21 2.14 14.73 -0.23 -0.12 0.14 -0.07 -0.0 0.11 0.35 0.16
Br22 -0.26 2.45 14.29 0.11 -0.24 0.02 0.05 0.41 0.14 0.28 0.29
Br25 -0.25 2.45 13.81 0.03 -0.16 0.02 -0.14 0.34 0.18 0.32 0.18
Br29 -0.36 3.09 20.58 0.03 -0.02 0.18 0.47 0.39 0.58
Br30 -0.13 0.3 13.25 -0.18 0.01 0.12 -0.0 -0.01 0.16 0.27 0.15
Br31 -0.29 2.82 15.09 -0.12 -0.15 -0.02 -0.05 0.21 0.17 0.3 0.27
Br32 -0.31 4.9 11.14 -0.14 -0.17 -0.09 -0.08 0.15 0.12 0.2 0.2
Br36 -0.15 6.76 11.73 -0.18 0.08 -0.09 0.07 0.03 0.23 0.15 0.22
Br39 -0.14 5.62 11.49 -0.09 -0.02 -0.0 0.05 0.04 0.12 0.14 0.19
Br44 0.22 1.45 7.01 0.14 0.23 0.09 0.05 -0.06 -0.01 -0.08 -0.12
Br73 -0.26 1.41 13.76 -0.04 -0.07 0.12 -0.0 0.22 0.19 0.37 0.26
Br75 -0.34 1.7 14.67 -0.3 0.01 -0.08 0.09 0.36 0.31
Br8l1 0.22 1.15 5.88 0.05 0.22 0.25 0.23 -0.17 -0.02 0.04 0.02
Coll10 -0.1 1.82 10.29 0.11 0.06 0.16 0.02 0.22 0.15 0.26 0.12
Col261 -0.05 6.31 7.26 -0.04 0.03 -0.01 0.09 0.0 0.08 0.07 0.16
Cz24 -0.11 2.69 12.29 0.06 0.03 0.22 0.06 0.2 0.14 0.33 0.18
Cz30 -0.31 2.88 13.78 -0.06 -0.07 -0.04 -0.08 0.28 0.24 0.28 0.25
ES092_05 -0.29 4.47 12.82 0.26 0.04 0.53 0.31

Haf10 -0.1 3.8 10.82 0.01 0.01 0.16 0.07 0.12 0.13 0.27 0.18
M67 0.0 4.27 8.96 0.0 -0.0 -0.0 -0.0 0.01 -0.0 0.02 0.02
Melotte71 -0.15 0.98 9.87 0.02 0.07 0.01 0.14 0.23 0.16
NGC2141 -0.04 1.86 13.34 0.04 0.05 0.13 0.03 0.11 0.09 0.2 0.07
NGC2158 -0.15 1.55 12.62 0.04 0.01 0.15 0.0 0.2 0.18 0.31 0.17
NGC2243 -0.45 4.37 10.58 -0.31 -0.38 -0.14 -0.22 0.15 0.09 0.31 0.26
NGC2324 -0.18 0.54 12.08 -0.1 -0.04 0.02 -0.06 0.08 0.14 0.2 0.12
NGC2355 -0.13 1.0 10.11 0.01 0.03 0.09 -0.01 0.14 0.13 0.2 0.09
NGC2420 -0.15 1.74 10.68 -0.06 -0.02 0.1 0.01 0.1 0.14 0.27 0.17
NGC2425 -0.13 2.4 10.92 -0.03 0.02 0.13 0.05 0.11 0.16 0.23 0.15
NGC2477 0.14 1.12 8.85 0.22 0.15 0.15 0.1 0.1 0.04 0.03 -0.0
NGC2506 -0.34 1.66 10.62

