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ABSTRACT

We conducted a homogeneous chemical analysis of pre-main sequence stars with effective temperatures ranging from ∼3000 K to
∼5500 K in eight nearby star-forming regions (SFRs): Chamaeleon I, η Chamaeleonis, Lupus, Orion OB1a, Orion OB1b, σOrionis,
Taurus, and Corona-Australis. Our study aims to: (1) derive the lithium (Li) abundance (A(Li)) and highlight the impact of veiling
correction on both the A(Li) and age determination; (2) perform an iron (Fe) and barium (Ba) abundance analysis in regions with
scarce previous measurements; and (3) investigate the possible Ba enhancement. The analyzed data were obtained as part of the
PENELLOPE Large Program using the ESPRESSO, UVES, and X-Shooter instruments. We measured the equivalent width (EW) of
the Li line (EWLi) at λ = 6707.8 Å, from which A(Li) was derived using the curves of growth method. The Fe and Ba abundances have
been measured through spectral synthesis analysis. Using the EAGLES code, we derived an upper limit on the age of the eight SFRs.
Our findings underscore the necessity of veiling corrections on EWLi, which can shift A(Li) and age estimates by up to ∼0.7 dex and
∼20 Myr, respectively. When accounting for veiling, the A(Li) distributions peak in a range between 3.3 and 3.8 dex for most clusters
and the upper age limit is approximately 5 Myr for all SFRs. We successfully measured the mean Fe and Ba abundances in Lupus,
Taurus, Cha I, and η Cha, finding slightly subsolar Fe abundances and a clear Ba overabundance, with [Ba/H] values reaching up to
0.75 dex.
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1. Introduction

The determination of the chemical composition of star-forming
regions (SFRs) and young open clusters (YOCs) is critically
important for various astrophysical issues, in both planetary and
stellar contexts. These young regions are key objects for trac-
ing the current chemical pattern of the Galactic thin disk. Given
their recent formation, these regions have not undergone signif-
icant radial migration across the Galactic disk. Their chemical
abundances are therefore expected to closely mirror the current
composition of the local interstellar medium (ISM), exhibiting
minimal evidence of subsequent chemical enrichment (Spina
et al. 2014).

One of the most important elements for studying young
regions is lithium (7Li). This element is indeed sensitive to stellar
interior processes and it serves as a tracer of internal mixing pro-
cesses, representing a benchmark for stellar evolution models. In
pre-main sequence (PMS) stars, the deviations of the observed
Li patterns from predictions by standard stellar models provide
a crucial test for theoretical models, highlighting the limitations
with respect to the treatment of overshooting and nonstandard
mixing mechanisms (e.g., rotation or magnetic fields; see e.g.,
Pinsonneault 1997; Jeffries 2006; Somers & Pinsonneault 2015;
Baraffe et al. 2017). Furthermore, since Li is easily destroyed
at relatively low temperatures (∼2.5 × 106 K), its depletion in
stellar atmosphere provides an age indicator for low-mass PMS
stars in young (age < 200 Myr) populations (Bildsten et al. 1997).
The amount of depletion depend on mass, age, metallicity, and
other mixing processes occurring during the early stellar evolu-
tion. Low-mass (<0.5 M⊙) PMS stars reach these temperatures
as they contract toward the MS (Bodenheimer 1965). Low-mass
stars require relatively long time to reach the critical temperature
for Li burning. Specifically, stars with mass lower than 0.2 M⊙
initiate 7Li burning after ∼20–25 Myr, while those in the ∼0.2–
0.5 M⊙ begin after ∼15–5 Myr (Baraffe et al. 2015 and reference
within). Since these stars remain fully convective, they even-
tually deplete their entire 7Li content during the PMS phase.
Stars more massive than 0.5 M⊙ initiate Li burning during the
early stages of their PMS evolution. For example, a 0.6 M⊙ star
begins depletion at ∼3 Myr. The duration of this process is lim-
ited, concluding once a radiative core develops. This transition is
mass-dependent; in more massive stars, the convective envelope
gradually shrinks. Consequently, the temperature at the base of
the envelope becomes too low, halting further 7Li destruction.
As a result, these stars retain a portion of their initial Li abun-
dance (typically A(Li) ∼ 3.3 dex). For instance, a 1.0 M⊙ star is
expected to deplete only 60% of its initial 7Li, while stars with
masses greater than ∼1.2 M⊙ are not expected to destroy Li in
their envelopes (Randich & Magrini 2021 and reference within).
Consequently, the depletion of 7Li serves as a robust chronome-
ter for characterizing the ages of young stellar associations and
open clusters (e.g., Song et al. 2002; Palla et al. 2007; Lim et al.
2016; Randich & Magrini 2021).

In addition to Li, iron (Fe) is a fundamental tracer for inves-
tigating the origin and evolution of star-forming regions and
the chemical evolution of the Galactic disk. As the primary
proxy for overall metallicity, the Fe abundance [Fe/H]1 pro-
vides critical constraints on the star formation, possible chemical
enrichment history, and chemical patterns of stellar populations.
Furthermore, knowledge of the Fe abundance in SFRs is essen-
tial for investigating the formation and evolution of exoplanets.

1 Throughout the paper, the abundance of the X element is given as
[X/H]=log A(X)

A(H) + 12, where log A(X) is the absolute abundance.

A growing consensus supports the planet-metallicity correla-
tion, wherein metal-rich environments facilitate the formation of
planetary systems, particularly giant planets (e.g., Mulders et al.
2016; Swastik et al. 2022 and references therein). In SFRs and
YOCs, the Fe abundance is typically observed to be slightly sub-
solar or near-solar (e.g., Biazzo et al. 2011a,b; Spina et al. 2014
and reference therein).

Finally, another important element used to investigate the
chemical pattern of young regions is barium (Ba), which is
produced by neutron capture reaction, mostly by the s-process
occurring in low-mass asymptotic giant branch (AGB) stars
(Busso et al. 1999; Karakas et al. 2014; Kobayashi et al. 2020).
In the last few decades, several studies have shown an overabun-
dance of Ba content in young clusters; in particular, D’Orazi
et al. (2009) discovered an anti-correlation between [Ba/Fe] and
cluster age analyzing 20 open clusters (OCs) in the Galaxy. The
old OCs (age ≳4 Gyr) exhibited a solar Ba abundance, while the
OCs with ages of ∼100–200 Myr showed an enhancement up
to 0.2–0.3 dex, while the younger clusters (≲70 Myr) showed an
higher Barium content up to 0.6–0.7 dex. These results have been
confirmed by other authors (e.g., D’Orazi et al. 2012; Jacobson
et al. 2011; Mishenina et al. 2013; Baratella et al. 2021; Spina
et al. 2021; Magrini et al. 2023). The contribution of the low-
mass AGBs to the Galactic chemical enrichment can explain the
enhancement observed in intermediate-age OCs (D’Orazi et al.
2009), but not in the younger ones. Currently, it is not possible
to reconcile this large Ba abundance (∼0.7 dex) with any stan-
dard nucleosynthesis and galactic evolution model. Moreover, it
remains controversial whether all other s-process elements fol-
low the behavior seen for Ba. Specifically, elements formed in
the second peak of the s-process (along with Ba), such as lan-
thanum (La) and cerium (Ce), would be expected to share the
same patterns. However, some authors have found a lack of sig-
nificant trend with age (D’Orazi et al. 2012; Jacobson & Friel
2013; Baratella et al. 2021), in contradiction with Maiorca et al.
(2011), adding further complexity to the mystery.

