
A&A, 687, A239 (2024)
https://doi.org/10.1051/0004-6361/202347648
c© The Authors 2024

Astronomy
&Astrophysics

OCCASO

V. Chemical-abundance trends with Galactocentric distance and age?

J. Carbajo-Hijarrubia1,2,3 , L. Casamiquela1,2,3,4, R. Carrera5 , L. Balaguer-Núñez1,2,3, C. Jordi1,2,3 , F. Anders1,2,3,
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ABSTRACT

Context. Open clusters provide valuable information on stellar nucleosynthesis and the chemical evolution of the Galactic disk, as
their age and distances can be measured more precisely with photometry than in the case of field stars.
Aims. Our aim is to study the chemical distribution of the Galactic disk using open clusters by analyzing the existence of gradients
with Galactocentric distance, azimuth, or height from the plane and dependency with age.
Methods. We used the high-resolution spectra (R > 60 000) of 194 stars belonging to 36 open clusters to determine the atmospheric
parameters and chemical abundances with two independent methods: equivalent widths and spectral synthesis. The sample was com-
plemented with 63 clusters with high-resolution spectroscopy from literature.
Results. We measured LTE abundances for 21 elements: α (Mg, Si, Ca, and Ti), odd-Z (Na and Al), Fe-peak (Fe, Sc, V, Cr, Mn, Co,
Ni, Cu, and Zn), and neutron-capture (Sr, Y, Zr, Ba, Ce, and Nd). We also provide non-local thermodynamic equilibrium abundances
for elements when corrections are available. We find inner disk young clusters enhanced in [Mg/Fe] and [Si/Fe] compared to other
clusters of their age. For [Ba/Fe], we report an age trend flattening for older clusters (age< 2.5 Ga). The studied elements follow the
expected radial gradients as a function of their nucleosynthesis groups, which are significantly steeper for the oldest systems. For the
first time, we investigate the existence of an azimuthal gradient, finding some hints of its existence among the old clusters (age>2̇ Ga).
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1. Introduction

Various processes involved in the formation and evolution
of the Galactic disk have left their imprint on the chemo-
dynamical properties of the stars that populate it. Several
tracers have been used to unveil these processes, such as
H ii regions (e.g., Balser et al. 2011; Arellano-Córdova et al.
2020; Méndez-Delgado et al. 2022), planetary nebulae (e.g.
Maciel et al. 2007; Stanghellini & Haywood 2018), Cepheids
(e.g. Genovali et al. 2014; Luck 2018; Minniti et al. 2020;
da Silva et al. 2022), low-mass stars (e.g. Boeche et al. 2014;
Anders et al. 2017), massive stars (e.g. Daflon & Cunha 2004;
Bragança et al. 2019), and star clusters (e.g., Janes 1979;
Friel et al. 2002). Open clusters (OCs) have proved particularly

? Full Tables 1, A.1, A.2. and A.4 are available at the CDS
via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
687/A239

useful as some of their properties such as age and distance can
be more precisely determined than for other tracers. Moreover,
the OC population covers almost the full disk lifetime, allowing
us to trace the overall disk history of star formation and nucle-
osynthesis (e.g., Friel 2013).

Studies based on OCs have provided valuable informa-
tion about the chemical distribution of the disk stars, such as
a decreasing metallicity with increasing Galactocentric posi-
tion (e.g., Janes 1979; Bragaglia et al. 2008; Sestito et al. 2008;
D’Orazi et al. 2009; Jacobson et al. 2011). However, these initial
studies were hampered by the small number of systems stud-
ied homogeneously (e.g., Pancino et al. 2010; Jacobson et al.
2011). Other authors have built larger samples by compil-
ing values in the literature, but they were limited by their
heterogeneity (e.g., Carrera & Pancino 2011; Yong et al. 2012;
Donati et al. 2015; Heiter et al. 2015; Netopil et al. 2016). These
issues have been overcome in the last years by the Gaia mission
data (Gaia Collaboration 2016) and the massive ground-based
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spectroscopic surveys to complement them. Gaia Collaboration
(2023a) studied a sample of 503 OCs older than 100 Ma within a
Galactocentric radius (RGC) of ∼12 kpc based on the third Gaia
Data Release (DR3, Gaia Collaboration 2023b). Unfortunately,
Gaia only provides abundances for a few elements due to its
medium spectral resolution, R ∼ 11 500, and the small wave-
length coverage, 845–872 nm (Gaia Collaboration 2016).

High resolution, R > 20 000, ground-based spectroscopic
surveys are providing radial velocities and chemical abundances
with a better precision than Gaia. Currently, only GES (Gaia-
ESO survey, Gilmore et al. 2012), APOGEE (Apache Point
Observatory Galactic Evolution Experiment, Majewski et al.
2017), and GALAH (GALactic Archaeology with HERMES,
De Silva et al. 2015) have published data. GES and GALAH are
sampling the Southern Hemisphere, while APOGEE is observ-
ing both hemispheres using twin telescopes and instruments.
APOGEE and GALAH have not made observations specifically
designed to study open clusters, which means that the stars stud-
ied are in different evolutionary states and therefore show differ-
ent abundances due to stellar evolution. In addition, the number
of sampled stars varies greatly between OCs, with many of them
having abundances for a single star. Of the 150 OCs observed
in APOGEE (Myers et al. 2022), only 47 have abundances of at
least four stars. In the case of GALAH, from the 75 observed
systems (Spina et al. 2021) only 14 OCs have measurements of
at least four stars.

GES used two different instruments: GIRAFFE with a spec-
tral resolution similar to APOGEE and GALAH, and UVES
(Ultraviolet and Visual Echelle Spectrograph, Dekker et al.
2000) with a spectral resolution of ∼47 000 covering a wave-
length range between 480 and 680 nm. Recently, Magrini et al.
(2023, hereafter GES23) have studied a sample of 62 OCs older
than 100 Ma acquired with GES-UVES. Their work provides
abundances for 25 chemical elements, including a number of
neutron capture elements such as Y, Zr Mo or Pr. However,
GES has sampled only the southern hemisphere, while several
key OCs, such as NGC 6791, are only available for northern
observers.

Since 2013, we are systematically observing stars in OCs
in the framework of the Open Clusters Chemical Abundances
from Spanish Observatories (OCCASO) project. Its main driver
is to study the kinematic and chemical evolution of the Galactic
disk by measuring radial velocities and detailed elemental abun-
dances. For this purpose, we study at least four red clump (RC)
stars by high-resolution spectroscopy, R > 60 000, and cover-
ing a large wavelength range, 400–900 nm (Casamiquela et al.
2016, hereafter Paper I). Atmospheric parameters and Fe abun-
dances for 115 stars belonging to 18 OCs were determined by
Casamiquela et al. (2017, hereafter Paper II). Casamiquela et al.
(2019, hereafter Paper III) extended this by deriving abundances
of five Fe-peak and five α elements for the same sample. Radial
velocities for 336 stars belonging to 51 OCs have been presented
by Carrera et al. (2022, hereafter Paper IV).

The present paper is the fifth of the series directly based on
OCCASO spectra. We publish chemical abundances for 36 OCs
observed until December 2020, doubling the number of OCs
published in Paper III. We provide improved abundances for 21
chemical elements and, for the first time in the project, the odd-z
elements Na, and Al, the Fe-peak elements Mn, Cu and Zn, and
neutron capture elements Sr, Y, Zr, Ba, Ce, and Nd.

The paper is organized as follows. The target selection,
observations, and data reduction are explained in Sect. 2.
The spectroscopic determination of atmospheric parameters is
detailed in Sect. 2. The chemical abundance computation meth-

ods, solar abundance scale, and cluster abundances are explained
in Sect. 3. Trends in the Galactic disk are investigated in Sect. 4.
Finally, general conclusions are discussed in Sect. 5.

2. Observations and methodology

2.1. Observational material

OCCASO project is dedicated to accurately measuring radial
velocities and detailed elemental abundances in OCs, as tracers
of the Milky Way disk (see Paper I for details). To reach this goal,
it is essential to obtain a sample as large and homogeneous as
possible. To this end, OCCASO targets stars at the same evolu-
tionary stage, the RC, to avoid star-to-star abundance variations
caused by stellar evolution. RC stars can be easily identified even
in sparsely populated color-magnitude diagrams. They are also
brighter than main sequence (MS) stars, allowing us to observe
them at further heliocentric distances. Since they are warmer
than brighter giants, their spectra are less line crowded, which
enables a more accurate determination of atmospheric parame-
ters (effective temperature, surface gravity, and metallicity) and
chemical abundances. This requirement constrains our sample to
OCs older than 100 Ma, since stars in younger systems have not
had enough time to evolve to the RC stage.

In order to obtain representative values from the cluster’s
average abundances and radial velocities, we targeted at least
four stars per cluster, although in some cases this number can
reach up to 12 stars. We adopted this strategy because there is a
non-negligible probability of contamination from non-members,
even when using membership determined from Gaia’s proper
motions and parallaxes. Moreover, some targets can be spectro-
scopic binaries, which complicates their analysis even being real
cluster members.

OCCASO employs three high resolution spectroscopic facil-
ities housed at Spanish observatories: the FIber-fed Echelle
Spectrograph (FIES) at the Nordic Optical Telescope (NOT,
Telting et al. 2014, R ∼ 67 000, 370 < λ < 900 nm); the
High Efficiency and Resolution Mercator Echelle Spectrograph
(HERMES) at the Mercator telescope (Raskin et al. 2011, R ∼
82 000, 377 < λ < 900 nm). Both FIES and HERMES are
located at the Roque de los Muchachos Observatory in La Palma,
Spain. The third instrument is the Calar Alto Fiber-fed Echelle
spectrograph (CAFE) installed on the CAHA2.2m Telescope
(Aceituno et al. 2013, R ∼ 62 000, 400 < λ < 900 nm), sit-
uated at the Centro Astronómico Hispano-Alemán (CAHA) in
Almería, Spain.

The data reduction of the observed spectra is fully described
in Paper IV. Briefly, the bias subtraction, flat-field correc-
tion, order tracing, extraction, and wavelength calibration were
performed by the dedicated pipelines of each instrument:
HERMES DRS for HERMES (Raskin et al. 2011); FIEStool
for FIES (Telting et al. 2014); and CAFExtractor for CAFE
(Lillo-Box et al. 2020). Our own OCCASO pipeline performs
the sky and telluric line subtraction, combination of different
exposures, normalization, and merging of the echelle orders.
Additionally, we calculate the radial velocity of the stars by
cross-correlation with a template, obtaining measurements with
a precision of 10 m s−1. The improvements in the spectra com-
bination procedure, described in Paper IV, have considerably
reduced the noise of the final spectra, allowing for the detection
of weaker lines than in our previous papers.

We used the same sample described in Paper IV, where we
discarded stars considered as non-members. Additionally, we
rejected objects whose spectrum had a signal-to-noise (S/N)
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Table 1. Properties of the 36 OCCASO OCs in this work.

