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Introduction
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1.1 The Milky Way

1.1.1 Milky Way Structure

Our insider-perspective of our home Galaxy, the Milky Way, makes it difficult to ob-

serve its overall structure. However, from observations of other galaxies and the copious

amounts of data from various works, including H I surveys (e.g., Burton 1976), the

Spizter/GLIMPSE survey (Benjamin et al. 2003), and the high-precision Gaia survey

(Gaia Collaboration et al. 2016), we have been able to form a tentative picture of the

morphology of the Milky Way. The Milky Way consists of three major parts: the Disk,

the Bulge/Bar, and the Halo. The disk of the Milky Way refers to the flat plane of

stars, gas, and dust, which spans roughly 25 kpc from its center (for reference, the Sun

is located at roughly 8 kpc from the Galactic center (Gravity Collaboration et al. 2021))

and can be further split into the thin and thick disks. The thin disk includes stars which

are less than ≃ 350 pc above the plane of the Milky Way, tends to include cooler gas,

and is where the majority of the star formation in the Galaxy is located. The thick disk,

however, extends out to ≃ 1000 pc above the Milky Way’s plane and tends to include

hotter gas and older stars (Binney & Merrifield 1998). The bulge of the Milky Way

contains some of the older stars and is found near its center, as well as a bar. The bar is

a dense region of stars, gas, and dust, which can have orbits that differ from the orbits

in the disk. Due to the large amount of gas and dust in this region, it is subject to high

extinction, and therefore requires infrared (IR)-based data to probe. Finally, the Halo

of the Milky Way includes the high-velocity stars and gas which extend beyond the disk
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of the Galaxy. Material which is ejected out of the Milky Way’s plane, or objects which

have been accreted throughout the Milky Way’s life span, are located here.

1.1.2 Galactic Gradients and Chemical Enrichment

As a galaxy evolves it is subjected to a cycle of star formation and stellar deaths. Gas

within the galaxy condenses and forms stars, these stars live on the main sequence until

they eventually exhaust their supply of hydrogen, they turnoff the main sequence and,

after some amount time (dependent on the initial mass of the star), they expel their

gas into the surrounding medium through processes such as supernovae or planetary

nebulae. Since stars form elements heavier than hydrogen in their cores throughout their

lifetime, these ejecta are thoroughly enriched with heavier elements or “metals” which

pollutes the gas that forms the next generation of stars. Therefore a galaxy, such as

the Milky Way, will become more and more metal-enhanced over time. However, it is

additionally complicated by the star formation rate at various regions of the Galaxy. Due

to the surplus of star formation happening in the bulge there is additional enrichment

occurring towards the center of the Galaxy as compared to the outer edges, which leads

to a gradient in the metallicity as a function of Galactic radius.

The fraction of elements produced from different types of stellar deaths, results in

differing amounts of various elements enriching the Galaxy. For instance, core-collapse

supernovae produce more alpha elements (e.g., Na, Mg, Si, S, Ar) than iron-peak elements

(V, Cr, Mn, Fe, Co, Ni, Cu, Zn), whereas Type Ia supernovae produce more iron-peak

elements than alpha elements. Largely, the difference in yields is because alpha elements
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are primarily concentrated within the outer layers of a star, and iron-peak elements are

concentrated within the core. Type II supernovae occur with stars that have both their

core and their atmosphere, whereas Type Ia supernovae happen with white dwarf stars

that have already shed their alpha-rich atmospheres (e.g., Kobayashi et al. 2020, Andrews

et al. 2020, and references therein). Therefore, we need to measure a range of elements

from different chemical families (e.g., alpha, odd-Z, and iron peak) with tracer objects

that have a wide range of ages to accurately explore the enrichment history of the Milky

Way. The ideal tracer to use for this is star clusters, as both age and chemical make-up

of the stars can be reliably determined.

1.2 Star Clusters

Stars are formed when small overdensities within large gas clouds undergo gravitational

collapse and get hot and dense enough to begin fusion. This process is not isolated

and often many stars, ranging from tens to thousands, are formed within a very limited

time frame; creating a stellar association. The densest regions of a stellar association can

create a gravitationally bound group of stars, which is then known as a star cluster. Con-

sequently, as star cluster members form from the same gas cloud they all have essentially

the same metallicity ([Fe/H]), distance from Earth, velocity, and age. The age especially

is incredibly important for Galactic evolution studies, because deriving reliable stellar

ages for isolated stars cannot be done without having access to a previously calibrated

relationship. Moreover, open clusters are often used as the calibrators for these relation-

ships because of the age range (from currently forming to ∼ 8−9 Gyr old), reliability, and
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relative ease with which we can determine their ages. While there are efforts to deter-

mine reliable ages for field stars through thoroughly calibrated relationships (e.g., Spoo

et al. 2022, Viscasillas Vázquez et al. 2022, Casali et al. 2020), clusters remain the most

reliable way to measure age in populations of stars and are essential for calibrating these

methods. Also, star clusters are powerful tracers for studying chemical and dynamical

evolution in the Milky Way and can be used to observationally constrain the Galactic

abundance and metallicity gradients, which provide needed constraints to simulations

that model the evolution of Milky Way-like galaxies. The term “star clusters” can also

be further broken down into two main subcategories: open clusters and globular clusters.

Open clusters are found throughout the Milky Way’s disk and are composed of stars

that are typically relatively loosely bound together. Historically, the latter characteristic

earned them the name “open” to indicate that they are open systems and are more likely

to be broken apart by interactions with other systems in the Milky Way (e.g., interactions

with spiral arms, or stars within the cluster going supernova). Nonetheless, open clusters

have long been used as tracers to identify and study chemical trends within the Milky

Way’s disk, due to the wide ranges in both Galactic radii (4 kpc < RGC < 20+ kpc) and

ages (5 Myr – 9 Gyr).

Milky Way halo globular clusters have many similarities to their “open” counterparts,

but trace a distinctly different part of the Galaxy: the Galactic halo. In general, globular

clusters are typically (1) more metal poor, (2) more massive (can contain hundreds of

thousands of stars), (3) are old (10+ Gyr), and (4) located in the halo of the Milky Way.

Due to their significantly higher masses and increased star formation efficiency, they are

better able to retain their stars despite the stellar end-of-life events (e.g., supernovae)
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and interactions with other objects which may occur throughout the cluster’s lifetime.

Consequently, this allows the cluster to have multiple generations of stars (e.g, Piotto

(2009) and references therein), where gas within the cluster will re-coalesce and create

new stars, which have a different age and metallicity from the original population of stars.

In both cases, the standard methods of measuring ages are the same. First, their

member stars are plotted on a Color-Magnitude Diagram (CMD). For example, one type

of CMD, based on photometry available from the ESA Gaia mission, is a plot of the

stars’ overall G-band magnitude (or brightness) versus its bp− rp color-index, the later

of which is a proxy for the temperature of the star. As a consequence of stellar evolution,

lower-mass stars fuse hydrogen to helium on the main sequence for longer periods of time

than the higher-mass stars in the cluster. This means that as time progresses more and

more stars “turn off” the main sequence and begin their journey up the Red Giant Branch

(RGB) and beyond. By using stellar evolution models with a range of masses (known as

isochrones), which provide a model of what the cluster would look like at specific ages,

calibrated to key benchmark clusters, we can then use these CMDs to identify likely ages

for other clusters.

1.3 Stellar Spectroscopy and Stellar parameters

While much information can be gleaned from a star through photometric observations,

a whole plethora of information is hidden within its spectrum. A spectrum is created

by spreading out the light into a range of colors which can be seen as a plot of intensity

versus, for example, wavelength. If there were no atoms within the stars atmosphere,
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this spectrum would take the shape of a blackbody (a continuous function of wavelength

dependent on only temperature). However, with the addition of a transparent stellar

atmosphere, the spectrum displays various absorption features due to the presence of

atoms in various states of excitation or ionization.

The spectrum of a star is strongly impacted by its fundamental stellar parameters

(e.g., temperature, density, metal content, etc...). From quantum mechanics, it is well

known that atoms will absorb photons at specific wavelengths and emit those photons

some time later. In stars, the atoms in the atmosphere absorb the photons coming from

within a stars’ interior, and the strengths of the produced spectral lines are determined

primarily by the temperature of the star. A stars temperature determines (1) whether

certain atoms will be ionized or trapped in molecules and (2) what energy level(s) the

electrons of an atom will primarily inhabit. Both of these factors directly determine

which spectral lines will be more or less prevalent within the stars spectrum. Therefore,

by looking at the depth and width of the spectral lines, it is possible to derive the stars

temperature.

The width of the spectral lines can also indicate another fundamental parameter:

surface density (also known as surface gravity). Stars which are on the main sequence

have a stronger surface gravity than those which have evolved off since the evolved stars

have an increased radiation pressure, which causes their radius to increase and therefore

the density at the surface of the star to decrease. In terms of spectra, a star with strong

surface gravity will have more collisions between atoms in the atmosphere of the star,

which in turn broadens the width of the spectral lines. Finally, another fundamental

parameter which can be estimated based on a stars spectrum is its Doppler or radial
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velocity (RV). The RV of a star is its velocity along to the line of sight from Earth

and can be derived by measuring the difference between a spectral line’s known rest

wavelength and the apparent line wavelength in the star.

Once the fundamental stellar parameters of a star have been accurately estimated,

the individual abundances of elements within the star can be derived. In the case of large

scale surveys, like that used in this work (described in detail in §2.1), models provide

a multidimensional grid of stellar atmospheres to compare the star to and the best chi-

squared χ2 goodness of fit test is used to determine each individual stars’ parameters and

then abundances.

1.4 Using Star Clusters to Map Chemical Gradients

within the Milky Way

Open clusters are key, age-datable tracers that have long been used to explore chemical

trends in the Galactic disk. Since the early work of Janes (1979), numerous studies have

advanced the field, particularly over the past 15 years (e.g., Sestito et al. 2008, Bragaglia

et al. 2008, Friel et al. 2010, Carrera & Pancino 2011, Yong et al. 2012, Frinchaboy et al.

2013, Reddy et al. 2016, Cunha et al. 2016a, Netopil et al. 2016, Magrini et al. 2017, Donor

et al. 2020, Spina et al. 2021, Netopil et al. 2022), with progress driven by the availability

of larger telescopes, the expansion of multi-fiber spectroscopic capabilities, and, more

recently, by large-scale high-resolution spectroscopic surveys. A few of these surveys

are, the Large Sky Area Multi-Object fiber Spectroscopic Telescope (LAMOST; Luo
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et al. 2015), GALactic Archeology with HERMES (GALAH; Martell et al. 2017), Gaia-

ESO (Gilmore et al. 2012), Netopil et al. (2022), Open Cluster Chemical Abundances

from Spanish Observatories (OCCASO; Casamiquela et al. 2017), and the Open Cluster

Chemical Abundance and Mapping survey (OCCAM; Frinchaboy et al. 2013). These

surveys and studies are briefly summarized in the following subsections.

