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5Observatório Nacional/MCTIC, R. Gen. José Cristino, 77, 20921-400, Rio de Janeiro, Brazil
6Department of Astronomy, University of Florida, 211 Bryant Space Science Center, Gainesville, FL 32611, USA

ABSTRACT

A growing understanding of stellar processes that alter surface chemical abundances over time has

opened new avenues for using these changes as probes of stellar properties. On the main sequence and

near the turnoff, stellar surface abundances are affected by gravitational settling and radiative acceler-

ation, collectively known as atomic diffusion. In this work, we use SDSS/APOGEE DR17/DR19 data

to investigate atomic diffusion in the open clusters NGC 752 and Ruprecht 147, thereby constrain-

ing how these signatures vary with age. From the analysis of Fe, C, N, Na, Mg, Al, Si, S, K, Ca,

Ti, V, Cr, Mn, Co, and Ni, we find significant abundance differences between stars near the turnoff

and the cooler main-sequence, where warmer stars are depleted relative to the cooler main-sequence

stars at the ≥ 1σ level for all elements available in the analysis. These abundance differences are

consistent with the signatures expected from atomic diffusion and are further supported by compar-

isons with stellar models that include diffusion. By fitting the observed Teff–[Fe/H] patterns with

MIST isochrones, we obtain best-fit ages of 1.0 Gyr for NGC 752 and 2.5–3.2 Gyr for Ruprecht 147.

Carbon is a key diagnostic, as it shows both atomic diffusion and extra-mixing signatures associated

with first-dredge-up. For NGC 752, the coolest stars in our sample, which provide the best proxy for

the initial cluster composition, yield [Fe/H]CS = 0.01 ± 0.02(± 0.05) dex. For Ruprecht 147, we

obtain [Fe/H]CS = 0.17 ± 0.00(± 0.05) dex. Our findings further constrain atomic diffusion models,

suggesting that atomic diffusion affects age estimates of stars near the main-sequence turnoff.

Keywords: Open star clusters (1160), Galactic abundances (2002), Chemical abundances (224), Abun-

dance Ratios (11)

1. INTRODUCTION

Precise measurements of stellar abundances and ages

are fundamental tools in Galactic archaeology, allowing

us to reconstruct the formation and evolutionary history

of the Milky Way from the fossil record preserved in its

stars (K. Freeman & J. Bland-Hawthorn 2002). Open

clusters are especially valuable for these studies, as their

well-constrained ages, distances, and compositions offer

critical benchmarks for calibrating stellar models and

probing chemical evolution across the Galactic disk (S.
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Randich et al. 2018; L. Magrini et al. 2023). However,

accurately interpreting observed abundance patterns re-

quires accounting for stellar processes such as atomic

diffusion and internal mixing, which can significantly

modify surface compositions and introduce systematic

biases into abundance-derived ages if neglected (A. Dot-

ter 2016; J. Choi et al. 2016; A. Dotter et al. 2017).

A widely adopted approach for determining stellar

ages involves modeling the evolution of luminosity and

effective temperature with time to construct theoretical

isochrones, which describe stellar populations at specific

ages. By matching observed stars to isochrones with the

corresponding chemical compositions, precise age esti-

mates can be obtained. Stars near the main-sequence
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turnoff (MSTO) and along the subgiant branch (SGB)

are particularly suitable for this technique, typically

yielding ages with uncertainties of ∼10–20% under fa-

vorable observational conditions (e.g., D. R. Soderblom

2010; L. Casagrande et al. 2016). Recent large-scale

spectroscopic surveys, such as the Apache Point Obser-

vatory Galactic Evolution Experiment (APOGEE; Ab-

durro’uf et al. 2022), the Gaia-ESO Survey (G. Gilmore

et al. 2012), and the GALactic Archaeology with HER-

MES survey (GALAH; S. L. Martell et al. 2017), have

substantially enhanced the applicability of this method.

Combined with Gaia astrometry, these surveys enable

robust studies of stellar ages throughout the Galaxy,

particularly through targeted observations of SGB stars

(e.g., M. R. Hayden et al. 2022; M. Xiang & H.-W. Rix

2022).

However, standard isochrone fitting typically assumes

that a star’s observed surface abundances reflect its ini-

tial, birth composition. In practice, this assumption

breaks down due to various internal mixing processes

that alter the surface chemical composition over time.

Stars are dynamic systems, and material can be ex-

changed between the stellar interior and atmosphere

through both convective and non-convective processes.

For example, in red giants, it is well established that

the first dredge-up (FDU) modifies the surface abun-

dances of carbon and nitrogen, a convective episode that

transports material processed via the CNO cycle from

the interior to the surface (A. I. Karakas & J. C. Lat-

tanzio 2014; N. Lagarde et al. 2012). Atomic diffusion

is another well-established physical process that oper-

ates more efficiently in stars near the main-sequence

turnoff (MSTO) and, to a lesser degree, along the sub-

giant branch (SGB). First proposed over a century ago

(S. Chapman 1917a,b), atomic diffusion arises from the

interplay of gravitational settling, which causes heavier

elements to sink below the surface, and radiative levita-

tion, which can counteract this effect by pushing certain

ions upward. As a result, surface photospheric abun-

dances gradually diverge from the star’s pristine com-

position. In particular, elements may diffuse out of the

convective envelope, leading to surface depletions that

persist until mixing processes restore them. During red

giant evolution, the deepening of the convective envelope

can dredge up material from the interior, reestablishing

surface abundances that more closely reflect the stel-

lar interior (G. Michaud et al. 2004). Atomic diffusion

is expected to be most effective in the outer layers of

main-sequence stars with effective temperatures above

6000 K and in horizontal branch stars with Teff > 8000

K (J. Richer et al. 1998; A. Dotter et al. 2017).

Fortunately, atomic diffusion has been extensively

studied both theoretically and observationally (G.

Michaud et al. 2015, and references therein). Clear

signatures of this process have been detected in sev-

eral globular clusters, including M 92 (A. M. Boesgaard

et al. 1998; J. R. King et al. 1998), NGC 6397 (A. J.

Korn et al. 2006, 2007), and NGC 6752 (P. Gruyters

et al. 2013, 2014). More recently, evidence for atomic

diffusion has also been reported in M 4 (T. Nordlander

et al. 2024), as well as in a number of open clusters,

such as M 67 (D. Souto et al. 2019, 2018a; F. Liu et al.

2019; C. Bertelli Motta et al. 2018; X. Gao et al. 2018;

A. Önehag et al. 2014), NGC 2420 (E. Semenova et al.

2020), and Coma Berenices (D. Souto et al. 2021). V.

Grilo et al. (2024) investigated potential signatures of

atomic diffusion in the young open cluster Pleiades (age

∼100 Myr), but found no statistically significant evi-

dence for diffusion-related abundance variations. Star

clusters provide ideal laboratories for studying atomic

diffusion, as they contain stars at various evolutionary

stages with shared ages and compositions. By com-

paring abundance patterns across the main-sequence,

turnoff, and red-giant phases, we can assess the signa-

tures of atomic diffusion and evaluate its implications

for stellar evolution.

In this study, we investigate the signatures of atomic

diffusion across multiple elements from abundances de-

rived using spectra from the SDSS/APOGEE survey.

This work builds on D. Souto et al. (2018a, 2019),

employing a similar methodology that includes the

use of consistent isochrone models and detailed spec-

troscopic abundance determinations, as well as the

APOGEE/ASPCAP (A. E. Garćıa Pérez et al. 2016)

abundances. Using data from SDSS/APOGEE and ap-

plying quality and membership selections based on the

OCCAM survey, we expand the analysis to two addi-

tional open clusters: NGC 752 and Ruprecht 147. NGC

752 is a nearby (∼450 pc), intermediate-age open clus-

ter with an estimated age of 1.3 Gyr (T. Cantat-Gaudin

et al. 2020) and solar metallicity ([Fe/H] ∼ -0.01 dex;

A. B. S. Reddy et al. 2012; M. G. Lum & A. M. Boes-

gaard 2019; R. Carrera et al. 2019). Ruprecht 147 (also

known as NGC 6774) is a middle-aged open cluster

(∼2.5 Gyr; T. Cantat-Gaudin et al. 2020) located even

closer to the Sun (∼250–300 pc), and has a slightly su-

persolar metallicity of [Fe/H] ∼ 0.10 dex (A. Bragaglia

et al. 2018; K. L. Beeson et al. 2024). The proximity

and well-characterized properties of these clusters make

them ideal targets for precise spectroscopic analysis, en-

abling us to further explore the impact of atomic diffu-

sion.
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2. DATA & MODELS

2.1. SDSS/APOGEE Survey

In this work, we use data from the Apache Point Ob-

servatory Galactic Evolution Experiment surveys (S. R.

Majewski et al. 2017, APOGEE-1 & -2;), which are

part of the SDSS-III & -IV projects (D. J. Eisenstein

et al. 2011; M. R. Blanton et al. 2017). Spectroscopic

data were obtained in both hemispheres with 2.5m tele-

scopes (J. E. Gunn et al. 2006; I. S. Bowen & J. Vaughan

1973) at APO (Apache Point Observatory, New Mexico,

USA) and LCO (Las Campanas Observatory, La Ser-

ena, Chile), using the APOGEE-N and -S spectrographs

(J. C. Wilson et al. 2019), respectively. The targeting

selection for APOGEE is described in G. Zasowski et al.

(2013, 2017), R. L. Beaton et al. (2021), and F. A. San-

tana et al. (2021), with targeting for open clusters being

further described in P. M. Frinchaboy et al. (2013) and

J. Donor et al. (2018).

2.2. MIST Stellar Evolution Models

To investigate the significance of any diffusion effects,

we need to compare the observed data with stellar evo-

lution models. In this work, we have selected the MESA

Isochrones & Stellar Tracks (MIST; A. Dotter 2016; J.