Cluster αICRS δICRS Age Distance X Y Z RGC [Fe/H] [Mg/Fe] N
[deg] [deg] [Ga] [pc] [pc] [pc] [pc] [pc] [dex] [dex]

Berkeley 17 80.13 30.574 7.2 3341 –3325 252 –214 11668 –0.24± 0.04 0.11± 0.28 4
FSR 0278 307.761 51.021 2.2 1708 63 1695 202 8448 0.15± 0.05 –0.06± 0.03 5
FSR 0850 86.257 24.74 0.5 2232 –2226 –136 –89 10567 –0.01± 0.02 –0.03± 0.12 3
IC 4756 279.649 5.435 1.3 506 406 299 47 7938 –0.03± 0.01 –0.08± 0.01 7
NGC 188 11.798 85.244 7.1 1698 –851 1319 646 9285 –0.03± 0.07 0.04± 0.06 4
NGC 752 29.223 37.794 1.2 483 –324 303 –191 8669 –0.02± 0.02 –0.08± 0.03 7
NGC 1817 78.139 16.696 1.1 1799 –1742 –189 –405 10084 –0.16± 0.03 –0.01± 0.02 5
NGC 1907 82.033 35.33 0.6 1618 –1605 207 8 9947 –0.05± 0.02 0.00± 0.03 4
NGC 2099 88.074 32.545 0.4 1432 –1429 58 77 9769 0.06± 0.03 –0.07± 0.01 8
NGC 2354 108.503 –25.724 1.4 1370 –713 –1158 –163 9127 –0.03± 0.04 –0.03± 0.03 6
NGC 2355 109.247 13.772 1.0 1941 –1744 –753 397 10112 –0.10± 0.04 –0.02± 0.02 6
NGC 2420 114.602 21.575 1.7 2587 –2316 –757 869 10683 –0.22± 0.03 0.02± 0.02 7
NGC 2539 122.658 –12.834 0.7 1228 –713 –971 236 9105 0.05± 0.06 –0.10± 0.03 5
NGC 2632 130.054 19.621 0.7 183 –139 –67 98 8479 0.23± 0.04 –0.09± 0.02 4
NGC 2682 132.846 11.814 4.3 889 –613 –440 470 8964 0.04± 0.04 –0.03± 0.02 8
NGC 6633 276.845 6.615 0.7 424 339 247 61 8004 –0.02± 0.03 –0.06± 0.01 4
NGC 6645 278.158 –16.918 0.5 1810 1739 490 –113 6618 0.12± 0.03 –0.04± 0.05 6
NGC 6705 282.766 –6.272 0.3 2203 1955 1009 –106 6464 0.11± 0.07 –0.03± 0.03 12
NGC 6728 284.715 –8.953 0.6 1829 1638 791 –181 6747 0.02± 0.01 –0.06± 0.03 5
NGC 6791 290.221 37.778 6.3 4231 1423 3903 800 7942 0.15± 0.14 –0.06± 0.25 6
NGC 6811 294.34 46.378 1.1 1161 212 1116 241 8203 –0.03± 0.02 –0.06± 0.02 6
NGC 6819 295.327 40.19 2.2 2765 754 2628 407 8027 0.04± 0.06 –0.05± 0.05 4
NGC 6939 307.917 60.653 1.7 1815 –182 1764 386 8703 0.03± 0.06 0.00± 0.06 5
NGC 6940 308.626 28.278 1.3 1101 376 1026 –137 8029 0.14± 0.05 –0.06± 0.03 6
NGC 6991 313.621 47.4 1.5 577 26 576 15 8333 –0.03± 0.01 –0.06± 0.01 3
NGC 6997 314.128 44.64 0.6 901 71 898 –7 8317 0.22± 0.07 –0.09± 0.01 6
NGC 7142 326.29 65.782 3.1 2406 –628 2288 396 9255 0.00± 0.04 –0.06± 0.07 4
NGC 7245 333.812 54.336 0.6 3210 –632 3145 –104 9507 –0.01± 0.03 –0.09± 0.03 5
NGC 7762 357.472 68.035 2.0 897 –408 794 91 8784 0.05± 0.07 –0.07± 0.02 5
NGC 7789 –0.666 56.726 1.5 2100 –901 1887 –196 9432 0.00± 0.07 –0.07± 0.02 4
Ruprecht 171 278.012 –16.062 2.8 1522 1458 430 –82 6895 0.14± 0.04 –0.05± 0.03 6
Skiff J1942+38.6 295.611 38.645 1.5 2378 700 2251 312 7964 0.10± 0.06 –0.05± 0.06 6
UBC 3 283.799 12.326 0.1 1704 1214 1187 141 7223 –0.01± 0.03 0.04± 0.02 4
UBC 6 344.01 51.187 0.7 1493 –387 1428 –199 8843 0.02± 0.02 –0.08± 0.03 6
UBC 59 82.239 48.043 0.5 2585 –2439 789 334 10808 0.03± 0.02 –0.02± 0.06 3
UBC 215 100.461 –5.243 0.4 1419 –1137 –842 –111 9514 0.08± 0.05 –0.10± 0.02 5

Notes. Positions and ages were computed by Cantat-Gaudin et al. (2020) from Gaia DR2 (Gaia Collaboration 2018). Examples of abundances
derived in the present work and the number of stars studied in each cluster are shown in the last columns of the printed table. The complete table
with the LTE abundances of the 21 elements plus the NLTE of those available is available at the CDS.

ratio lower than 50 pix−1 to ensure a good quality abundance
measurement. After this, our sample is formed by 194 stars
belonging to 36 OCs, which main features are summarized in
Table 1. Figure 1 shows the projection of the studied OCs onto
the Galactic plane.

2.2. Methodology

We followed a similar analysis strategy to that described in
Papers II and III. Two different methods are used to compute
the atmospheric parameters and chemical abundances: equiva-
lent widths (EW) and spectral synthesis (SS). For the sake of
homogeneity, in both cases, we use the MARCS atmosphere mod-
els (Gustafsson et al. 2008) and the sixth version of the GES line
list (Heiter et al. 2021). We refer the reader to Paper II for details.

For the spectral synthesis, we used iSpec (Blanco-Cuaresma
et al. 2014a; Blanco-Cuaresma 2019), and performed the analy-
sis by comparison between the observed spectrum and synthetic

one. The spectra were computed on the fly with the SPECTRUM
radiative transfer code (Gray & Corbally 1994). We varied the
parameters to be measured until the chi-square value of the fit is
minimized. It provides effective temperatures, Teff , surface grav-
ities, log g, microturbulence velocities, vmic, metallicities, [M/H],
and rotational velocities, vsini. We consider that the line broad-
ening is mainly due to rotation, by assuming a negligible macro-
turbulence velocity, as both broadening mechanisms are difficult
to discern in red giants. (e.g., Thygesen et al. 2012). The atmo-
spheric parameters derived with SS are presented in Table A.4.

The equivalent widths were measured by DAOSPEC, a code
that detects and fits absorption lines (Stetson & Pancino 2008).
We took advantage of the DOOp wrapper (Cantat-Gaudin et al.
2014), which allowed us to batch-process the analysis and to
determine the best DAOSPEC input parameters. The resulting
EWs were fed to GALA (Mucciarelli et al. 2013), which derives
the atmospheric parameters using the WIDTH9 radiative transfer
code (Kurucz 2005), using the classical spectroscopic method
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Fig. 1. OCs observed in OCCASO (blue circles) together with OCs
complying with similar requirements (at least four observed RC stars
and spectral resolution above 20 000) from GES DR5 (orange dia-
monds), APOGEE DR17 (green squares), and GALAH DR3 (red pen-
tagons). All combined conform the OCCASO+ sample (see Sect. 4).

based on Fe lines. We rejected the too weak and too strong lines
outside the range −5.9 ≥ log EW

λ
≥ −4.8. The atmospheric

parameters derived with EW are Teff , log g, vmic, and [M/H]
(Table A.4). Unlike the procedure carried out in Papers II and
III, we did not perform a normalization with DAOSPEC, since it
was already done during the reduction process. Once the atmo-
spheric parameters were determined by both methods, we com-
pared them and determined the chemical abundances, as detailed
in Sect. 3.

2.2.1. Line list selection

The sixth version of the GES line list is a compilation of atomic
parameters of 80 612 spectral lines (Heiter et al. 2021) covering
the whole wavelength range of our spectra. The master line list
provides two flags for each line: gf_flag, related to the reliability
of the transition probabilities of the lines; and synflag indicat-
ing whether the line is blended or not at the UVES resolution,
R ∼ 47 000. Both flags can take the values: “Y” for “yes, we rec-
ommend the use of this line”; “N” for “not recommended”; or
“U” for “undecided” (see Heiter et al. 2021, for details). How-
ever, we may be able to resolve some lines blended in UVES
spectra as OCCASO uses a higher resolution (R ≥ 67 000).
Therefore, all the lines were potentially usable regardless of their
synflag values, as already suggested by Heiter et al. (2021).

In the case of SS, which is less sensitive to line blends,
we determined the atmospheric parameters using lines that lead
to consistent abundances in a solar spectrum, as described in
Paper II. For the determination of atmospheric parameters with
EW and abundances in both methods, we selected the most suit-
able lines with the following procedure: First, we discarded all
lines with gf_flag = N since they are considered of low accuracy.
Second, we ran both methods on the whole sample, selecting

Fig. 2. Difference between the abundance calculated using a given line
and the Ti i mean abundance represented versus the wavelength of the
line. The blue circles are the reference lines, while orange triangles are
the others. The distribution of the reference lines is used as selection
criteria, keeping those lines that are in the region delimited by ±1σ
(between dotted lines). Ti is used as an illustration; the procedure is the
same for all chemical elements.

lines which are measurable in at least 50 stars. Third, we dis-
carded the lines yielding different chemical abundances because
of blends or inaccurate atomic parameters. For each element, we
calculated the difference between the abundance of each line and
the mean abundance. By doing this for all stars, we obtained
a distribution for each line, which we evaluated by calculating
their median and standard deviation. The lines that have a dis-
persion higher than 0.25 dex are discarded. In Papers II and III,
we employed a fixed value to discard lines with discrepant medi-
ans. On the contrary, in this work, we used reference lines in this
process, considering as such those marked as gf_flag = Y and
synflag = Y or U. We evaluated the distribution of their medians
and select all the lines in the ±1σ region (dashed lines in Fig. 2).
We repeated the process twice to improve the discarding of lines
with discrepant values. The EW and SS line lists are presented
in Tables A.1 and A.2, respectively.

For the elements with less than ten detected lines (Na, Mg,
Al, Zn, Sr, Y, Ba, Ce, Zr, and Nd), statistical criteria were not
enough to assess the goodness of a line. In this case, we selected
the best lines by visual inspection of our highest S/N spectra.
Additionally, the Na lines at 589.00 and 589.59 nm, labelled
“YY”, were discarded because they are contaminated by inter-
stellar medium absorption lines.

2.2.2. Impact of the initial guess values in GALA

GALA requires an initial guess of the atmospheric parameters to
start the analysis. In Papers II and III, the same initial guess val-
ues were used to analyze the entire sample, Teff = 4700 K and
log g = 2.50 dex. In the present work, we investigate the impact
of the initial guess values on the final result. To do so, we ini-
tialized the analysis with 21 different combinations of Teff and
log g in a grid covering 4100 ≤ Teff ≤ 5300 K with a step of
200 K, and 1.4 ≤ log g ≤ 3.5 dex with a step of 0.3 dex. For each
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combination of initial guess values, we compute the atmospheric
parameters of all stars.

We used three independent criteria to evaluate the good-
ness of the results. First, the merit function provided by GALA,
which estimates the quality of the global solution. It is cal-
culated considering the values of the optimization parameters
and the corresponding uncertainties (see Mucciarelli et al. 2013,
for details). Second, we evaluated the difference between the
derived atmospheric parameters and the initial guess values,
selecting the results that satisfy |Teff,guess − Teff | < 100 K and
| log gguess−log g| < 0.5 dex. This ruled out the solutions that con-
verged to values very different from the initial guesses. Finally,
we took into account the number of times that a result is obtained
for the same star starting from the different guess values. The
most repeated result may be the most reliable.