1.4.1 The LAMOST Survey

The Large Sky Area Multi-Object Fiber Spectroscopic Telescope (LAMOST; Zhao et al.

2012), is a low-resolution (R ∼ 1800) spectroscopic survey which has observed 6,478,063

stars. Multiple studies (e.g., Zhang et al. 2021, Fu et al. 2022) have used LAMOST as

the basis for an open cluster study. Zhang et al. (2021) compiles a sample of 225 open

clusters with additional data from APOGEE and other observations to constrain the

metallicity gradient, with a focus on young open clusters. Fu et al. (2022) compiles a

homogeneous sample of 386 open clusters, with astrometric parameters cross-matched

with Cantat-Gaudin et al. (2020) to investigate the metallicity gradient as a function

of time as well as the orbital parameters of the clusters. However, while this provides

a large sample of clusters, the low-resolution of LAMOST makes it difficult to measure

individual elemental abundances reliably, so LAMOST can only provide a general [Fe/H]

and [α/Fe] for its chemistry.
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1.4.2 The HERMES/GALAH Survey

The GALactic Archeology with HERMES (GALAH; Martell et al. 2017) survey uses the

High Efficiency and Resolution Multi-Element Spectrograph (HERMES, R ∼ 28, 000)

at the Anglo-Austrailian telescope to measure up to 21 different elemental abundances,

ranging from carbon to europium, for open cluster stars. In Spina et al. (2021), they

homogenize the GALAH data with that from SDSS/APOGEE DR16 (Ahumada et al.

2020) to procure a reliable sample of 134 open clusters. However, of these clusters only

37 have data from GALAH and the homogenization of the two datasets risks inducing

systemic offsets in the sample.

1.4.3 The Gaia-ESO Survey

Gaia-ESO (Gilmore et al. 2012) is a publicly available survey that provides high-quality

spectra from the Very Large Telescope (VLT) FLAMES instrument, which uses the

GIRAFFE (R ∼ 20, 000) and UVES (R ∼ 47, 000) spectrometers to acquire spectra for

roughly 100,000 stars in the Galaxy, both in the field and in open clusters. The FLAMES

instrument can measure 12+ elements in observed stars. The Gaia-ESO sample probes

into ∼ 100 open clusters, spanning a wide range of ages and masses, but until very

recently only a limited number of open cluster parameters had been published (Jackson

et al. 2021, with results for 63 open clusters).
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1.4.4 The Open Cluster Study in Netopil et al. (2022)

Netopil et al. (2022) used spectroscopic metallicities from literature studies plus data

from the APOGEE survey to compile a sample of 136 open clusters, with Gaia DR2

membership. They use the combined sample of 136 open clusters to explore the Galac-

tic metallicity gradient as well as the evolution of the metallicity gradient using eight

different age bins. While this work provides a large sample of clusters, their compiled

catalog has the potential for significant systematic effects due to their use of different

telescopes and surveys which not only utilize different instruments, but can also have dif-

fering analysis pipelines, line lists, stellar models, and analysis / reduction methods. As

shown in Figure 3 of Donor et al. (2018), the abundances derived in different studies can

be significantly different, which can increase the amount of scattering within measured

Galactic abundance gradients.

1.4.5 The OCCASO Survey

The Open Cluster Chemical Abundances from Spanish Observatories (OCCASO) survey

(Casamiquela et al. 2019) provides results from 81 nights of observations. They use three

high-resolution echelle spectrographs: (1) the Calar Alto Fiber-fed Echelle spectrograph

(CAFE) on the Centro Astronómico Hispano en Analućıa 2.2m telescope, (2) the FIber-

fed Echelle Spectrograph (FIES) spectrograph on the 2.5m Nordic Optical Telescope,

and (3) HERMES on the 1.2 m Mercator telescope. Both FIES and HERMES are

at the Observatorio del Roque de los Muchachos. All of the above spectrographs are

high-resolution (R ≥ 65000) which allows the authors to create a sample of 18 open
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clusters. They use these open clusters to investigate the abundance gradients for 10

different elements (including [Fe/H]). While their sample covers a wide range of radii

(6.6 ≤ R < 11 kpc) and age (0.5 Gyr to 2 Gyr), they also bolster their sample with

data from GALAH and APOGEE to provide a more robust sample, again introducing

potential systematics by combining data from differing sources.

1.4.6 The OCCAM Survey

The goal of the Open Cluster Abundance and Mapping Survey (OCCAM ; Frinchaboy

et al. 2013, Cunha et al. 2016b, Donor et al. 2018; 2020, Ray et al. 2022, Spoo et al.

2022) is to produce a comprehensive, uniformly measured, infrared-based spectroscopic

data set for stars in hundreds of open clusters, and to constrain key Galactic dynamical

and chemical parameters. This work aims to extend the OCCAM survey. The primary

data for the OCCAM survey come from the Sloan Digital Sky Survey III (SDSS III;

Eisenstein et al. 2011) and SDSS IV (Blanton et al. 2017) / Apache Point Observatory

Galactic Evolution Experiment (APOGEE; Majewski et al. 2017) that is described in

more detail in §2.1. In the previous OCCAM iteration based-on APOGEE DR16, Donor

et al. (2020) (hereafter, OCCAM-IV), they obtained a sample of 128 open clusters, 71 of

which were designated to be high-quality, to investigate the metallicity and abundance

gradients of the Milky Way. They included 16 different elements, and found evidence

that the Galactic gradients in Fe, Mn, and Al do seem to change as a function of time.

In addition, they also used their sample to further constrain the metallicity gradient by

fitting it with a break in the slope.
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In this work, we present the complete OCCAM APOGEE sample, which is based

on the SDSS-IV Data Release 17 (DR17) (Blanton et al. 2017, Abdurro’uf et al. 2022),

the most recent and final release of data products from APOGEE-2 (Majewski et al.

2017, Holtzman et al., in prep). We will analyze Galactic gradient trends in metallicity

([Fe/H]), α elements (O, Mg, Si, S, Ca, Ti), iron-peak elements (V, Cr, Mn, Co, Ni),

and other elements (Na, Al, K, Ce) represented in the APOGEE DR17 database, and

explore the evolution of these gradients as a function of age. We also calculate the trends

with Galactocentric guiding center radius (Rguide) to investigate the potential biases that

may affect the analysis by using the current cluster locations. The guiding center radius

of a given general, eccentric orbit is the radius of a circular orbit with the same angular

momentum as the generic orbit. It will be described in more detail in §3.2. Finally, we

discuss this sample in comparison to other recent literature studies of open clusters.

13



Chapter 2

Data

14



As discussed in 1.4, one of the challenges for Galactic abundance gradient studies

is acquiring a large enough uniform sample of clusters to thoroughly sample the Milky

Way’s disk and robustly fit the chemical trends. Until recently, studies had to combine

data from multiple sources in order to bolster their samples, which inherently introduced

systemic offsets into the data. To avoid these systemic offsets, this work utilizes data

from only two sources: SDSS/APOGEE (Majewski et al. 2017), for spectroscopic data,

and Gaia (Gaia Collaboration et al. 2016), for photometric data.

2.1 SDSS/APOGEE DR17

The seventeenth data release of SDSS-IV/APOGEE survey (Abdurro’uf et al. 2022)

provides the chemical abundances and radial velocities for the cluster samples. This final

data release for the APOGEE survey provides high-resolution (R≃ 22, 500), near-infrared

(1.51µm ≤ λ ≤ 1.70µm) spectra taken with the APOGEE spectrographs (Wilson et al.

2019), which includes spectra for over 650,000 stars, to derive stellar parameters and

chemical abundances.

These data were taken using the Sloan Foundation telescope at the Apache Point

Observatory (New Mexico, APO; Gunn et al. 2006) in the Northern Hemisphere and the

Du Pont telescope at the Las Campanas Observatory (Chile, LCO; Bowen & Vaughan

1973) in the Southern Hemisphere. The observations for APOGEE-1, which only in-

cluded the northern hemisphere, ran from September 2011 - July 2014, and those for

APOGEE-2, which covered both hemispheres, ran from August 2014 - January 2021.

The data from APOGEE-1 and APOGEE-2 are included in the seventeenth data release
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of SDSS/APOGEE. Targeting for the APOGEE survey, including details from this pro-

gram, are described in Frinchaboy et al. (2010), Zasowski et al. (2013), Zasowski et al.

(2017), Beaton et al. (2021), and Santana et al. (2021).

APOGEE data are reduced using the APOGEE data reduction pipeline (Nidever

et al. 2015) and the APOGEE Stellar Parameters and Chemical Abundances Pipeline

(ASPCAP Garćıa Pérez et al. 2016). By comparing and finding the best χ2 match be-

tween the reduced APOGEE data and a library of synthesized stellar spectra, generated

by the synspec code (Hubeny & Lanz 2017, Hubeny et al. 2021), ASPCAP estimates

the atmospheric parameters of the star. These parameters include: effective tempera-

ture (Teff ), surface gravity (log(g)), microturbulance at the surface of the star (vmicro),

stellar rotation (v sin(i)) or macroturbulance at the surface of the star (vmacro), over-

all abundance of metals ([M/H]), relative α-element abundance ([α/M]), as well as the

carbon and nitrogen abundances ([C/M] and [N/M], respectively), which are estimated

from molecular bands (CH, CN, CO) within the spectra. Once those parameters are esti-

mated, ASPCAP then measures the desired chemical abundances by narrowing the focus

to specific regions of the spectrum with the necessary spectral features. For a visual, see

Figure 2.1, which is Figure 4 in Garćıa Pérez et al. (2016), to show the molecular bands in

the APOGEE wavelength regime and the windows which are used to derive abundances

for each element. More in depth descriptions of the extraction of chemical abundances

are provided in Holtzman et al. (2015; 2018), Jönsson et al. (2020) and Holtzman et al.,

in prep1

1Description of DR17 and the actual data can be found at www.sdss.org/dr17/.
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Figure 2.1: A reproduced Figure 4 from Garćıa Pérez et al. (2016) that illustrates the available
wavelength range covered in APOGEE spectra. At the top of the Figure, it includes a stellar
spectrum (orange), the molecular bands (red, green, blue) and the emission lines (black) present
due to the Earth’s atmosphere. Below, it provides the windows used to derive the abundances
for the 15 different elements available in APOGEE. In this figure, each window is broadened
by 30km/s to make it easier to see.
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This project uses the data derived by the standard SDSS/APOGEE pipelines. For

more information regarding the APOGEE data products or the pipelines, see Abdurro’uf

et al. (2022) and Holtzmann et al. (in prep).

2.1.1 Pipeline Changes from APOGEE DR16 to DR17

Between the latest APOGEE data release used for this work and the previous one used in

Donor et al. (2018; 2020), some significant changes were made to the APOGEE pipeline.