NGC2516 -0.04 0.24 8.32 0.45 0.5

NGC2660 -0.05 0.93 8.98 0.01 0.12 0.13 -0.02 0.09 0.16 0.2 0.03
NGC3532 -0.03 0.4 8.19 0.06 0.06 0.26 0.05 0.03 0.07 0.27 0.06
NGC3960 0.0 0.87 7.68 0.12 0.13 0.17 0.07 0.12 0.13 0.16 0.07
NGC4337 0.24 1.45 7.45 0.13 0.14 0.11 0.07 -0.12 -0.11 -0.14 -0.19
NGC4815 0.08 0.37 7.07 0.06 0.07 0.18 0.13 0.07 0.06 0.18 0.11
NGC5822 0.02 0.91 7.69 0.07 0.05 0.12 0.07 0.05 0.05 0.11 0.05
NGC6005 0.22 1.26 6.51 0.1 0.11 0.09 0.03 -0.11 -0.12 -0.12 -0.18
NGC6067 0.03 0.13 6.78 0.13 0.0 -0.01 -0.05 0.09 -0.01 0.02 -0.02
NGC6192 -0.08 0.24 6.73 0.07 0.01 0.07 0.03 0.13 0.09 0.16 0.11
NGC6253 0.34 3.24 6.88 0.18 0.21 0.45 0.18 -0.08 -0.05 0.11 -0.07
NGC6259 0.18 0.27 6.18 0.18 0.13 0.13 0.18 0.01 -0.03 -0.06 0.01
NGC6281 -0.04 0.51 7.81 0.07 0.08 0.14 0.11 0.12 0.12 0.19 0.16
NGC6404 0.01 0.1 5.85 0.04 0.05 -0.04 0.04 0.15 -0.02 0.03 0.03
NGC6583 0.22 1.2 6.32 -0.01 0.05 0.15 -0.23 -0.17 -0.06
NGC6633 -0.03 0.69 8.0 0.27 -0.14 0.33 -0.15
NGC6705 0.03 0.31 6.46 0.12 0.07 0.05 0.17 0.09 0.05 0.02 0.14
NGC6709 -0.02 0.19 7.6 -0.01 -0.0 0.37 0.01 0.06 0.07 0.41 0.08
NGC6791 0.23 6.31 7.94 0.68 0.27 0.19 0.37 0.61 -0.0 0.11 0.28
NGC6802 0.14 0.66 7.14 0.17 0.16 0.25 0.12 0.03 0.03 0.11 -0.01
Pismis15 0.02 0.87 8.62 0.11 0.17 0.28 0.13 0.11 0.12 0.24 0.1
Pismis18 0.14 0.58 6.94 0.12 0.14 0.16 0.16 -0.04 -0.02 0.02 0.02
Rup134 0.27 1.66 6.09 0.18 0.16 0.11 0.07 -0.09 -0.12 -0.17 -0.2
Rup147 0.12 3.02 8.05 -0.02 0.07 -0.13 -0.04
Rup4 -0.13 0.85 11.68 0.08 0.14 0.06 0.22 0.27 0.19
Rup7 -0.24 0.23 13.11 -0.07 0.09 -0.08 0.18 0.33 0.15
Tom?2 -0.24 1.62 15.76 -0.32 -0.01 0.06 0.01 -0.06 0.19 0.32 0.25
Trumpler20  0.13 1.86 7.18 0.12 0.13 0.18 0.14 -0.01 -0.0 0.06 0.01
Trumpler23 0.2 0.71 6.27 0.14 0.15 0.11 0.14 -0.07 -0.07 -0.1 -0.07
Trumpler5 -0.35 4.27 11.21 -0.14 -0.2 -0.04 -0.11 0.2 0.15 0.31 0.23
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Table A.7. Number of member stars in each cluster and for each element used in this work.

L. Magrini et al.: The Galactic abundance gradients
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Table A.8. Linear weighed regression fitting coefficients of [El/H] = m,-Rgc + c for the open clusters in the two investigated galactocentric regions
and in the whole distance range.

Rgc <11.2 kpe Rgce > 11.2 kpe global
my c PCC mi c PCC my c PCC
[Fe/H] —0.081+£0.008 0.692+ 0.068 -0.858 -0.044+0.014 0.376+0.178 —0.609 —-0.054+0.004 0.474+0.045 -0.851
[O1/H] -0.051+£0.009 0.416+0.069 —0.755 —0.051+£0.009 0.416+0.069 -0.755