We used the combination of the three criteria to choose the
atmospheric parameters for each star. For 151 stars, 78% of
cases, the three criteria yield the same atmospheric parameters.
These are the most robust EW results, flagged as 1 in column
“GALAF” of Table A.4. For 15% of the cases, two of the crite-
ria pointed to the same atmospheric parameters, while the other
provides a different solution. In these cases, we selected the solu-
tion obtained from two of the criteria. They are flagged as 2 if
the results were derived from the first and second criteria and
flagged as 3, if it was obtained from the second and third criteria.
There are no cases with agreement from the first and third crite-
ria. Finally, in the remaining 13 stars, 7% of the sample, every
criterion provides a different solution. These cases are flagged as
4 and the adopted result is the one with the best merit function.

2.2.3. Solar abundance scale

To determine the solar abundances, we proceeded as in
Papers II and III, retrieving the HARPS, UVES, and NARVAL
solar spectra from the Gaia benchmark stars spectral library
(Blanco-Cuaresma et al. 2014b). We analyzed these spectra with
the same methodology as the OCCASO ones and with the two
methods, SS and EW. The solar abundances were calculated
using the weighted mean of the values derived for each spectrum,
with the standard deviation as uncertainty. The abundance values
were calculated with the method chosen in Sect. 3.2. The derived
values are listed in Table 2. They are consistent, within twice
the standard deviation, with the photospheric values obtained
by Grevesse et al. (2007) and Asplund et al. (2009). The only
exceptions are Na, and Ba with differences of 0.2 and 0.4 dex
respectively, being both below 3σ.

3. Results of the spectroscopic analysis

3.1. Atmospheric parameters

The effective temperatures and surface gravities, derived by each
method with their uncertainties, are listed in Table A.4 and com-
pared in Fig. 3. The Teff obtained with SS are slightly higher
by 15 ± 80 K than those derived with EW. The typical uncer-
tainties for EW and SS are 55 K and 17 K, respectively. For sur-
face gravity, we find that EW yields values 0.08 dex higher than
SS. The standard deviation of the differences is 0.2 dex, which is
larger than the average uncertainties for EW, 0.09 dex, and SS,
0.04 dex, respectively. This difference and the dispersion may be
explained by the well known difficulties in deriving log g from
spectroscopy, even from high quality and large wavelength cov-
erage spectra as in our case. These results are compatible with
the values obtained in Paper II for a smaller sample. Other stud-

Table 2. Solar abundances calculated in this work, compared with
Grevesse et al. (2007, GAS07) and Asplund et al. (2009, AGS09).

Element This work Method GAS07 AGS09
[dex] [dex] [dex]

Fe i 7.48± 0.01 EW 7.45± 0.05 7.50± 0.04
Mg i 7.50± 0.01 SS 7.53± 0.09 7.60± 0.04
Si i 7.43± 0.01 EW 7.51± 0.04 7.51± 0.03
Ca i 6.36± 0.01 SS 6.31± 0.04 6.34± 0.04
Ti i 4.91± 0.02 EW 4.90± 0.06 4.95± 0.05
Na i 6.49± 0.03 SS 6.17± 0.04 6.24± 0.04
Al i 6.55± 0.02 SS 6.37± 0.06 6.45± 0.03
Sc ii 3.18± 0.02 SS 3.17± 0.10 3.15± 0.04
V i 3.90± 0.01 SS 4.00± 0.02 3.93± 0.08
Cr i 5.59± 0.02 EW 5.64± 0.10 5.64± 0.04
Mn i 5.48± 0.02 SS 5.39± 0.03 5.43± 0.05
Co i 4.90± 0.02 SS 4.92± 0.08 4.99± 0.07
Ni i 6.27± 0.02 EW 6.23± 0.04 6.22± 0.04
Cu i 4.03± 0.03 SS 4.21± 0.04 4.19± 0.04
Zn i 4.35± 0.02 EW 4.60± 0.03 4.56± 0.05
Sr ii 3.03± 0.07 SS 2.92± 0.05 2.87± 0.07
Y ii 2.08± 0.04 SS 2.21± 0.02 2.21± 0.05
Zr ii 2.58± 0.04 SS 2.58± 0.02 2.58± 0.04
Ba ii 2.19± 0.02 SS 2.17± 0.07 2.18± 0.09
Ce ii 1.45± 0.05 SS 1.70± 0.10 1.58± 0.04
Nd ii 1.45± 0.02 SS 1.45± 0.05 1.42± 0.04

ies using different methods find similar differences among meth-
ods (e.g., Smiljanic et al. 2014).

Owing to the fact that Teff and log g values derived from both
methods are compatible within the uncertainties, we obtained the
weighted average of them, also listed in Table A.4, following
the same strategy as in Paper II. Because general metallicity and
microturbulence velocity are modelled differently in both meth-
ods, we do not attempt to combine them. The average values of
Teff and log g are used to calculate again the microturbulence and
overall metallicity in both methods independently, and addition-
ally, the rotational velocity in SS. This procedure decreases the
differences between the two methods in the chemical abundance
determination (see Paper II). The Teff and log g uncertainties of
each method were added in quadrature to calculate the uncer-
tainties of the average values.

Our sample includes several stars that have also been
observed by other spectroscopic surveys. We compared our
sample with studies that share a minimum of 10 stars,
as shown in Fig. 4 and listed in Table 3: APOGEE
DR17 (Abdurro’uf et al. 2022), GALAH DR3 (Buder et al.
2021), GES DR5 (Randich et al. 2022), Gaia DR3 GSP-Spec
(Gaia Collaboration 2023a; Jacobson et al. 2011). In all cases,
star selection was based on different flags provided by each sur-
vey, which are described in Table 3.

There is an excellent agreement with APOGEE DR17 within
the uncertainties. For GALAH DR3, we obtained slightly larger
values, although this comparison is based on only 14 stars. More-
over, the distribution in Teff shows a tail towards negative differ-
ences. The difference with Teff from GES DR5 shows a double
peaked distribution, which yields a large standard deviation of
89 K. The highest peak shows that our Teff are higher than
those provided by GES DR5. In contrast, their log g values
show a good agreement with ours. The comparison with Gaia
DR3 shows wider distributions, as expected from the larger
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Table 3. Differences of the atmospheric parameters and abundances for the stars in common with the literature, in the sense ours-others.

Parameter APOGEE DR17 N GALAH DR3 N GES DR5 N Gaia DR3 N Jacobson et al. (2011) N

T eff [K] 26.0± 52 49 93.0± 51 14 133.0± 89 35 127± 107 142 79± 56 24
log g [dex] 0.0± 0.1 49 0.2± 0.1 14 0.0± 0.1 35 0.3± 0.2 142 0.0± 0.1 24
[Fe/H] [dex] 0.0± 0.1 49 0.0± 0.1 14 0.0± 0.1 35 –0.1± 0.1 142 0.0± 0.1 24
[Mg/Fe] [dex] 0.0± 0.1 47 0.0± 0.1 14 –0.1± 0.1 33 –0.2± 0.1 24
[Si/Fe] [dex] 0.1± 0.1 49 –0.1± 0.1 14 0.0± 0.1 35 –0.1± 0.1 24
[Ca/Fe] [dex] 0.0± 0.1 49 –0.1± 0.1 14 0.0± 0.1 35 0.1± 0.1 24
[Ti/Fe] [dex] 0.1± 0.1 49 0.0± 0.1 14 0.1± 0.2 35 0.2± 0.1 24
[Na/Fe] [dex] 0.1± 0.1 47 0.0± 0.1 14 0.1± 0.1 33 0.0± 0.1 24
[Al/Fe] [dex] 0.2± 0.1 47 0.0± 0.1 14 0.0± 0.1 33 –0.2± 0.1 7
[V/Fe] [dex] 0.1± 0.2 47 –0.1± 0.1 12 0.0± 0.1 33 – 0
[Cr/Fe] [dex] 0.0± 0.1 49 0.0± 0.1 14 0.0± 0.1 35 0.0± 0.1 7
[Mn/Fe] [dex] –0.1± 0.1 47 –0.2± 0.1 14 0.0± 0.1 33 – 0
[Co/Fe] [dex] 0.0± 0.1 47 0.1± 0.1 14 0.1± 0.2 33 – 0
[Ni/Fe] [dex] 0.0± 0.1 49 0.0± 0.2 13 0.0± 0.1 35 0.1± 0.1 24
[Cu/Fe] [dex] – 0 0.0± 0.1 14 0.0± 0.2 32 – 0
[Zn/Fe] [dex] – 0 –0.1± 0.2 13 0.0± 0.1 33 – 0
[Y/Fe] [dex] – 0 –0.2± 0.2 14 0.1± 0.1 33 – 0
[Zr/Fe] [dex] – 0 –0.1± 0.1 11 –0.1± 0.3 21 –0.1± 0.1 7
[Ba/Fe] [dex] – 0 –0.3± 0.2 14 0.1± 0.1 31 – 0
[Ce/Fe] [dex] 0.1± 0.2 47 – 0 0.1± 0.2 32 – 0
[Nd/Fe] [dex] – 0 –0.2± 0.0 12 –0.1± 0.1 33 – 0

Notes. We only consider those works with more than ten stars in common. N is the number of stars in common with OCCASO per study and
parameter. Flags of surveys used to select stars for comparison: APOGEE DR17: ASPCAPFLAG = 0 or 4; GES DR5: SFLAGS,SNR,SRP,NIA;
GALAH DR3: flag_sp = 0, flag_fe_h = 0; Gaia DR3 & flags 1–7, 10 and 12 = 0, flag 8 and 9≤ 1.

Fig. 3. Differences, in the sense SS-EW, of the Teff (top) and log g (bot-
tom) as a function of the SS values. Mean difference (solid line), stan-
dard deviation (dashed lines), and 3σ levels (dotted lines), are shown
in the plot. Typical error bars, calculated as the square of the quadratic
sum of each method uncertainties, are shown in the bottom-right corner.

uncertainties of the Gaia measurements, and our values of Teff

and log g are larger. The irregular distribution obtained for the
differences in log g reflects the greater difficulty in deriving grav-

ities from spectroscopy in the small wavelength range covered
by Gaia. We performed the comparison after applying the log g
correction proposed by Recio-Blanco et al. (2023). In the case of
Jacobson et al. (2011), our Teff are slightly higher than theirs, but
log g values show a good agreement. We have also compared our
results with other high-resolution studies (R ∼ 20 000) with less
than ten stars in common. There are no clear systematics with
any of those studies.

3.2. Stellar chemical abundances

From SS, we determined abundances for 21 chemical elements:
Fe, Mg, Si, Ca, Ti, Na, Al, Sc, V, Cr, Mn, Co, Ni, Cu, Zn, Sr, Y,
Zr, Ba, Ce, and Nd. Additionally, for those elements with a sig-
nificant number of unblended lines and not significantly affected
by hyperfine or isotopic structure, we also derived abundances
from EW for Fe, Cr, Ni, Ti, Si, Ca, and Zn.

The abundances were calculated as the weighted average of
the values derived for each individual line. The abundance uncer-
tainties were computed as σ

√
n , being σ the standard deviation

and n the number of lines. We took into account the low statistic
correction factor in σ by applying the Eq. (5) of Roesslein et al.
(2007). When only one line was measured (Zn, Sr, Zr, and Ce),
we adopted the line abundance error as the elemental uncer-
tainty. The abundances computed by both methods are listed in
Table A.4.