First, new synthetic spectral libraries were created using the Synspec code (Hubeny

& Lanz 2017, Hubeny et al. 2021). These libraries include new Non-LTE corrections

and inter-element effects to the abundances analysis of sodium, magnesium, potassium,

and calcium with the computations in Osorio et al. (2020), improving the abundance

derivations for these elements. Second, the APOGEE line list used for DR17 was updated

from Shetrone et al. (2015) to Smith et al. (2021). While a schematic description of the

DR17 pipeline is given in Abdurro’uf et al. (2022), further specifics about updates to

the APOGEE pipeline will be discussed in Holtzman et al. (in prep). The changes to

the pipeline were applied to all data taken before and after the sixteenth data release.

The consequences of these changes can be seen in the comparisons between Donor et al.

(2020) and Myers et al. (2022), found in Chapter 4.3.1

2.2 Gaia EDR3

To supplement the SDSS/APOGEE data and provide astrometric and photometric pa-

rameters for our analysis we use data from Gaia Early Data Release 3 (EDR3 Gaia
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Collaboration et al. 2021). The data for the Gaia survey is provided by the Gaia space

telescope (Gaia Collaboration et al. 2016), which orbits at the L2 Lagrange point ap-

proximately 1.5 million km from the Earth. This location provides an unobstructed view

of the entire sky, and allows Gaia to repeatedly measure the positions and velocities of

stars once a year. The Gaia EDR3 release includes the data collected between July 2014

to May 2017 and proceeds the release of Gaia DR3. In total, we analyzed proper mo-

tions and parallaxes for 3, 720, 692 stars out of the ∼ 1.8 billion sources included in Gaia

EDR3, and we use Gaia radial velocities for 38, 667 stars of the available ∼ 7 million

RVs (Seabroke et al. 2021). Additionally, we check the offset between Gaia EDR3 RVs

and APOGEE DR17 RVs and find the median offset to be roughly −0.14 km/s with a

standard deviation of approximately 2.80 km/s.

2.2.1 Pipeline Changes from Gaia DR2 to EDR3

On top of the additional data provided in Gaia EDR3, it also presents more precise

proper motion and parallax values, as well as more precise and accurate photometry

than was included in Gaia DR2. While the RV values are carried from Gaia DR2 to

Gaia EDR3, they were additionally cleaned before being added to Gaia EDR3. The RV

sources from Gaia DR2 which were not included in Gaia EDR3 were either excluded

because they could not be matched to Gaia DR3 sources or were compared to the initial

RV calculations in Gaia DR3 and were deemed to be unreliable (Seabroke et al. 2021).

The consequences of these changes are also discussed in more context in §4.3.1.
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Figure 3.1: Five example color-magnitude diagrams of open clusters analyzed in this study
(Table A.1). Stars from Gaia EDR3 within twice the cluster radius, as defined in Cantat-
Gaudin et al. 2020, are included; stars identified as PM members and inside the cluster radius
are blue. Non-member stars are shown as a Hess diagram in grey. The OCCAM pipeline-
identified APOGEE members from DR16 (Donor et al. 2020) are shown in purple. New DR17
OCCAM pipeline-identified APOGEE member stars are shown as orange stars.

In order to study the stars within a cluster, we must first isolate cluster member stars

from the “field” stars, random Milky Way stars in the foreground and background along

the same line of sight but not a part of the cluster. To identify stars which are more likely

to be a part of the cluster, we employ the analysis described in Frinchaboy & Majewski

(2008) and Donor et al. (2018; 2020) which primarily boils down to two techniques: The

Rayleigh-Jeans Color Excess (RJCE) method (Majewski et al. 2011, Frinchaboy et al.

2010), used to select likely target stars, and a tiered kernel-based smoothing routine after

the data was collected.

The RJCE method utilizes photometric near IR data from the 2 Micron All Sky Sur-

vey (2MASS; Cutri et al. 2003) and mid-IR data from the Wide-field Infrared Survey

Explorer (WISE; Wright et al. 2010) to estimate the extinction of individual stars within

twice the clusters radius. This is possible because the intrinsic shape of a stars spectral
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energy distribution in the long wavelength regime is a constant for the large majority of

stars, the “Rayleigh-Jeans tail”. Thus by measuring the difference between the near-IR

H band (1.6µm) filter of the 2MASS survey and the mid-IR W2 (4.5µm) filter from the

WISE mission we can determine the reddening of the stars. Once the reddening is deter-

mined, we furthermore split the sky into five extinction-based bins, subtract the mean

field star numbers from the region associated with the cluster, and find the extinction

bin with the largest concentration of stars within the cluster radius (see Frinchaboy &

Majewski 2008, Donor et al. 2018, for more details). By identifying the extinction of the

cluster, it is easier to eliminate stars which have extinctions that are significantly larger

and smaller than the clusters (stars that are too close and too far away to be in the

cluster), thus allowing for the identification and elimination of field stars lying along the

line-of-sight.

Afterwards, we utilize APOGEE data to further clean the cluster members from the

field stars by employing a kernel-based Gaussian smoothing routine to isolate member

stars. This routine takes both the probable cluster stars and those that are outside the

cluster radius, and convolves each of their proper motion (PM), radial velocity (RV), and

metallicity measurements with a Gaussian distribution such that each stars value is the

Gaussian’s peak. After, these Gaussians are added together for all the stars, and the

distribution of the field stars are subtracted from the total distribution to leave only the

cluster. This is first done in PM space, then the PM-cleaned sample is used to repeat

the process and estimate the cluster’s RV, then finally the process is repeated once again

in metallicity space to estimate the clusters final metallicity.
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The star’s position relative to the normalized, fitted Gaussians are used to determine

the membership probabilities of each star based upon their PM, RV, and metallicity

measurements independently, where a reported probability greater than 0.01 is within

3σ of the cluster mean. In practice, these fit distributions are fairly tight (see Figure 2

in Donor et al. 2018 for a figure set showing distributions for [Fe/H], PM, and RV for 19

clusters), therefore a star falling within 3σ of the cluster mean in all 3 parameter spaces

is deemed likely to be a cluster member for the purposes of this work.

As in Donor et al. (2020), we also use visual quality checks of both the color mag-

nitude diagrams (CMDs) and Kiel diagrams (Teff vs log(g)) for the APOGEE stars in

each cluster to distinguish between high quality clusters, where the OCCAM pipeline-

identified member stars are located on a verifiable main sequence, horizontal branch, or

red giant branch within the clusters CMD (given a quality flag of 1 or 2)1; and poten-

tially unreliable clusters, where the clusters structure is either too sparse or too obscured

to be fully reliable (given a quality flag of 0). As an example of both the CMDs used

and the difference between APOGEE DR16 and DR17, we show five example clusters

in Figure 3.1, all with a quality flag of 1 or 2. This figure, shows that the addition of

APOGEE DR17 not only expands the number of stars that are identified to be likely

cluster members in previously known clusters, but it also expands the number of clusters

that can be added to this sample.

1The quality flag of 2 denotes a cluster used in the calibration sample from Donor et al. (2018).
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3.1 Methodology Changes from Donor et al. (2020)

The present analysis adopts several changes in methodology from that employed in Donor

et al. (2020). In addition to using the latest stellar parameters and abundances from

the greatly expanded APOGEE DR17 sample, we also use the latest data from the

Gaia Collaboration et al. (2016), EDR3, to take advantage of the extended baseline and

expanded astrometric catalog. We also use the open cluster parameters from Cantat-

Gaudin et al. (2020), which exclusively uses Gaia DR2 to compile a catalog that provides

uniform measurements of age and distance (among other parameters) for roughly 2,000

open clusters. This catalog includes all the open clusters used here for analysis of the

Galactic chemical gradients.

Another change in methodology applied to our analysis is the addition of the guiding

center radius, Rguide, which is now used along with galactocentric radius, RGC , to compute

the Galactic abundance gradients. Methods for the calculation of Rguide are further

discussed in §3.2.2 Finally, because more Ce II lines were used in DR17 to determine the

abundance of Ce in ASPCAP, the cerium abundance measurements have significantly

improved over those in DR16; as a result, we are able to explore the Galactic trends in

cerium here.

2For two clusters (FSR 0542 and NGC 2232) that were not initially recovered using the OCCAM
pipeline, we implemented a parallax cut for stars greater than twice the reported distance to the cluster
(Cantat-Gaudin et al. 2020) and those less than half the distance to the cluster.
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3.2 Computing Guiding Center Radii Rguide

For each cluster in the sample, we compute its guiding-center radius, Rguide , using

the circular velocity rotation curve from the best-fitting Milky Way model described in

Price-Whelan et al. (2021). We compute the approximate guiding center radii for the

OCCAM clusters by first transforming their heliocentric position and velocity data (sky

position, distance, proper motions, and radial velocity) into Galactocentric Cartesian

coordinates, assuming solar parameters: for the Sun–Galactic center distance we adopt

R⊙ = 8.275 kpc (Gravity Collaboration et al. 2021), a solar height above the Galactic

midplane of z⊙ = 20.8 pc (Bennett & Bovy 2019), and a solar velocity with respect to

the Galactic center v⊙ = (8.42, 250.2, 7.90) km s−1 (Drimmel & Poggio 2018, Gravity

Collaboration et al. 2018, Reid & Brunthaler 2004). We then compute the z-component

of the angular momentum vector, Lz, for each cluster in the Galactocentric frame and

estimate the guiding center radii as Rguide = Lz/vc(R), where R is the present-day

cylindrical radius of each cluster and vc(r) is the circular velocity curve evaluated at the

radius of each cluster.

The use of the guiding center radius of a cluster, rather than its present galactocentric

radius, has the advantage of correcting for orbital blurring effects in the metallicity

gradients due to the inherent ellipticity of orbits (e.g., Netopil et al. 2022, Zhang et al.

2021, Spina et al. 2021). To illustrate and explore the differences between Rguide and

RGC , we calculate Rguide and discuss both radii in §4.2 and §4.3.
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Figure 3.2: We present the measured standard deviations of three key cluster properties (radial
velocity, transverse velocity, and parallax) using three different membership sub-samples: 1)
includes member stars common to both our OCCAM analysis and Cantat-Gaudin et al. (2018),
2) OCCAM members that are not Cantat-Gaudin et al. (2018) members (OCCAM only), and 3)
Cantat-Gaudin et al. (2018) only member stars (CG only). NOTE: the histogram are artificially
cut-off at 30 to show relevant detail.