Choi et al. 2016) models that utilizes the stellar evo-

lution code Modules for experiments in Stellar Astro-

physics (MESA; B. Paxton et al. 2011, 2013, 2015),

which also includes the effects of atomic diffusion. These

models cover an age range of 5 ≤ log(Age) ≤ 10.3

and metallicity range of −4 ≤ [Fe/H] ≤ +0.5 as well

as report surface abundances for 19 isotopes of 17 ele-

ments from hydrogen to iron. Stellar evolutionary tracks

were computed with and without radiative acceleration

to gauge their influence. Each element is treated in-

dependently in the calculation of ionization balance,

monochromatic opacity, and radiative acceleration. For

elements without explicit atomic-diffusion evolution in

the isochrones, we adopt the iron abundance as a proxy.

All isochrones used in this study were generated using

the MIST Isochrone Interpolation tool7.

3. ANALYSIS

Our stellar data are taken from the first data release

of the SDSS-V MWM survey (DR19; SDSS Collabo-

ration et al. 2026). A full description of the APOGEE

data quality and parameter limitations is presented in

Abdurro’uf et al. (2022) and Holtzman et al. (in prep).

For this work, we have selected the SDSS/APOGEE sur-

vey to study diffusion in the open clusters NGC 752

7 https://waps.cfa.harvard.edu/MIST/interp isos.html

and Ruprecht 147. These open clusters were selected

because they cover a wide range in stellar class from

dwarfs to red giant stars. Notably, besides the open

cluster M67 that was previously studied in D. Souto

et al. (2018a, 2019), NGC 752 and Ruprecht 147 are

the only clusters in the OCCAM sample that include

stars spanning the main sequence, turnoff, and red gi-

ant branch evolutionary stages. This full evolutionary

coverage is essential for probing abundance variations

near the turnoff, where atomic diffusion signatures are

expected to be most prominent.

3.1. Cluster Membership and Selected Sample

To select open cluster members for this study, we used

the cluster membership probabilities from the Open

Cluster Chemical Analysis and Mapping survey (OC-

CAM, P. M. Frinchaboy et al. 2013; K. Cunha et al.

2015; J. Donor et al. 2018, 2020; N. Myers et al. 2022;

J. M. Otto et al. 2026). Specifically, we used the OC-

CAM proper motion (PM) and radial velocity (RV)

membership probabilities from the N. Myers et al. (2022)

VAC to select members of NGC 752 and Ruprecht 147.

We adopted a cut-off RV PROB > 0.1 and RV PROB >

0.1. We checked that the same sample is obtained when

using the J. M. Otto et al. (2026) DR19 results. We

note that we did not use the metallicity-based proba-

bility, as it could remove stars with potential signatures

for atomic diffusion, since the iron surface abundance

would change at and around the turnoff phase.

We also used radial velocity measurements from dif-

ferent APOGEE observations of the same star to remove

possible binaries from our sample. The DR17 parame-

ter VSCATTER provides the scatter around the average

radial velocity determined from individual stellar visits;

here, we applied a VSCATTER cut of < 1 km s−1.

In addition, we selected only stars with reliable stellar

parameters and elemental abundance measurements in

DR17 by applying the APOGEE/ASPCAP quality bit-

wise flags described in H. Jönsson et al. (2020a) and

Holtzman et al. (in prep.). Specifically, we excluded

stars flagged by the relevant DR17 stellar-parameter

STARFLAG criterion and by the ASPCAP chemistry-

quality flag, corresponding to the STARFLAG and AS-

PCAP flag cuts previously summarized as STARFLAG

̸= 16 and ASPCAP chemistry flag ̸= 23. We further

required APOGEE spectra with SNR ≥ 100. To en-

sure cluster membership, we adopted the OCCAM sur-

vey VAC probabilities from N. Myers et al. (2022),

requiring both radial-velocity membership probability

RV PROB > 0.1 and proper-motion membership prob-

ability PM PROB > 0.1. After applying these selec-
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tion criteria, our final sample consists of 35 stars from

NGC 752 and 23 stars from Ruprecht 147.

Figure 1 presents the photometric and spectro-

scopic properties of our final sample in NGC 752 and

Ruprecht 147. The left panels show the dereddened

color–magnitude diagrams, MKs
versus (J−Ks)0, while

the right panels show a narrow APOGEE H-band spec-

tral region containing three strong Mg I features. The

top and bottom rows correspond to NGC 752 and

Ruprecht 147, respectively. In the CMD panels, we over-

plot the adopted MIST isochrone for each cluster as a

solid gray curve, together with two additional isochrones

offset by ±0.3 Gyr from the adopted cluster age, shown

as dashed gray curves. The symbols indicate the evo-

lutionary classes adopted in this work, as defined in

Section 4.1: cool stars (CS), main-sequence stars (MS),

diffusion-dominated stars (Diff), main-sequence–turnoff

transition stars (MS–TO), and red giants (RG). The

spectroscopic panels show the observed APOGEE spec-

tra for stars in each of these evolutionary classes, ordered

from evolved stars at the top to cooler main-sequence

stars at the bottom. The shaded regions mark the Mg I

features highlighted in this figure and illustrate how the

line strengths vary across the cluster sequences. The

stellar parameters and abundances for the full sample

are listed in Table 1.

3.2. Atmospheric Parameters: Teff and log g

We determined the effective temperatures for the

studied stars using the color–Teff relations of J. I.

González Hernández & P. Bonifacio (2009), adopting

the calibrations appropriate for dwarf and giant stars.

For each star, we computed temperatures from five color

indices: B − V , V − J , V − H, V − Ks, and J − Ks.

The optical B and V magnitudes were taken from the

UCAC4 catalog (N. Zacharias et al. 2013), and the near-

infrared J , H, and Ks magnitudes from 2MASS (R. M.

Cutri et al. 2003). We adopted cluster metallicities of

[Fe/H] = −0.04 dex for NGC 752 and [Fe/H] = +0.12

dex for Ruprecht 147 when applying the calibrations.

The final photometric Teff was defined as the mean value

of the five color indices, and the dispersion among the

individual color temperatures was used as an estimate of

the internal uncertainties. A detailed comparison of this

work’s Teff with those from APOGEE/ASPCAP DR17

and DR19 is presented in Appendix A.

We determined surface gravities using Equation 1,

which follows directly from the Stefan–Boltzmann law

combined with the definition of surface gravity.

log g = log g⊙+log

(
M

M⊙

)
+4 log

(
Teff

Teff,⊙

)
−log

(
L

L⊙

)
(1)

For each star, we adopted the photometric Teff values

determined in this work, together with stellar masses

and luminosities estimated from MIST isochrones ap-

propriate for each cluster. We assumed an age of 1.3 Gyr

and [Fe/H] = −0.04 dex for NGC 752, and an age of

2.5 Gyr and [Fe/H] = +0.12 dex for Ruprecht 147, fol-

lowing T. Cantat-Gaudin et al. (2020) ages and metal-

licities from A. B. S. Reddy et al. (2012); M. G. Lum

& A. M. Boesgaard (2019); R. Carrera et al. (2019); A.

Bragaglia et al. (2018); K. L. Beeson et al. (2024). Stel-

lar masses and luminosities were assigned by comparing

each star with the corresponding isochrone, using the

adopted Teff and the Ks magnitude as reference quan-

tities, and selecting the closest matching point along

the isochrone. We adopted the solar reference values

of log g⊙ = 4.438 dex and Teff,⊙ = 5772 K, following the

IAU recommendations of A. Prša et al. (2016).

3.3. Detailed Abundance Analysis

In this study, we performed a detailed spectroscopic

analysis to determine chemical abundances for all stars

in our sample using the effective temperatures and sur-

face gravity values discussed in the previous section.

These detailed abundance determinations provide an in-

dependent benchmark against which we compare the

automated results from the ASPCAP pipeline, as pre-

sented in Appendix B.

The spectral analysis was carried out using the BAC-

CHUS code (T. Masseron et al. 2016), with MARCS

models of atmosphere (B. Gustafsson et al. 2008), and

we derive elemental abundances by fitting synthetic
spectra to observed lines via a minimum χ2 criterion

with further visual inspection. For estimating the micro-

turbulence velocity, we adopted the same procedure as

in D. Souto et al. (2016a) and V. V. Smith et al. (2013),

and the same spectral lines as in D. Souto et al. (2018a)

were analyzed to determine individual abundances of

the elements: C, N, Na, Mg, Al, Si, S, K, Ca, Ti, V,

Cr, Mn, Fe, Co, and Ni. It is important to note that

for specific elements, such as Ti, V, Cr, and Co, the

neutral atomic lines become quite weak as the effective

temperature increases. This is the case, in particular,

for turnoff stars, for which the determination of precise

individual abundances becomes more challenging or im-

possible. The chemical abundances obtained from our

detailed analysis are presented in Table 1.

The estimated abundance uncertainties here are the

same as those reported in Table 4 of D. Souto et al.
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Figure 1. Color–magnitude diagram and APOGEE spectra for stars in NGC 752 and Ruprecht 147 in the top and bottom
panels, respectively. The left panel shows the dereddened MKs versus (J − Ks)0 diagram. Symbols indicate the evolutionary
classes adopted in this work: red giants (RG; blue triangles), main-sequence–turnoff transition stars (MS–TO; orange plus
symbols), diffusion-dominated stars (Diff; yellow inverted triangles), main-sequence stars (MS; green pentagons), and cool stars
(CS; pink circles). The solid gray curve shows the MIST isochrone for the adopted cluster parameters, and dashed gray curves
show MIST isochrones with ages ±0.3 Gyr for comparison. The right panels show the normalized APOGEE spectra in the
wavelength interval 1.5730–1.5775 µm, separated by evolutionary class. Individual stellar spectra are shown as thin colored
curves, and the number of stars in each group is indicated in each panel. The light-blue shaded regions mark the Mg I features
used to illustrate the spectral behavior across the cluster sequence.
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(2018a), as our analysis methodology and atmospheric

parameter range for the sample are very similar. The

abundances of Fe consistently exhibit the lowest to-

tal uncertainties (typically <0.07 dex) across all evolu-

tionary stages (main-sequence, turnoff, and red giants),

making it a robust indicator for comparative chemical

studies. The abundances of carbon and calcium also

display relatively small uncertainties, below 0.07 dex in

most cases, although the uncertainties are slightly higher

for red giants. In contrast, silicon and magnesium abun-

dances show increased sensitivities, particularly to effec-

tive temperature and microturbulent velocity, resulting

in abundance uncertainties up to ∼0.10 dex for turnoff

stars.