[Mgi/H] -0.096+0.008 0.796+0.065 -0.900 —0.041+0.012 0.386+0.158 —0.645 —0.058+0.006 0.498+0.060 —0.780
[Sil/H] -0.088+0.011 0.725+0.089 -0.803 —0.023+0.004 0.118+0.063 —0.794 -0.039+0.004 0.325+0.045 -0.762
[Car/H] -0.059+0.008 0.514+0.058 -0.778 —0.011+0.004 -0.001+0.063 -0.521 -0.034+0.003 0.326+0.030 -0.805
[Tit/H] -0.065+£0.008 0.514+0.070 -0.787 —0.010+0.010 —0.049+0.127 -0.238 -0.045+0.005 0.358+0.047 -0.756
[Nal/H] -0.102+0.009 0.887+0.072 -0.876 —0.046+0.013 0.447+0.164 —0.654 -0.061+0.005 0.586+0.044 -0.854
[AlI/H] -0.074£0.011 0.554+0.093 -0.747 —0.045+£0.012 0.409+0.166 —0.658 —0.046+0.007 0.332+0.062 -0.675
[Cul/H] -0.059+£0.017 0.468+0.133 -0.529 —0.031+0.045 0.097+0.576 —0.200 -0.056+0.010 0.436+0.108 -0.635
[Zn1/H] -0.078+0.008 0.649+0.063 -0.850 —0.022+0.011 0.133+0.134 -0.438 —0.046+0.004 0.405+0.042 —0.814
[Sci/H] -0.080+£0.009 0.697+0.071 -0.832 —0.028+0.012 0.278+0.152 —0.491 -0.045+0.005 0.431+0.050 -0.736
[VI/H]  -0.084+0.009 0.684+0.078 -0.844 —0.024+0.005 0.127+0.072 -0.736 -0.044+0.005 0.347+0.052 -0.754
[Cri/H] -0.070£0.009 0.635+£0.070 -0.793 —0.027+0.011  0.197+0.151 —-0.491 -0.053+0.005 0.503+0.041 -0.834
[Mni/H] -0.082+£0.012 0.682+0.092 -0.748 —0.013+0.014 —0.042+0.185 -0.207 -0.061+0.007 0.520+0.056 -0.770
[Col/H] -0.085£0.012 0.720+0.101 -0.747 —0.028+0.014 0.159+0.185 -0.414 -0.059+0.006 0.521+0.059 -0.777
[Ni/H] -0.078+£0.009 0.607+0.076 -0.818 —0.041+0.009 0.286+0.121 —0.725 -0.053+0.005 0.409+0.047 -0.833
[Yu/H] -0.076+0.008 0.686+0.067 -0.841 —0.022+0.012 0.161+0.177 -0.390 -0.045+0.004 0.451+0.044 -0.807
[Zr1/H]  -0.035£0.011 0.362+0.085 -0.489 —0.060+0.019 0.692+0.256 —0.680 —0.037+0.005 0.374+0.041 -0.744
[Bam/H] -0.059+£0.012 0.617+£0.096 -0.632 —0.053+0.017 0.659+0.240 —0.595 -0.043+0.005 0.494+0.050 -0.739
[Lati/H] -0.024+0.008 0.304+0.080 -0.449 0.028+0.028 —0.308+0.348 0.302 -0.018+0.006 0.250+0.065 -0.386
[Cemr/H] -0.043+0.008 0.488+0.064 —-0.680 —0.042+0.015 0.524+0.200 -0.604 -0.037+0.004 0.449+0.037 -0.793
[MoI/H] -0.025£0.012 0.280+0.096 -0.341 —0.024+0.018 0.244+0.250 -0.363 -0.027+0.007 0.296+0.059 -0.496
[Prii/H] -0.041+£0.008 0.430+0.059 -0.675 —0.077+0.007 0.964+0.093 —0.955 -0.040+0.003 0.426+0.026 -0.905
[Nd/H] -0.012£0.009 0.222+0.067 -0.223 —0.024£0.009 0.368+0.118 —0.559 -0.015+0.003 0.241+0.029 -0.527
[Euni/H] -0.030+£0.007 0.320+0.053 -0.603 —0.037+0.012 0.488+0.154 —0.627 -0.019+0.003 0.245+0.030 -0.659

Table A.9. Linear weighed regression fitting coefficients of [El/Fe] = m;-Rgc + ¢ for the open clusters in the two investigated galactocentric
regions and in the whole distance range.

Rge <11.2 kpe Rge > 11.2 kpe global
mj c PCC my c PCC mj c PCC
[O1/Fe ] 0.048+ 0.010 —0.402+0.078 0.690 0.048+0.009 -0.401+0.067 0.729