3.3 Membership Comparison to Cantat-Gaudin et al.

(2018)

Cantat-Gaudin et al. (2018) performed a fundamentally different membership analysis

than presented here and previously by OCCAM (Donor et al. 2018; 2020). Whereas

our analysis relies on kernel convolution and Gaussian fitting to define a rigid boundary

for what constitutes “the cluster”, Cantat-Gaudin et al. (2018) performed a clustering

search in the 5 dimensional Gaia phase space (RA, dec, proper motion, and parallax [ϖ]),

requiring no fitting or boundary setting. Furthermore, while Cantat-Gaudin et al. (2018)

uses parallax along with proper motion, this work uses RV and [Fe/H] along with proper

motion, which causes generally small but occasionally significant differences between the

two membership analyses.
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In order to compare the results from the two methods, we divide stars into three

categories: common (stars considered cluster members in both the OCCAM and the

Cantat-Gaudin et al. (2018) samples), OCCAM only (stars that are included in the

present sample but not in Cantat-Gaudin et al. 2018), and CG only (stars rejected from

the present sample but included in Cantat-Gaudin et al. 2018). We create a statistic

that accentuates differences between these three samples in RV, transverse velocity (VT ,

calculated using the cluster distance measured by Cantat-Gaudin et al. 2020), and par-

allax (ϖ). To compute this statistic, we first measure the mean cluster value for stars in

the common sample (x̄common). We then compute the average deviation of the OCCAM

only and the CG only samples (xsingle sample) from x̄common, shown in Eq. 3.1.

σmod =
1

n

∑(
x̄common − xsingle sample

)
(3.1)

In Figure 3.2, we plot a histogram of RV, VT , and ϖ with (1) the 1-σ standard

deviation of the common sample within each cluster in gray, (2) σmod for OCCAM only

in orange, and (3) σmod for CG only in purple. There are 92 clusters in our sample where

the results of our membership analysis differ from Cantat-Gaudin et al. (2018); we omit

the remaining clusters from this analysis as it is designed to show differences. To show

relevant detail we artificially cut off each histogram at 30; in all 3 panels the lowest bin

is populated beyond what is shown. Since the common sample is more restrictive than

either individual sample it is not surprising that we measure a small standard deviation

for the common sample of stars in most clusters. We note the scale difference between
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the RV and VT histograms: the first 5 bins in the VT plot span 0–2.5 km/s, which is the

size of the first bin in the RV plot.

For the common sample, 67 of 92 clusters for which we measure RV dispersion have

measured dispersions below 1 km/s, and in VT we find 71 of 92 clusters showing a dis-

persion below 1 km/s, in good agreement with typical cluster dispersions (e.g., Cantat-

Gaudin & Anders 2020) and despite not explicitly removing binary stars. For ϖ the

majority of the OCCAM only clusters show low dispersions, comparable to the common

sample and CG only sample, with 83 of 92 clusters having dispersions < 0.25 mas, despite

the fact we have not used ϖ in our selection. For the remaining nine clusters, five are

in our low quality sample. Of the four in our high quality sample two are very nearby,

Melotte 22 (The Pleiades) and Ruprecht 147, so some dispersion in ϖ is expected. The

remaining two clusters, FSR 0496 and NGC 7789, each have one star with negative ϖ

reported, significantly affecting the measured dispersion.

This analysis shows that despite different selection criteria, the reliability of our sam-

ple is comparable to Cantat-Gaudin et al. (2018), where we can compare directly. We find

inconsistencies in ϖ in our sample, which is not surprising since ϖ is not accounted for in

our analysis. Similarly, we show there is significant RV variation in the Cantat-Gaudin

et al. (2018) sample since RV was not accounted for in that analysis. A union of the two

samples is straightforward to create using the VAC discussed in §4.1.1. Combining the

5 dimensional Gaia phase space with RV and [Fe/H] would produce a purer sample, but

in the present work we have chosen to continue using the (Donor et al. 2020) (hereafter,

OCCAM-IV) membership selection pipeline for consistency.
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3.4 Methodology Changes for Globular Clusters

In addition to the open clusters sample, this work also includes globular clusters, provid-

ing a sample of clusters that probes the Galactic halo instead of the Galactic disk. As

globular clusters are studied by different groups/analysis (e.g., Gaia catalogs), a few ad-

justments were made to enable the globular clusters to be processed through the OCCAM

pipeline. First, the catalogs used for initial guesses and overall cluster values needed to

be changed. Therefore, we drew from the list of possible Milky Way globular clusters

from the Harris Catalog (Harris 1996, 2010 version), which provides a compiled list of

153 globular clusters with their IDs, positions, metallicities, magnitudes, colors, RVs, ve-

locity dispersions, and structural parameters from other studies. We specifically use the

celestial coordinates (RA/Dec) and the reported half light radius (3×rh) as inputs to the

OCCAM pipeline. Ages for the globular cluster sample comes from Wagner-Kaiser et al.

(2017), which uses data from the HST and a Baysian analysis technique to estimate fun-

damental parameters of each cluster, including the age. Additionally, initial guesses for

the cluster’s overall proper motion value are provided by the Gaia EDR3 based study,

Vasiliev & Baumgardt (2021). This study also provides the membership probabilities

for each cluster, therefore we include the membership probabilities from the Vasiliev &

Baumgardt (2021) catalog to check and compare the results from the OCCAM pipeline.

Second, the RV and metallicity fitting routines also changed. Most notably, globular

clusters can have a much larger dispersion in both RV and in metallicity than open

clusters do, therefore, the maximum sigma value in each parameter was widened to not

cut out valid cluster members. Additionally, an issue with the Gaia RVs meant that
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for large clusters (e.g., 47 Tuc) the RV distribution was skewed, most likely due to

systematics between the derived RVs and stars with extreme temperatures. As such, we

fit the RV distribution excluding the available Gaia RV values, which were included in

the RV fitting of the open cluster sample.
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4.1 The OCCAM DR17 Sample

Our SDSS/APOGEE observed sample consists of 150 open clusters with 2061 member

stars, out of ∼ 26, 700 stars in the vicinity of a known open cluster considered in this

analysis. The final sample of clusters is shown in Figure 4.1. After a visual CMD

inspection (described further in §3 and in OCCAM-IV), we designate 94 clusters as

“high quality”. All clusters analyzed are presented in Table 4.1 and Table 4.2 (with full

version of the tables provided in the Appendix, Table A.1 and Table A.2). Where Table

4.1 (A.1) includes bulk cluster parameters derived or adopted for this study, and Table

4.2 (A.2) includes bulk cluster abundances, which are averaged over the stellar members.

For all Galactic abundance analysis in this study, we choose to use only clusters

flagged as high quality and that have distances available from Cantat-Gaudin et al.

(2020). Additionally, we also cut out two clusters with an age less than 50 Myrs (NGC

7058 and Teutsch 1), due to previous studies suggesting the young star pipeline re-

sults from APOGEE may be unreliable. Since young stars have an increased amount of

chromospheric activity, it is difficult for the ASPCAP pipeline to estimate fundamental

parameters, such as RV and log(g), which are needed for a reliable abundance determi-

nation (e.g., Kounkel et al. 2018, Olney et al. 2020). This results in a final sample of 85

clusters, which will be used to study the Galactic abundance gradients.
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Figure 4.1: The OCCAM DR17 sample in common with Cantat-Gaudin et al. (2020) plotted in
the Galactic plane, color-coded by [Fe/H]. Square points are “high quality” clusters, triangles
are the lower quality clusters, and crosses denote clusters which were in the “high quality”
sample of OCCAM-IV but are now in the “low quality” sample.
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Table 4.1: OCCAM DR17 “High Quality” Sample Basic Parameters

Cluster Qual l b R a Age a RGC
b RGuide

b µα
c µδ

c RV [Fe/H] Num

name flag (deg) (deg) (′) Gyr (kpc) (kpc) (mas yr−1) (mas yr−1) (km s−1) (dex) stars

Ruprecht 147 1 20.9297 −12.7606 78.2 3.020 7.98 8.01 −0.89± 0.09 −26.73± 0.08 +42.1± 0.9 +0.11± 0.03 35

NGC 6705 1 27.3031 −2.7726 8.9 0.309 6.40 6.40 −1.50± 0.03 −4.21± 0.02 +35.1± 1.0 +0.09± 0.04 12

Berkeley 43 1 45.6820 −0.1347 5.8 nan 39.00 nan −0.95± 0.02 −3.55± 0.02 +30.1± 0.0 −0.01± 0.01 1

NGC 6791 2 69.9644 +10.9065 8.2 6.310 7.89 6.47 −0.40± 0.01 −2.26± 0.02 −46.9± 1.2 +0.31± 0.04 66

NGC 6819 2 73.9815 +8.4811 11.4 2.239 7.97 8.53 −2.87± 0.01 −3.93± 0.01 +2.6± 1.3 +0.03± 0.04 46

Berkeley 85 1 75.6967 +0.9969 6.8 0.417 8.15 7.67 −2.91± 0.03 −4.67± 0.02 −33.7± 1.4 +0.07± 0.06 12

Dolidze 41 1 75.7070 +0.9923 5.5 nan nan nan −2.91± 0.03 −4.66± 0.02 −33.9± 1.1 +0.06± 0.06 11

NGC 6811 2 79.2072 +11.9983 22.8 1.072 8.14 9.11 −3.24± 0.02 −8.83± 0.03 +7.5± 0.3 −0.06± 0.01 7

NGC 6866 1 79.5615 +6.8368 12.5 0.646 8.14 9.36 −1.28± 0.03 −5.82± 0.04 +13.1± 0.8 +0.00± 0.02 4

IC 1369 1 89.6059 −0.3978 5.2 0.288 8.89 9.11 −4.58± 0.01 −5.71± 0.03 −48.7± 0.1 −0.11± 0.03 3

Table A.1 is published in its entirety in Appendix A

a Cluster Radius and age from Cantat-Gaudin et al. (2020)

b Calculated with distances from Cantat-Gaudin et al. (2020), recomputed to a solar radius of R0 = 8.274 kpc.

c µα and µδ and their 1σ uncertainties are those of the 2D Gaussian fit, as in OCCAMII.
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Table 4.2: OCCAM DR17 Sample - Detailed Chemistry

Cluster [Fe/H] [O/Fe] [Na/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [S/Fe] [K/Fe]

name (dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

[Ca/Fe] [Ti/Fe] [V/Fe] [Cr/Fe] [Mn/Fe] [Co/Fe] [Ni/Fe] [Ce/Fe]

(dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

Ruprecht 147 0.11± 0.03 0.01± 0.07 0.01± 0.20 −0.03± 0.04 0.11± 0.07 0.05± 0.05 −0.01± 0.05 0.04± 0.16

−0.03± 0.05 −0.20± 0.24 −0.07± 0.16 −0.14± 0.21 0.05± 0.03 −0.33± 0.53 0.01± 0.02 −0.43± 0.72

NGC 6705 0.09± 0.04 −0.06± 0.02 0.25± 0.06 −0.04± 0.02 −0.09± 0.04 0.01± 0.01 0.04± 0.03 −0.14± 0.04

−0.04± 0.02 −0.01± 0.02 −0.21± 0.07 0.00± 0.04 0.10± 0.02 0.06± 0.04 0.03± 0.02 0.13± 0.10

Berkeley 43 −0.01± 0.01 −0.04± 0.01 0.15± 0.05 −0.05± 0.01 −0.17± 0.02 0.02± 0.01 0.13± 0.03 −0.17± 0.03

−0.05± 0.01 −0.03± 0.02 −0.40± 0.06 −0.09± 0.03 0.11± 0.01 −0.02± 0.04 0.04± 0.01 0.30± 0.06