The mean open cluster Fe abundances and stan-

dard deviations obtained from our detailed anal-

ysis are ⟨[Fe/H]⟩ -0.03±0.04 for NGC 752, and

⟨[Fe/H]⟩=0.14±0.04 for Ruprecht 147. These mean Fe

abundances and their associated dispersions are slightly

larger than the level of chemical homogeneity reported

by A. Sinha et al. (2024), who found that most open

clusters exhibit internal abundance scatters of ≤ 0.02

dex across well-measured elements. Although NGC 752

and Ruprecht 147 were not part of their cluster sam-

ple, our slightly larger internal dispersions (0.04 dex)

may reflect subtle abundance variations driven by phys-

ical processes such as atomic diffusion, particularly given

our deliberate selection of stars across a range of evolu-

tionary stages, which we discuss in detail in the next

Section.

3.4. Deviation from the local thermodynamical

equilibrium

Based on the previous non- local thermodynamical

equilibrium (NLTE) study in the APOGEE H-band by

Y. Osorio et al. (2020), we do not expect large NLTE

abundance corrections for the stars analyzed in this

work. For Na, K, and Ca, LTE and NLTE line pro-

files yield essentially the same abundances in the solar

spectrum, while only small differences are found for Ca

in Arcturus. Magnesium is the element most affected by

NLTE effects, particularly for the strong Mg I lines near

λ15740–15766 Å, for which line-core differences can be-

come important at APOGEE-like resolution. However,

these strong Mg features are excluded from our analysis;

instead, we use weaker Mg I lines that are less affected

by the reported NLTE departures, as discussed in Sec-

tion 4.2.4.

4. RESULTS & DISCUSSION

This work presents atmospheric parameters and abun-

dance results for 58 stars at different evolutionary stages

in the NGC 752 and Ruprecht 147 open clusters. The

studied elements are: Fe, C, N, Na, Mg, Al, Si, S, K,

Ca, Ti, V, Cr, Mn, Co, and Ni. Our sample is de-

signed to probe abundance trends linked to physical pro-

cesses operating in stars, such as atomic diffusion and

extra mixing, as a signature of the first dredge-up. To

evaluate the extent of these signatures in the chemical

abundances measured for our open cluster samples, we

compare our derived elemental abundances with results

and predictions from MIST stellar evolution models. In

Appendices A and B, we present a comparison of at-

mospheric parameters and individual abundances using

the APOGEE/ASPCAP pipeline, placing this work’s

detailed results in context with those derived from au-

tomatic pipelines.

4.1. Populations as a Function of Stellar Mass

The interpretation of abundance trends along a clus-

ter sequence depends critically on the evolutionary sta-

tus assigned to each star. Evolutionary classes are tra-

ditionally defined from the position of each star in the

observed Teff–log g plane, or equivalently in the color–

magnitude diagram. The atomic diffusion observational

signature, which this work aims to seek, is not controlled

by the evolutionary label itself, but by the structure of

the star. The abundance surface depletion produced by

diffusion depends primarily on the mass of the surface

convection zone and on the additional mixing processes

that counteract gravitational settling (A. A. Thoul et al.

1994; A. Dotter et al. 2017), both of which are functions

of stellar mass. At a fixed near-solar composition and an

age typical of open clusters (0.6–3.0 Gyr), the maximum

depletion occurs at an approximately age-independent

mass of M⋆ ≃ 1.25M⊙, whereas the cluster turnoff

mass decreases with age. Therefore, depending on the

cluster age, the stars carrying the strongest diffusion sig-

nal may be genuine turnoff stars, as in M67 (D. Souto

et al. 2018a; F. Liu et al. 2019), or they may be upper-

main-sequence stars located well below the turnoff, as

in Coma Berenices (D. Souto et al. 2021). Because this

distinction determines how the abundance trends in this

work should be interpreted, we begin by discussing the

mass domain and use it to define the evolutionary classes

adopted throughout the remainder of the paper.

Figure 2 presents the mass-based diagnostics for

NGC 752 (left) and Ruprecht 147 (right). In each col-

umn, four vertically stacked panels share a common ab-

scissa, the isochrone-derived stellar mass. From top

to bottom, the panels show: (i) the mass–Teff plane,

with the MIST isochrone (J. Choi et al. 2016; A. Dotter

et al. 2017) color-coded by the model surface [Fe/H] at

each point along the sequence; (ii) the fractional mass
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Table 1. Stellar Parameters and Elemental Abundances

SDSS ID Cluster J0 H0 K0 S/N Phase M/M⊙ Teff log g [Fe/H] . . .

116885323 NGC752 10.607 10.442 10.379 183.3 Diff 1.28 6678 4.30 -0.044 . . .

116885668 NGC752 7.581 7.141 7.024 414.4 RG 1.87 4982 2.99 -0.030 . . .

116885332 NGC752 10.937 10.696 10.640 154.9 Diff 1.24 6385 4.29 -0.063 . . .

116886272 NGC752 10.263 10.109 10.063 305.7 Diff 1.28 6719 4.31 -0.112 . . .

116886106 NGC752 11.457 11.212 11.168 191.7 MS 1.14 6190 4.38 0.034 . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Note—This table is published in its entirety in machine-readable format. A portion is shown here for guid-
ance regarding its form and content. The full machine-readable table contains the SDSS identifier, clus-
ter name, dereddened 2MASS photometry (J0, H0, and K0), APOGEE signal-to-noise ratio, evolutionary
phase, isochrone-derived stellar mass, Teff , log g, the abundance ratios [Fe/H], [C/H], [N/H], [Na/H], [Mg/H],
[Al/H], [Si/H], [S/H], [K/H], [Ca/H], [Ti/H], [V/H], [Cr/H], [Mn/H], [Co/H], [Ni/H], the corresponding abun-
dance uncertainties e [C/H], e [N/H], e [Na/H], e [Mg/H], e [Al/H], e [Si/H], e [S/H], e [K/H], e [Ca/H],
e [Ti/H], e [V/H], e [Cr/H], e [Mn/H], e [Fe/H], e [Co/H], e [Ni/H], the Gaia DR3 source identifier, and the
SDSS-IV APOGEE identifier. Blank entries indicate measurements that could not be reliably determined
for a given star.

of the surface convection zone, ∆menv/M⋆, obtained

from MIST evolutionary tracks of fixed mass and in-

terpolated to the cluster age (1.3 Gyr for NGC 752 and

2.5 Gyr for Ruprecht 147; T. Cantat-Gaudin et al. 2020);

(iii) the turbulent-diffusion coefficient, DT , adopted in

the MIST models (Equation 2); and (iv) the observed

[Fe/H] as a function of stellar mass, compared with the

model prediction. In all panels, the green shaded band

marks the mass range of maximum predicted depletion

(M⋆ = 1.25± 0.05M⊙ for NGC 752; M⋆ ≃ 1.2–1.25M⊙
for Ruprecht 147), while the gray shaded region marks

masses that have already evolved off the main sequence

at the cluster age.

The two middle panels identify the structural origin

of the atomic diffusion depletion signal. The fractional

convective-envelope mass, shown in the second panel,

decreases monotonically by roughly four to six orders

of magnitude between ∼0.7 and ∼1.65M⊙. A thin-

ner convective envelope contains less mass over which

gravitationally settled material can be diluted; there-

fore, for a similar settling flux, the surface abundance

depletion increases with stellar mass. However, the

convective-envelope mass alone cannot explain the full

shape of the predicted (and observed) abundance pat-

tern. It accounts for the increasing depletion toward

higher masses, but it does not explain why the deple-

tion reaches a minimum and then becomes weaker again

at higher masses. This turnover point is produced by

the turbulent mixing (DT ) included in the MIST mod-

els (A. Dotter et al. 2017), following C. R. Proffitt & G.

Michaud (1991) as modified by D. A. VandenBerg et al.

(2012):

DT = D0

(
ρCZ

ρ

)3 (
MCZ

M⋆

)−3/2

, (2)

with D0 = 1 cm2s−1, calibrated on the metal-poor glob-

ular cluster NGC 6397. Evaluated at the base of the

convection zone, where ρ = ρCZ, the turbulent-diffusion

coefficient scales as DT ∝ (MCZ/M⋆)
−3/2 and increases

steeply as the convective envelope becomes thinner. In

the models shown here, DT rises from ∼50 cm2s−1 at

0.7M⊙ to ≳ 107 cm2s−1 at 1.4M⊙. At higher masses be-

fore the red giant branch (RGB), where the convective

envelope becomes extremely shallow or effectively dis-

appears (M⋆ ≳ 1.45M⊙), the computed values should

be regarded as lower limits, shown as open triangles in

Figure 2.

The predicted minimum [Fe/H] marks the transition

between two competing regimes. On the low-mass side,

surface depletion is limited by convective dilution: the

deeper convective envelope mixes the settled material

over a larger mass range. On the high-mass side, turbu-

lent mixing becomes sufficiently efficient to counteract
gravitational settling and restore the surface abundances

toward their initial values. The mass at which these two

effects balance (M⋆ ≃ 1.25M⊙), at near-solar compo-

sition, is set primarily by the stellar structure and by

the adopted turbulent-mixing prescription, and is only

weakly sensitive to age over the range considered here

for the two studied open clusters.

This nearly fixed abundance depletion as a function of

mass, in contrast to the age-dependent turnoff mass, is

central to the evolutionary interpretation of our sample.

In NGC 752, at an age of 1.3 Gyr, the cluster turnoff

occurs at M⋆ ≳ 1.78M⊙, whereas the stars showing the

strongest depletion are concentrated around M⋆ ≈ 1.2–

1.35M⊙. In this regime, these are upper-main-sequence

stars, and the abundance minimum in NGC 752 does

not coincide with the cluster turnoff itself.
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Figure 2. Atomic diffusion diagnostics as a function of stellar mass for NGC 752 (left) and Ruprecht 147 (right). In each column,
the four panels share the same abscissa (isochrone-derived stellar mass); the green band marks the predicted [Fe/H] minimum
(M⋆ = 1.25± 0.05M⊙ for NGC 752), and the gray region marks masses evolved past the main sequence at the cluster age. First
panel: mass–Teff plane; the solid curve is the MIST isochrone (1.3 Gyr for NGC 752; 2.5 Gyr for Ruprecht 147), color-coded by
the model surface [Fe/H], with observed members shown in gray, coded by evolutionary class. Second panel: fractional mass of
the surface convection zone from MIST tracks interpolated at the cluster age. Third panel: turbulent-diffusion coefficient DT

evaluated at the base of the convection zone. Fourth panel: observed [Fe/H] versus stellar mass, coded by evolutionary class,
compared with the MIST prediction (solid gray curve).