[Mgi/Fe] 0.011+£0.006 -0.110+0.056 0.262  0.008+0.006 -0.076+0.085 0.287  0.009+0.003 -0.097+0.029  0.390
[Si1/Fe] 0.000+£0.004 -0.009+0.037 0.012  0.004+0.005 —0.054+0.070 0.199  0.002+0.002 -0.021+0.019 0.130
[Cal/Fe] 0.041+£0.004 -0.355+0.031 0.866 0.002+0.008 —0.005+0.102 0.062 0.018+0.003 —0.184+0.027 0.653
[Ti1/Fe] 0.027+£0.007 -0.253+0.055 0.559  0.024+0.008 -0.321+0.101 0.593  0.012+0.003 -0.135+0.031 0.433
[Na1/Fe] -0.012+0.004 0.136+0.038 —0.397 0.010+£0.005 -0.072+0.078 0.392  0.003+0.002  0.014+0.023  0.212
[Al1/Fe ] 0.020£0.006 -0.232+0.055 0.473 0.001£0.009 -0.045+0.124 0.039 0.012+0.004 -0.159+0.034  0.403
[Cul/Fe]  0.034+0.007 -0.328+0.056 0.670 -0.008+0.010 0.093+0.173 -0.244 0.002+0.003 -0.066+0.038  0.107
[Zn1/Fe] 0.010+£0.004 -0.073+0.034 0.373  0.002+0.010 ~ 0.050+0.136  0.048  0.012+0.002 -0.089+0.023 0.571
[Sci/Fe]  0.014+0.006 —0.090+0.051 0.336 0.017+£0.004 -0.151+0.054 0.708 0.012+0.003 -0.078+0.024  0.531
[V1/Fe] 0.014+0.004 -0.150+0.037 0.471 0.006+0.005 —0.091+0.070 0.244  0.006+0.002 —0.084+0.021 0.356
[Cr1/Fe] 0.033+0.005 -0.288+0.037 0.760  0.006+0.006 —0.053+0.079 0.244  0.018+0.003 -0.171+0.024  0.659
[Mn1/Fe]  0.006+0.005 -0.130+0.038 0.192  0.000+£0.007 -0.063+0.091 0.012  0.005+0.002 -0.122+0.021  0.252
[Col/Fe]  0.003+0.007 —0.060+0.061 0.064 0.012+0.009 -0.187+0.122 0302 0.003+0.004 -0.064+0.034 0.119
[Nir/Fe] -0.001+0.005 -0.050+0.041 -0.035 0.016+0.004 -0.288+0.056 0.651 —0.003+0.002 -0.043+0.025 -0.144
[Y1/Fe] 0.021+0.007 -0.116+£0.056 0.471 0.016+0.006 -0.118+0.087 0.526  0.012+0.003 —-0.042+0.028 0.513
[Zr1/Fe] 0.022+0.006 -0.123+0.047 0.563 —-0.021+0.006 0.339+0.086 —0.683 0.005+0.003 0.017+0.031  0.198
[Bam/Fe]  0.032+0.010 —0.186+0.090 0.447 -0.012+£0.017 0.326+0.230 -0.171 0.019+0.006 —0.079+0.056 0.41
[Lam/Fe]  0.026+0.007 —0.135+0.057 0.544 0.030+0.008 -0.243+0.109 0.779  0.021+0.004 -0.097+0.036  0.623
[Cem/Fe]  0.013+0.007 —0.001+0.062 0.284  0.004+0.014  0.127+0.187  0.072  0.014+0.003 -0.010+0.033  0.557
[Mol/Fe]  0.044+0.012 —-0.276+0.091 0.560 0.017+0.021 -0.088+0.277 0.240  0.022+0.006 -0.106+0.051  0.473
[Prii/Fe]  0.045+0.010 —0.304+0.079 0.630 0.007+£0.012  0.078+0.158  0.161  0.027+0.005 -0.167+0.044  0.642
[Ndm/Fe] 0.069+0.012 —0.474+0.100 0.663  0.031+0.011 -0.143+0.140 0.575 0.045+0.006 -0.287+0.052 0.715
[Eum/Fe]  0.047+0.010 -0.335+0.085 0.618 0.005+£0.011  0.108+0.138  0.131  0.030+0.005 -0.205+0.048  0.665
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Table A.10. Linear weighed regression fitting coefficients of [El/H] = m;-Rgc + ¢ for the open clusters in the three investigated age bins.