In this work, we present a systematic and homogeneous
analysis of Li, Fe, and Ba abundances of PMS stars in several
star-forming regions: Chamaleon I (Cha I), η-Chamaleontis
(ηCha), Lupus, Taurus, σOrionis (σOri), Orion OB1a, Orion
OB1b, and Corona-Australis (CrA). We analyze a set of spectra
gathered as part of the PENELLOPE program. This ESO large
program serves to complement the Hubble Space Telescope’s
(HST) UV Legacy Library of Young Stars (ULLYSES, Roman-
Duval et al. 2020). The goal of these two programs is to observe
a large sample of young stars, probing a wide range of ages
and masses to provide sufficient statistics for understanding the
processes of accretion and ejection during the star formation.
For a comprehensive description of the PENELLOPE survey,
we refer to Manara et al. (2021). This paper is organized as
follows. In Sect. 2, we describe the data. Our spectral analysis
of Li is given in Sect. 3 and the study of Fe and Ba is presented
in Sect. 4, while we summarize our findings in Sect. 5.

2. Data

The data used in this work were acquired within the PENEL-
LOPE survey (Manara et al. 2021). Details on the observational
strategy and data reduction of the PENELLOPE sample
are reported in Manara et al. (2021). In brief, the spectra
were obtained using the instruments ESPRESSO (Echelle
SPectrograph for Rocky Exoplanets and Stable Spectroscopic
Observations; Pepe et al. 2021), UVES (Ultraviolet and Visual
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Echelle Spectrograph; Dekker et al. 2000), and X-Shooter
(Vernet et al. 2011), all mounted on ESO’s Very Large Telescope
(ESO@VLT).

ESPRESSO spectra cover a wavelength range of 380–788
nm, with a resolution of R ∼ 140 000. UVES observations, con-
ducted using the red and blue arms in dichroic mode, span the
330–450 nm and 480–680 nm with R ∼ 70 000. X-Shooter pro-
vides broader coverage from ∼300 nm to ∼2500 nm, divided in
three arms: UVB (300–500 nm), VIS (500–1000 nm), and NIR
(1000–2500 nm) with a resolution of ∼17 500.

The analyzed sample comprises 75 PMS stars belonging
to eight different associations: Lupus (30), Cha I (15), Orion
OB1a (2), Orion OB1b (7), Taurus (8), η Cha (7), σOri (3),
and Corana-Australis (2). All targets were observed with X-
Shooter. The brightest stars (V < 16 mag) were observed with
ESPRESSO, while UVES was employed for the fainter stars and
those that could not otherwise be observed with ESPRESSO.
These high resolution observations were carried out simultane-
ously, or quasi-simultaneously, with the X-Shooter observations.
The mean signal-to-noise ratios (S/N) measured around 6000 Å
are about 50 for both ESPRESSO and X-Shooter spectra, and 40
for UVES spectra.

For both ESPRESSO and UVES, each target was observed at
three distinct “epochs” (ep.) separated by intervals of a few days.
The specific dates of the observations are reported in Tables A.1,
A.2, and A.3, which are only available in electronic form. Con-
sequently, we were able to analyze multiple spectra for each
target, ensuring a robust cross-instrument comparison and the
monitoring of short-term variability.

Estimates of the photospheric properties used in our analysis,
such as effective temperature (Teff) and surface gravity (log g),
radial velocity (RV), projected rotational velocity (v sin i), and
veiling (r), were obtained for both the medium-resolution and
the high-resolution spectra using the ROTFIT (Frasca et al.
2015) code by the PENELLOPE’s team (Manara et al. 2021
and Antonio Frasca priv. comm.). Briefly, the code was devel-
oped for deriving Teff , log g, v sin i, and r, comparing the target
spectrum with a grid of templates at the same resolution of
the ESPRESSO, UVES, and X-Shooter spectra. The code per-
forms a χ2 minimization of the difference between the observed
and template spectra parameters around selected spectral regions
particularly suitable for the determination of the atmospheric
stellar parameters. Veiling was therefore measured in five spec-
tral regions (around 4500, 5400, 6200, 7100, and 9700 Å) for
X-Shooter spectra and in four spectral regions (namely, ∼5000,
5500, 6000, and 6500 Å) for UVES and ESPRESSO spectra. A
detailed explanation of the code is given in Frasca et al. (2015,
2017), and Manara et al. (2021).

These values were not available for two spectra observed
with X-Shooter: RECX 11 and SO 1153 ep. 2. For these stars, we
derived Teff through the line-depth ratio (LDR, Gray 1994), con-
sidering a typical surface gravity for this kind of stars (4.5 dex)
and a rotational velocity 0.0 km/s. We used the relations from
Biazzo et al. (2007) for nonrotating dwarf stars, analyzing
the LDR of two pairs of lines in the visible range: λ6199 V
I-λ6200 Fe I and λ6252 V I-λ6253 Fe I. These relations can
be applied only for stars with a temperature between 4000 K
and 6200 K; temperatures outside this range are more uncer-
tain because of the influence of molecular bands in the coolest
stars and the very small depths of the low-excitation lines in the
hottest stars, respectively. The list of stars together with their Teff
and veiling values are reported in Tables A.1, A.2, and A.3 (only
available in electronic form).

3. Analysis of the Li line

3.1. Equivalent width determination

To determine the equivalent width (EW) of the Li line (EWLi)
at λ = 6707.856 Å (Campbell-White et al. 2023), we developed
an IDL code that estimates the local continuum through a lin-
ear fit obtained in two narrow ranges (∼5 Å) located near the
wings of the 7Li absorbing line. This continuum was then used
to normalize the spectrum, from which the EWLi was derived
by performing a Gaussian fit. Errors in EWLi were evaluated
from the fitting procedure, with typical values of 10–15 mÅ for
ESPRESSO and UVES data and 30 mÅ for X-Shooter data. The
results obtained from high-resolution (ESPRESSO, UVES) and
medium-resolution (X-Shooter) data are consistent within the
uncertainties. The mean difference in EWLi is ∼8 mÅ with a
standard deviation of ∼43 mÅ.

The spectra are affected by accretion veiling, which is the
(nonphotospheric) excess continuum emission due to the accre-
tion process (see Hartmann et al. 2016 and references therein)
that can hide or “veil” the photospheric lines. To correct the
EWLi for this contribution, we applied the relationship EWveil

Li =
EWraw

Li (1 + r), where EWraw
Li is the EW of the Li line measured

according to the procedure explained above. Veiling estimates
may be influenced by spectral resolution thus, we adopted the r
value derived from the ROTFIT analysis closest to the 7Li line
at 6707.8 Å measured from the spectra acquired with the three
instruments as follows: r650 at 6500 Å for ESPRESSO and UVES
spectra, and r710 at 7100 Å for X-Shooter spectra. Since the 7Li
I line is blended with the FeI λ 6707.4 Å line, we subtracted the
Fe contribution using the corrections by Franciosini et al. (2022),
which are given as a function of effective temperature, gravity,
and metallicity.