NGC 6791 0.31± 0.04 0.05± 0.02 0.17± 0.05 0.08± 0.02 0.02± 0.05 0.01± 0.03 −0.01± 0.07 0.09± 0.09

−0.04± 0.04 0.15± 0.10 −0.20± 0.20 0.04± 0.06 0.05± 0.11 0.14± 0.06 0.02± 0.04 −0.14± 0.10

NGC 6819 0.03± 0.04 −0.00± 0.03 0.09± 0.09 0.02± 0.01 0.01± 0.04 0.01± 0.02 −0.01± 0.04 −0.03± 0.07

0.00± 0.02 0.03± 0.03 −0.13± 0.14 0.01± 0.03 0.02± 0.03 0.04± 0.06 0.00± 0.02 −0.03± 0.10

Berkeley 85 0.07± 0.06 −0.06± 0.05 0.20± 0.12 −0.05± 0.03 −0.10± 0.06 −0.02± 0.03 0.05± 0.08 −0.02± 0.06

−0.08± 0.04 0.02± 0.05 −0.22± 0.08 −0.09± 0.17 0.10± 0.06 −0.04± 0.36 0.02± 0.04 0.09± 0.43

Dolidze 41 0.06± 0.06 −0.04± 0.04 0.22± 0.10 −0.05± 0.02 −0.10± 0.06 −0.01± 0.03 0.03± 0.07 −0.03± 0.07

−0.07± 0.02 0.01± 0.05 −0.21± 0.07 −0.09± 0.17 0.12± 0.03 0.07± 0.05 0.02± 0.03 0.19± 0.27

NGC 6811 −0.06± 0.01 −0.03± 0.04 0.08± 0.07 0.00± 0.01 −0.02± 0.02 0.00± 0.01 0.02± 0.03 −0.05± 0.04

0.02± 0.02 −0.01± 0.03 0.12± 0.09 0.04± 0.04 −0.02± 0.01 −0.08± 0.11 −0.03± 0.01 0.13± 0.09

NGC 6866 0.00± 0.02 −0.06± 0.02 0.04± 0.10 0.00± 0.01 −0.03± 0.02 −0.01± 0.01 0.06± 0.03 −0.03± 0.03

0.01± 0.02 −0.01± 0.02 0.14± 0.09 0.03± 0.04 0.01± 0.01 −0.09± 0.07 −0.03± 0.02 0.09± 0.09

IC 1369 −0.11± 0.03 −0.03± 0.02 0.12± 0.06 −0.02± 0.01 −0.05± 0.03 −0.01± 0.01 0.09± 0.08 −0.01± 0.04

0.01± 0.02 −0.06± 0.02 0.17± 0.09 −0.01± 0.04 0.01± 0.01 −0.03± 0.06 −0.06± 0.01 0.21± 0.09

Table A.2 is published in its entirety in Appendix A
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4.1.1 Data Access - SDSS Value Added Catalog

The VAC consists of two FITS tables. The first, occam cluster-DR17.fits, is a com-

bination of Table A.1 and Table A.2, providing bulk cluster parameters derived here,

PM from Gaia, as well as RVs and average abundances for 16 reliable chemical species

available in APOGEE DR17. The second table, occam member-DR17.fits, contains all

of the APOGEE stars considered in this analysis (all of the stars that fall within two

radii of the cluster center given by Cantat-Gaudin et al. (2020); 2 × RadiusCG) and

reports the membership probabilities determined by the OCCAM pipelines (for [Fe/H],

RV, and PM) as well as the membership probability from Cantat-Gaudin et al. (2020) for

convenience. These four probabilities reported reflect how far a given stellar parameter

is from the fit cluster mean, where a reported probability of > 0.01 is within 3σ of the

cluster mean. We also note that within the VAC, RGC was calculated with an R⊙ of 8

kpc, whereas for this work, we recalculated RGC with a solar radius of 8.275 kpc to be

consistent with Gravity Collaboration et al. (2021). Table 4.3 shows all columns available

in the occam member table. The catalog is available from sdss.org.1

1The full url is https://www.sdss.org/dr17/data_access/value-added-catalogs/?vac_id=

open-cluster-chemical-abundances-and-mapping-catalog
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Table 4.3: A summary of the individual stellar data included in the DR17 OCCAM VAC

Label Description
CLUSTER The associated open cluster
2MASS ID Star ID from 2MASS survey
LOCATION IDa From APOGEE DR16
GLAT Galactic latitude
GLON Galactic longitude
FE Ha [Fe/H]
FE H ERRa Uncertainty in FE H
VHELIO AVGa Heliocentric radial velocity
VSCATTERa Scatter in APOGEE RV measurements
PMRAb Proper motion in right ascension
PMDECb Proper motion in declination
PMRA ERRb Uncertainty in PMRA
PMDEC ERRb Uncertainty in PMDEC
RV PROB Membership probability based on RV (This study)
FEH PROB Membership probability based on FE H (This study)
PM PROBc Membership probability based on PM (This study)
CG PROB Membership probability from Cantat-Gaudin et al. (2018)

a Taken directly from APOGEE DR17.
b From Gaia EDR3.
c Negative values indicate the star is outside the adopted cluster radius,
while ‘2’ indicates the star failed our PM membership analysis, but is
a member in Cantat-Gaudin et al. (2020).

37



4.2 Results

4.2.1 The Galactic Metallicity Gradient

With the large, uniform sample of open cluster data from APOGEE DR17, we are

well positioned to more reliably characterize and report Galactic abundance gradients

for 16 chemical species. Figure 4.2 shows [Fe/H] versus both Rguide (top panel) and

RGC (bottom panel) for our final sample of 85 open clusters. In both cases we use a two-

function gradient, where the gradient is described with two linear functions and where
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Figure 4.2: Metallicity ([Fe/H]) gradients from the full high quality sample mapped as a
function of guiding radius (Rguide ; top panel) and current radius (RGC ; bottom panel), along
with a bilinear fit as in Donor et al. (2020). Clusters flagged as potentially unreliable are shown
as light blue circles. The color bar indicates the number of OCCAM member stars per cluster,
saturating at five.
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the intersection point of the two lines is also allowed to be a free parameter. We use the

fitting procedures described in OCCAM-IV, which uses a maximum likelihood method

to fit the data, and the emcee python package (Foreman-Mackey et al. 2013) to estimate

the fit errors. We assume a 5% error on the distance to each cluster, as (Cantat-Gaudin

et al. 2020) did not include distance errors, and these are taken into account in the fitting

procedure. We denote the gradient with radius less than the intersection point (hereafter

known as the “knee”) as the inner gradient and the gradient with radius greater than

the knee as the outer gradient. This knee is likely a product of interactions between

open clusters and the Galactic disk, where those which are pushed outward are more

likely to survive than those which move inward. The Milky Way disk is a dynamic envi-

ronment, therefore an open cluster which interacts more frequently with the Milky Way

structures, e.g., spiral arms or Giant Molecular clouds, will have a higher likelihood to

be broken apart than those which are pushed into orbits which spend more time in the

outer edges of the Milky Way. We find an inner gradient of −0.074 ± 0.002 dex/kpc

for Rguide, and a nearly identical inner gradient of −0.073± 0.002 for RGC . Meanwhile,

the outer gradients for the two cases are: d[Fe/H]/Rguide = −0.023± 0.003 dex/kpc and

d[Fe/H]/RGC = −0.032 ± 0.002 dex/kpc, with the knee located at 12.2 ± 0.12 kpc and

11.5 ± 0.09 kpc, respectively. For completeness, we also fit the open cluster data from

Figure 4.2 with a single linear function, which is recorded in Table 4.4, along with the

two-function fit and the number of clusters used to calculate both fits (N).
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Table 4.4: OCCAM DR17 [Fe/H] Gradients

Selection Type Gradient Knee N
(dex kpc−1) (kpc)

d[Fe/H]/dRGC

Inner Knee −0.073± 0.002 11.5± 0.09 85
Outer Knee −0.032± 0.002 11.5± 0.09 85
All Linear −0.055± 0.001 85
Age ≤ 0.4 Linear −0.052± 0.003 15
0.4 < Age ≤ 0.8 Linear −0.059± 0.003 17
0.8 < Age ≤ 2.0 Linear −0.059± 0.002 29
Age > 2.0 Linear −0.052± 0.002 22

d[Fe/H]/dRGuide

Inner Knee −0.074± 0.002 12.2± 0.12 85
Outer Knee −0.023± 0.003 12.2± 0.12 85
All Linear −0.056± 0.001 85
Age ≤ 0.4 Linear −0.045± 0.003 15
0.4 < Age ≤ 0.8 Linear −0.058± 0.003 17
0.8 < Age ≤ 2.0 Linear −0.065± 0.002 27
Age > 2.0 Linear −0.049± 0.002 22
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4.2.2 Galactic Trends for Other Elements

4.2.2.1 α−Elements – O, Mg, Si, S, Ca, Ti

The Galactic abundance ratio trends for six α-elements (O, Mg, Si, S, Ca, and Ti)

over iron versus Rguide are shown in Figure 4.3, these slopes are also reported in Table

4.5, along with the slopes calculated with RGC . We find positive slopes for all studied

[α/Fe] abundances but note a significant scatter among the [S/Fe] values and the large

uncertainty in the cluster [Ti/Fe] values. The positive trend with respect to [Fe/H]

is an indication of the types of enrichment processes that have dominated in different

regions of the Milky Way. Evidently, the interior regions of the Milky Way have had

more enrichment from Fe-peak dominated events (Type 1a SN) than regions which are

farther out. Since Type 1a and Type II supernovae occur on different time scales this

implies that the interior of the Milky Way has existed long enough to be enriched by

both types of supernovae whereas the outer regions have primarily only been enriched

by alpha-enriched ejecta (Type II SN). There are no significant differences between the

best fit slopes calculated using either Rguide or RGC .
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Figure 4.3: The [X/Fe] versus Rguide trend for the α-elements. As before the color bar indicates
number of member stars, saturating at five, and light blue circles represent clusters with high
uncertainty in that element.
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Table 4.5: OCCAM DR17 Abundance Gradients

Age range All Clusters N All Clustersa N Age ≤ 0.4 N 0.4 < Age ≤ 0.8 N 0.8 < Age ≤ 2.0 N Age > 2.0 N

R range All R R < 14 kpc R < 16 kpc R < 16 kpc R < 16 kpc R < 16 kpc

Gradient (dex kpc−1) (dex kpc−1) (dex kpc−1) (dex kpc−1) (dex kpc−1) (dex kpc−1)