age (Gyr) < 1 1 <age (Gyr) <3 age (Gyr) > 3
my C PCC mq C PCC mj C PCC

[Fe/H] -0.038+0.004 0.313+0.042 -0.888 —0.063+0.006  0.584+0.064  —-0.923 -0.084+0.019 0.753+0.186 —0.788
[O/H]  -0.037£0.014 0.332+0.105 -0.597 -0.055+0.027  0.444+0.183  —0.755 -0.040+0.018 0.298+0.162 —0.653
[MgI/H] -0.069+0.013 0.539+0.093 -0.767 -0.044+0.007  0.390+0.079  —0.797 -0.082+0.020 0.713+0.208 -0.771
[Sil/H] -0.057£0.009 0.429+0.074 -0.797 -0.051+0.006  0.484+0.071 —-0.875 -0.041+£0.010 0.393+0.131 -0.754
[Car/H] -0.045£0.005 0.410+0.037 —0.885 -0.042+£0.005  0.414+0.045 -0.890 —0.017+0.008 0.090+0.101 —-0.540
[Tit/H]  -0.052+0.004 0.384+0.041 -0.934 -0.036+0.005  0.308+0.046  —0.834 —0.049+0.018 0.447+0.162 -0.624
[Nal/H] -0.053+0.008 0.522+0.059 -0.840 -0.063+0.006  0.648+0.068  —0.915 -0.093+0.023 0.849+0.229 -0.763
[AII/H] -0.048+0.010 0.297+0.083 —0.747 -0.044+0.005  0.381+0.050  —0.881 —0.123+0.024 1.160+0.245 —0.842
[Cul/H] -0.023+£0.007 0.084+0.074 -0.610 -0.043+0.008  0.397+0.088  —0.793 -0.106+0.032 0.906+0.365 -0.745
[Zn1/H] -0.046+0.006 0.392+0.051 -0.866 -0.053+0.007  0.509+0.073  —0.858 —0.043+0.015 0.353+0.159 -0.629
[Scii/H] -0.074+0.012 0.634+0.100 —0.811 -0.042+0.004  0.450+0.043  —0.898 —0.042+0.018 0.374+0.173 -0.560
[VI/H] -0.052+0.006 0.372+0.058 —0.872 -0.049+0.005  0.448+0.055 -0.905 -0.049+0.014 0.441+0.160 -0.715
[Cri/H] -0.044+0.006 0.376+0.048 —0.857 -0.050+0.004  0.509+0.039  —0.927 -0.086+0.017 0.797+0.166 -0.834
[MnI/H] -0.068+0.011 0.504+0.080 —0.800 -0.052+0.006  0.459+0.057  —0.879 -0.103+0.017 0.912+0.148 -0.867
[Col/H] -0.062+£0.009 0.424+0.073 -0.849 -0.063£0.007  0.613+0.067  —0.892 —0.079+0.020 0.728+0.195 -0.760
[Ni/H] -0.049+0.006 0.314+0.051 —0.875 -0.054+0.005  0.450+0.051 -0.930 -0.116+0.023 1.041+£0.229 -0.836
[Yu/H] -0.036+0.008 0.401+0.061 —0.713 -0.044+0.004  0.458+0.041 —-0.929 -0.040+0.019 0.317+0.205 -0.524
[Zr1/H]  -0.030+£0.009 0.311+0.070 -0.624 -0.049+0.005  0.557+0.053  —0.923 -0.053+0.020 0.430+0.188 -0.644
[Bam/H] -0.029+0.008 0.451+0.065 —0.622 -0.030+£0.005  0.342+0.055  —0.800 —0.082+0.018 0.733+0.180 -0.812
[Lam/H] -0.014+0.005 0.232+0.047 -0.549 -0.008+0.006  0.165+0.060  —0.338 -0.053+0.032 0.521+0.332 -0.486
[Cem/H] -0.034+0.005 0.422+0.041 —0.827 -0.034+0.004  0.442+0.041 —0.888 -0.047+0.020 0.435+0.203 -0.625
[Mol/H] -0.034+0.008 0.366+0.063 —0.742 -0.024+0.006  0.316+0.057  —0.662 —0.040+0.017 0.279+0.142 -0.627
[Prii/H] -0.033£0.004 0.370+0.034 -0.891 -0.025+0.003  0.317+0.030  —0.885 —0.050+0.008 0.500+0.109 -0.915
[Nd/H] -0.003+£0.007 0.169+0.054 —0.102 -0.015+£0.003  0.247+0.035  —0.725 -0.006+0.010 0.054+0.100 -0.162
[Euni/H] -0.033+0.006 0.359+0.045 -0.797 -0.013£0.004  0.179+0.040  —0.643 —0.034+0.015 0.393+0.151 -0.582

Table A.11. Linear weighed regression fitting coefficients of [El/Fe] = m;-Rgc + ¢ for the open clusters in the three investigated age bins.