Several stars in our sample were observed with more than
one instrumental configuration. This is used to check the con-
sistency of our results. For Fe abundances, we find mean dif-
ferences of 0.03± 0.04 dex in EW, and 0.02± 0.03 dex in SS,
in good agreement with the quoted uncertainties. The situation
is similar for other elements. Therefore, in the case of stars
observed with more than one instrumental configuration, the
final abundances were calculated as the weighted mean of the
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Fig. 4. Distribution of the differences in Teff (top), log g (bottom)
between OCCASO and APOGEE DR17 (green), GALAH DR3 (pur-
ple), GES DR5 (orange), Gaia DR3 (grey) and Jacobson et al. (2011,
JFP, blue). The histogram is smoothed. The mean of the differences and
the standard deviation are shown in the panels.

several values obtained. We found correlations with temperature
for the elements Si, Na, Al, V, Ni, Sr, Y, Zr, Ba, Ce and Nd hav-
ing slopes, in absolute values, greater than 1.5 × 10−4 dex K−1.
This is because in our stars temperature and age are correlated;
therefore, as the abundances of these elements depend on age
(see Sect. 4.2), they will also exhibit a temperature dependence.

Figure 5 shows the distributions of the [X/H] uncertain-
ties of the 21 elements measured in the stars of the sample.
The elements from Fe to Ni have mean uncertainties of about
0.05 dex, while from Cu on they have slightly higher uncertain-
ties ∼0.1 dex. This is explained by the small number of lines
measured for these elements. Sr has the most imprecise mea-
surements, with mean uncertainties of 0.15 dex.

In Fig. 6, we compare the derived abundances of the seven
elements studied with the two methods. We find good agreement
between methods except in the case of Zn for which, there is
a systematic difference of 0.22 ± 0.04 dex. The origin of the
difference is unknown. It is not due to the radiative transfer
code used in SS since we obtain similar results when we repeat
the analysis using Turbospectrum (Plez 2012). The mean differ-
ence for Fe abundance is 0.01 dex, with a standard deviation of
0.04 dex. So, we no longer find any difference in Fe abundance
found in Paper II of 0.07± 0.05 dex. This may be explained by

Fig. 5. Distribution of the stellar [X/H] uncertainties of the 21 chemical
elements derived with SS or EW methods.

the improvements in the continuum placement implemented in
Paper IV, and the improved EW analysis discussed above. The
stars that have the largest differences between their abundances
measured by the two methods are those with the lowest S/N.
When the abundance of an element is measured by both meth-
ods, we evaluate the number of used lines, the abundance inter-
nal error, and systematic differences with the literature to select
which method we rely on the most. We adopt the SS abundances
except for Fe, Si, Ti, Cr, Ni, and Zn, for which we use the EW
determinations.

Table 3 shows the differences with the literature for the stud-
ied elements. Only the works with at least ten stars in com-
mon with our sample have been included. For [Fe/H], there
is an excellent agreement with APOGEE DR17, GES DR5,
and GALAH DR3. Gaia DR3 shows a systematic difference
of −0.1 ± 0.1 dex. We perform this comparison after applying
the correction in [Fe/H] proposed by Recio-Blanco et al. (2023).
We do not find general systematic differences with the literature
for the rest of the elements. Furthermore, we have compared
our results and other high-resolution studies (R & 20 000) that
have ten or more stars in common with our sample. Our analysis
reveals no evident patterns or consistent discrepancies between
these studies and ours.

3.3. Cluster chemical abundances

We adopt the membership analysis performed in Paper IV based
on the proper motions and radial velocities. There are 32 stars
reported in the literature as spectroscopic binary members (see
Paper IV for details). We checked for the presence of double
lines in their spectra using iSpec, but we do not find signs of
secondary stars in any of them. We consider their spectra valid
for abundance analysis.

The abundance of each cluster is the weighted average of
those of its member stars. The associated error is then the stan-
dard deviation of the abundances multiplied by the low statis-
tics correction factor (see Sect. 3.2). The full cluster abundances
are listed in the full version of Table 1, available at the CDS. In
Fig. 7, we show the distribution of standard deviations for each
element. For the elements from Fe to Cu, the mean standard devi-
ation is around 0.05 dex, and it is higher for the elements from
Zn to Nd. This is a direct consequence of the higher uncertainties
measuring those elements. NGC 6791 shows the largest standard
deviations because it is the most distant cluster in the sample and
has been measured with the lowest S/N.

In Fig. 8 we compare our abundances of Fe and α elements
with other high-resolution studies (R > 20 000). In Fig. A.3 we
show the comparisons for the rest of the elements. There is a
general good agreement with the literature. The differences are at
the same level than the ones found in the star-by-star comparison

A239, page 7 of 25



Carbajo-Hijarrubia, J., et al.: A&A, 687, A239 (2024)

Fig. 6. Differences of the abundances computed by both EW and SS
methods versus SS [Fe/H] values. The mean differences and standard
deviations are shown in each panel. In the bottom-right corner of each
panel, we plot the mean uncertainty.

in Table 3. The OC that presents the most considerable difference
with the literature is NGC 6791, specially in [Fe/H], although the
values of some studies are compatible with ours considering the

Fig. 7. Distribution of the [X/H] standard deviations derived with the
SS (blue) and EW (orange) methods for the 36 OCs in our sample.

Fig. 8. Comparison of the abundances of Fe and α elements of the OCs
in our sample with the literature, in the sense this work minus literature.

errors (e.g., GES DR5). This was already noticed and reported in
Paper III.

3.4. Nonlocal thermodynamic equilibrium corrections

Some of the elements could be affected by nonlocal thermo-
dynamic equilibrium (NLTE), so we have reviewed the effect
of considering it in our sample. We calculated the correc-
tions for Fe, Mg, Si, Ca, Ti, Cr, Mn, and Co using Spectrum
Tools1 that make use of the works of Bergemann et al. (2012,
2015, 2013), Mashonkina et al. (2007), Bergemann (2011),
Bergemann & Cescutti (2010), Bergemann & Gehren (2008)
and Bergemann et al. (2010), respectively. We corrected Ba from
the results of Korotin et al. (2015) and Na based on Lind et al.
(2011).

1 https://nlte.mpia.de/index.php
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Fig. 9. LTE-NLTE comparison per OC for Mg.

When comparing the results considering local thermody-
namic equilibrium (LTE) with NLTE, we find that Fe, Mg
(Fig. 9), Si, Ca, Ti, Mn, and Ba do not show significant differ-
ences when applying NLTE corrections. Cr and Co have slightly
higher values when applying NLTE, finding LTE-NLTE dif-
ferences of –0.06± 0.02 dex and –0.03± 0.02 dex, respectively.
While Na has systematically lower values when correcting for
NLTE (Fig. 10) with differences LTE-NLTE of 0.13± 0.04 dex.
The abundance values per OC applying NLTE are published in
the full version of Table 1, available at the CDS.

4. Galactic trends

We use the mean abundances of our OCs sample in combination
with the positions and ages from Cantat-Gaudin et al. (2020),
and the orbital parameters derived in Paper IV to investigate the
abundance trends in the Galactic disk.

The OCCASO sample provides high-precision abundances
derived homogeneously, but it is limited in Galactocentric radius
to RGC < 11.7 kpc and Galactic azimuth φ < −10◦ (Fig. 1).
In order to enlarge the spatial coverage, we created OCCASO+
adding OCs from high-resolution (R > 20 000) surveys: GES
DR5 (Magrini et al. 2023), APOGEE DR17 (Myers et al. 2022),
and GALAH DR3 (Spina et al. 2021). The OCCASO and GES
samples complement each other due to their similar spectral
resolutions and wavelength coverage. Additionally, each one
observes a distinct hemisphere, resulting in different Galactic
azimuths being studied. APOGEE DR17 covers 0◦ ≤ φ ≤ 30◦
and RGC > 11 kpc not covered by OCCASO due to its limiting
magnitude.

In all cases, we selected OCs that have a minimum of four
stars studied in the RC region. For those OCs observed by
more than one survey, we prioritized the results with the high-
est resolution in the following sequence: OCCASO, GES, and
APOGEE. Owing to the small number of systems sampled by
GALAH, we only selected them if they had not been observed
by any of the others. As the other works we compare with mostly
use LTE values, we use the OCCASO LTE values in this section.
We discarded the V and Co abundances from Myers et al. (2022)
due to their large uncertainties in comparison with OCCASO.
In total, OCCASO+ contains 99 OCs: 36 from OCCASO, 40
from GES DR5, 19 from APOGEE DR17, and 4 from GALAH
DR3 (Fig. 1). This means that this sample matches 64% with
the GES23 sample, 20% with the high-quality sample from
Myers et al. (2022), and 17% with the sample of Spina et al.
(2021). We analyzed the stars of OCs in common between the
different surveys and OCCASO by calculating the differences

Fig. 10. LTE-NLTE comparison per OC for Na.

of [X/Fe] values. We did not find any dependence of the abun-
dance differences on atmospheric parameters or [Fe/H]. What
we did find are slight [X/Fe] abundances zero points between
studies (Fig. A.3). We applied the abundance offsets to the lit-
erature samples so that all abundances are on the same scale.
Special attention should be paid to the GALAH abundances, as
several of the elements are published with NLTE calculations
(Buder et al. 2021). By checking the stars in common (Table 3),
we did not find dependencies with atmospheric parameters nor
zero points higher than with other surveys. The only exception
is [Ba/Fe], for which we find differences around 0.4 dex. NLTE
cannot explain these differences (see Sect. 3.4) so the difference
between GALAH and OCCASO results must be due to other
sources. We have, therefore, used the GALAH abundances in
OCCASO+. The way in which OCCASO+ has been selected
makes it the most complete sample of OCs with precise abun-
dances. In the following subsections, we analyze different Galac-
tic disk chemical abundance trends with both OCCASO and
OCCASO+ samples.

4.1. Abundance dependence on [Fe/H]

We plot in Fig. 11 the abundance ratios [X/Fe] versus [Fe/H]
for the OCCASO (circles) and OCCASO+ (triangles) samples,
color-coded by age. To make the interpretation simpler, the dif-
ferent elements are sorted by their nucleosynthetic group.

All α elements (Mg, Si, Ca, and Ti) show a slightly decreas-
ing trend with metallicity, which is clearer for the OCCASO+
sample since it covers a larger [Fe/H] range. This trend, widely
reported in the literature, is explained by the production of α ele-
ments mainly in core collapse supernovae (CCSs) from massive
stars in short timescales in comparison with Fe, which is pro-
duced on longer timescales mostly by type Ia Supernovae (SNe
Ia). The slopes of each α element can be different because of
their different production chains (e.g., Magrini et al. 2017).

The odd-z elements (Na and Al) seem to show a mild
decreasing trend at subsolar metallicities up to [Fe/H] ∼ −0.2.
Even though there are large uncertainties involved, the Na abun-
dance seems to increase at super-solar metallicities, while Al
trend remains mostly flat. These elements are produced by mas-
sive and asymptotic giant branch (AGB) stars, but Na is also
synthesized in red giants, and mixing effects bring the Na to the
surface. The process is more important in massive giants, and
thus Na can appear enhanced in young OCs (see Sect. 4.2).

The Fe-peak elements (Sc, V, Cr, Mn, Co, Ni, Cu, and Zn)
are likely to be produced by different nucleosynthesis processes.
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Fig. 11. Abundance [X/Fe] ratios as function of [Fe/H] for OCCASO (circles) and the OCCASO+ (triangles) samples, respectively, color-coded
with the age of the OCs. The color in the name of the element indicates the nucleosynthetic group: α (orange), odd-Z (green), Fe-peak (blue), and
neutron-capture (pink).

On the one hand, Sc, V, Cr, Mn, Co, and Ni are thought to be
produced by the same processes as Fe (Kobayashi et al. 2020),
with a trend generally flat. Nevertheless, Sc and Co show mild
decreasing trends at low metallicities, similarly to Al. On the
other hand, the nucleosynthesis of the elements Cu and Zn is
under debate (Bisterzo et al. 2005; Romano & Matteucci 2007;
Prantzos et al. 2018; Kobayashi et al. 2020). The different pro-
cesses suggested relate their formation to massive stars. Cu
exhibits a larger scatter, which may be attributed to higher uncer-
tainties (computed as the abundance standard deviation), making
it difficult to extract further conclusions. However, Zn appears to

show a decreasing trend with Fe abundance, that could be com-
patible with its formation in massive stars.