Determining Li abundances in stars cooler than 4000 K
(M-type stars) is complicated because of the presence of molec-
ular bands and additional spectral lines from other elements.
These blends with the Li feature significantly decrease the appar-
ent continuum level (e.g., Zapatero Osorio et al. 2002). This
so-called pseudo-continuum obscures the actual intensity of the
true continuum, making it impossible to measure the genuine
EW. As a result, only a pseudo-equivalent width (pEW) can be
estimated and no Fe corrections are available in the literature.

Individual measurements for EW raw
Li and EWveil+Fe

Li (cor-
rected for both veiling and Fe blending for K-type stars) or
EWveil

Li (corrected only for veiling for M-type stars), along with
the corresponding veiling coefficients are provided in the Tables
A.1–A.3. The results for the eight star-forming regions are dis-
played in Fig. 1. Each panel compares the Li EWs corrected
for both veiling and Fe blending (EWveil+Fe

Li , black dots) with
those corrected only for Fe blending (EWFe

Li , red squares) as a
function of Teff (left subpanels). The corresponding EWveil+Fe

Li
distributions are provided in the right subpanels. Filled and
empty symbols denote the K-type and M-type stars, respectively.
Dash-dotted lines represent a set of model isochrones in the 5–20
Myr range, as derived by Jeffries et al. (2023) through the fitting
of the Gaia-ESO Survey training data. A higher r value leads
to a larger difference between EWveil+Fe

Li and EWFe
Li and, in some

cases, the difference is ∼800 mÅ as for SO 1153 and VZ Cha.
Differences between the EWLi values obtained from spectra of
the same target at different epochs are discussed in Sect. 3.2.
Since M-type stars cannot be corrected for the Fe blending, their
EWs represent upper limits, as they also include the contribution
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Fig. 1. Multipanel overview of the Li EWs for the eight SFRs (Cha I, η Cha, Lupus, Taurus, Orion OB1a, Orion OB1b, σOri, and CrA) in our
sample. For each region, the left subpanel shows the Li EW versus Teff . The red squares represent the EW corrected for blending with the Fe line
(EWFe

Li ), the black dots represent the EW after further correction for spectral veiling (EWveil+Fe
Li ). K-type (T ≥ 4000 K) and M-type (T < 4000 K)

stars are denoted by filled and open symbols, respectively. Arrows indicate upper limits due to the unresolved contribution of the FeI λ6707.4 line.
The empirical model isochrones by Jeffries et al. (2023) at 5, 10, 15, and 20 Myr are overplotted. The right subpanels display the corresponding
EWveil+Fe

Li distribution.

of the Fe line. Most of the corrected EW values range between
400 and 800 mÅ and, in some cases, rising up to ∼1000 mÅ.
Some targets in our sample are spectroscopic binaries (SBs). For
the single-lined systems (SB1), the effect of binarity on EW of Li
is negligible. For double-lined spectroscopic binaries (SB2), this
effect is within the measurement uncertainties. Therefore, the
presence of these binary stars does not impact our final results
(Frasca et al. 2018). Below, we provide specific comments on the
EWLi for each star-forming region:

– Chamaelon I: we measured EWLi in 49 spectra from 15 tar-
gets. The corrected EWLi values range from approximately
300 to 1000 mÅ, in agreement, within the uncertainties, with
Gutiérrez Albarrán et al. (2024). The peak of the distribu-
tion is around 650 mÅ. The highest values correspond to
spectra of VZ Cha, taken with UVES across three different
epochs. Conversely, the target with the lowest values is Sz 19
observed with ESPRESSO over three different epochs.

– η Chamaeleon: we measured EWLi in 18 spectra from 7
targets. The raw values of EWLi are in agreement within
the uncertainties with Mentuch et al. (2008). The trend of
the EWLi with the temperature is similar to that observed
in Cha I, though without the extreme low and high values.

Specifically, the measurements range from approximately
445 to 780 mÅ. The distribution peaks at about 650 mÅ.

– Lupus: the sample is composed of 108 spectra from 30
targets. The trend of the EWLi with the temperature is
consistent with what we observed in Cha I and η Cha.
However, the targets with the highest EWLi in Lupus are
at lower temperature compared to those in Cha I. These
targets include Sz 84, Sz 72, and Sz 104. Our values are
slightly higher than those reported by Biazzo et al. (2017);
our distribution peaks at ∼650 mÅ compared to their value
of 560 mÅ. This discrepancy stems primarily from the
different composition of the two samples. Specifically, the
sample analyzed by Biazzo et al. 2017 is richer of stars
in the Li-depletion region (Teff < 4000 K). An additional
factor is the difference in the veiling values adopted in the
two works. Despite these discrepancies, the overall trends
remain consistent and the EWveil+Fe

Li values for the targets in
common agree within the uncertainties.

– Taurus: we analyzed 31 spectra from 10 targets. The trend
of the EWLi with the temperature is consistent with what
observed in other clusters, with the distribution peaking at
∼650 mÅ. The corrected EWLi values range from 375 to
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Fig. 2. (EWveil
Li -EW raw

Li )/EWveil
Li as a function of Teff . The filled black dots

and the filled red triangles represent high (ESPRESSO + UVES) and
medium (X-Shooter) resolution data, respectively.

900 mÅ. The targets exhibiting the highest EWLi values are
AAtau, DKTauB, and LkCa4.

– σ-Orionis: the sample is composed of 13 spectra from 3
targets. The general trend observed in the other star-forming
regions is maintained here, with EWveil+Fe

Li values ranging
from 490 to 1020 mÅ. The distribution’s peak is ∼650 mÅ.
The highest values correspond to SO 1153, observed by
ESPRESSO, mainly due to the very high veiling (∼5.0). The
raw EWLi is only about 150–170 mÅ.

– Orion OB1a: the sample is composed of 8 spectra from
2 targets. These are M-type stars of very similar Teff .
EWveil+Fe

Li values range from 400 and 700 mÅ, with a peak
of distribution at ∼650 mÅ.

– Orion OB1b: the sample comprises 25 spectra from 7 tar-
gets. This region shows the same general trend as the other
clusters, but it lacks stars with temperatures higher than
∼4500 K. The corrected EWLi values in the sample range
between 310 and 820 mÅ, in agreement with Piscarreta et al.
(2025). CVSO-90 observed with X-Shooter has the lowest
EWLi value. Conversely, the three spectra of CVSO-176,
acquired with UVES, show the highest value. The peak of
the distribution is about 650 mÅ, similar to what is observed
for Orion OB1a.

– Corona Australis: we measured only only 6 spectra from 2
targets. The EWveil+Fe

Li values range between about 490 mÅ
and 679 mÅ, consistently with the other SFRs analyzed.

To quantify the impact of the veiling correction for an accurate
measurement of the Li EW, Fig. 2 shows the normalized differ-
ence, (EWveil

Li -EW raw
Li )/EWveil

Li , as a function of Teff . To investigate
a possible dependence on instrumental resolution, we sought to
distinguish between high-resolution (ESPRESSO + UVES) and
medium-resolution (X-Shooter) data, represented by solid black
circles and filled red triangles, respectively. We found no signifi-
cant trend between the normalized difference and the resolution.
As expected, the influence of veiling decreases for Teff > 5000 K
because, as the temperature of the accretion spots and the stel-
lar temperatures become more similar, the line veiling becomes
more negligible (Muzerolle et al. 2004). Overall, the normalized
differences are almost uniformly distributed across the diagram.
The average variation in EWLi due to the veiling is about 30–
40%, reaching up to 80% in specific cases (e.g., SO 1153 and
VZ Cha). These results emphasize that neglecting the veiling

Fig. 3. Variation in EW raw
Li across the observing epochs as a function of

Teff variations, for ESPRESSO and UVES data. The dotted blue lines
represent the 3 σ values.

correction in young, active stars leads to a substantial underes-
timation of Li abundances, which could result in an incorrect
interpretation of stellar ages and Li depletion history.