In Ruprecht 147, the older cluster age shifts the turnoff

to lower masses, around M⋆ ≃ 1.5M⊙. This is much

closer to the mass range where the MIST models pre-

dict the strongest surface abundance depletion, near

M⋆ ≃ 1.2–1.3M⊙, than in the younger NGC 752 clus-

ter. Therefore, in Ruprecht 147, the stars classified

as MS–TO are sampling the region immediately above

the predicted abundance minimum, where the models

begin to recover toward the initial cluster abundance.

In other words, the diffusion-sensitive mass range and

the observed turnoff region are closer to overlapping

in Ruprecht 147, while they are clearly separated in

NGC 752. It also explains why the depletion signature

occurs at a lower effective temperature than in NGC 752

(see Figure 2, top panel).

Guided by this framework, we define five evolutionary

classes, which are adopted consistently throughout the

remainder of this paper:

• CS (cool stars): the coolest unevolved members

of the sample (M⋆ ≲ 0.8M⊙ for NGC 752 and
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M⋆ ≲ 1.0M⊙ for Ruprecht 147). These stars have

deep convective envelopes (∆menv/M⋆ ∼ 10−1),

which efficiently dilute the effects of gravitational

settling. Their surface abundances are therefore

expected to remain closest to the initial cluster

composition.

• MS (main sequence): unevolved main-sequence

stars with 0.8 ≲ M⋆/M⊙ ≲ 1.2. In this mass

range, the convective envelope becomes progres-

sively thinner as mass increases, but the predicted

diffusion-driven depletion remains moderate.

• Diff (diffusion-dominated): stars within the mass

interval of maximum predicted surface depletion

(M⋆ ≈ 1.2–1.35M⊙; green band in Figure 2).

These stars are the primary probes of atomic dif-

fusion in this work.

• MS–TO (main-sequence turnoff): stars at, or just

beyond, the main-sequence turnoff of each cluster

(M⋆ ≳ 1.78M⊙ in NGC 752 and M⋆ ≃ 1.5M⊙ in

Ruprecht 147).

• RG (red giants): evolved stars on the red-giant

branch. In these stars, the deepening convective

envelope during the first dredge-up has largely

erased the surface-depletion signature of atomic

diffusion, restoring the surface abundances toward

values close to the initial cluster composition.

We expect both the CS and RG samples to provide

the closest estimates of the initial cluster composition,

because their deep convective envelopes efficiently dilute

or erase the surface abundance signatures produced by

atomic diffusion. However, RG stars are known to ex-

perience abundance changes during the first dredge-up,

particularly in C and N, and, to a lesser extent, in Na.

We therefore adopt the CS sample as our primary refer-

ence for the pristine open-cluster composition.

The bottom panels of Figure 2 show that, under this

classification, the observed [Fe/H]–mass trends closely

follow the model predictions in both clusters. Pink cir-

cles are the CS sample, green pentagons are the MS, yel-

low downward triangles are Diff, orange pluses are the

MS-TO, and blue upward triangles are the RG sample.

In NGC 752, the Diff-class stars reach [Fe/H] ≃ −0.10 to

−0.13 dex, tracing the bottom of the predicted depletion

trough. In contrast, the CS and MS stars scatter around

the initial cluster composition, while the red giants re-

cover near-initial abundances after first dredge-up. In

Ruprecht 147, a similar V-shaped profile is present, with

the stars near the 1.2 M⊙ occupying the depletion re-

gion. However, we see some stars near the turnoff re-

maining more depleted than the MIST isochrone pre-

dicts.

We note that the stellar masses are isochrone-derived,

and we adopt an uncertainty of ±0.05M⊙, shown as hor-

izontal error bars in the bottom panels of Figure 2. As

an independent check, masses estimated using the em-

pirical calibration of G. Torres et al. (2010) are consis-

tent with the isochrone masses within these uncertain-

ties. In the following subsection, we present the element-

by-element abundance trends as a function of effective

temperature, adopting the evolutionary classes defined

above.

4.2. Abundance Trends as a function of Teff

In Figures 3 and 4, we show chemical abundances of

the studied elements as a function of effective temper-

ature for sample stars from the clusters NGC 752 and

Ruprecht 147, respectively, with each panel represent-

ing a studied element. Markers are the same as Fig-

ure 2 bottom panel, where pink circles are the coolest

stars (CS), green pentagons the main sequence (MS),

yellow downward triangles are most diffused stars (Diff),

orange pluses are the main sequence turnoff transition

(MS-TO), and blue upward triangles are the red giants

sample (RG). Gray error bars show the uncertainties in

both Teff and [Fe/H].

4.2.1. Carbon

Carbon abundances in the APOGEE spectra are pri-

marily derived from two sets of spectral features: atomic

C I lines in the warmer MS and MS–TO stars, and

molecular CO lines in the cooler CS and RG stars (V. V.

Smith et al. 2013; D. Souto et al. 2018a). The car-

bon abundances in NGC 752 reveal a remarkably clean

signature of stellar evolution: atomic diffusion in the

Diff stars, and the onset of the first dredge-up in the

cooler red giants. Our derived abundances indicate a

mean ⟨[C/H]⟩ of –0.07±0.02 dex for the warmer Diff

stars, –0.04 for the MS-TO, –0.05±0.03 dex for the

main-sequence end (MS), 0.01±0.01 for the coolest stars

(CS) and a significantly lower abundance for RG, with

⟨[C/H]⟩ = –0.24±0.04 dex. The abundance difference

between Diff-CS stars (∆(Diff-CS)) is -0.08. This differ-

ence is > 3 times the typical abundance scatter in our

measurements (σ), providing evidence for carbon deple-

tion as a signature of atomic diffusion.

As shown in Figure 3, the determined carbon abun-

dances in NGC 752 align closely with the model predic-

tions, reinforcing the presence of both atomic diffusion

in warmer stars and convective mixing in more evolved

giants. At the cooler end, the behavior is consistent

with the effects of the first dredge-up, a well-understood

mixing process that reduces surface carbon abundances
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Figure 3. Abundances, [X/H], as a function of effective temperature of the studied elements for the open cluster NGC 752.
Each panel corresponds to a different chemical species. The different symbols indicate the evolutionary stages: pink triangles
represent red giant (RG) stars, green squares indicate main-sequence (MS) stars, yellow circles show stars in the main-sequence
turnoff transition region (MS–TO), and blue plus symbols represent turnoff (TO) stars. The dot-dashed curves show the MIST
atomic diffusion model (J. Choi et al. 2016) for an age of 1.3 Gyr and [Fe/H] = 0.00.

by bringing CNO-processed material to the surface (N.

Lagarde et al. 2012). Together, these abundance pat-

terns provide compelling observational support for the

combined action of atomic diffusion and mixing in the

chemical evolution of NGC 752 stars.

For Ruprecht 147, we also find evidence that atomic

diffusion and mixing affect the surface abundances of

Diff and red giant stars, respectively. The CS stars yield

⟨[C/H]⟩ = 0.08±0.01 dex, which we adopt as representa-

tive of the cluster’s pristine carbon abundance. In com-

parison, the Diff stars show lower carbon abundances,

with ⟨[C/H]⟩ = -0.04±0.02 dex, whereas the MS-TO has

⟨[C/H]⟩ = 0.01 ± 0.05 dex. The RG star has a carbon
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Figure 4. Abundances, [X/H], as a function of effective temperature of the studied elements for the open cluster Ruprecht 147.
Each panel corresponds to a different chemical species. The different symbols indicate the evolutionary stages: pink triangles
represent red giant (RG) stars, green squares indicate main-sequence (MS) stars, yellow circles show stars in the main-sequence
turnoff transition region (MS–TO), and blue plus symbols represent turnoff (TO) stars. The dot-dashed curves show the MIST
atomic diffusion model (J. Choi et al. 2016) for an age of 2.5 Gyr and [Fe/H] = 0.18.

abundance of ⟨[C/H]⟩ = −0.05± 0.00 dex,8 in the same

scale as consistent with carbon depletion caused by the

first dredge-up. The derived ∆(Diff-CS) is -0.13 with

8 We report a standard deviation of zero to indicate that either
only one star has a precise carbon abundance measurement or
all the derived abundances converged to the same value.

> 3σ confidence level. It indicates that atomic diffusion

operates in the carbon abundances of Ruprecht 147.

Figure 4 follows the same format as Figure 3, but for

the Ruprecht 147 open cluster. The carbon abundances

of the Diff and the MS–TO population lie near the deple-

tion level predicted by the MIST isochrones, consistent

with the expected signature of atomic diffusion. The

lower carbon abundance measured for the RG star is
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also consistent with carbon depletion associated with

first dredge-up.

4.2.2. Nitrogen

Nitrogen abundances in APOGEE spectra are derived

from several well-defined CN molecular lines. Because

these molecular features are highly sensitive to Teff , we

cannot reliably determine nitrogen abundances for the

warmer MS-TO and Diff stars. Therefore, we cannot di-

rectly probe the signature of atomic diffusion in nitrogen

for either cluster.

Figure 3 shows a clear signature of extra mixing

in NGC 752, as indicated by the enhanced nitrogen

abundance of the red giant stars. We obtain ⟨[N/H]⟩
= −0.12 ± 0.04 dex for the CS stars and ⟨[N/H]⟩ =

0.26 ± 0.07 dex for the RG stars. A similar behavior is

seen in Figure 4 for Ruprecht 147. However, in this clus-

ter we lack nitrogen abundances for the MS stars and

have only one RG star with a nitrogen measurement,

yielding [N/H] = 0.35± 0.04 dex.