Neutron capture elements (Sr, Y, Zr, Ba, Ce, and Nd) show
larger scatters than the others, mostly due to their age depen-
dence (see Sect. 4.2), and also because of their larger uncertainty.
These elements can be produced by slow (s) or fast (r) processes
of neutron capture. They are defined by whether the capture
timescale is longer or shorter than β decay, and occur at different
astrophysical sites. The s-process occurs mainly in AGB stars
(e.g., Gallino et al. 1998), while the origin of the r-process is
still under debate (e.g., Kajino et al. 2019). All neutron-capture

A239, page 10 of 25



Carbajo-Hijarrubia, J., et al.: A&A, 687, A239 (2024)

0.50

0.25

0.00

0.25

0.50 MgMg SiSi CaCa

0.50

0.25

0.00

0.25

0.50 TiTi NaNa AlAl

0.50

0.25

0.00

0.25

0.50 ScSc VV CrCr

0.50

0.25

0.00

0.25

0.50

[X
/F

e]
 [d

ex
]

MnMn CoCo NiNi

0.50

0.25

0.00

0.25

0.50 CuCu ZnZn Sr

0.50

0.25

0.00

0.25

0.50 YY ZrZr BaBa

0 2 4 6 8
0.50

0.25

0.00

0.25

0.50 CeCe

0 2 4 6 8
Age [Ga]

NdNd 0 2 4 6 8

-0.4 -0.2 0.0 0.2 0.4
[Fe/H] [dex]

Fig. 12. [X/Fe] ratios vs age, color-coded as a function of [Fe/H]. The symbols and panels are equivalent to Fig. 11. The best fits for OCCASO
(green) and OCCASO+ (black), respectively, are plotted.

elements studied in this work are produced by both processes,
with different relative contributions. They all show similar gen-
eral behavior with a dependence on age, being older OCs more
depleted. Y, Zr, Ba, and Ce show a slight increasing trend with
[Fe/H], reaching their maximum at [Fe/H]∼ 0 dex to decrease
again more abruptly at higher [Fe/H] abundances. This last
decrease is explained since as [Fe/H] increases, the ratio of neu-
trons to Fe in AGB star decreases. As a result, there is a smaller
proportion of s-process elements being produced (Gallino et al.
2006; Cristallo et al. 2009; Karakas & Lattanzio 2014). Nd is
the element which has the highest percentage production by

r-process, 38% according to Prantzos et al. (2020). It shows a
steeper and more continuous decreasing trend with [Fe/H] com-
pared to the other elements, which can be a consequence of its
higher production by r-process.

The obtained abundances patterns are generally compatible
with those previously reported in the literature for thin-disk stars
(e.g., Adibekyan et al. 2012; Delgado Mena et al. 2017, 2019;
Mikolaitis et al. 2019; Tautvaišienė et al. 2021). However, the
increase of [Mn/Fe] with [Fe/H] reported in the literature (e.g.,
Adibekyan et al. 2012; Mikolaitis et al. 2019) is not clearly seen
in our case. We also find differences in the neutron capture
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Fig. 13. Slopes of the [X/Fe]-age relations of the neutron-capture ele-
ments as a function of their s-process contribution percentages com-
puted by Prantzos et al. (2020).

maximum abundance compared to what is stated in the litera-
ture. While Delgado Mena et al. (2017) finds it at [Fe/H]∼ 0 dex
for the five elements similarly to us, Tautvaišienė et al. (2021)
finds the maximum around –0.2 dex for Ba and Ce. In general,
for one-zone Galactic chemical evolution models, the maximum
is predicted at lower Fe abundances than seen in the observations
(e.g., Bisterzo et al. 2017; Prantzos et al. 2018; Kobayashi et al.
2020).

4.2. Abundance dependence on age

We plot the dependence of the different elements with age in
Fig. 12 where OCs are color-coded by their [Fe/H] abundance.
For each element, we perform a linear fit to quantify its age
dependence. These fits were performed by the same method as
in Anders et al. (2017), using a maximum likelihood algorithm
as first guess, and computing a Markov-Chain Monte-Carlo with
the python package emcee (Foreman-Mackey et al. 2013). The
results of all fits are listed in the Table A.3. The best fits for both
OCCASO and OCCASO+ samples are overplotted in Fig. 12,
with green and black lines, respectively.

From Mg to Co, we see very small dispersions, highlight-
ing the small variability of these abundance ratios in the age
and metallicity range covered by OCs of the thin disk. Never-
theless, due to the high-precision of our abundances (which is
maximized thanks to the number of stars per cluster) we are able
to see some mild trends.

In particular, we obtain positive slopes for the α elements Si
and Mg, which has been reported in the literature using high-
precision samples of field stars (e.g., Delgado Mena et al. 2019).
Furthermore, we noticed enhanced levels of these elements in
several young inner disk OCs aged between 0.1 and 0.7 Ga.
Specifically, increased levels of Mg are observed in NGC 6067,
NGC 6259, and UBC 3 OCs, while higher Si levels are found
in NGC 6067 and NGC 6705 OCs. In the literature, the clus-
ter NGC 6705 was found to be α enhanced (Magrini et al. 2014;
Casamiquela et al. 2018), and was considered as a peculiar OC.
To our knowledge, this is the first time that NGC 6705 is reported
to belong to a group of α enhanced clusters in the inner disk.

The two odd-Z elements Na and Al exhibit different behav-
iors. Al shows an overall increasing trend consistent with the
results of Delgado Mena et al. (2019). Na is mostly flat, though
we remark a mild enhancement at young ages until ∼1.8 Ga, and
a plateau for older ages. The Na-enhancement can be explained
by the fact that the atmospheres of massive red giant stars (1.5–

Fig. 14. [Fe/H] versus Galactocentric radius for OCCASO+ sample.
The different surveys are color-coded as in Fig. 1. The grey vertical lines
represent the uncertainties of abundances, and the black line represents
our best fit.

2 M�) are polluted after the first dredge-up because of deep
mixing (Smiljanic et al. 2016; Lagarde et al. 2012). As a con-
sequence, OCs younger than ∼1.2–2.5 Ga can appear enhanced
in Na (see also Casamiquela et al. 2020).

Fe-peak elements show some variability in their trends as a
function of age, with part of them being positive in both fits, in
particular V, Co, Ni, Cu, and Zn. Mikolaitis et al. (2019) have
also found clear positive trends for Co and Ni in agreement with
us, but they find a negative trend for Cu and Mn, in contrast
with our results. On the other hand, Delgado Mena et al. (2019)
reports similar trends as ours in Cu and Zn.

Neutron capture elements are known to have high dependen-
cies with age. We find steep decreasing trends for all the ele-
ments comparable to what has been found in the literature, in
particular, Casamiquela et al. (2021) which used a sample of 47
OCs that included most of the OCCASO sample. The trends are
also in agreement with those found by Viscasillas Vázquez et al.
(2022) for GES OCs, and those reported by Spina et al. (2016)
and Delgado Mena et al. (2019) for field stars. The enhancement
of s-process elements in young stars is tentatively explained in
chemical evolution models by assuming enhanced AGB yields of
low-mass stars (e.g., D’Orazi et al. 2009; Cristallo et al. 2015).
These low-mass stars may take several Ga to deliver their chem-
ical products into the interstellar medium, leading to a delay
in the enrichment of s-process elements, and therefore, to a
strong [X/Fe]-age dependence. What is more, the age depen-
dence does not have to be monotonic. In the trend of Ba and
possibly Zr there is a hint of a flattening at ages older than
∼2.5 Ga (see Fig. 12). A similar flattening is reported for Ce by
Sales-Silva et al. (2022) from the APOGEE DR17 OC sample,
but at 4 Ga. This kind of non-monotonic trend could be caused
by a change in the enrichment rate of the interstellar medium
by AGB stars. However, we also recall that the computation
of Ba abundances can significantly be affected by activity in
young stars (Reddy & Lambert 2017; Spina et al. 2020), which
can alter the Ba trend with age.

Each element has a different trend according to the ratio at
which it is formed by s- and r-processes, as shown in Fig. 13.
The slopes get steeper with increasing contribution of s-process.
This dependence has also been found for solar twins (Spina et al.
2016) and field stars (Delgado Mena et al. 2019). It can be
explained by the different production timescales of the two pro-
cesses. Unlike the s-process, r-process is expected to occur on
short timescales, shorter than those of Fe production. Therefore,
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Table 4. Comparison of [Fe/H] radial gradient with the literature in the region inside and outside the knee radius and globally, indicating in each
case the number of OCs studied and the knee position.

Reference Inside the knee radius N Outside the knee radius N Global N Knee
[dex kpc−1] [dex kpc−1] [dex kpc−1] [kpc]

This work OCCASO –0.059± 0.017 36 – – – – –
This work OCCASO+ –0.069± 0.008 71 –0.025± 0.011 28 –0.062± 0.007 99 11.3± 0.8
Paper III –0.056± 0.011 18 – – – – –
Carrera et al. (2019) –0.077± 0.007 – –0.018± 0.009 – –0.077± 0.007 90 11
Donor et al. (2020) –0.068± 0.004 68 –0.009± 0.011 3 – 71 13.9
Zhang et al. (2021) –0.066± 0.005 157 –0.032± 0.007 4 – 161 14
Myers et al. (2022) –0.073± 0.002 51 –0.032± 0.002 34 –0.055± 0.001 85 11.5
GES23 –0.081± 0.008 42 –0.044± 0.014 20 –0.054± 0.004 62 11.2
Spina et al. (2022) –0.064± 0.007 – –0.019± 0.008 – – – 12.1± 1.1
Netopil et al. (2022) –0.063± 0.004 116 – – –0.058± 0.005 136 12
Gaia Collaboration (2023a) –0.054± 0.008 503 – – – – –

the more an element is produced per s-process, the steeper its
[X/Fe]-age dependence would be. Several authors calculate the
s-process contribution (e.g., Bisterzo et al. 2014; Prantzos et al.
2020), giving diferent values. The element for which their results
differ the most is Sr, being 68.9% at Bisterzo et al. (2014) and
91.2% at Prantzos et al. (2020). Our results agree better with the
value of Prantzos et al. (2020).

4.3. Radial trends

In this section, we study the dependencies on the RGC of [Fe/H]
and abundance ratio to Fe of the rest of the elements. The
radial distribution of [Fe/H] is one of the most widely used trac-
ers in Galactic archaeological studies. The general consensus
is that there is a steeper decreasing gradient in the inner disk
and a plateau in the outer regions, the so-called knee shape. In
this section, we investigate the radial trends on [Fe/H] vs RGC
obtained with the OCCASO and OCCASO+ sample. We use
the fitting procedure described in Sect. 4.2, but in the case of
OCCASO+ we model the fit with two lines, adjusting at the same
time the knee position (see Fig. 14). The OCCASO sample con-
tains only OCs inside the knee.

Table 4 contains the slopes obtained with both samples com-
pared to recent literature studies. The knee position derived with
OCCASO+ is 11.3± 0.8 kpc which confirms the position found
in the latest studies in te literature. The results obtained for both
OCCASO and OCCASO+ samples inside the knee are com-
patible with previous determinations in the literature. Outside
the knee, we recover a flatter trend for OCCASO+ in com-
parison with GES23, and more similar to Spina et al. (2022),
Myers et al. (2022) and Carrera et al. (2019). We remark that this
result is independent of the inclusion of Berkeley 29, the furthest
cluster in the sample.