Gradients for RGC

d[O/Fe]/dRGC +0.014 ± 0.002 84 +0.015 ± 0.002 73 −0.000 ± 0.004 15 +0.014 ± 0.007 17 +0.009 ± 0.004 29 +0.010 ± 0.004 22

d[Mg/Fe]/dRGC +0.011 ± 0.001 84 +0.008 ± 0.001 73 +0.001 ± 0.003 15 +0.002 ± 0.003 17 +0.007 ± 0.002 29 +0.012 ± 0.003 22

d[Si/Fe]/dRGC +0.002 ± 0.001 84 +0.001 ± 0.001 73 −0.003 ± 0.003 15 −0.013 ± 0.004 17 +0.001 ± 0.002 29 +0.002 ± 0.003 22

d[S/Fe]/dRGC +0.010 ± 0.003 84 +0.017 ± 0.004 73 +0.012 ± 0.007 15 +0.014 ± 0.011 17 +0.010 ± 0.006 29 +0.013 ± 0.008 22

d[Ca/Fe]/dRGC +0.005 ± 0.001 84 +0.007 ± 0.002 73 +0.006 ± 0.003 15 +0.011 ± 0.004 17 +0.004 ± 0.003 29 +0.005 ± 0.004 22

d[Ti/Fe]/dRGC +0.004 ± 0.002 84 +0.003 ± 0.003 73 +0.002 ± 0.005 15 +0.015 ± 0.008 17 −0.003 ± 0.004 29 +0.005 ± 0.006 22

d[V/Fe]/dRGC −0.012 ± 0.008 64 +0.028 ± 0.011 58 +0.037 ± 0.016 14 +0.014 ± 0.031 17 +0.009 ± 0.017 29 −0.024 ± 0.020 22

d[Cr/Fe]/dRGC −0.003 ± 0.004 76 −0.002 ± 0.005 65 +0.000 ± 0.008 15 +0.006 ± 0.012 17 −0.009 ± 0.006 29 −0.008 ± 0.008 22

d[Mn/Fe]/dRGC −0.007 ± 0.002 82 −0.019 ± 0.002 71 −0.009 ± 0.004 14 +0.002 ± 0.004 17 −0.008 ± 0.003 29 −0.008 ± 0.004 22

d[Co/Fe]/dRGC −0.006 ± 0.005 62 −0.015 ± 0.007 56 −0.014 ± 0.011 12 −0.040 ± 0.027 14 −0.014 ± 0.011 29 −0.004 ± 0.011 22

d[Ni/Fe]/dRGC −0.000 ± 0.001 84 −0.003 ± 0.002 73 −0.007 ± 0.003 15 +0.004 ± 0.004 17 −0.003 ± 0.002 29 −0.002 ± 0.003 22

d[Na/Fe]/dRGC −0.021 ± 0.006 66 −0.031 ± 0.008 56 −0.040 ± 0.014 15 −0.021 ± 0.022 17 −0.025 ± 0.011 29 −0.014 ± 0.013 22

d[Al/Fe]/dRGC +0.009 ± 0.002 82 +0.005 ± 0.003 71 −0.001 ± 0.005 15 −0.005 ± 0.005 17 +0.008 ± 0.004 29 +0.008 ± 0.006 22

d[K/Fe]/dRGC +0.017 ± 0.003 80 +0.017 ± 0.004 69 +0.003 ± 0.008 14 +0.027 ± 0.011 17 +0.015 ± 0.006 29 +0.003 ± 0.009 22

d[Ce/Fe]/dRGC +0.022 ± 0.006 69 +0.044 ± 0.009 60 +0.034 ± 0.016 12 +0.045 ± 0.027 14 +0.035 ± 0.012 29 +0.056 ± 0.014 21

Gradients for Rguide

d[O/Fe]/dRguide +0.012 ± 0.002 84 +0.013 ± 0.002 73 +0.002 ± 0.003 15 +0.016 ± 0.008 17 +0.011 ± 0.005 27 +0.008 ± 0.003 22

d[Mg/Fe]/dRguide +0.010 ± 0.001 84 +0.008 ± 0.001 73 +0.002 ± 0.003 15 +0.005 ± 0.003 17 +0.003 ± 0.002 27 +0.010 ± 0.002 22

d[Si/Fe]/dRguide +0.002 ± 0.001 84 +0.000 ± 0.002 73 −0.002 ± 0.002 15 −0.013 ± 0.004 17 −0.000 ± 0.003 27 +0.007 ± 0.003 22

d[S/Fe]/dRguide +0.009 ± 0.003 84 +0.018 ± 0.004 73 +0.009 ± 0.006 15 +0.016 ± 0.012 17 +0.013 ± 0.007 27 +0.013 ± 0.007 22

d[Ca/Fe]/dRguide +0.005 ± 0.001 84 +0.008 ± 0.002 73 +0.005 ± 0.003 15 +0.009 ± 0.004 17 +0.005 ± 0.003 27 +0.007 ± 0.003 22

d[Ti/Fe]/dRguide +0.004 ± 0.002 84 +0.002 ± 0.003 73 +0.003 ± 0.004 15 +0.014 ± 0.008 17 −0.006 ± 0.005 27 +0.004 ± 0.006 22

d[V/Fe]/dRguide −0.011 ± 0.008 64 +0.038 ± 0.011 58 +0.024 ± 0.014 14 +0.037 ± 0.031 17 +0.013 ± 0.018 27 −0.016 ± 0.018 22

d[Cr/Fe]/dRguide −0.003 ± 0.003 76 −0.001 ± 0.005 65 −0.000 ± 0.007 15 +0.008 ± 0.013 17 −0.006 ± 0.008 27 −0.007 ± 0.008 22

d[Mn/Fe]/dRguide −0.007 ± 0.002 82 −0.011 ± 0.002 71 −0.007 ± 0.003 14 +0.002 ± 0.005 17 −0.012 ± 0.003 27 −0.008 ± 0.004 22

d[Co/Fe]/dRguide −0.007 ± 0.005 62 −0.023 ± 0.007 56 −0.010 ± 0.009 12 −0.069 ± 0.033 14 −0.038 ± 0.014 27 −0.008 ± 0.009 22

d[Ni/Fe]/dRguide −0.001 ± 0.001 84 −0.004 ± 0.002 73 −0.006 ± 0.002 15 +0.003 ± 0.004 17 −0.006 ± 0.003 27 +0.001 ± 0.003 22

d[Na/Fe]/dRguide −0.020 ± 0.006 66 −0.035 ± 0.008 56 −0.030 ± 0.012 15 −0.022 ± 0.022 17 −0.032 ± 0.013 27 −0.013 ± 0.010 22

d[Al/Fe]/dRguide +0.009 ± 0.002 82 +0.005 ± 0.003 71 +0.001 ± 0.004 15 −0.001 ± 0.006 17 +0.008 ± 0.004 27 +0.008 ± 0.005 22

d[K/Fe]/dRguide +0.016 ± 0.003 80 +0.017 ± 0.004 69 +0.004 ± 0.007 14 +0.029 ± 0.011 17 +0.014 ± 0.008 27 +0.007 ± 0.008 22

d[Ce/Fe]/dRguide +0.024 ± 0.006 69 +0.051 ± 0.010 60 +0.029 ± 0.013 12 +0.047 ± 0.027 14 +0.050 ± 0.014 27 +0.028 ± 0.012 21
aWhile not explicitly discussed in text we report the gradient cut at 14kpc in order to easily compare to previous work.
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Figure 4.4: Same as Figure 4.3, but for the iron-peak elements.

4.2.2.2 Iron-Peak Elements – V, Cr, Mn, Co, Ni

In Figure 4.4, we investigate the Galactic trends versus Rguide of the iron-peak element

ratios included in DR17 (V, Cr, Mn, Co, and Ni).2 The gradients for iron-peak elements

over iron all show negative, shallow trends (Table 4.5) with vanadium having the steepest

gradient value of all at −0.012± 0.008 dex/kpc, although this is still relatively flat. The

2As discussed in Abdurro’uf et al. (2022) and Holtzman et al. (in prep), the APOGEE DR17 pipeline
analysis did not yield sufficiently reliable abundance measurements for the element copper.
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Figure 4.5: Same as Figure 4.3 but for the “odd-z” elements.

cluster values for [V/Fe] also have the largest scatter of the iron-peak elements, however,

[Co/Fe] also has three significant outliers: the clusters FSR 0716 ([Co/Fe] = −0.45 dex),

FSR 1113 ([Co/Fe] = −0.68 dex) and Haffner 4 ([Co/Fe] = −1.01 dex), which all only

have one stellar member in our sample.

4.2.2.3 Odd-Z Elements – Na, Al, K

The abundance gradients with respect to Rguide for the three “odd-z” elements: Na, Al,

and K are plotted in Figure 4.5, and recorded in Table 4.5 for both Rguide and RGC . We

report similar positive trends for Al and K, but a steep negative gradient for Na. The

single one-star outlier for [Na/Fe] corresponds to the open cluster NGC 136.
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Figure 4.6: The Galactic abundance trend for cerium. The points are colored by their age in
Gyrs.

4.2.2.4 The Neutron Capture Element Ce

With the availability of reliable abundances for the s-process element Ce, obtained auto-

matically by the ASPCAP pipeline in DR17, we are now able to investigate the abundance

gradient of Ce with 69 open clusters in our sample. In Figure 4.6, we fit [Ce/Fe] abun-

dance versus Rguide and find a positive gradient of 0.024± 0.006 dex/kpc. In Table 4.5,

we also report the slope with respect to RGC and find a value of 0.022± 0.006 dex/kpc.

4.2.3 The Evolution of Galactic Abundance Gradients

4.2.3.1 Iron

One of the important questions in chemical evolution models is how the Galactic metal-

licity gradients have evolved over time. Fortunately, the size of our sample lends itself

to investigating this question. The open cluster sample studied here can be split into

four age bins, divided at 400 Myrs, 800 Myrs, and 2 Gyrs, identical to the bins chosen

in OCCAM-IV, although in this study we use the open cluster ages derived in Cantat-

Gaudin et al. (2020).
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Figure 4.7: The Galactic [Fe/H] versus radius trend in four age bins. Gray ‘X’s represent the
RGC of the cluster, while the colored triangles show Rguide, both of these values are connected
with a thin grey line for each cluster. The solid line shows the [Fe/H] versus Rguide trend, and
the dashed line is the trend for RGC .

In Figure 4.7, we plot Rguide and RGC versus metallicity for each age bin, showing

only clusters with both RGC and Rguide < 16 kpc. The gradients shown in the figure,

however, are calculated with all clusters located within that region (thus the number of
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clusters changes between the RGC and Rguide fits). This gives a sample of 73 clusters for

the Rguide plots and a sample of 76 clusters for the RGC . Two sets of symbols are used

in Figure 4.7: colored triangles denote guiding center radii while galactocentric radii are

marked with gray ×; horizontal bars connect the two radii values for the same cluster.

The slope of the gradient calculated with respect to Rguide is shown as a solid line, and

the slope calculated with RGC is represented as a dashed line. The slopes calculated for

each age bin and the number of clusters used for each fit are recorded in Table 4.4.