3.2. Lithium variation

Chromospheric activity affects the EW of absorption lines in
stellar spectra (Spina et al. 2020 and reference within). Magnetic
fields impact spectral lines both directly through the Zeeman
effect and indirectly by altering the atmospheric thermodynamic
structure (e.g., Borrero 2008; Moore et al. 2015; Shchukina et al.
2016). During a star’s activity cycle, the intensity of the mag-
netic fields in the stellar atmosphere and the fraction of the stellar
surface covered by cool spots vary (Babcock 1959; Schwabe
1844).

Similarly, the accretion process is intrinsically highly vari-
able (Joy 1945; Hartigan et al. 1991) on timescales ranging from
minutes to years (Costigan et al. 2014; Nguyen et al. 2009).
Short-term variability may result from the deformation of mag-
netic field lines due to differential rotation (e.g., Goodson et al.
1997). Recent studies have also demonstrated veiling variability
associated with changes in the accretion rate in low-mass PMS
stars (e.g., Bouvier et al. 2003; Costigan et al. 2014; Manara et al.
2021). Consequently, both chromospheric activity and accretion
variability might play a role in the observed variations of the EW
of the absorption lines.

Our sample consists of multi-epoch observations, providing
a unique opportunity to investigate a potential variation in Li
abundance across the epochs. The time intervals between obser-
vations are generally a few days, except for the cases where
observations were repeated after longer periods (see Tables A.1,
A.2, and A.3).

In the first step, we analyzed the variations in the raw Li
EW to investigate the variability associated with chromospheric
activity. We found that 26 targets exhibited EWraw

Li changes of
more than 3σ at least once in a given time interval; of these,
10 exhibited this change in both intervals (i.e., between the first
and second and between the second and third epochs). The mean
value of ∆EW raw

Li of these 26 targets is about 62 ± 28 mÅ. As
shown in Fig. 3, these variations are not driven by changes in
Teff . The observed temperature variations are small (less than
150 K) and remain within the uncertainties of the Teff determina-
tion. Subsequently, we examined the potential variations in EWLi
linked to the accretion process. Figure 4 shows the variation of
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Fig. 4. Variation in EWveil+Fe
Li across the observing epochs as a function

of veiling variations, for ESPRESSO and UVES data. The dotted blue
lines represent the 3 σ values.

EWveil+Fe
Li across the observing epochs as a function of the veiling

difference ∆r650 for each target.
We identified 30 sources showing ∆EWveil+Fe

Li greater than
3σ and 15 of them show this result in both temporal intervals.
For these specific targets, the mean ∆EWveil+Fe

Li is significantly
higher than the values derived from raw measurements (i.e.,
92.2 ± 65.9 mÅ). Interestingly, only 9 of these 30 sources
overlap with the “raw” sample; this occurs because veiling vari-
ations occasionally mask the intrinsic ∆EWraw

Li , while in others
instances, they amplify it. Moreover, Fig. 4 shows a clear posi-
tive correlation between ∆EWveil+Fe

Li and ∆r650: as the variation
in veiling increases, the variation in EW increases accordingly.
This result is in agreement with recent works, such as that of
Stout-Batalha et al. (2000), suggesting that higher accretion rates
(and, thus, higher veiling) produce larger Li abundances because
fresh material, with primordial levels of Li, is incorporated onto
the star’s surface. In any case, this analysis reinforces the criti-
cal necessity of accounting for veiling to achieve accurate Li EW
determinations.

3.3. Abundance of 7Li

We estimated the Li abundances, A(Li)2, from the measured
EWs, using the atmospheric parameters (Teff , logg, and vsini)
cited above, assuming a typical microturbulent velocity of
1.0 km/s. Since it was not possible to determine [Fe/H] individ-
ually for each region (see Sect. 4) with our data, we adopted a
solar Fe abundance for all targets to ensure a consistent method-
ology across the entire dataset. This assumption is appropriate
for nearby star-forming regions (Randich et al. 2022). Moreover,
a variation in [Fe/H] of ±0.1 dex corresponds to an uncertainty
of around ±0.01 dex in A(Li). This contribution is negligible
compared to the total uncertainty in the A(Li) determination and,
consequently, it does not affect the results. Under these assump-
tions, we applied the LTE curves of growth (COGs) developed
by Franciosini et al. (2022), differentiated for K and M stars.
The valid range for A(Li) is between [-1.0, 4.0] dex, values
falling outside this range are determined through extrapolations.
The nonlocal thermodynamic equilibrium (NLTE) effects to the
A(Li) were considered, using the correction values from Lind
et al. (2009) available for K stars in the range [–0.30, 4.20]
dex. For stars whose final extrapolated A(Li) value exceeds

2 In the usual notation A(Li) = log N(Li)/N(H) +12.

4.0 dex, the Li abundance was set to 4.0 dex, which represents a
conservative lower limit for our dataset.

The uncertainties in the stellar parameters and to the mea-
surement of EWLi represent the main sources of error in A(Li).
The total uncertainty for A(Li) was estimated taking into account
every source of uncertainty (Teff , log g, EW(Li), ξ, vsini, and
[Fe/H]), combining them in quadrature. The overall uncertain-
ties typically fall within the range of 0.1–0.2 dex, with the
uncertainty in effective temperature being the main contribu-
tor. Additionally, an uncertainty of ∼0.1 in the veiling factor
introduces an error of about 0.2 dex in A(Li).

The results or the eight SFRs are shown in Fig. 5. Each panel
provides a comparison between the A(Li), corrected for NLTE
effect, determined from with EWveil+Fe

Li (black dots) and EWFe
Li

(red squares) values as a function of Teff (left), and the A(Li)
(corrected for veiling) distribution (right).

M-type stars (Teff ≲ 4000 K) were not corrected for NLTE
effect, thus the A(Li) values shown in the plot represent upper
limits, as NLTE corrections tend to decrease A(Li). K-type ( T ≥
4000 K) and M-type (T < 4000 K) stars are denoted by filled and
open symbols, respectively. Targets where the EWLi exceeded
the valid range of the COGs (as a function of Teff and log g) are
indicated with lower limits. Isochrones from Baraffe et al. (2015)
in the 2–20 Myr range are overplotted as dot-dashed lines.

Similarly to its effect on EWLi, veiling can drastically alter
the A(Li) of the targets and, consequently, the age estimate of the
cluster. Indeed, as shown in Fig. 5, when veiling is neglected,
most sources in each cluster would result to have A(Li) values
less than 3 dex, placing the cluster ages between 5 and 20 Myr.
However, the veiling corrected EWLi measurements yield A(Li)
values between 3 and 4 dex. Consequently, the resulting cluster
ages, estimated by comparing the data to the overlaid isochrones,
were constrained to be less than 5 Myr. These younger age lim-
its are well in line with previously published values (e.g., Spina
et al. 2014 and reference within). The effect of veiling on age
determination will be explored in depth in the next section. The
peak of the A(Li) distribution is about 3.5–3.6 dex for Cha I,
Lupus, and Taurus regions, whose targets span the wider range
in temperature. This value is slightly higher than the standard
expected initial abundance of ∼3.3 dex, but remains consistent
with the expected value when considering our average uncer-
tainty of ∼0.3 dex. Furthermore, our results align with recent
studies that have identified a population of Li-rich stars with
abundances exceeding the meteoritic limit, ranging from 3.5 to
4.5 dex (e.g., Deliyannis et al. 2002; Yan et al. 2022). Recently,
Zhou et al. (2025), reported NLTE A(Li) values between 3.3 and
4.6 dex for a sample of 62 unevolved stars, further supporting the
consistency of our findings with the current literature.