In Fig. 15, we show the dependence of the different stud-
ied elements [X/Fe] with RGC for the OCCASO (circles) and
OCCASO+ (triangles) samples and their corresponding linear
fits (green and black). The OCCASO+ sample has been fitted
with two lines as in the case of the [Fe/H] trends. We have lim-
ited the sample to 16 kpc, since at larger distances we only have
one cluster in the sample, and therefore this region is not sam-
pled correctly. The code used allows us to determine if a knee
shape is found or not. For more than half of the elements, there
is no knee shape, and we fit the whole sample with a single line.
We find a knee shape for the elements Ti, Na, Cr, Y, Zr, Ba, Ce,
and Nd. The results of the analysis are listed in Table A.6.

The α elements show mild positive gradients, more evident
for Ca Mg, and Ti. This is in agreement with the models of the
inside-out formation of the Galactic disk. The differences among
the elements, as already mentioned, are due to their different
detailed production processes.

The odd-z elements show different behaviors. Al has a flat
relation whereas Na shows a decrease up to 10 kpc showing a
positive trend from there off. As already discussed, the enrich-
ment of the Na atmospheric abundances along the red giant
phase makes difficult to reach further conclusions.

Analogous to the discussion in Sect. 4.1, we expected Fe-
peak elements produced by the same processes as Fe to have flat
radial gradients. We have observed this for V, Mn, Co, and Ni
inside the knee. However, Cr shows a positive gradient inside the
knee, which seems to decrease again outside it. On the contrary,
we note that Sc shows a flat trend in the OCCASO sample and a
positive trend in the OCCASO+ sample. Additionally, elements
mainly produced in massive stars should exhibit positive radial
trends, as some α elements do. It could also be the case for Zn,
showing a positive trend in the whole studied range.

In the case of the neutron-capture elements, we see again
larger dispersions at a given RGC due to their age dependence and
larger uncertainties. They tend to show positive gradients, pos-
sibly due to the dependence of s-process production with metal-
licity. However, there are significant differences among them in
agreement with the fact that each element is produced in differ-
ent proportions by r- and s-processes (as discussed in Sect. 4.2).
We find flatter trends for Sr, Y, Zr, and Ce, and steeper trends for
Ba and Nd. In general, the trends are flatter outside the knee for
all the elements. That is due to the dependence of s-process on
[Fe/H] previously discussed. In the case of Sr we do not know if
it happens, as we have no observations outside the knee.

In order to compare our results with the latest studies, we
analyzed the samples published by GES23, Myers et al. (2022),
Spina et al. (2021), and OCCASO+ restricting the analysis to the
same RGC range that in OCCASO sample. The comparison is
shown in Fig. 16. Overall, we find good agreement between the
different samples taking into account the uncertainties, although
there are a few exceptions. We highlight that we find large differ-
ences between Spina et al. (2021) and our sample in Ca and Na,
and between Myers et al. (2022) and our sample in Na, Co, and
Ce. The different slope of Co may be due to the dispersion and
high uncertainties of the APOGEE abundances in this element.
We also find remarkable differences of Ca, Al, Cu, V, and Zn gra-
dients for GES23 compared with the other samples. For some of
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Fig. 15. Abundance [X/Fe] ratios as function of RGC for the OCCASO (circles) and OCCASO+ (triangles) samples color-coded with age of the
OCs. Fitted lines for both samples are shown in green and black, respectively.

these elements (Ca, Ti, Al, and V) the difference in the gradi-
ent is due to the fact that in the inner disk (RGC ≤ 8 kpc) some
OCs in GES23 tend to have lower abundances compared to other
surveys (see Fig. A.2). Some of these OCs in GES23 are in com-
mon with Myers et al. (2022) (Trumpler 20 and Ruprecht 134),
which does not confirm their low abundances. Indeed, GES23
abundances of those OCs are ∼0.07 dex lower than Myers et al.
(2022) values. Given the way in which the OCCASO+ sample
is constructed, we believe that its results are the most robust and
reliable.

4.4. Temporal evolution of Galactocentric radial gradients

In order to investigate the change of the [Fe/H] radial gradient
with time, we consider OCs with RGC < 16 kpc for the reasons
given above, and we divide the samples used in Sect. 4.3 into four
age bins: 0.1–1, 1–2, 2–3, >3 Ga, respectively. We maintain the
same analysis methodology, providing the slopes of the two fitted
lines and the knee position for each age bin (listed in Table 5). The
OCCASO+ sample shows the absence of knee in the youngest bin,
and its presence in older clusters (see Fig. A.1). By studying the
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Fig. 16. Comparison of [X/Fe] radial gradients with the literature.

slope inside the knee, the OCCASO+ sample shows a steepening
of the trend with age that seems to be non-linear (Fig. 17), since the
second age bin has a steeper gradient than expected considering
the other age bins. We have tested that this non-linear dependence
still appears when we change the way we partition the clusters
into age bins. The slope outside the knee remains constant, taking
into account errors. By re-analyzing the other samples, we obtain
values compatible with OCCASO+, which is a confirmation of the
dependence we find. This is an effect that does not appear in field
stars, as has been found in the studies such as Casagrande et al.
(2011), Anders et al. (2017, 2023). They show a steepening of the
gradient between 1 and 2 Ga to become progressively flatter at
older ages, contrary to OCs. The flattening of the gradient is an
expected effect of radial migration.

There are two hypotheses that attempt to explain the change
in the gradient with age in OCs: Anders et al. (2017) proposed
that the change of trend is produced by the radial migration
process coupled with a selective bias that the Galaxy exerts
on OCs. Only outward migrating clusters survive because the
Galactic potential becomes less destructive as the distance from
the centre increases. Inward migrating clusters are quickly dis-
rupted. Otherwise, GES23 show in their Fig. 5 that young clus-
ters (<1 Ga) in the inner disk have lower Fe abundances than
older OCs, and propose that a considerable infall of gas with
low metallicity has produced the last episode of star formation.
In the OCCASO sample, we do not clearly see this age separa-
tion. In fact, there are two young OCs in the inner disk that are
metal-rich: NGC 2632 and NGC 6997 in contradiction with this
hypothesis (Fig. A.1). This should be studied further, with larger
samples in the inner disk.

Another issue for which there is still no satisfactory expla-
nation is the presence of the plateau in the radial gradient. This
feature is seen in OCs, and recently in cepheids (da Silva et al.
2023). Similar hypotheses to the ones above have been suggested
to explain it: Magrini et al. (2009) suggested that merger events
or infall from the halo, affecting large radii and providing pre-
enriched material, could explain the plateau. Another possible
explanation is that the plateau is produced by radial migration of
OCs towards the outer disk. We do not know the event or mecha-
nism that could have produced it, though. The OCCASO+ sam-
ple shows no plateau in the youngest age bin (<1 Ga), with OCs
extended up to 14 kpc. We have ruled out that we have a radial
bias in the sample, as in the Cantat-Gaudin et al. (2020) catalog
this is the maximum distance at which clusters appear in this age
range. As the knee formation event does not affect young clus-

ters, it must be a process that occurred more than 1 Ga ago. The
presence of OCs older than 1 Ga at more than 14 kpc, together
with the appearance of the knee from this epoch, supports this
hypothesis. The recent cepheid study by da Silva et al. (2023)
shows signs of flattening in the outer disk. Given the youth of
these stars, the presence of cepheids forming a plateau cannot
be explained by radial migration processes. Further research is
needed on both tracers in the outer disk.

Figure 18 shows the change of δ[X/Fe]/δRGC as a function
of age of the OCCASO+ sample. Filled symbols represent the
slopes colored by the age range, and blue lines represent the gra-
dient for all the OCs independently of age. In cases where we
did not find a knee in the global analysis, we analyzed each age
bin using clusters up to 16 kpc. Otherwise, in the cases where
we found a knee, we evaluated the slope of the first line of the
fit (m1 in Table 5). We recall that when separating the samples
by age, the amount of OCs per bin is small, and therefore the
differences might be dominated by small number statistics. In
most of the cases, the values in each bin are around the global
one, without a clear correlation with age. Therefore, for almost
all elements, if there is gradient age dependence, it should be
lower than our uncertainties. If we take as a reference the bin
with the highest error, we can establish that the upper limit on
the trend change is ∼0.01 dex kpc−1. This value is of the order
of 6 times lower than the gradient change we find for [Fe/H]
indicating the absence of change with age of δ[X/Fe]/δRGC. Or,
in other words, δ[X/H]/δRGC changes with age essentially as
δ[Fe/H]/δRGC. However, there are hints of trend change for some
elements. [Mg/Fe] seems to show an increase in the gradient
with age, while [Ti/Fe] and [Ni/Fe] appear to decrease. More
OCs and a better distribution among the different age bins are
needed to address this topic in more detail.

4.5. Azimuthal gradient

One interesting feature of the metallicity distribution of the
OCs population as a function of Galactocentric radius is the
large dispersion (>0.3 dex) observed at any position (Figs. 14
and 15). This dispersion cannot be explained by individual
uncertainties and is usually attributed to the radial migra-
tion. During their lifetimes, stars, and OCs, can move from
their birth Galactocentric radius due to the dynamical influ-
ence of non-axisymmetric structures in the Galaxy such as
spiral arms (e.g., Sellwood & Binney 2002), the bar (e.g.,
Minchev & Famaey 2010) or minor satellites (e.g., Quillen et al.
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Table 5. Change with age of the [Fe/H] radial gradients studied through MCMC at Sect. 4.3.

Sample Age bin b1 m1 m2 Knee N Spearman
[Ga] [dex] [dex kpc−1] [dex kpc−1] [kpc]

OCCASO 0.1–1 0.365± 0.211 –0.032± 0.022 15 –0.30
OCCASO 1–2 0.457± 0.084 –0.079± 0.015 11 –0.44
OCCASO 2–3 0.347± 0.285 –0.054± 0.037 4 –0.47
OCCASO 3–7.3 0.828± 0.553 –0.099± 0.023 5 –0.95
OCCASO+ 0.1–1 0.452± 0.062 –0.049± 0.006 39 –0.75
OCCASO+ 1–2 0.795± 0.114 –0.09± 0.014 –0.019± 0.018 10.1± 0.8 29 –0.87
OCCASO+ 2–3 0.651± 0.275 –0.075± 0.033 –0.042± 0.017 9.6± 2.1 14 –0.85
OCCASO+ 3–8 0.996± 0.305 –0.113± 0.034 –0.012± 0.018 10.9± 1.1 15 –0.80
Myers et al. (2022) 0.1–1 0.395± 0.087 –0.051± 0.008 39 –0.72
Myers et al. (2022) 1–2 0.673± 0.135 –0.08± 0.016 –0.041± 0.01 10.1± 1.0 20 –0.90
Myers et al. (2022) 2–3 0.687± 0.177 –0.085± 0.017 –0.014± 0.026 11.9± 0.9 11 –0.77
Myers et al. (2022) 3–8 1.455± 0.329 –0.161± 0.035 –0.025± 0.017 10.8± 0.6 12 –0.70
Spina et al. (2021) 0.1–1 0.558± 0.062 –0.065± 0.006 57 –0.72
Spina et al. (2021) 1–2 0.566± 0.187 –0.068± 0.019 –0.037± 0.047 11.5± 1.3 22 –0.86
Spina et al. (2021) 2–3 0.83± 0.234 –0.097± 0.024 –0.019± 0.028 11.9± 1.1 10 –0.93
Spina et al. (2021) 3–7.3 1.307± 0.295 –0.147± 0.032 –0.02± 0.018 11.1± 0.8 16 –0.82
GES23 0.1–1 0.356± 0.057 –0.043± 0.006 23 –0.82
GES23 1–2 0.811± 0.152 –0.09± 0.019 –0.02± 0.026 10.8± 1.0 17 –0.85
GES23 3–7.3 1.025± 0.34 –0.118± 0.038 –0.014± 0.017 10.7± 1.1 12 –0.75
Gaia DR3 0.1–1 0.384± 0.069 –0.043± 0.005 303 –0.43
Gaia DR3 1–2 0.588± 0.196 –0.065± 0.01 48 –0.55
Gaia DR3 2–3 0.933± 0.392 –0.079± 0.025 25 –0.41
Gaia DR3 3–7.3 0.354± 0.26 –0.105± 0.021 13 –0.54

Notes. The columns b1 and m1 are the y-intercept and slope of the first line fitted, respectively. The column m2 is the slope of the second line.
The position of the knee, the number of OCs and Spearman correlation coefficient are listed in the last columns. We analyzed the OCCASO and
OCCASO+ samples and reanalyzed the others. The OCCASO and Gaia DR3 samples do not have clusters beyond the knee, so only the first line
is fitted. In the first bin of all the samples, we did not find the knee shape.