As can be seen in Figure 4.7, the gradients calculated with RGC appear to remain

relatively constant between the four age bins, with the first and the fourth bins showing

relatively shallow slopes and the two middle bins having identical slopes. The gradients

calculated with Rguide seem to show a more constant transition from young to old clusters

up until the final age bin, wherein the slope becomes significantly shallower. Additionally,

we can see in the last two panels of Figure 4.7 (i.e,. the two older age bins), that on

average the difference between a cluster’s RGC and Rguide is larger than in the first

two age bins (i.e., the younger two age bins). This suggests that as the clusters have

had more time to be affected by interactions in the Galaxy, e.g asymmetric drift, their

orbits have become more elliptical. Plus, a potential survivor bias in the older cluster

samples (clusters which move inward are significantly more likely to be broken apart by

interactions with the Milky Way than those which move outward) and/or possible radial

migration of clusters could have affected the gradients.

48



[O
/F

e]

[M
g/

F
e]

[S
i/

F
e]

[S
/F

e]

[C
a/

F
e]

[T
i/

F
e]

[V
/F

e]

[C
r/

F
e]

[M
n

/F
e]

[C
o/

F
e]

[N
i/

F
e]

[F
e/

H
]

[N
a/

F
e]

[A
l/

F
e]

[K
/F

e]

[C
e/

F
e]

−0.100

−0.075

−0.050

−0.025

0.000

0.025

0.050

0.075

R
g
u
id
e

G
ra

d
ie

nt
(d

ex
/k

p
c)

a≤0.4 Gyr

0.04<a≤0.8 Gyr

0.8<a≤2.0 Gyr

2.0<a Gyr

12

14

16

18

20

22

24

26

#
of

cl
u

st
er

s

Figure 4.8: The slopes of each elemental gradient in four age bins (as in Figure 4.7), for Rguide.
Point size increases with age, and the color indicates the number of clusters included in the
gradient measurement.

4.2.3.2 [X/Fe]

To understand the evolution in the radial gradients of elements other than iron, we split

the cluster sample into the same four age bins as in §4.3.4.1 and fit each gradient as in

Figure 4.7. Fit parameters for all elements measured both with Rguide and with RGC are

reported in Table 4.5. In Figure 4.8, we also show the slopes (d[X/Fe]/dRguide) for all

four age bins and each of the 16 elements (where, for iron, we show the abundance ratio

[Fe/H]); this figure is comparable to Figure 14 in OCCAM-IV. We note that, as explained

in §4.3.4.1, all clusters used in the fit have a radius (Rguide or RGC) less than 16 kpc.

We find no convincing trends through the four age bins in α elements. While there

could be a slight trend in [Mg/Fe], with oldest clusters perhaps showing a steeper slope

than younger clusters, the changes between samples are roughly as significant as the

uncertainties.
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Both [Cr/Fe] and [Ni/Fe] hover around a flat gradient throughout all four age bins, and

the gradients of [V/Fe] and [Cr/Fe] both have large uncertainties in their measurements,

which makes it difficult to determine any evolutionary trends. Additionally, we do not

find a significant trend for [Mn/Fe], which breaks with previous APOGEE-based DR16

results presented in OCCAM-IV.

In the odd-Z elements, the gradient for [Na/Fe] seems to have an increasingly negative

trend in Rguide as clusters get younger, though within the sizeable uncertainty the trend

may be less significant. Finally for cerium, the uncertainties in the DR17 measurements

are still too large to measure a significant trend over time.

4.3 Discussion

4.3.1 Comparison to OCCAM-IV sample

Between this sample and OCCAM-IV, 111 clusters can be found in both samples, 42

new clusters were added to this sample, and 17 clusters were not recovered, including

two “high quality” clusters: Berkeley 44 and NGC 2355. With updated Gaia EDR3

data, the 2D Gaussian fit to the kernel convolution in proper motion space was narrower

by enough that the APOGEE star now fell further than 3σ from the distribution. For

Berkeley 44, the star that was included in OCCAM-IV is now slightly outside of the 2D

Gaussian fit to the Gaia EDR3 proper motions. It is also not reported as a member in

CG18. For NGC 2355, the star that was included in OCCAM-IV is considered a member
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in CG18 with a membership probability of 70%, but using updated EDR3 proper motions,

the 2D Gaussian fit was more narrow and thus this star was rejected by our pipeline.

Additionally, there were three “high-quality” clusters in OCCAM-IV which were de-

moted to being flagged as “potentially unreliable” in this sample (SAI 16, BH 211, and

Basel 11b). BH 211 failed the visual quality check, and both Basel 11b and SAI 16 had

only two potential members with conflicting [Fe/H] values. However, there are seven

clusters (Berkeley 91, FSR 0496, King 8, NGC 136, NGC 2202, Saurer 1, and Teutsch

10) which were previously marked “0” or “potentially unreliable” that are now included

in the “high quality” sample due to the addition of new data.

For designated “high quality” clusters in common between this sample and OCCAM-

IV, a total of 66 clusters, Figure 4.9 shows the change in [Fe/H] between APOGEE DR16

and DR17. The median change, measured to be -0.020, is well within the measured scatter

of 0.033, although this scatter seems to be due mostly to the lowest metallicity clusters

([Fe/H] ≲ −0.4). A visual inspection of the plot suggests that closer to Solar [Fe/H]

there may be a real, albeit slight offset from DR16. However, this small offset is easily

explainable by the significant changes to the APOGEE pipeline. The single outlier in

Figure 4.9 with a ∆[Fe/H]= 0.18 is NGC 752.

Figure 4.10 shows the change in OCCAM measured cluster abundances for 14 el-

ements from APOGEE DR16 to DR17, plotted as a function of their reported DR17

abundance. These differences are due to pipeline and membership changes. Copper and

phosphorus are not included because of unsuccessful measurements in DR17 (Abdurro’uf

et al. 2022, Holtzman et. al, in prep). Cerium is also not included in Figure 4.10 because

the values reported in DR16 were not considered particularly reliable (Jönsson et al.
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Figure 4.9: Comparing the DR17 and DR16 [Fe/H] abundances. The measured median offset
is shown as a solid blue line. A characteristic error bar is shown for reference.

2020). The measured median offset is within the measured scatter for all 14 abundances

investigated. It is worth commenting on the particularly large scatter, and potential

trend, for vanadium and sodium. Vanadium is considered less reliable in both DR16 and

DR17; sodium is considered reliable in DR17 but less so in DR16 (Jönsson et al. 2020).

4.3.2 Comparison to other surveys

Spina et al. (2021) use data from GALAH+, APOGEE DR16, and Gaia to compile a

list of 226 open clusters, 134 of which have high-quality spectroscopic data for up to

21 elements. Of these clusters 85 are in common with our sample. We compare our

sample to the GALAH sample, much like Figure 4.9, and measure a median offset, (∆

dex, DR17-GALAH) of −0.018 ± 0.046, with two major outliers: King 2 at +0.18 and

Berkeley 18 at +0.25, which both only have one member in the GALAH catalog.

In a recent APOGEE study, Sales-Silva et al. (2022) investigated the abundance

gradient for the s-process element, Ce, with a detailed abundance analysis of several Ce
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II lines from Cunha et al. (2017). They use 218 stellar members of 42 open clusters

from the OCCAM-IV sample. In a manner identical to the comparisons above for the

OCCAM-IV and GALAH surveys, we compare the [Ce/Fe] abundances for all clusters in

common between this sample and the one reported in Sales-Silva et al. (2022). We find not

only a systematic shift, but also a sub-solar offset for the cerium abundances between

the two samples, both between the open clusters and individual stellar abundances.

This shift may be due to BACCHUS, as used by Sales-Silva et al. (2022), not properly

excluding CNO blending from targeted lines. We additionally compared to the high-

resolution optical follow-up analysis of APOGEE stars in clusters from O’Connell (2017)

and O’Connell et al., in prep, which gives similar results to (Sales-Silva et al. 2022). Given

the possible uncertainties with cerium, we present the DR17 OCCAM results here, but

suggest further work is needed to settle this discrepancy.

4.3.3 Comparison of Galactic Abundance Trends

In order to evaluate our reported gradients, we compare them against previous studies

in this section. For our metallicity gradient comparisons, we use our full sample of open

clusters. However, for the individual abundance gradient comparisons in §4.3.3.2– 4.3.3.5,

we use gradients with a cut in radius at 14 kpc (Table 4.5), as the other studies do not

have significant clusters beyond 14 kpc.

4.3.3.1 Galactic Metallicity Gradient

Our derived metallicity trend — namely an inner gradient of −0.073 ± 0.002 dex/kpc,

outer gradient of −0.032 ± 0.002 dex/kpc, and break at 11.5 kpc for RGC — shows
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a very similar inner gradient to that reported in OCCAM-IV (theirs being −0.068 ±

0.004 dex/kpc). However, our measured outer gradient is significantly steeper than the

OCCAM-IV value of −0.009 ± 0.011 dex/kpc, and the knee measured here is farther

inwards than theirs (13.9kpc). These discrepancies are most likely due to poor coverage

of clusters at RGC > 14 kpcs in the OCCAM-IV sample, as noted in that study.

The Netopil et al. (2022) study finds an overall linear gradient of −0.058 ± 0.004

dex/kpc, which is only slightly steeper than our measured single linear slope of −0.056±

0.001 dex/kpc. They also measure an inner disk (RGC < 12 kpc) gradient of −0.058 ±

0.005 dex/kpc which is significantly shallower than our reported values.

Similarly, Spina et al. (2021) measure a linear trend for their sample of open clusters of

d[Fe/H]/RGC = −0.076± 0.009 dex/kpc and d[Fe/H]/Rguide = −0.073± 0.008 dex/kpc,

for clusters between roughly 6 ≤ R ≤ 14 kpc. Both of these slopes are consistent

with the present inner gradients of −0.073± 0.002 dex/kpc and −0.074± 0.002 dex/kpc

respectively, however with the additional clusters beyond ∼ 14 kpc in this sample, we

find a much shallower linear gradient in both RGC and Rguide .

4.3.3.2 α−Elements – O, Mg, Si, S, Ca, Ti

Our results for the α−elements are largely in agreement with those of OCCAM-IV,

with an exception for the gradient in [Ca/Fe] which, in the DR17 sample is significantly

flatter (0.007± 0.002 dex/kpc) than was reported with the DR16 sample (0.012± 0.001

dex/kpc). Our gradients for silicon and titanium (d[Si/Fe]/dRGC = +0.001 ± 0.001

dex/kpc and d[Ti/Fe]/dRGC = 0.003±0.003 dex/kpc) are also slightly steeper than those
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reported in OCCAM-IV (d[Si/Fe]/dRGC = −0.001±0.001 dex/kpc and d[Ti/Fe]/dRGC =

0.000± 0.002 dex/kpc), but they are nearly the same within the measured uncertainties.