4.2.3. Sodium

Sodium abundances are derived from two weak neu-

tral Na I lines in the APOGEE spectra (λ16373.850 Å

and λ16388.860 Å). In warmer stars, both features be-

come increasingly weak, making precise sodium abun-

dance determinations challenging. As a result, we could

not derive reliable Na abundances for the Diff stars in

NGC 752 and therefore cannot directly probe atomic

diffusion of sodium in that cluster.

The previous work by V. Loaiza-Tacuri et al. (2023)

has shown that the Na abundances of red giants be-

longing to the young open cluster NGC 6705 (age=316;

turnoff mass = 3.3 M⊙) show sodium enhancements

([Na/Fe]=+0.29), in agreement with expectations from

first-dredge-up on the red-giant branch of models by

N. Lagarde et al. (2012). The open clusters in this

study, NGC 752 and Ruprecht 147, have significantly

older ages and lower turnoff masses, and are expected

to show much less Na enhancement due to mixing. For

NGC 752, we obtain ⟨[Na/H]⟩=−0.00±0.04, 0.01±0.02,

and 0.03 ± 0.05 dex for the CS, MS, and RG stars, re-

spectively. For Ruprecht 147, we determine ⟨[Na/H]⟩ =
0.21±0.01, 0.19±0.00, and 0.24±0.00 dex for the same

evolutionary groups. In both clusters, the CS and MS

abundances agree within the uncertainties, while the RG

stars show slightly higher Na abundances. This behavior

is visible in Figures 3 and 4, where the Na enhancement

in the red giants is generally consistent with the MIST

predictions and with the effects of extra mixing operat-

ing in the convective envelopes of red giant stars (e.g.,

N. Lagarde et al. 2012). We find a clear signature of

atomic diffusion in Ruprecht 147, with ∆(Diff-CS) of -

0.26. This is the largest difference in abundance among

the stellar classes analyzed in this work.

4.2.4. Magnesium

The APOGEE spectra contain six well-defined Mg I

lines that can be used to derive magnesium abundances.

However, three of the strongest features, at λ15740.72,

λ15748.99, and λ15765.84 Å, which are shown in the

right panel of Figure 1, are known to exhibit strong

systematic abundance trends with effective temperature

in the dwarf stars, being particularly biased for the

K dwarfs (V. Grilo et al. 2024). We excluded these

three Mg I lines from the present analysis. Instead,

we used the Mg I lines at λ15879.50, λ15886.20, and

λ15954.48 Å, which provide more reliable diagnostics

for investigating abundance trends associated with stel-

lar evolution.

For the NGC 752 open cluster, our analysis yields

⟨[Mg/H]⟩ = 0.01 ± 0.03, −0.01 ± 0.06, −0.02 ± 0.05,

−0.015±0.00, and −0.06±0.03 dex for the CS, MS, Diff,

MS-TO, and RG stars, respectively. The abundance dif-

ference between the Diff and CS stars is ∆(Diff − CS) =

−0.03 dex, significant at the 1.5σ level. As shown

in Figure 3, [Mg/H] follows a temperature-dependent

trend broadly consistent with the predictions of diffusion

models, supporting the operation of atomic diffusion in

NGC 752.

A similar behavior is found for Ruprecht 147. We ob-

tain ⟨[Mg/H]⟩ = 0.10 ± 0.00, 0.07 ± 0.04, 0.03 ± 0.04,

0.02 ± 0.05, and 0.08 ± 0.00 dex for the CS, MS,

Diff, MS-TO, and RG stars, respectively. In this case,

∆(Diff − CS) = −0.07 dex, significant at the 2.2σ level,

providing additional evidence for atomic diffusion in

Ruprecht 147. Figure 4 shows this behavior, with most

Diff and MS-TO stars overall following the expected

abundance dip associated with diffusion.

We note, however, that the RG [Mg/H] values fall

slightly below the MIST evolutionary tracks in both

clusters, as seen in Figures 3 and 4. Magnesium also

exhibits some of the largest abundance uncertainties in

our sample, ranging from ∼0.06 dex for RG stars to

∼0.10 dex for TO and MS stars. These larger uncer-

tainties likely contribute to the increased dispersion in

abundance observed in the figures, but cannot explain

systematic differences.

4.2.5. Aluminium

Aluminum abundances are derived from three well-

defined Al I lines in the redder region of the APOGEE

spectra. However, as with the Mg I features discussed

above, two of these Al I lines, at λ16719 and λ16750.6 Å,
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show systematic abundance trends with effective tem-

perature in dwarfs and are therefore excluded from our

analysis. We use only one Al I line at λ16763.4 Å. Al-

though this leaves a single diagnostic feature, it provides

the most reliable aluminum indicator for investigating

abundance trends associated with stellar evolution and

for searching for signatures of atomic diffusion.

For NGC 752, the diagnostic Al I line is not sufficiently

well defined in the MS-TO stars to allow precise abun-

dance determinations. For the CS, MS, Diff, and RG

stars, we obtain ⟨[Al/H]⟩ = −0.02± 0.05, −0.04± 0.07,

−0.11 ± 0.14, and −0.07 ± 0.05 dex, respectively. Sim-

ilar to Mg, the Al abundances show a relatively large

scatter, likely driven by their larger typical uncertainties

(∼0.06–0.10 dex), as seen in Figure 3. The ∆(Diff − CS)

is -0.09 dex, significant at the ∼1σ level. Figure 3 shows

the overall behavior of the Diff stars following the ex-

pected diffusion-induced abundance dip.

We find a clear signature of atomic diffusion in

Ruprecht 147, with ∆(Diff − CS) = −0.22 dex, signifi-

cant at the > 3σ level. We derive ⟨[Al/H]⟩ = 0.21±0.06,

0.16±0.06, −0.2±0.06, 0.16±0.09, and 0.23±0.00 dex

for the CS, MS, Diff, MS-TO, and RG stars, respectively.

Figure 4 shows [Al/H] as a function of the effective tem-

perature, where the Al abundances also exhibit larger

scatter than most other elements.

4.2.6. Silicon

Nine Si I lines are available for deriving silicon abun-

dances from APOGEE spectra. As discussed by V.

Grilo et al. (2024), four of these lines, at λ15888.4,

λ15960.1, λ16060.0, and λ16094.8 Å, show strong sys-

tematic trends with Teff for the dwarfs. We therefore

exclude these features from the present analysis and

use only five Si I lines at λ15361.2, λ15376.8, λ16215.7,

λ16680.8, and λ16828.2 Å.

We find strong evidence for atomic diffusion affect-

ing silicon abundances in the Diff stars of NGC 752,

with ∆(Diff − CS) = −0.06 dex at a significance level of

2.1σ. The CS, MS, MS-TO, and RG stars have similar

abundances, with ⟨[Si/H]⟩ = 0.02 ± 0.03, −0.01 ± 0.04,

0.05± 0.00, and −0.01± 0.01 dex, respectively. In con-

trast, the Diff stars show a systematically lower abun-

dance, [Si/H] = −0.04 ± 0.07 dex, as expected from

atomic diffusion. This behavior is shown in Figure 3.

We also note that the Si abundances display a smaller

typical scatter than the Mg and Al abundances discussed

above.

A similar result is obtained for Ruprecht 147. For this

cluster, we derive ⟨[Si/H]⟩ = 0.15 ± 0.05, 0.15 ± 0.05,

0.05 ± 0.06, 0.15 ± 0.06, and 0.17 ± 0.00 dex for the

CS, MS, Diff, MS–TO, and RG stars, respectively. We

obtain ∆(Diff − CS) = −0.10 dex at a significance level

of 1.8σ, suggesting that atomic diffusion also affects the

silicon abundances in Ruprecht 147.

4.2.7. Sulfur

For sulfur, we identify eight well-defined S I lines

in the APOGEE spectra, at λ15400.1, λ15402.3,

λ15403.8, λ15406.0, λ15422.3, λ15469.8, λ15475.6, and

λ15478.5 Å. These features are stronger in warmer stars

and become progressively weaker toward lower effective

temperatures.

For NGC 752, we obtain ⟨[S/H]⟩ = 0.06±0.03, 0.01±
0.04, 0.03± 0.04, −0.05± 0.00, and 0.03± 0.02 dex for

the CS, MS, Diff, MS–TO, and RG stars, respectively.

The abundance difference between the Diff and CS stars

is ∆(Diff − CS) = −0.03 dex, significant at the 1.1σ

level. As shown in Figure 3, the overall sulfur abundance

pattern follows the MIST isochrone for the cluster, with

the lowest abundances occurring near the turnoff.

For Ruprecht 147, we obtain ⟨[S/H]⟩ = 0.18 ± 0.01,

0.17± 0.02, 0.09± 0.03, 0.16± 0.04, and 0.18± 0.00 dex

for the CS, MS, Diff, MS–TO, and RG stars, respec-

tively. The abundance difference between the Diff and

CS stars is ∆(Diff − CS) = −0.09 dex, significant at the

> 3σ level. As shown in Figure 4, for the two studied

open clusters, the sulfur abundances display a smooth

expected depletion toward the TO region, broadly con-

sistent with the behavior predicted by the MIST diffu-

sion models.

4.2.8. Potassium

Potassium abundances are derived from two K I lines

located near the beginning of the blue APOGEE detec-

tor, at λ15163.1 and λ15168.4 Å. This spectral region

can be affected by persistence effects, as discussed by

J. A. Holtzman et al. (2018). However, we find no evi-

dence that persistence significantly affected the spectra

analyzed in this work.