Fig. 17. Evolution of the [Fe/H] radial gradient with age for the different
samples analyzed. The gradients are those measured inside the knee.
The age position of each sample is slightly changed for clarity of the
plot.

2009). An alternative explanation is that the observed disper-
sion could be due to variations of the metal content with Galac-
tic azimuth, as proposed by Friel (2013). Some evidence of
abundance variations with the azimuth has been reported for
Cepheids (Luck et al. 2006) and young OCs (Davies et al. 2009)
but not for H ii regions (Arellano-Córdova et al. 2020). However,
the lack of OC samples covering a wide azimuthal range has
hampered the investigation of this hypothesis.

We studied the same five samples analyzed in the previous
section in order to check the existence of an azimuthal gra-

dient. For this purpose, we fit simultaneously the radial and
azimuthal gradients with OCs separated in the same age bins
used in the previous section. To do that, we fit a plane using
the scikit-spatial2 Python package. The uncertainties are
constrained by generating 1000 possible values for each clus-
ter assuming a Gaussian distribution centred on the mean abun-
dance, with a σ equal to its uncertainty. The resulting fits are
listed in Table A.7 and shown in Fig. 19 in the two projec-
tions (RGC, and azimuth Φ). We do not represent bins con-
taining fewer than ten OCs as we consider this to be insuffi-
cient statistics to conduct the study. Compared to Fig. 17 the
evolution of the RGC gradient (left panel) shows larger differ-
ences among samples, particularly in the oldest age bin, prob-
ably due to the additional dimension of the fit. In the case
of OCCASO+ the obtained slopes are compatible with the
results of Sect. 4.4. In the right panel of Fig. 19 we show the
evolution of the azimuthal gradient. The two youngest bins,
in the OCCASO+ sample, do not show a dependence with
azimuth, but there are hints of a positive trend in the oldest
ones. This tendency also appears at GES23, Myers et al. (2022)
and Spina et al. (2021) samples. Gaia Collaboration (2023a)
shows a flat gradient in the third age bin and a positive gra-
dient for the oldest OCs group. To extract clearer conclusions
about the existence of an azimuthal variation, larger samples are
needed.

2 https://scikit-spatial.readthedocs.io/en/stable/
index.html
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Fig. 18. Change of OCCASO+ [X/Fe] radial gradient in four age bins, depicted by the size and the color of the markers. In each panel, age is
growing towards the right. Blue horizontal lines represent the radial gradient for the whole age range, and the shadow area shows its dispersion.
The table with the trends is available under request.

Fig. 19. Evolution with age of the [Fe/H] radial gradient (left) analyzed at the same time as the azimuthal gradient (right).The age position of each
sample is slightly changed for clarity of the plot.

4.6. Dependence with |Zmax|

Several studies have investigated the vertical distribution of
abundance with respect to the distance from the Galactic plane
(Z). A vertical gradient has been reported for field stars (e.g.,
Boeche et al. 2013; Gaia Collaboration 2023a; Hawkins 2023)
but not in OCs (e.g., Jacobson et al. 2011; Carrera & Pancino
2011; Carrera et al. 2019). Clusters move along their orbits;
hence, here we consider the maximum height of a cluster (|Zmax|)
as a better tracer to perform this study. This orbital parameter
has been computed in Paper IV. |Zmax| is known to be correlated
with OC age (Tarricq et al. 2021). This is usually attributed to the
vertical heating of the disk, since OCs born in the thin disk, are
scattered away from the mid-plane by non-axisymmetric com-
ponents. This is coupled with the fact that the Galactic potential
tends to disrupt OCs, having more chances to survive those that
pass more time far away from the disk mid-plane.

We do not observe a vertical gradient with [Fe/H], in agree-
ment with previous works. This could be because OCs cover
a smaller range of vertical distances (|Zmax| ≤ 1.4 kpc in our

sample) compared to field stars. However, we did find posi-
tive [X/Fe]-|Zmax| gradients for Mg, Ti, Al, and Ni, and negative
gradients for Na, Sr, Y, Zr, Ba, and Nd. These trends are clearly
associated with the dependence of [X/Fe] on age, as discussed in
Sect. 4.2. When we remove the age dependence, the variations
with vertical distance disappear.

5. Summary and conclusions

In this work, we obtain high-resolution spectra for 194 stars,
members of 36 open clusters. We used both equivalent widths
and spectral synthesis methods to determine atmospheric param-
eters and LTE chemical abundances for 21 elements belong-
ing to the main nucleosynthesis groups (α, odd-Z, Fe-peak, and
neutron-capture elements). We also provide NLTE abundances
for elements when corrections are available. Additionally, we
construct the OCCASO+ sample by adding the abundances of
other 63 clusters studied in similar conditions to ours: high-
resolution (R > 20 000) and at least four stars sampled in the red-
clump region. Both samples are used to investigate abundance
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trends with RGC, and their temporal evolution, azimuth and dis-
tance to the plane, from the orbital parameter |Zmax|, and the
abundance dependence with age. The main results of our work
are:

– Some of the studied elements show dependencies with age.
[Mg/Fe] and [Si/Fe] show a positive trend towards older
ages. Some clusters younger than 0.7 Ga show an unex-
pected enhancement in those elements. [Na/Fe] shows a
decreasing trend until ∼1.8 Ga and a plateau for older ages,
while [Al/Fe] shows a mild positive trend. [Sc/Fe], [Ni/Fe],
and [Cu/Fe] show significant positive trends, while [V/Fe],
[Co/Fe] and [Zn/Fe] show negative trends. The neutron cap-
ture elements show negative gradients, those of [Zr/Fe] and
[Ba/Fe] having a flattening at ages of >2.5 Ga.

– We find that the [X/Fe]-age trend of neutron-capture ele-
ments depends on their s-process contribution.

– There is a decreasing [Fe/H] radial gradient and a flatten-
ing of the trend beyond 11.3± 0.8 kpc, the so-called knee
shape. Inside the knee radius, the OCCASO and OCCASO+
samples show gradients of –0.06± 0.02 dex kpc−1 and
–0.07± 0.01 dex kpc−1, respectively. Outside the knee,
the OCCASO+ sample shows a gradient of –0.03±
0.01 dex kpc−1.

– The radial gradients of the other elements show different
tendencies depending on the group to which they belong.
α elements have a positive gradient, except [Si/Fe]. Then,
[Na/Fe] has a negative gradient, while [Al/Fe] show a flat
one. Fe-peak elements have flat gradients, except for [Cr/Fe]
and [Zn/Fe] that show positive trends. Neutron capture ele-
ments show different behaviors, having [Ba/Fe] and [Nd/Fe]
the steepest positive trends.

– The [Fe/H] radial gradient shows a steepening with age
that seems to be non-linear, since the second age bin
(1> age> 2 Ga) has a steeper gradient than expected consid-
ering the other age bins. We also find that the younger clus-
ters (<1 Ga) do not have the knee shape seen in the older
ones. This suggests that the event that produced the knee
occurred more than 1 Ga ago. This, together with the absence
of young clusters at more than 14 kpc, supports the hypothe-
sis that the knee shape was formed by outward radial migra-
tion.

– When examining the temporal evolution of [X/Fe] radial
gradient, we generally observe that the trend within each
age bin follows the overall trend calculated using all the
open clusters. Hence, we do not observe a clear cor-
relation between these trends and the age bin. If there
was any evolution of the gradient over time, it would be
smaller than our uncertainties. As a result, we can deter-
mine an upper limit of ∼0.01 dex kpc−1 for the extent of
their change with age. This is, in general, a negligible
value of change with age for [X/Fe] gradient. Nevertheless,
there are hints that certain elements exhibit an evolution of
their radial gradients. Mg appears to show an increase in
the gradient with age, while Ti and Ni seem to display a
decrease.

– One feature of the [Fe/H] radial dependence is the large dis-
persion (>0.3 dex) observed at any position. That is widely
attributed to the radial migration, but the observed dispersion
could be due to variations of the metal content with Galactic
azimuth. We study the existence of the azimuthal gradient
by splitting the sample into age bins. We do not find any
dependence on azimuth for clusters with ages between 0.1
and 2 Ga. However, we do observe hints of a positive trend
for open clusters with ages between 2 and 7.3 Ga.

– We find δ[X/Fe]/δ|Zmax| gradients that are mostly due to the
trends with age. They disappear once the age dependence is
subtracted.

In summary, this work presents high-resolution spectra anal-
ysis of 194 stars from 36 open clusters, investigating atmo-
spheric parameters and chemical abundances of 21 elements.
The study reveals age-dependent trends in elemental abun-
dances, notably positive trends for [Mg/Fe], [Si/Fe], [Sc/Fe],
[Ni/Fe], and [Cu/Fe], and negative trends for [V/Fe], [Co/Fe],
[Zn/Fe], [Zr/Fe], and [Ba/Fe]. The radial gradients of [Fe/H]
exhibit complex behaviors, with a distinct knee shape observed
beyond 11.3± 0.8 kpc. Additionally, there are hints of azimuthal
gradient trends in older clusters and negligible changes in radial
gradients with age for most elements.
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Appendix A: Complementary tables and figures

Table A.1. First rows of the table with the line list for EW. The complete
table is available at the CDS.

Wavelength (nm) Element

480.288 Fe1
480.8148 Fe1
480.9938 Fe1
481.0528 Zn1
481.1983 Ni1
481.4590 Ni1
482.3463 Mn1
482.3483 Mn1
482.3495 Mn1
482.3508 Mn1

Table A.2. First rows of the table with the line list for SS. The complete
table is available at the CDS.

Wavelength (nm) Element

480.1025 Cr1
480.288 Fe1
480.8148 Fe1
481.0528 Zn1
481.1983 Ni1
481.4591 Ni1
482.352 Mn1
483.2426 V1
486.9463 Fe1
487.5493 Ti1

Table A.3. [X/Fe] abundance dependence with age of the samples
OCCASO and OCCASO+ and its uncertainties computed in Sect. 4.2.