We see that ηCha and Orion Ob1a exhibit peaks at lower
values, at 2.6 dex and 3.0 dex, respectively, and this might be
because the sample is biased towards cool stars. Conversely, CrA
and σOri show the highest peak at ∼3.8 dex, likely due to a sam-
ple bias toward warmer stars. The association Orion OB1b has
the peak of the distribution at ∼3.3 dex.

A notable spread in A(Li) was observed in each cluster for
stars cooler than 3500 K, which is particularly evident in the
Cha I, Lupus, and Orion OB1b associations. This region in Teff is
populated by fully convective low-mass stars, which are deplet-
ing 7Li at the base of the convective zone. Adopting an A(Li)
threshold of 2.0 dex to define 7Li-depleted targets, our analysis
identifies seven sources falling below this limit: Sz 10 (Cha I),
Sz 104, Sz 69, SS61344.1-373646 (Lupus), CVSO-176, CVSO-
90 (Orion OB1b), and ECHAJ0844.2-7833 (ηCha), all observed
with X-Shooter. The A(Li) values measured for Sz104, Sz10,
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Fig. 5. Multipanel overview of the Li abundance for the eight SFRs (Cha I, η Cha, Lupus, Taurus, Orion OB1a, Orion OB1b, σOri, and CrA). For
each region, the left subpanel shows NLTE-corrected Li abundance as a function of effective temperature. Red squares and black dots represent the
A(Li) values derived from EWFe

Li and EWveil+Fe
Li , respectively. K-type and M-type stars are plotted with filled and open symbols, respectively. The Li

isochrones by Baraffe et al. (2015) in the 2–20 Myr range are overlaid with dot-dashed lines. Arrows refer to lower (stars whose final A(Li) value
exceeds 4.0 dex, see text) or upper (due to the unresolved contribution of the FeI λ 6707.4 line) limits. Each right subpanel displays the histogram
of the corresponding A(Li) distribution, corrected for veiling.

and CVSO-176 are only marginally below the 2.0 dex deple-
tion threshold. Their abundance uncertainties are large enough
to potentially place these three targets within the nondepleted
regime of the plot. This ambiguity is further supported by a com-
parison with higher-resolution data: Sz 10, Sz 104, SS61344.1-
373646, and CVSO-176 exhibit a 7Li abundance higher than
2.0 dex. While the A(Li) values for Sz 10 and SS61344.1-373646
remain relatively low (2.8 dex and 2.2 dex respectively), the other
two sources show the mean A(Li) ∼ 3.5 dex. This discrepancy
between datasets is due primarily to the veiling factor adopted
in the analysis; as explained in Sect. 3.2, slight variations in the
veiling correction significantly impact the measured EW of the
7Li line. ECHAJ0844.2-7833 has been observed only with X-
Shooter and, therefore, its Li abundance cannot be independently
cross-validated. For the sources Sz 69 and CVSO-90, the absence
of 7Li line at in the spectra obtained by the other instruments pro-
vides strong independent evidence supporting their classification
as 7Li-depleted targets (for the sake of brevity, nondetections are
not reported in the Tables A.1–A.3 available in electronic form).
It is worth noting that the depleted 7Li abundance derived for
Sz 69 is consistent with previous finding in the literature (Biazzo
et al. 2017).

3.4. Influence of veiling on age estimate based on Li
diagnostics

One of our main goals of this work is to investigate the effect on
the age estimates, based on the Li line intensity, when the line
EW is not corrected for veiling. For this purpose, we used the
software EAGLES (Jeffries et al. 2023). This code allows us to
obtain age estimates and age probability distributions from mea-
surements of the 7Li I 6708 Å EW and Teff for individual PMS
stars (or associated group of coeval stars) with 3000 < Teff <
6500 K, −0.3 < [Fe/H] < 0.2, and 200 ≲ EWLi ≲ 800 mÅ.
The code produces estimates of the most probable age, uncer-
tainty and the median age of the stellar cluster. For stars aged
less than 10 Myr and more than 1 Gyr, the code provides only
upper and lower limits on the age. For intermediate values, the
age is estimated with a precision that will depend on the number
of stars and their Teff-EWLi distribution (see Jeffries et al. (2023)
for more details).

To determine the age of each association, we considered the
ESPRESSO, UVES, and X-Shooter data together; in the case
of multiple epoch observations, we took the average value of
EWLi and Teff from the different epochs for one single star. To
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Table 1. Ages estimated with the EAGLES code from EWveil+Fe
Li and

EWFe
Li .

Name Age (Myr) Age (Myr)
cluster with r contribution without r contribution

Cha I <5.2 16.1+0.8
−0.7

ηCha <7.5 <10.4
Lupus <4.9 12.8+0.8

−0.6

Taurus <5 13.7+1.0
−11.3

Orion OB1a <12.2 13.6+1.8
−10.8

Orion OB1b <5.5 16.7+1.4
−1.1

σOrionis <6 29.7+3.2
−2.9

CrA <7.0 <17.3

evaluate the impact of veiling on age determination, we ran the
code twice: first using EWveil+Fe

Li as input and then using EWFe
Li .

The results for both cases are shown in Table 1.
For simplicity, only the Lupus case is shown here as a rep-

resentative example; the results for the remaining regions are
provided in Appendix C.1. Figure 6 displays the EWveil+Fe

Li (left
panel) and EWFe

Li (right panel) as a function of Teff . The error bars
(blue dots) are also given for the best-fitting empirical isochrone
(solid black line) and its associated dispersion (gray region).

When using the EAGLES code, the ages derived when
accounting for veiling are significantly younger than those
obtained without this correction. This is consistent with the
results shown in Fig. 5. For the Lupus SFR, the age difference
between the two cases is about 7 Myr. The age differences found
for the remaining SFRs are from around few Myr up to around
25 Myr, with the latter value obtained for the σ Ori association.
This means that the veiling correction is crucial for an appropri-
ate estimation of the age of YOCs based on the Li diagnostics.
The upper age limits obtained for each SFR considering the veil-
ing contribution are ∼5–7 Myr, consistent with those reported
in the literature (e.g., for Cha I, see Luhman 2007; Manara et al.
2016; Randich et al. 2022; Chen & Chen 2025; for Lupus, Biazzo
et al. 2017; for Taurus, Simon et al. 1993 and Luhman 2023,
for Orion OB1a and Orion OB1b Briceño et al. 2019, and for
σOri, Caballero 2018). When considering only the hotter stars
(Teff ≥ 4000 K), the estimated upper age limits increase by
around 2 Myr.