For NGC 752, we derive ⟨[K/H]⟩ = −0.11 ± 0.01,

−0.11 ± 0.03, and −0.10 ± 0.04 dex for the CS, MS,

and RG stars, respectively. We are unable to derive re-

liable potassium abundances for the Diff and MS-TO

stars because the K I lines are too weak in the warmer

stellar spectra; therefore, it is expected that our sam-

ple cannot properly probe the effects of diffusion for

this element. Within the uncertainties, the potassium

abundances remain nearly constant across the different

evolutionary stages, showing no statistically significant

abundance trend associated with atomic diffusion or ex-

tra mixing. As shown in Figure 3, the [K/H] abundances

exhibit relatively small scatter and remain broadly con-

sistent with a constant abundance pattern across the

cluster sequence.
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For Ruprecht 147, on the other hand, the MIST

model shown in Figure 4 indicates that the diffusion

dip occurs at a cooler effective temperature of around

6250 K. We derive ⟨[K/H]⟩ = 0.08 ± 0.01, 0.12 ± 0.04,

0.04 ± 0.04, 0.12 ± 0.04, and 0.11 ± 0.00 dex for the

CS, MS, Diff, MS–TO, and RG stars, respectively. The

Diff stars exhibit systematically lower potassium abun-

dances relative to the other evolutionary stages, with

∆(Diff − CS) = −0.04 dex at a significance level of

1.3σ. This is evidence of atomic diffusion operating in

the potassium abundances of Ruprecht 147 stars. As

shown in Figure 4, the overall abundance pattern fol-

lows the expected depletion near the turnoff predicted

by the MIST diffusion models, while the RG abundance

returns to values comparable to those observed in the

CS and MS stars.

4.2.9. Calcium

There are four well-defined Ca I lines in the

APOGEE spectra, at λ16136.8, λ16150.8, λ16155.236,

and λ16157.4 Å, which can be used to derive precise cal-

cium abundances. These features are located in a rela-

tively narrow spectral region. However, the Ca I line at

λ16155.236 Å is often blended with other species and is

excluded from our analysis.

For NGC 752, calcium shows one of the clearest abun-

dance separations for the Diff stars. We obtain ⟨[Ca/H]⟩
= 0.04± 0.03, 0.01± 0.05, −0.09± 0.01, and 0.01± 0.03

dex for the CS, MS, Diff, and RG stars, respectively.

The Diff abundance is substantially lower than the CS

abundance, yielding ∆(Diff − CS) = −0.13 dex with a

significance of > 3σ. This strong offset indicates a pro-

nounced calcium depletion at the 1.2 M⊙, consistent

with the expected effect of atomic diffusion. In con-

trast, the RG abundance is comparable to the CS value,

suggesting that the surface calcium depletion is largely

erased after the deepening of the convective envelope

during post-main-sequence evolution. Figure 3 shows

this behavior, and we can see a group of Diff stars falling

at the bottom of the MIST isochrone where we expect

the stronger signature of atomic diffusion.

For the open cluster Ruprecht 147, the calcium abun-

dances show a similar evolutionary pattern. We de-

rive ⟨[Ca/H]⟩ = 0.18 ± 0.01, 0.15 ± 0.05, 0.10 ± 0.03,

0.11 ± 0.05, and 0.15 ± 0.00 dex for the CS, MS, Diff,

MS–TO, and RG stars, respectively. The Diff stars are

systematically more Ca-poor than the CS stars, giv-

ing ∆(Diff − CS) = −0.09 dex at a significance level of

> 3σ. Although less significant than in NGC 752, this

offset still supports the presence of atomic diffusion in

Ruprecht 147, from the smooth agreement between the

derived abundance pattern and the MIST isochrone, as

shown in Figure 4.

4.2.10. Chromium

Chromium abundances are derived from a single weak

Cr I line in the APOGEE spectra, at λ15680.1 Å. For

NGC 752, we obtain ⟨[Cr/H]⟩ = 0.06±0.04, 0.02±0.09,

and 0.01 ± 0.03 dex for the CS, MS, and RG stars, re-

spectively. The CS and MS abundances agree within

the uncertainties, and the RG abundance is also consis-

tent with the same abundance scale. We note that the

typical scatter in Cr is generally larger than for several

other species, likely because the abundance determina-

tion relies on a single weak Cr I feature. Since reliable

Cr abundances are unavailable for the Diff stars, where

this line is too weak, we cannot directly evaluate the

expected turnoff depletion of this element in NGC 752.

Figure 3 shows that the Cr abundances are more scat-

tered within the evolutionary stages, particularly among

the MS stars.

For Ruprecht 147, as previously, the model diffusion

dip is cooler, and chromium provides a strong indica-

tion of abundance depletion at the Diff stars. We de-

rive ⟨[Cr/H]⟩ = 0.19 ± 0.01, 0.16 ± 0.04, 0.09 ± 0.00,

0.13 ± 0.06, and 0.16 ± 0.00 dex for the CS, MS, Diff,

MS–TO, and RG stars, respectively. The Diff abun-

dance is substantially lower than the CS value, yielding

∆(Diff − CS) = −0.10 dex with a significance of > 3σ.

This large offset suggests pronounced chromium deple-

tion in the Diff stars, consistent with the expected sig-

nature of atomic diffusion. The MS–TO stars remain

closer to the MS abundance scale, as shown in Figure 4.

4.2.11. Manganese

The APOGEE spectral coverage includes three Mn I

lines in the blue region of the detector, at λ15159.0,

λ15217.8, and λ15262.4 Å. As discussed for the potas-

sium abundances, this spectral region can be affected

by persistence. However, we do not find evidence that

persistence significantly impacted the spectra analyzed

in this work.

For NGC 752, manganese shows a clear decrease in

abundance toward the TO region. We obtain ⟨[Mn/H]⟩
= −0.15±0.02, −0.18±0.04, −0.23±0.06, and −0.16±
0.03 dex for the CS, MS, Diff, and RG stars, respec-

tively. No MS-TO abundance could be derived for Mn.

The Diff abundance is significantly lower than the CS

abundance, yielding ∆(Diff − CS) = −0.08 dex at the

1.8σ level. This offset suggests substantial manganese

depletion in the Diff star, consistent with the expected

signature of atomic diffusion. Figure 3 summarizes this

behavior.
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For Ruprecht 147, the manganese abundances also

show a clear depletion at the Diff point. We obtain

⟨[Mn/H]⟩ = 0.01± 0.02(CS), 0.02± 0.06 (MS), −0.11±
0.02 (Diff), −0.06± 0.05 (MS-TO), and 0.01± 0.00 dex

(RG). The abundance difference between the Diff and

CS stars is ∆(Diff − CS) = −0.12 dex, significant at the

> 3σ level. This offset indicates a strong manganese de-

pletion in the Diff stars, consistent with the expected sig-

nature of atomic diffusion. The MS-TO stars show inter-

mediate abundances, while the RG abundance is compa-

rable to the MS value, suggesting that the diffusion sig-

nature is largely reduced after post-main-sequence evo-

lution, as shown in Figure 4.

4.2.12. Titanium, vanadium, and cobalt

Titanium, vanadium, and cobalt are grouped together

in this analysis because we are unable to determine re-

liable abundances for the warmer stars in NGC 752,

and for the CS sample in Ruprecht 147, where we de-

rive abundances for one Diff and one RG star. For Ti,

six well-defined Ti I lines are available in the APOGEE

spectra. Following the recommendation of V. Grilo et al.

(2024), we use only the three lines that do not show sys-

tematic abundance trends with effective temperature,

at λ15602.8, λ15699.0, and λ16635.2 Å. The remaining

Ti I lines, at λ15334.8, λ15543.8, and λ15715.6 Å, are

excluded from this work. For V and Co, only one weak

line is available in the APOGEE spectral coverage, at

λ15924.9 and λ16757.7 Å, respectively.

In NGC 752, we derive titanium abundances of

⟨[Ti/H]⟩ = 0.05 ± 0.03 and 0.01 ± 0.02 dex for the CS

and RG stars, respectively. Titanium is a challenging

element to study in APOGEE spectra because its abun-

dances often show larger scatter and/or systematic off-

sets when compared with benchmark stars (see discus-

sion in H. Jönsson et al. 2020b; D. Souto et al. 2016b,

2019. In this work, however, we find a relatively small

scatter for both the CS and RG samples, with stan-

dard deviations of 0.03 and 0.02 dex, respectively. This

improvement may be related to our more restrictive line

selection, in which we exclude Ti I features known to dis-

play systematic abundance trends. For vanadium, both

the CS and RG stars yield ⟨[V/H]⟩ = −0.01 dex, with

standard deviations of 0.00 and 0.08 dex, respectively.

Cobalt abundances could only be derived for the red gi-

ant stars, for which we obtain ⟨[Co/H]⟩ = −0.11± 0.02

dex.

In Ruprecht 147, abundances for these elements could

only be determined for the Diff and red giant stars, for

which we obtain ⟨[Ti/H]⟩ = -0.05 and 0.13, [V/H] =

-0.05 and 0.28, and ⟨[Co/H]⟩ = -0.05 and 0.14 dex, re-

spectively These measurements are shown in Figure 4,

and if we consider the RG star to indicate the pristine

cluster composition, we can indicate that atomic diffu-

sion is operating in these elements.

4.2.13. Nickel

We used seven well-defined Ni I lines (λ15605.7,

λ15632.7, λ16584.4, λ16589.3, λ16673.7, λ16815.5, and

λ16818.8 Å) to derive nickel abundances from the

APOGEE spectra of the sample stars.

For NGC 752, we were unable to derive Ni abundances

for Diff stars to probe the signature of atomic diffusion.

For the other stellar classes, we obtained ⟨[Ni/H]⟩ =

0.07 ± 0.02 (CS), 0.02 ± 0.03 (MS), and -0.01 ± 0.01

(RG). The CS and MS abundances are consistent within

the uncertainties, and the RG abundance is only slightly

lower. As shown in Figure 3, the Ni abundance distri-

bution remains relatively flat across the available evolu-

tionary stages, as we also lack MS-TO stars with higher

Teff , suggesting that nickel does not provide a strong di-

agnostic of atomic diffusion in NGC 752 with the present

sample.

For Ruprecht 147, on the other hand, the nickel abun-

dances show a clear depletion in the Diff sample. We

obtain ⟨[Ni/H]⟩ = 0.20 ± 0.01 (CS), 0.19 ± 0.04 (MS),

0.13± 0.00 (Diff), 0.16± 0.06 (MS-TO), and 0.19± 0.00

(RG). The Diff stars are systematically more Ni-poor

than the CS stars, yielding ∆(Diff − CS) = −0.07 dex

at > 3σ significance. This offset suggests that nickel is

also affected by atomic diffusion in Ruprecht 147. The

MS and MS–TO stars show intermediate abundances,

while the RG abundance is closer to the CS abundance

scale, as shown in Figure 4.