age (Gyr) < 1 1 <age(Gyr)<3 age (Gyr) >3
mj c PCC my c PCC m c PCC

[O1/Fe] 0.014+0.012 -0.116+0.094 0.304  0.022+0.010  -0.272+0.068  0.777 0.093+0.018 -0.864+0.179  0.892
[Mg1/Fe] -0.014+0.011 0.091+0.091 -0.272 0.010£0.003  -0.119+0.027  0.640 0.014+0.004 -0.124+0.044  0.723
[Si/Fe] —0.009+0.006 0.055+0.051 -0.303 0.003+0.002  -0.036+0.020  0.354  0.004+0.003 -0.026+0.029 0.374
[Ca1/Fe] 0.006+0.004 -0.045+0.036 0.310  0.020+0.003  -0.230+0.032  0.787  0.026+0.007 -0.222+0.067 0.759
[Til/Fe] —0.001+0.005 -0.025+0.049 —0.055 0.021+0.003  -0.253+0.033  0.806 0.016+0.006 -0.129+0.050 0.632
[Na1/Fe]  0.001+0.005 0.053£0.047 0.051 0.002+0.003  -0.011£0.030  0.195 0.006+0.003 -0.007+0.044  0.443
[AlT/Fe] —-0.001+0.008 -0.067+0.066 —0.019 0.012+0.003  -0.189+0.032  0.657 —0.000+0.008 0.034+0.083 —0.008
[Cul/Fe]  0.026+0.017 -0.296+0.130 0.361 0.013+0.006  -0.187+0.064  0.454 —0.009+0.005 0.125+0.075 -0.488
[Zn1/Fe] 0.002+£0.005 -0.004+0.039 0.096 0.009+0.002  -0.091+£0.023  0.699 0.022+0.007 -0.173+0.076  0.685
[Sci/Fe] -0.006+0.009 0.071+0.072 —0.155 0.017+0.002  -0.149+0.025  0.834 0.011+0.002 -0.018+0.022  0.855
[VI/Fe] -0.005+0.003 0.007+0.027 -0.326 0.011+0.003  -0.149+0.032  0.639  0.003+0.003 -0.014+0.029 0.276
[Cr1/Fe] 0.006+£0.004 -0.047+0.036 0.280  0.022+0.004  -0.228+0.033  0.788  0.018+0.003 -0.152+0.032  0.837
[Mn1/Fe] -0.006+0.007 -0.055+0.053 —0.171 0.005+0.002  -0.125+£0.019  0.507 -0.013+0.005 0.103+0.051 -0.612
[Col/Fe] -0.016+0.007 0.044+0.058 —0.463 0.000£0.003  -0.032+0.032  0.001  0.005+0.007 -0.023+0.073  0.197
[Nir/Fe] -0.004+0.003 -0.061+£0.027 —0.306 -0.002+0.002 -0.056+0.022 -0.180 —0.006+0.005 0.043+0.057 —0.300
[Y1/Fe] 0.022+0.008 -0.080+0.067 0.519 0.018+0.004  —-0.128+0.044  0.718 0.017+£0.004 -0.123+0.050 0.769
[Zr1/Fe] 0.018+0.007 -0.070+0.060 0.515  0.005+0.005 0.008+0.049 0.221  0.013+0.005 -0.103+0.056 0.614
[Bam/Fe]  0.022+0.007 -0.002+£0.062 0.573 0.033+0.007  -0.253+0.078  0.696 0.017+0.008 -0.133+0.080 0.558
[Latm/Fe]  0.034+0.010 -0.155+0.067 0.663 0.037+0.006  -0.299+0.067  0.854 0.035+0.010 -0.280+0.099  0.766
[Cem/Fe]  0.008+0.002 0.086+0.027 0.608 0.024+0.005  -0.145+0.050  0.765 0.010+0.007 -0.032+0.077  0.408
[Mol/Fe]  0.037+0.023 -0.199+0.175 0.413 0.034+0.007  -0.282+0.066 ~ 0.752  0.040+0.014 -0.317+0.150 0.681
[Prii/Fe]  0.029+0.008 -0.118+0.062 0.663 0.040+0.004  -0.354+0.046  0.906 0.029+0.008 -0.209+0.088 0.771
[Ndm/Fe]  0.052+0.011 -0.275+£0.087 0.709 0.057+0.006  -0.475£0.056 0914 0.056+0.017 -0.451£0.170 0.711
[Eum/Fe]  0.016+0.007 -0.059+0.057 0.450 0.044+0.006  -0.414+0.064  0.872 0.018+0.014 -0.014+0.145 0.389
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