An interesting aspect of the upper age limit for Orion OB1b
is that an age below 5 Myr would be consistent with the high
accretion rates reported by Pittman et al. (2022). These rates
are typically incompatible with a 5 Myr-old PMS stars, pointing
instead toward a significantly younger age. Our results are further
supported by the recent work by Piscarreta et al. (2025), who
highlighted the impact of accretion, including veiling, on age
determination and photospheric properties. They also reported
that properly accounting for veiling consistently leads to younger
age estimates.

4. Iron and barium abundances

We focus the analysis on the Fe ([Fe/H]) and Ba ([Ba/H])
abundances on PMS stars with Teff greater than 4400 K. This
threshold helps to avoid the strong contribution of molecular
bands (Biazzo et al. 2017). Additionally, we selected stars with
veiling lower than ∼0.2 to minimize uncertainties caused by the

veiling contribution. Unfortunately, this initial selection crite-
ria, prevented us from having targets in every analyzed cluster.
Therefore, our sample was ultimately comprised of:

– Six targets observed with X-Shooter: MY Lup, RECX 11,
RX J0438.6+1546, RY Lup, SSTc2dJ160830.7-382827, and
Sz 68;

– Two targets observed with UVES: CS Cha and CV Cha;
– Eight targets observed with ESPRESSO: CHX 18N,

LkCa 15, MY Lup, RECX 11, RX J0438.6+1546, RY Lup,
and SSTc2dJ160830.7-382827.

We derived [Fe/H] and [Ba/H] through the spectral synthe-
sis method (Biazzo et al. 2017). The Fe abundances were
derived using the open-source spectral analysis framework
iSPEC (Blanco-Cuaresma et al. 2014; Blanco-Cuaresma 2019),
in conjunction with the radiative transfer code MOOG (Sneden
et al. 2012). Synthetic spectra were generated using the Kurucz
(2005) set of model atmospheres. We adopted the Asplund et al.
(2009) solar abundances and the GES line list with hyperfine
structure and isotopes (Heiter et al. 2021). For this analysis, we
chose the wavelength window between 5520 Å and 6800 Å.

For the Ba abundance, we employed spectral synthesis using
the MOOG code (Sneden et al. 2012) and Asplund et al. (2009)
model atmosphere. We considered the spectral synthesis of the
Ba II line at λ = 5853.7 Å, which is known to be strong,
isolated, and not affected by NLTE effects (e.g., Mashonkina
et al. 2007). To achieve the best possible result, we included
the hyperfine structure and isotopic shift provided by McWilliam
(1998) in our analysis. We adopted the isotopic solar mixture by
Anders & Grevesse (1989) and, as done for the Fe abundance, we
considered the solar Ba abundance from Asplund et al. (2009).

The limb-darkening coefficients were taken from Claret et al.
(2012). We estimated the microturbulence, ξ, and macroturbu-
lence, vmac, using the relations of Dutra-Ferreira et al. (2016) and
Brewer et al. (2016), respectively. The values of ξ and vmac for
the selected targets are shown in Table B.1.

Table 2 presents the results of our [Fe/H] and [Ba/H] anal-
ysis. For the ESPRESSO and UVES data, the table reports the
mean results across the multi-epoch values, obtained from the
individual spectra. It also includes uncertainties related to the
best-fit model (σ1) and to the errors in the stellar parameters
(σ2). For more details (see Sect. 4.1). In Table 3, we show
the mean [Fe/H] and [Ba/H] values along with their standard
deviation for the respective clusters. For these calculations, we
assigned one value per target. For objects with multi-instrument
observations, we considered the average of the two independent
measurements.

4.1. Error estimates

There are two sources of uncertainty in the abundances derived
from spectral synthesis: (i) errors associated with the fitting
procedure and (ii) uncertainties arising from the choice of
the atmospheric parameters. In the case of Fe abundance, the
first source of uncertainty, which also includes errors in the
continuum placement, is about 0.05 dex for ESPRESSO, and
0.1–0.2 dex for UVES and X-Shooter. In the case of Ba, the
uncertainties are ∼0.1 dex for ESPRESSO and UVES, ∼0.15 dex
for X-Shooter. To quantify the impact of stellar parameters (Teff ,
logg, ξ, and v sin i) on the abundance measurement, we changed
each quantity separately and evaluated the corresponding change
in the derived abundance. Specifically, a change of ±60 K in
Teff for ESPRESSO data, and ±100 K for UVES and X-Shooter
spectra, resulted in Fe variations of 0.04, 0.03, and 0.05 dex
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Fig. 6. Example of Li pattern fitting: the case of the Lupus SFR. The left panel shows the case in which the age was determined using the EWveil+Fe
Li ,

while the right panel shows the case in which the EWFe
Li have been used. The solid black line represent the best-fit isochrone in the EWLi vs. Teff

plane. The shaded region illustrates the model intrinsic dispersion at the best-fit age or its upper limit. The dashed black lines represent 95% upper
and lower limits where no clear peak is observed. The blue dots show EW(Li) as a function of Teff with the uncertainties on EW(Li) measurements.
The text in the top-left corner on the plot shows maximum likelihood age.

Table 2. Fe and Ba abundances measured through spectral synthesis.

Name SFR [Fe/H] [Ba/H]
Target (dex) (dex)

ESPRESSO

CHX 18N ChaI 0.07 ± 0.05 ± 0.10 ... ±...± ...
LkCa 15 Taurus −0.09 ± 0.05 ± 0.10 0.66 ± 0.07 ± 0.07
MY Lup Lupus 0.07 ± 0.06 ± 0.01 0.68 ± 0.09 ± 0.07
RECX 11 ηCha −0.15 ± 0.05 ± 0.10 0.60 ± 0.07 ± 0.07

RX J0438.6+1546 Taurus 0.06 ± 0.06 ± 0.10 0.81 ± 0.09 ± 0.07
RY Lup Lupus −0.07 ± 0.07 ± 0.10 0.66 ± 0.07 ± 0.07

SSTc2dJ160830.7-382827 Lupus 0.05 ± 0.06 ± 0.1 0.80 ± 0.07 ± 0.07
Sz 75 Lupus −0.19 ± 0.05 ± 0.10 0.71 ± 0.07 ± 0.07

UVES

CS CHA ChaI −0.08 ± 0.12 ± 0.05 0.72 ± 0.07 ± 0.07
CV CHA ChaI −0.22 ± 0.16 ± 0.05 0.78± 0.09 ± 0.07

XS

MY Lup Lupus −0.20 ± 0.20 ± 0.06 0.60 ± 0.17 ± 0.12
RECX 11 ηCha −0.02 ± 0.10 ± 0.06 0.68 ± 0.13 ± 0.12

RX J0438.6+1546 Taurus −0.14 ± 0.20± 0.06 0.76 ± 0.17 ± 0.12
RY Lup Lupus −0.15 ± 0.10 ± 0.06 0.75 ± 0.17 ± 0.12

SSTc2dJ160830.7-382827 Lupus −0.10 ± 0.10 ± 0.06 0.65 ± 0.13± 0.12
Sz 68 Lupus −0.30 ± 0.10 ± 0.06 0.65 ± 0.17 ± 0.12

Notes. The uncertainties include contributions from the fitting process
and the propagation of errors in the atmospheric parameters.

Table 3. Mean Fe and Ba abundances with standard deviations for four
SFRs.