4.2.14. Iron

Several Fe I lines are present in the APOGEE spec-

tra. In this work, we analyzed 77 Fe I features but ex-

cluded 25 lines from the final abundance determination,

following the recommendation of V. Grilo et al. (2024),

to avoid transitions that exhibit systematic abundance

trends with Teff . We note that for cooler stars such as

late-K and M dwarfs, roughly 30 well-defined FeH lines

can also serve as iron abundance diagnostics (D. Souto

et al. 2017, 2018b, 2026). However, these FeH transi-

tions are not detected in the K dwarfs analyzed in this

work.

For NGC 752, iron shows a clear depletion pattern

in the Diff sample. We obtain ⟨[Fe/H]⟩ = 0.01 ± 0.02,

−0.01±0.03, −0.07±0.04, −0.07±0.00, and −0.02±0.02

dex for the CS, MS, Diff, MS-TO, and RG stars, respec-

tively. The Diff stars are systematically more Fe-poor

than the CS stars, yielding ∆(Diff − CS) = −0.09 dex

at a significance level of > 3σ. This strong offset pro-

vides one of the clearest signatures of atomic diffusion in
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NGC 752, as shown in Figure 3, where the Diff sample

falls right at the expected atomic diffusion model.

A similar conclusion is obtained for Ruprecht 147, as

iron also shows a clear abundance depletion in the Diff

sample. We obtain ⟨[Fe/H]⟩ = 0.17± 0.00 (CS), 0.15±
0.03 (MS), 0.08± 0.01 (Diff), 0.13± 0.04 (MS-TO), and

0.19±0.00 dex (RG). We obtain a ∆(Diff − CS) = −0.09

dex at a significance level of > 3σ. This strong offset

provides robust evidence that atomic diffusion affects

the surface iron abundances in Ruprecht 147. Figure 4

shows a clear trend where these Diff stars are right at

the dip of atomic diffusion in Ruprecht 147.

We also performed a quantitative comparison between

the observed [Fe/H] abundances derived in this study

and the MIST isochrone predictions for different ages,

using a chi-squared minimization approach. The results

for NGC 752 and Ruprecht 147 are presented in Figure

5, in the left and right panels, respectively. The atomic

diffusion models used for the comparison with the NGC

752 stars (top-left panel of Figure 5) correspond to ages

of 800 Myr, 1.0 Gyr, 1.3 Gyr, and 1.6 Gyr. For Ruprecht

147, the models (top-right panel of Figure 5) cover ages

of 1.6 Gyr, 2.0 Gyr, 2.5 Gyr, and 3.2 Gyr. The model

points used in our χ2 comparison were carefully selected

to match the observed stellar parameters (Teff , log g,

and [Fe/H]) as closely as possible. This ensures that

stars are compared at the correct stage of their evolu-

tion. Failure to constrain all three parameters can lead

to incorrect matches between observed stars and model

points, particularly since stars in different evolutionary

phases (e.g., main sequence and red giant branch) may

share similar effective temperatures and metallicities, as

illustrated in Figures 3 and 4.

The dashed gray horizontal lines in the bottom panels

of Figure 5 represent the χ2 values obtained by assum-

ing a constant mean [Fe/H] for all evolutionary phases:

–0.03 dex for NGC 752 (left) and +0.14 dex for Ruprecht

147 (right). This baseline model assumes no variation

in surface [Fe/H] with evolutionary phase, serving as

a reference to assess whether atomic diffusion improves

the agreement between observations and theory. To per-

form this comparison consistently, all metallicities were

converted from logarithmic to linear space before com-

puting the χ2 values.

For NGC 752, the MIST models including atomic

diffusion provide a better description of the observed

[Fe/H] pattern than a constant-abundance model. In

particular, the diffusion models reproduce the abun-

dance depression observed near T eff = 6500K, and the

partial recovery toward cooler and more evolved stars.

This is reflected in the lower χ2 values relative to the

constant [Fe/H] model, with the best agreement ob-

tained for the 1.0 Gyr isochrone. The improvement in χ2

indicates that the observed abundance variations are not

simply random scatter around a single cluster metallic-

ity, but instead trace a temperature-dependent pattern

consistent with atomic diffusion.

A similar result is obtained for Ruprecht 147. In this

case, the diffusion models also yield lower χ2 values

than the constant-abundance model, with the best fit

obtained for the 2.5–3.2 Gyr isochrone. The agreement

between the observed depletion and the predicted dif-

fusion pattern provides an independent way to probe

the cluster’s evolutionary state, and potentially its age,

using chemical abundances alone. For comparison, pho-

tometric isochrone fitting based on Gaia data yields ages

of 1.3 Gyr for NGC 752 and 2.5 Gyr for Ruprecht 147 (T.

Cantat-Gaudin et al. 2020), in good agreement with the

ages favored by our abundance-based χ2 comparison.

These results suggest that atomic diffusion signatures

in open clusters are not only useful for testing the physi-

cal processes operating during stellar evolution, but may

also provide an additional chemical clock for constrain-

ing cluster ages. This is particularly valuable because

the method is based on the relative abundance pattern

along the cluster sequence, rather than on photometry

alone. However, we emphasize that this approach de-

pends on the precision of the abundance measurements,

the adopted stellar models, and the treatment of addi-

tional mixing processes that can moderate the effects of

atomic diffusion.

4.3. Consequences of Diffusion

Combining the results of this study for the open clus-

ters NGC 752 and Ruprecht 147 with those, also from

analyses of APOGEE spectra, from D. Souto et al.

(2018a) for the older M 67 open cluster (age∼ 4.0 Gyr A.

Sarajedini et al. 2009) and D. Souto et al. (2021) for the

younger Coma Berenices open cluster (age ∼ 600 Myr,

M. A. Agüeros et al. 2025), we find that atomic diffusion

can have a significant impact on the measured surface

abundances of stars near the main-sequence turnoff and

along the subgiant branch. The results from this work

reinforce previous findings and the importance of con-

sidering atomic diffusion.

In particular, care should be taken when interpreting

observed metallicities of stars around the turnoff with-

out accounting for atomic diffusion. This omission may

result in the selection of isochrones that are too metal-

poor compared to the star’s birth composition, leading

to a systematic overestimation of stellar ages. The ear-

lier conclusions of D. A. VandenBerg et al. (2002) in-

dicated that neglecting atomic diffusion can bias age

estimates by up to 10%. As more clusters exhibit ev-
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Figure 5. Top left: Metallicity as a function of effective temperature for NGC 752. The solid and dashed lines represent MIST
isochrones assuming [Fe/H]=-0.05 and ages = 0.8, 1.0, 1.3, 1.6 Gyr. Bottom left: A chi-squared minimization comparing the
derived metallicities with MIST isochrones. The grey dashed line is a chi-squared comparison assuming the mean metallicity
is constant. The color of the circle markers corresponds to the five models shown above, which are used to calculate their
chi-squared value. The right panels are similar to the left panels, but for Ruprecht 147, where the MIST isochrones assume
[Fe/H]=0.12 and ages = 1.6, 2.0, 2.5, 3.2 Gyrs.

idence of atomic diffusion signatures, these effects must

be taken into account in both stellar modeling and age

determinations, particularly for field stars. A. Dotter

et al. (2017) further showed that assuming a constant

metallicity in isochrone fitting, rather than allowing for

metallicity variations due to diffusion, can lead to age

overestimates of up to 20%. Failing to account for this

process introduces a systematic offset in derived ages,

which can propagate into errors in Galactic archaeology

studies and reconstructions of the Milky Way’s forma-

tion history.

While this study does not yet provide a complete

framework for correcting surface abundances back to

their primordial values, it highlights the need for fu-

ture work aimed at quantifying the impact of diffu-

sion across a broad range of cluster ages and metal-

licities. Achieving this goal will require high-signal-to-

noise, high-precision abundance measurements in open

clusters with well-sampled evolutionary sequences, in-

cluding stars on the main sequence, TO, SGB, and RGB.

Such studies will be essential for mapping diffusion-

induced abundance changes and recovering more accu-

rate stellar ages in both cluster and field star popula-

tions.

5. CONCLUSIONS

In this work, we determine stellar parameters (Teff ,

log g, ξ) and elemental abundances for Fe, C, N, Na,

Mg, Al, Si, S, K, Ca, Ti, V, Cr, Mn, Co, and Ni for

stars at different evolutionary stages in two open clus-

ters: NGC 752 and Ruprecht 147. This work sam-

ple is designed to investigate whether there are signa-

tures of atomic diffusion in these open clusters. For

each cluster, we divide the sample into five evolution-

ary groups: the coolest stars in the sample (CS), the

main-sequence (MS), the stars most likely to present an

atomic diffusion signature based on their mass (Diff),

the main-sequence–turnoff transition (MS–TO), and red

giant (RG) stars.

Atomic diffusion has often been treated as a second-

order effect in stellar abundance studies, but our re-

sults show that it produces measurable signatures in

both NGC 752 and Ruprecht 147. For every element

with reliable Diff abundances, the Diff stars are system-

atically depleted relative to the CS reference popula-

tion, with offsets significantly above the 2σ level in both

clusters. For example, averaging over all elements with

abundances measured in both stellar classes off Diff and

CS, we find ⟨∆(Diff − CS)[X/H]⟩ = −0.08 ± 0.01 dex

for NGC 752 and −0.12 ± 0.01 dex for Ruprecht 147.

In both clusters, these offsets are significant at more

than the 3σ level, confirming that stars in the diffusion-

dominated regime are systematically depleted relative to

the cool-star reference population. We also find evidence

for post-main-sequence mixing in the carbon and sodium

abundances of red giant stars. Carbon is especially diag-

nostic, as it traces both the depletion caused by atomic

diffusion and the abundance changes produced by first

dredge-up and extra mixing in evolved stars. These re-

sults demonstrate that stellar evolution effects must be

accounted for when interpreting precise chemical abun-

dances in open clusters.
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Using the atomic diffusion signature in the Fe abun-

dances, we modeled the Teff–[Fe/H] distribution with

MIST isochrones, including diffusion over a range of

cluster ages. A χ2 comparison between the observed

abundances and the model predictions gives the best

agreement for the 1.0 Gyr isochrone in NGC 752 and the

2.5–3.2 Gyr isochrone in Ruprecht 147. These age esti-

mates are based solely on the stellar chemical abundance

patterns and are in excellent agreement with the clus-

ter ages derived from Gaia photometry by T. Cantat-

Gaudin et al. (2020). This result suggests that atomic

diffusion signatures in open clusters are not only valu-

able probes of the physical processes operating during

stellar evolution, but may also provide an independent

chemical clock for constraining cluster ages.