OCCASO OCCASO+

Element δ[X/Fe]/δAge N ρ δ[X/Fe]/δAge N ρ

[dex Ga−1] [dex Ga−1]

Mg 0.009±0.007 36 0.48 0.012±0.009 99 0.37
Si 0.012±0.008 36 0.64 0.011±0.003 99 0.41
Ca 0.008±0.005 36 0.15 -0.001±0.001 99 0.05
Ti 0.009±0.005 36 0.66 0.005±0.003 99 0.37
Na -0.03±0.013 36 -0.11 -0.005±0.003 99 -0.12
Al 0.02±0.011 36 0.61 0.003±0.002 99 0.49
Sc -0.005±0.004 36 -0.43 0.017±0.005 76 -0.21
V 0.01±0.005 36 0.62 0.009±0.004 99 0.18
Cr 0.018±0.004 36 0.63 0.002±0.002 99 0.21
Mn 0.003±0.007 36 0.25 0.005±0.003 99 0.21
Co 0.007±0.005 36 0.29 0.01±0.004 99 0.32
Ni 0.026±0.006 36 0.77 0.027±0.005 99 0.54
Cu 0.016±0.008 36 0.52 0.024±0.006 78 0.38
Zn 0.02±0.012 32 0.12 0.01±0.004 76 0.21
Sr -0.07±0.008 35 -0.77 – – –
Y -0.022±0.012 36 -0.80 -0.011±0.008 80 -0.35
Zr -0.027±0.013 35 -0.7 -0.023±0.007 78 -0.38
Ba -0.066±0.007 36 -0.76 -0.058±0.011 80 -0.48
Ce -0.044±0.015 36 -0.69 -0.022±0.008 94 -0.47
Nd -0.032±0.011 36 -0.69 -0.016±0.009 80 -0.11

Notes. N and ρ are the number of OCs and the Spearman correlation
coefficient, respectively.

A239, page 20 of 25



Carbajo-Hijarrubia, J., et al.: A&A, 687, A239 (2024)

Table A.4. Stellar parameters and chemical abundances for the 194 stars in this work.

Cluster source id Gaia DR3 Teff (K) log g GALAF [Fe/H]EW [Mg/Fe]SS [Si/Fe]EW [Ca/Fe]SS [Ti/Fe]EW

NGC1907 183263711899696768 5215±55 2.77±0.10 1 -0.05±0.01 0.02±0.03 0.11±0.03 0.06±0.04 0.10±0.03
NGC1907 183263097725025024 5030±55 2.60±0.09 1 -0.03±0.01 -0.05±0.03 0.08±0.03 0.04±0.03 0.03±0.03
NGC1907 183263127784145280 5201±43 2.67±0.12 1 -0.06±0.01 0.02±0.03 0.072±0.03 0.04±0.03 0.03±0.03
NGC1907 183263127784146176 5273±55 3.04±0.11 4 -0.03±0.01 0.03±0.04 0.06±0.04 -0.01±0.04 0.11±0.03
NGC2099 3451181873619100160 5079±55 2.73±0.12 1 0.07±0.01 -0.07±0.02 0.13±0.04 0.01±0.03 -0.01±0.03
NGC2099 3451181766240577024 5047±40 2.60±0.08 1 0.04±0.01 -0.07±0.02 0.08±0.02 -0.01±0.03 0.00±0.03
NGC2099 3451180602308805120 5104±40 2.78±0.09 1 0.06±0.01 -0.07±0.02 0.05±0.04 0.02±0.03 0.01±0.03
NGC2099 3451181216484770432 4975±41 2.54±0.10 1 0.03±0.01 -0.07±0.03 0.06±0.03 -0.01±0.03 0.00±0.03
NGC2099 3451181667460701440 5115±43 2.78±0.08 1 0.01±0.01 -0.09±0.03 0.12±0.04 0.01±0.03 0.00±0.03
NGC2099 3451179949473813376 5052±46 2.61±0.06 4 0.06±0.01 -0.05±0.03 0.08±0.03 0.01±0.03 0.03±0.03
NGC2099 3451201458669932032 5065±45 2.68±0.07 1 0.06±0.01 -0.07±0.02 0.09±0.02 -0.01±0.03 0.04±0.03

Notes. Here, only a sample of rows and columns is shown. The complete table with all the atmospheric parameters and the 21 elements computed
by EW and SS methods is available at the CDS. GALAF is a quality flag assigned to GALAvalues derived in the study of how the initial guesses of
atmospheric parameters affect their derivation (see Sect. 2.2.2).

Table A.5. Comparison of radial gradients between OCCASO, OCCASO+ and the literature reanalysis of Sect. 4.3.

[X/Fe] Group OCCASO OCCASO+ GES23 Myers et al. (2022) Spina et al. (2021)
δ[X/Fe]/δRGC δ[X/Fe]/δRGC δ[X/Fe]/δRGC δ[X/Fe]/δRGC δ[X/Fe]/δRGC

[dex kpc−1] [dex kpc−1] [dex kpc−1] [dex kpc−1] [dex kpc−1]

Mg α 0.017±0.011 0.006±0.005 0.008±0.006 0.001±0.001 0.001±0.002
Si α 0.008±0.006 0.000±0.003 0.000±0.001 -0.0±0.001 0.0±0.001
Ca α 0.013±0.005 0.016±0.004 0.033±0.006 0.009±0.002 -0.003±0.003
Ti α 0.016±0.007 0.025±0.006 0.024±0.006 0.009±0.006 0.011±0.008
Na Odd-Z -0.027±0.008 -0.021±0.006 -0.018±0.007 -0.058±0.014 -0.007±0.004
Al Odd-Z -0.013±0.007 -0.001±0.005 0.017±0.007 0.005±0.004 -0.002±0.001
Sc Fe-peak 0.001±0.007 0.01±0.003 0.007±0.005
V Fe-peak -0.01±0.006 0.005±0.003 0.013±0.005 -0.0±0.001
Cr Fe-peak 0.017±0.008 0.02±0.006 0.020±0.005 -0.001±0.005
Mn Fe-peak -0.007±0.010 0.002±0.003 0.006±0.005 -0.017±0.004 -0.008±0.002
Co Fe-peak -0.007±0.005 -0.001±0.002 0.003±0.007 -0.039±0.012 -0.014±0.004
Ni Fe-peak 0.000±0.004 -0.003±0.002 -0.001±0.005 -0.001±0.003 -0.01±0.003
Cu Fe-peak -0.005±0.010 0.009±0.008 0.041±0.009
Zn Fe-peak 0.026±0.012 0.015±0.004 0.001±0.004
Sr n-capture 0.007±0.012
Y n-capture -0.005±0.011 0.015±0.009 0.003±0.009
Zr n-capture 0.009±0.015 0.015±0.011 0.015±0.007
Ba n-capture 0.026±0.018 0.032±0.014 0.025±0.007
Ce n-capture 0.001±0.013 0.017±0.007 0.007±0.008 0.065±0.013
Nd n-capture 0.032±0.016 0.05±0.008 0.061±0.015
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Table A.6. [X/Fe] radial gradients studied through MCMC at Sect. 4.3 in the OCCASO+ sample.

Element b1 m1 m2 Knee N Spearman
[dex] [dex kpc−1] [dex kpc−1] [kpc]

Mg -0.118±0.021 0.008±0.002 99 0.29
Si 0.029±0.018 0.005±0.002 99 0.21
Ca -0.07±0.022 0.008±0.002 99 0.42
Ti -0.145±0.047 0.019±0.006 -0.003±0.009 10.7±1.1 99 0.40
Na 0.287±0.082 -0.026±0.01 0.015±0.008 9.9±0.8 99 -0.28
Al -0.034±0.029 0.005±0.003 99 0.19
Sc 0.001±0.019 0.008±0.002 76 0.38
V 0.02±0.022 -0.002±0.002 99 0.09
Cr -0.246±0.058 0.029±0.007 -0.008±0.005 9.5±0.5 99 0.33
Mn -0.146±0.019 0.003±0.002 99 0.04
Co 0.019±0.027 0.002±0.003 99 0.11
Ni 0.008±0.018 -0.003±0.002 99 -0.11
Cu -0.235±0.054 0.003±0.006 78 0.13
Zn -0.152±0.021 0.01±0.002 76 0.54
Y -0.129±0.037 0.011±0.004 80 0.38
Zr -0.353±0.079 0.038±0.01 -0.02±0.007 9.6±0.4 78 0.18
Ba -0.321±0.111 0.036±0.014 -0.016±0.018 10.3±1.2 80 0.25
Ce -0.107±0.075 0.027±0.009 0.006±0.012 10.7±0.9 94 0.36
Nd -0.382±0.074 0.049±0.009 0.016±0.016 10.7±1.3 80 0.71

Notes. The columns b1 and m1 are the y-intercept and slope of the first line fitted, respectively. The column m2 is the slope of the second line. The
position of the knee, the number of OCs and Spearman correlation coefficient are shown in the last columns.

Table A.7. Change with age of the [Fe/H] radial and azimuthal gradients studied with a multilinear regression at Sect. 4.5.

Radial gradient Radial and azimuthal gradients
Sample Age bin δ[Fe/H]/δRGC δ[Fe/H]/δΦ N Spearman

[Ga] [dex kpc−1] [dex deg−1]

OCCASO 0.1 - 1 -0.022±0.007 -0.0034±0.0016 15 0.33
OCCASO 1 - 2 -0.069±0.016 0.0048±0.0026 11 0.83
OCCASO 2 - 3 -0.026±0.038 -0.0024±0.0049 4 0.34
OCCASO 3 - 7.3 -0.101±0.019 0.0003±0.0043 5 0.87
OCCASO+ 0.1 - 1 -0.051±0.004 0.0001±0.0007 39 0.79
OCCASO+ 1 - 2 -0.060±0.004 -0.0003±0.0007 29 0.87
OCCASO+ 2 - 3 -0.041±0.004 0.0026±0.0008 14 0.92
OCCASO+ 3 - 7.3 -0.088±0.008 0.003±0.0019 15 0.83
Myers et al. (2022) 0.1 - 1 -0.053±0.002 0.0016±0.0002 39 0.74
Myers et al. (2022) 1 - 2 -0.056±0.002 0.0000±0.0004 20 0.91
Myers et al. (2022) 2 - 3 -0.026±0.005 0.0063±0.0007 11 0.92
Myers et al. (2022) 3 - 7.3 -0.046±0.002 0.0074±0.0006 12 0.84
Spina et al. (2021) 0.1 - 1 -0.064±0.002 0.0007±0.0002 57 0.80
Spina et al. (2021) 1 - 2 -0.062±0.005 0.0003±0.0007 22 0.77
Spina et al. (2021) 2 - 3 -0.041±0.003 0.0052±0.0005 10 0.97
Spina et al. (2021) 3 - 7.3 -0.060±0.003 0.0037±0.0009 16 0.78
GES23 0.1 - 1 -0.044±0.006 -0.0014±0.0011 23 0.76
GES23 1 - 2 -0.058±0.005 0.0005±0.0011 17 0.88
GES23 2 - 3 -0.048±0.015 0.0057±0.0026 7 0.86
GES23 3 - 7.3 -0.038±0.004 0.0072±0.0012 12 0.77
Gaia DR3 0.1 - 1 -0.050±0.003 0.0002±0.0004 303 0.43
Gaia DR3 1 - 2 -0.056±0.008 -0.0012±0.0008 48 0.52
Gaia DR3 2 - 3 -0.079±0.012 0.0000±0.0014 25 0.57
Gaia DR3 3 - 7.3 -0.067±0.019 0.0041±0.0017 13 0.71

Notes. We analyzed the OCCASO and OCCASO+ samples and reanalyzed the others. Number of OCs and Spearman correlation coefficient (sixth
and seventh columns).
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Fig. A.1. [Fe/H] versus Galactocentric radius for OCCASO+ sample separated in four age bins 0.1-1, 1-2, 2-3, >3 Ga. The different surveys are
color-coded as in Fig. 1. The grey vertical lines represent the uncertainties, and the black line is our best fit.
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Fig. A.2. Dependence of [X/Fe] on Galactocentric radius for the clusters in the OCCASO+ sample. The original sources of the abundances are
indicated with different symbols and colors.
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Fig. A.3. Comparison of the abundances for OCs in common with high-resolution (R >20 000) spectroscopic studies (this work-literature) for
elements not shown in Fig. 8.
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