Name [Fe/H] [Ba/H]
(dex) (dex)

ChaI −0.08 ± 0.15 0.75 ± 0.04
ηCha −0.08 ± 0.09 0.64 ± 0.06
Lupus −0.14 ± 0.11 0.69 ± 0.04
Taurus −0.07 ± 0.04 0.73 ± 0.09

across the three instruments. For Ba, the corresponding errors
ranged from 0.05 to 0.06 dex. Varying logg by ±0.15 dex led to
Fe abundance variations of 0.02–0.03 dex, and Ba variations of
0.02–0.08 dex. Finally, a ±2 km/s change in v sin i contributed as
0.01–0.04 dex in Fe uncertainties and 0.02–0.04 dex in Ba uncer-
tainties. Considering ξ = 0 km/s instead 2 km/s, we obtained
an error on [Fe/H] of 0.03–0.07 dex, and on [Ba/H] of about
0.04–0.13 dex. The cumulative uncertainties can be obtained by
summing in quadrature the different contributions (see Table 2).

4.2. Iron abundance in the context of nearby SFRs

Metallicity plays a crucial role in shaping stellar evolution and
possible Galactic chemical enrichment within SFRs. Recent
studies have shown that Fe abundance of nearby (<500 pc) YOCs
ranges between approximately −0.2 to 0.3 dex. The youngest
associations (≲100 Myr) are generally clustered to the lowest
values (Biazzo et al. 2011b; Spina et al. 2014, 2017).

In this work, we find slightly subsolar Fe abundance for our
SFRs (Table 3), with a value in line with the recent studies cited
above, although our dispersion is somewhat high. In particular,
for Cha I, we find [Fe/H]=−0.08 dex, which is consistent with the
value reported by Spina et al. (2014, 2017). For the Taurus asso-
ciation, we find [Fe/H] = −0.07 dex, again in agreement within
the uncertainties with D’Orazi et al. (2011). For Lupus we find
[Fe/H]=−0.14 dex, which agrees within the errors with Biazzo
et al. (2017) and Santos et al. (2008). Moreover, we present the
first metallicity estimate for the ηCha SFR, finding a value of
−0.08 dex, consistent with that of Cha I.

Figure 7 displays the [Fe/H] distribution of young open clus-
ters and SFRs in the solar neighborhood within a distance of
500 pc and age smaller than 10 Myr. The black line represents
the distribution based on the data from Spina et al. (2014), where
our measurements have replaced those for the clusters in com-
mon (i.e., Cha I, Lupus, Taurus; see Table 3). For comparison,
the original distribution from Spina et al. (2014) is overplotted as
a dashed red line. Our results are consistent with their estimates,
yielding a median [Fe/H] = –0.06 ± 0.03 dex for our combined
sample (indicated by a vertical dashed black line and an error
bar) compared to –0.057 ± 0.03 dex for the original Spina et al.
(2014) dataset (vertical dotted red line). The histograms reveal
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Fig. 7. [Fe/H] distribution of the open clusters and SFRs in the solar
neighborhood within a distance of 500 pc and age lower than 10 Myr.
The histogram bin size is 0.03. The dashed red line represents data from
Spina et al. (2014), while the solid black line shows the same dataset
after replacing the values for the clusters in common with our own
measurements. The vertical lines and an error bars indicate the median
values and the corresponding median absolute deviations.

that the majority of the observed young sources exhibit subsolar
metallicities, with both distributions showing a prominent peak
around [Fe/H]=−0.05 dex.

The common metal-poor composition of these young envi-
ronments, which are not characteristic of the local ISM, might be
the result of a complex interplay of chemical processes involving
a wide area of the Galactic disk (Spina et al. 2017).

4.3. The barium abundance conundrum

Previous works have shown that the Ba abundance in star-
forming regions and young associations increases with decreas-
ing age, reaching values up ∼0.6–0.7 dex (e.g., D’Orazi et al.
2009; Biazzo et al. 2017; Baratella et al. 2021). This remarkably
high enhancement cannot be explained by standard nucleosyn-
thesis and galactic chemical evolution (GCE), nor by NLTE
effects.

In this work, we have homogeneously measured the [Ba/H]
abundance in four very young stellar associations (<10 Myr).
As in the previous studies, we find an overabundance of Ba
(Table 3). Specifically, for Lupus [Ba/H]=+0.69 dex, which is in
perfect agreement, within the error, with the value of ∼0.7 dex
reported by Biazzo et al. (2007). To our knowledge, no previous
studies focusing on Ba abundance have been published to date
for the SFRs Taurus, Cha I, and ηCha. Here, we determined
the mean [Ba/H] in these regions finding 0.73 dex, 0.75 dex,
and 0.64 dex, respectively. However, it should be noted that
the value of 0.64 dex is based on observations of a single star
(RECX 11) using two different instruments; therefore, it might
not be representative of the entire region.

In Fig. 8, we plot our mean cluster [Ba/H] values as func-
tion of age (black dots), together with the results obtained by
other authors: Biazzo et al. 2017 (blue asterisk), Spina et al.
2021 (red triangles), Baratella et al. 2021 (purple crosses), and
Magrini et al. 2023 (cyan triangles). We selected SFRs and clus-
ters located at Galactocentric distances between 7.5 and of 9 pc.
Moreover, we displayed the [Ba/H] in SFRs and stellar clusters
with an age from few Myr up to 10 Gyr. We also compare the
observations with the prediction of the GCE of Magrini et al.
(2021) at different RGC (8 and 10 kpc). The GCE models used

Fig. 8. [Ba/H] as a function of the age of Galactic open clusters and
associations. The black dots represent the estimates derived in this work.
Arrows indicate upper limits in age. The other symbols represent esti-
mates from the literature, as highlighted in the figure. When the same
cluster was analyzed by more than one author, we considered the values
obtained by Magrini et al. (2023). The GCE models with yields from
the FRUITY (Cristallo et al. 2009; magenta lines) and MAGN models
(Vescovi et al. 2020; green lines) are also overplotted.

in this plot incorporate s-process yields from the FRUITY mod-
els, which are based on an exponentially decreasing convective
velocity profile at the inner border of the convective envelope
(Cristallo et al. 2009), as well as from the updated MAGN
models (Vescovi et al. 2020). The latter include the effects of
magnetic-field-induced mixing. The GCE models can repro-
duce data of clusters older than ∼100 Myr quite well. However,
for younger clusters and associations, the high [Ba/H] values
observed, are systematically underpredicted by models.

A promising mechanism of production of heavy elements is
the i-process, proposed by various authors (e.g., Mishenina et al.
2013; D’Orazi et al. 2017). This process is characterized by neu-
tron density intermediate between those of s- and r-processes.
Rich i-process nucleosynthesis can occurs during the early AGB
phase of low-metallicy, low-mass stars (Choplin et al. 2021),
although other types of stars (e.g., super AGB, rapidly-accreting
white dwarf, massive stars) have also been proposed as possi-
ble i-process hosts (Baratella et al. 2021 and reference therein).
However, further theoretical models are needed.

Baratella et al. (2021) investigated whether stellar activity,
a strong magnetic field, or the first ionization potential effect
could explain the high peculiar Ba abundance. They concluded
that these factors play a role, but there is still no convincing evi-
dence that any of them provide a definitive solution. Recently,
Sheminova et al. (2024), analyzing 13 solar-type F, G, and K-
type stars in the thin disk of the Galaxy, with ages from 2 Gyr
to 14 Gyr, confirmed the increase in the Ba abundance with
increasing chromospheric activity. This suggests that it is cru-
cial to adopt a more complex atmosphere model that includes
the magnetic structure to obtain more reliable Ba abundances.
In any case, at present, the high [Ba/H] values in the SFRs still
remains a conundrum.