With the advent of ESA’s Gaia mission, we are now

able to determine precise absolute magnitudes for stars

near the main-sequence turnoff — precisely where the

effects of atomic diffusion are expected to be strongest.

Ignoring atomic diffusion in this regime leads to system-

atically underestimated metallicities and, consequently,

biased age determinations. As large-scale spectroscopic

surveys increasingly target these evolutionary phases

(e.g., GALAH; M. R. Hayden et al. 2022), neglecting the

effects of atomic diffusion will introduce systematics that

may compromise our understanding of Galactic evolu-

tion. A broader sample of open clusters with full evolu-

tionary coverage (including the main sequence, turnoff,

subgiant branch, and red giant branch) is essential to

calibrate the surface abundance variations induced by

atomic diffusion. We aim to address this need in future

work by expanding the number and diversity of open

clusters analyzed.
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18, 67, doi: 10.1007/s00159-009-0025-1

VandenBerg, D. A., Bergbusch, P. A., Dotter, A., et al.

2012, ApJ, 755, 15, doi: 10.1088/0004-637X/755/1/15

VandenBerg, D. A., Richard, O., Michaud, G., & Richer, J.

2002, ApJ, 571, 487, doi: 10.1086/339895

Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020,

Nature Methods, 17, 261, doi: 10.1038/s41592-019-0686-2

Wilson, J. C., Hearty, F. R., Skrutskie, M. F., et al. 2019,

PASP, 131, 055001, doi: 10.1088/1538-3873/ab0075

Xiang, M., & Rix, H.-W. 2022, Nature, 603, 599,

doi: 10.1038/s41586-022-04496-5

Zacharias, N., Finch, C. T., Girard, T. M., et al. 2013, AJ,

145, 44, doi: 10.1088/0004-6256/145/2/44

Zasowski, G., Johnson, J. A., Frinchaboy, P. M., et al.

2013, AJ, 146, 81, doi: 10.1088/0004-6256/146/4/81

Zasowski, G., Cohen, R. E., Chojnowski, S. D., et al. 2017,

AJ, 154, 198, doi: 10.3847/1538-3881/aa8df9

http://doi.org/10.1088/0004-637X/765/1/16
http://doi.org/10.1146/annurev-astro-081309-130806
http://doi.org/10.3847/1538-4357/abfdb5
http://doi.org/10.3847/2041-8213/ae5b7c
http://doi.org/10.3847/0004-637X/830/1/35
http://doi.org/10.3847/0004-637X/830/1/35
http://doi.org/10.3847/1538-4357/835/2/239
http://doi.org/10.3847/1538-4357/aab612
http://doi.org/10.3847/2041-8213/aac896
http://doi.org/10.3847/1538-4357/ab0b43
http://doi.org/10.1086/173695
http://doi.org/10.1007/s00159-009-0025-1
http://doi.org/10.1088/0004-637X/755/1/15
http://doi.org/10.1086/339895
http://doi.org/10.1038/s41592-019-0686-2
http://doi.org/10.1088/1538-3873/ab0075
http://doi.org/10.1038/s41586-022-04496-5
http://doi.org/10.1088/0004-6256/145/2/44
http://doi.org/10.1088/0004-6256/146/4/81
http://doi.org/10.3847/1538-3881/aa8df9


22 Souto et al.

APPENDIX

A. COMPARISON OF THE EFFECTIVE TEMPERATURE

As discussed in Section 3.2, the effective temperatures adopted in this work are derived from the well-established

photometric calibrations of J. I. González Hernández & P. Bonifacio (2009), using five color indices: B − V , V − J ,

V −H, V −Ks, and J −Ks. In this section, we provide a one-to-one comparison between our adopted Teff scale and

several alternative temperature estimates: the J. I. González Hernández & P. Bonifacio (2009) calibration using only

the J −Ks color, the APOGEE DR17 temperatures ( Abdurro’uf et al. 2022), and the APOGEE DR19 temperatures

( SDSS Collaboration et al. 2025).

Figures 6 and 7 present a comparison among the effective-temperature scales used or considered in this work for

the NGC 752 and Ruprecht 147 open clusters, respectively. These include the photometric temperatures derived from

different color combinations, the raw DR17 Synspec and Turbospectrum estimates obtained directly from spectral

fitting, the raw DR19 effective temperatures, and the calibrated DR19 effective temperatures. The diagonal panels

show the temperature distributions for each scale, while the lower panels show the pairwise comparisons. In each

comparison panel, the dashed line marks the one-to-one relation. We also report the Pearson correlation coefficient,

the mean temperature difference, and the dispersion around this difference.

Overall, the different temperature scales are strongly correlated, with most comparisons yielding correlation coeffi-

cients close to unity. The photometric effective temperatures adopted in this work are generally consistent with the

spectroscopic and calibrated APOGEE temperature scales, although small systematic offsets are present. These offsets

are typically of order ∼50–150 K, depending on the comparison scale, and are comparable to the expected uncertainties

in the temperature determinations. The typical effective temperature uncertainty is about 50–70 K, comparable to

the marker sizes in the figure. The raw DR19 and DR17 Synspec effective temperatures agree most closely with our

adopted photometric scale, whereas the calibrated DR19 temperatures and the J − Ks-based photometric effective

temperatures show the largest offsets. We also note that the raw DR17 Synspec and raw DR19 temperatures yield

virtually the same Teff scale for NGC 752.
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Figure 6. Comparison between the different effective temperature scales considered for NGC 752. The diagonal panels show
the temperature distributions for each scale, while the lower panels show the pairwise comparisons. The temperature scales
include the photometric Teff adopted in this work, computed as the mean of five color calibrations; the photometric Teff derived
using only the J − Ks color; the raw DR17 Synspec and Turbospectrum temperatures; and the raw and calibrated DR19
temperatures. The dashed line in each comparison panel indicates the one-to-one relation. Each panel also reports the Pearson
correlation coefficient, r, the mean temperature difference, ⟨∆Teff⟩, and the corresponding dispersion, σ. Overall, the different
temperature scales are strongly correlated, with small systematic offsets between them.
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Figure 7. Same as Figure 6, but for Ruprecht 147.
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B. COMPARISON WITH AUTOMATED ABUNDANCE PIPELINES

This appendix presents abundance comparisons between the values derived in this work and those available from

APOGEE DR19, APOGEE DR17 Turbospectrum, and APOGEE DR17 Synspec. The presented figures are intended

to quantify possible zero-point offsets and systematic differences among abundance scales, and to verify whether the

abundance trends discussed in the main text are specific to our analysis or also present in independent APOGEE

determinations.

For all Figures in the Appendix, we show a corner-plot comparison of [X/H] abundances for NGC 752 (top panel) and

Ruprecht (bottom panel) derived in this work and from different APOGEE abundance scales. The diagonal panels show

the abundance distributions for each source: this work, APOGEE DR19, APOGEE DR17 Turbospectrum (TS), and

APOGEE DR17 Synspec. The numbers in each diagonal panel indicate the mean abundance and standard deviation

for the full sample and for each evolutionary stage studied. The value of ∆(Diff − CS) gives the abundance difference

between the stars most likely to have atomic diffusion depletion and those at the cooler end of the main-sequence

population studied in this work, and S gives the significance of this difference in units of σ.

For each element, we quantify the abundance difference between the sample most likely to present an atomic diffusion

signature (Diff) and the coolest stellar sample (CS) in what we assume to have the pristine cluster composition as

∆(Diff − CS) = µDiff − µCS, (B1)

where µDiff and µCS represent the mean abundances. The uncertainty on this difference is estimated from the dispersion

of each evolutionary group as

σ∆ =

(
σ2
TO

NTO
+

σ2
MS

NMS

)1/2

, (B2)

where σDiff and σCS are the abundance dispersions within the samples, and NDiff and NCS are the corresponding

number of stars. We then define the significance of the abundance offset as

S =
∆(Diff − CS)

σ∆
. (B3)

Negative values of ∆(Diff − CS) indicate that the Diff stars are depleted relative to the CS reference population. We

consider abundance differences with |S| > 1 statistically significant (likely in the Figures), and those with |S| > 2 as

strong evidence for a depletion signature (diff in the Figures).

The lower panels of this appendix figure show the pairwise abundance comparisons between different sources. The

dashed line indicates the one-to-one relation, and the inset text gives the mean abundance offset, ⟨∆[Fe/H]⟩, and
standard deviation for all stars and for each evolutionary group. Symbols indicate the evolutionary stage: cyan

upwards triangles are red giants (RG), pink circles are the cooler main-sequence (CS), gold inverted triangles are stars

at the expected atomic diffusion dip (Diff), red pluses are the stars close to the turnoff region (MS-TO), and the green

pentagon are main-sequence stars with masses close to the Sun (MS).
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Figure 8. Top panel: Abundance scale comparison for Fe in the NGC 752 open cluster. Bottom panel: the same as top, but
for Ruprecht 147.
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Figure 9. Same as Figure 8, but for C.
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Figure 10. Same as Figure 8, but for N.
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Figure 11. Same as Figure 8, but for Na.
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Figure 12. Same as Figure 8, but for Mg.
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Figure 13. Same as Figure 8, but for Al.
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Figure 14. Same as Figure 8, but for Si.
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Figure 15. Same as Figure 8, but for S.
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Figure 16. Same as Figure 8, but for K.
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Figure 17. Same as Figure 8, but for Ca.
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Figure 18. Same as Figure 8, but for Ti.
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Figure 19. Same as Figure 8, but for V.
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Figure 20. Same as Figure 8, but for Cr.
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Figure 21. Same as Figure 8, but for Mn.
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Figure 22. Same as Figure 8, but for Co.
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Figure 23. Same as Figure 8, but for Ni.
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