5. Conclusions

We present the results of a study on elemental abundances in sev-
eral nearby star-forming regions, namely Cha I, ηCha, Lupus,
Taurus, Orion OB1a, Orion OB1b, σOri, and CrA. We used
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spectroscopic data gathered as part of the PENELLOPE pro-
gram, obtained using the instruments ESPRESSO, UVES, and
X-Shooter, all mounted on the VLT. Our main results can be
summarized as follows:

– We measured the EW of the Li line at λ= 6707.8 Å. For all
75 targets in our sample, we corrected the measurements for
the contribution of veiling, obtaining an average EWveil+Fe

Li
value of 170 mÅ;

– Analysis of ESPRESSO and UVES multi-epoch spectra
reveals significant EWLi variability. We identified 26 tar-
gets with raw variations (∆EW raw

Li = 62 ± 28 mÅ), which
could be linked to chromospheric activity. Additionally, in
a subsample of 30 sources, the veiling-corrected variations
(∆EWveil+Fe

Li = 92.2 ± 65.9 mÅ) appear to be more pro-
nounced. The correlation between ∆EWveil+Fe

Li and ∆r670
suggests that variations in the accretion process might play a
significant role in driving the observed EWLi changes;

– We estimated the abundance of 7Li from the corrected EWs,
for the targets in the sample with Teff higher than 3000 K.
For the stars with temperature ranging between 3000 K and
4000 K, we measured the upper limits on A(Li). We also
emphasized the crucial role of the veiling contribution in the
determination of A(Li), which leads to an average correction
of ∼0.74 dex;

– We identified seven possible Li-depleted sources: Sz 10
in Cha I, Sz 104, Sz 69, and SS61344.1-373646 in Lupus,
CVSO-176, CVSO-90 in Orion OB1b, and ECHAJ0844.2-
7833 in ηCha;

– Using the EAGLES code, we attempted to estimate the ages
of all SFRs, based on their Li EWs, both including and
neglecting the contribution of veiling. For all the young
regions, we found differences of several Myr, reaching up
to 25 Myr, between the two cases. This result underscores
the crucial importance of accounting for veiling in age
determinations;

– We determined the mean Fe and Ba abundance of the SFRs
Lupus, Taurus, Cha I, and ηCha. We find slightly subso-
lar Fe abundance values. This result confirms recent studies
that have reported the youngest (≲100 Myr) and nearby
(<500 pc) stellar associations exhibit a general tendency to
cluster around subsolar Fe values. We found overabundance
of the mean Ba in these SFRs, up to ∼0.75 dex, which still
remains a conundrum, as no recent theory has been able to
predict such a high value at young ages.

The results presented of this work demonstrate that veiling sig-
nificantly impacts both A(Li) and age determinations, while
also inducing notable epoch-to-epoch variations in the Li EW.
These findings emphasize the necessity for multi-epochs obser-
vations of PMS stars and more rigorous investigations into
veiling-induced systematic effects. Furthermore, our discov-
ery of Ba overabundances in three additional young regions,
extending beyond previously documented cases, strengthens
the empirical evidence for this enhancement. This highlights
the need for expanded theoretical and observational studies
of star-forming regions and young clusters (age < 100 Myr)
to elucidate the physical origin of the so-called “Ba puzzle.”
Finally, this work provides a high-resolution fundamental bench-
mark for future large-scale surveys. Our results will be essential
for the interpretation of upcoming studies of young clusters
conducted with the new 4MOST facility and the forthcoming
MOONS spectrograph, both of which operate at lower spectral
resolutions.

Data availability

Tables A.1, A.2, and A.3 are available at the CDS via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/709/A144
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Appendix A: Electronic Tables

This appendix provides a brief description of the tables associated with this work. The three tables correspond to the datasets
obtained with UVES, ESPRESSO, and X-Shooter. Each table lists the target name, the observing epoch and date, the effective
temperature, the veiling, the raw equivalent width of the Li line with its fitting uncertainty, the equivalent width corrected for iron
blending and veiling, and the corresponding lithium abundance derived from the corrected values, accounting for NLTE effects. The
tables are available at the CDS.

Appendix B: Microturbulence (ξ) and macroturbulence (umac) velocities

Table B.1. Microturbulence (ξ) and macroturbulence (vmac) velocities for the subsample of targets selected for [Fe/H] and [Ba/H] abundance
measurements.

Name Name ep ξ vmac
Target Cluster km/s km/s

ESPRESSO

CHX 18N Cha I 1 0.74 1.78
CHX 18N Cha I 2 0.75 1.81
CHX 18N Cha I 3 0.76 1.83
LkCa 15 Taurus 1 0.71 1.70
LkCa 15 Taurus 2 0.69 1.66
LkCa 15 Taurus 3 0.69 1.66
MY Lup Lupus 2 0.79 1.93
MY Lup Lupus 3 0.80 1.94
MY Lup Lupus 4 0.80 1.95
MY Lup Lupus 2bis 0.79 1.92
MY Lup Lupus 5bis 0.79 1.93
RECX 11 ηCha 1 0.63 1.54
RECX 11 ηCha 2 0.64 1.57
RX J0438.6+1546 Taurus 1 0.79 1.93
RX J0438.6+1546 Taurus 2 0.80 1.94
RY Lup Lupus 1 0.87 1.99
RY Lup Lupus 2 0.86 1.96
RY Lup Lupus 3 0.88 1.99
RY Lup Lupus 4 0.89 2.00
RY Lup Lupus 5 0.88 2.04
SSTc2dJ160830.7-382827 Lupus 2 0.80 1.95
SSTc2dJ160830.7-382827 Lupus 3 0.79 1.91
Sz 75 Lupus 3 0.59 1.49

UVES

CS Cha Cha I 1 0.63 1.55
CS Cha Cha I 2 0.63 1.56
CS Cha Cha I 3 0.60 1.50
CV Cha Cha I 3 0.87 1.90

XS

MY Lup Lupus 1 0.61 1.53
RECX 11 ECha 1 0.73 1.73
RX J0438.6+1546 Taurus 1 0.69 1.65
RY Lup Lupus 1 0.78 1.93
SSTc2dJ160830.7-382827 Lupus 1 0.72 1.70
Sz 68 Lupus 1 0.72 1.55
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Appendix C: Upper age limit estimates

The Li pattern fitting for the SFRs Cha I, ηCha, Taurus, Orion OB1a, Orion OB1b, σOri, and CrA. For each region, panel a of Fig.
C.1 shows the case in which the age was determined using the EWveil+Fe

Li , while panel b shows the case in which the EWFe
Li have been

used. The solid black line represent the best-fit isochrone in the EWLi vs. Teff plane. The shaded region illustrates the model intrinsic
dispersion at the best-fit age or its upper limit. The dashed black lines represent 95% upper and lower limits where no clear peak
is observed. The blue dots show EWLi as a function of Teff with the uncertainties on EWLi measurements. The text in the top-left
corner on the plot shows maximum likelihood age.
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Fig. C.1. Li pattern fitting for the SFRs Cha I, ηCha and Taurus, Orion OB1a, Orion OB1b, σOri, and CrA.
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