Spina et al. (2021) find a comparatively steep gradient in [O/Fe] vs Rguide of 0.032±

0.01 dex/kpc, significantly different from the present measurement of +0.013 ± 0.002

dex/kpc. The steep [O/Fe] vs Rguide gradient stands out from other gradients in α

elements in Spina et al. (2021), and the reported uncertainty, is larger as well. While

Casamiquela et al. (2019) reports a steep gradient for [Si/Fe] versus RGC of 0.022±0.007,

similar to the steep [O/Fe] versus RGC gradient from Spina et al. (2021), steep gradients in

α-elements are not commonly reported. Indeed, gradients measured for other α-elements

(Mg, Si, Ca, and Ti) by Spina et al. (2021) are nearly flat. This also stands in some

contrast to the present work as we consistently measure mildly positive gradients in the

same elements. This general trend of mildly positive gradients in α-elements is consistent

with OCCAM-IV, and previous literature (e.g., Carrera & Pancino 2011, Yong et al. 2012,

Reddy et al. 2016) as discussed in OCCAM-IV.

4.3.3.3 Iron-Peak Elements – V, Cr, Mn, Co, Ni

The gradients we reported in Table 4.5 for nickel, cobalt, manganese, and vanadium are in

good agreement with those in OCCAM-IV. However, the gradient for [Cr/Fe] measured

here (−0.002 ± 0.005 dex/kpc) does deviates slightly from that measured in OCCAM-

IV (0.010 ± 0.004 dex/kpc). This seems to be due to minute changes in abundances,

particularly in those clusters at radii less than ∼ 7 kpc, which affects the gradient and

accounts for the discrepancy.
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The slopes measured for [Cr/Fe] (−0.003 ± 0.004 dex/kpc) is consistent with the

compiled gradient from the OCCASO (Casamiquela et al. 2019), −0.005±0.003 dex/kpc.

However, the measured slope for [V/Fe], 0.028± 0.011 dex/kpc, is inconsistent with that

measured in OCCASO. This discrepancy can easily be accounted for due to the large

scatter present in both gradients. Both this study and the OCCASO study also measure

a very flat gradient for [Ni/Fe], however the final values (−0.003 ± 0.002 dex/kpc in

this sample and 0.002 ± 0.001 dex/kpc in the OCCASO sample) are just outside of the

uncertainties.

Finally, the slope from this sample for [Mn/Fe] (−0.011±0.002 dex/kpc) is consistent

with that reported in Spina et al. (2021) (−0.012± 0.004 dex/kpc). However, the slope

reported in this study for the [Ni/Fe] gradient (−0.004± 0.002 dex/kpc) is significantly

shallower and for the [Co/Fe] gradient (−0.023± 0.007 dex/kpc) is significantly steeper

than the gradients reported in Spina et al. (2021) (−0.022±0.006 dex/kpc and −0.007±

0.007 dex/kpc, respectively).

4.3.3.4 Odd-Z Elements – Na, Al, K

The gradient calculated for [Na/Fe] and [K/Fe] (−0.031±0.006 dex/kpc and 0.017±0.003

dex/kpc ) is consistent with those reported in OCCAM-IV. However, the slope of the

[Al/Fe] gradient, 0.005±0.003 dex/kpc, is significantly shallower than the slope reported

in OCCAM-IV (0.018±0.002 dex/kpc) and entirely inconsistent with the value reported

in Spina et al. (2021) (−0.013 ± 0.007 dex/kpc). Additionally, the measured gradient,

d[Na/Fe]/dRguide = −0.035± 0.008 dex/kpc, is inconsistent with that measured in Spina

et al. (2021) (−0.008± 0.010 dex/kpc). However, we note that this sample has a greater
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number of clusters at larger distances than the Spina et al. (2021) sample, which acts

to flatten the gradient because of the change in slope for clusters beyond the knee.

Additionally, the gradient measured by Spina et al. (2021) seems to be dominated by a

few [Al/Fe] enhanced clusters in the inner galaxy, which we do not see in our sample.

Finally, the OCCAM-IV [Al/Fe] gradient includes a few single-star clusters at low [Al/Fe]

which resulted in a steeper measured gradient.

4.3.3.5 The Neutron Capture Element Ce

Shown in Figure 4.6, and reported in Table 4.5, we find a positive cerium abundance

gradient of d[Ce/Fe]/dRguide = 0.024±0.006 dex/kpc and d[Ce/Fe]/dRGC = 0.022±0.006

dex/kpc. Comparing these slopes to the gradients calculated in Sales-Silva et al. (2022),

their value for d[Ce/Fe]/dRGC of 0.014±0.007 dex/kpc is shallower than the value found

here, though much of this discrepancy may be explained by the measurement differences

as described in §4.3.2.

4.3.4 Evolution of Galactic Abundance Gradients

4.3.4.1 Iron

One of the key goals of the OCCAM project is to explore the evolution of abundance

gradients in the Milky Way. To this end, we find significant evolution in the d[Fe/H]/dR

gradients as presented in §4.2.1. This same trend has also been shown in OCCAM-IV,

Spina et al. (2021), Sales-Silva et al. (2022), Netopil et al. (2022) and Zhang et al. (2021).
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Figure 4.11: The age slopes measured if the age bins used in (Netopil et al. 2022) are adopted.
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Netopil et al. (2022) explored the evolution of the [Fe/H] gradient by compiling a

sample of 136 open clusters from various studies, including 75 clusters with data from

APOGEE DR16, 70 of which are in common with this sample. The details of the com-

pilation are recorded in both Netopil et al. (2016) and Netopil et al. (2022). The latter

used their sample to investigate radial migration in open clusters and also measure the

age-metallicity gradient with eight overlapping age bins. These age bins span from the

youngest clusters (age < 0.4 Gyrs) to clusters with age ≥ 5.2 Gyrs.

To better compare our results to that of Netopil et al. (2022), we divided our sample

into their age bins (Fig. 4.11); however, to populate the oldest age bin with more than

10 clusters, we modified the oldest age bin from the Netopil et al. limits 3.0 ≥ age ≥ 5.2

Gyrs to instead include all clusters with age ≥ 3.0 Gyr.

Comparing to Table 6 in Netopil et al. (2022), the gradients we measure in Figure

4.11 are in good agreement for nearly every age bin, with measurements in 6 of the 8

samples agreeing well within the reported uncertainties. However, in the first age bin,

the discrepancy between the two gradients is ∼ 0.004 dex/kpc; and for the final age bin

the discrepancy is ∼ 0.008 dex/kpc. We note that the final age bin is largely affected by

two relatively metal poor clusters at Rguide ≃ 12 kpc, NGC 2243 and Trumpler 5.

Finally, we compare our [Fe/H] evolution results to the thin-disk chemical evolution

model of (Chiappini 2009) and the chemo-dynamical simulation of (Minchev et al. 2013;

2014, MCM in Figure 4.12), using the same age bins as Figure 4.7. In the youngest three

age bins we notice good agreement for both RGC and Rguide trends. The third age bin also

shows decent agreement, though there may be a slight offset between the Rguide cluster

sample and the model results. In the final age bin, both the RGC and Rguide cluster
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Figure 4.12: The open cluster sample from this study (red dots) overlaid on the models of
(Chiappini 2009) (the blue line) and (Minchev et al. 2013; 2014) (blue dots). The plots are
split into the same age bins used in Figure 4.7.

sample have a noticeable offset from the models. This could potentially suggest either a

real effect that would require a change to the models or that the older open clusters are

possibly a biased sample due to which clusters survive to older ages and/or that these

old clusters may have undergone migration and migrated outward during their lifetimes

(whereas clusters that moved inward in the Milky Way are more likely to be disrupted).

4.3.4.2 [X/Fe]

The evolution of abundance gradients for elements besides iron were explored in §4.2.2.

A similar analysis in OCCAM-IV indicated no convincing trends in α elements with time.

As in OCCAM-IV, it could be argued that there is a slight trend for [Mg/Fe], with older

clusters perhaps showing generally steeper slopes than the younger clusters, but also as in

OCCAM-IV the changes between samples are roughly as significant as the uncertainties.
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There is very little evolution found for [Cr/Fe] and [Ni/Fe], which is consistent with

the OCCAM-IV results. As is the case here, OCCAM-IV found significant uncertainty

in the [Cr/Fe] measurements, but the [Ni/Fe] gradients were fairly well determined.

OCCAM-IV found a significant trend for [Mn/Fe] with the gradient becoming more

negative for younger cluster populations. With the new DR17 data, this trend is no longer

present; indeed the new APOGEE results seem to indicate that the younger samples have

less negative gradients.

Finally, while we do seem to see an increasingly negative trend in d[Na/Fe]/dRguide as

clusters get younger, the uncertainties in the gradients are large. This is roughly consis-

tent with the slopes calculated in OCCAM-IV, though they found a flatter trend with a

significantly steeper slope in the oldest age bin that we do not see here.
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Chapter 5

APOGEE Globular Clusters
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5.1 The APOGEE Globular Cluster Sample

While the power of APOGEE is in probing the dusty regions of the Milky Way, APOGEE

has sampled all parts of the Milky Way (disk, Bar/Bulge, and Halo), including other

star clusters. Given the usefulness in using open clusters to trace the Galactic disk,

we decided to explore whether a more “global” picture of Galactic chemical enrichment

could be made if we expanded our sample to include the globular clusters.

Of the 157 globular clusters identified in the Harris catalog, only ∼80 have data

from the APOGEE survey within 3σ of the clusters half-light radius (rh). In an aim to

derive a globular cluster sample with a uniform analysis, we used the OCCAM pipeline,

described in Chapter 3 with limited modification. We substituted our Gaia comparison

studies, switching Cantat-Gaudin et al. (2018) for Baumgardt et al. (2019), and used the

rh from Harris (1996) instead of the “visual” radius from Cantat-Gaudin et al. (2020).

Using the OCCAM pipeline, we analyzed 72 clusters with 8250 APOGEE stars, where we

determined 43 of these clusters to be “high quality” (as described in §3 and OCCAM-IV)

and 4964 of the stars are found to be probable members. The analyzed stars and bulk

cluster properties can be found in the Appendix (Table B.1 and Table B.2).

For the globular cluster sample, we measure a metallicity spread between −2.29 and

−0.19 dex (as compared to −0.53 ≤ [Fe/H] ≤ 0.31 dex for open clusters) and we find a

range in Galactocentric radii from 1.4 kpc to 29.8 kpc. We show this sample in Figure 5.1

where, similar to Figure 4.2, we show the metallicity of the sample as a function of both

Rguide (top) and RGC (bottom). We additionally overplot the open cluster sample as

black dots for reference. From Figure 5.1, it is evident that there is little to no overlap or
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correlation between the open cluster sample and the globular cluster sample, especially

due to the large scatter between the globular clusters. One cluster that could follow the

open cluster sequence is Palomar 1, the light blue dot located on top of the open cluster

distribution at roughly Rguide = 17 kpc. In previous studies (e.g., Jahandar et al. 2017,

Sakari et al. 2011, and references therein), Palomar 1 has been found to be a peculiar

globular cluster based on its age (4–6 Gyrs) and chemistry (which is not consistent with

other globular clusters nor other halo features, but is consistent with it possibly being

an old open cluster). Yet, it has been found to lie around 4 kpc above the Galactic plane

which keeps it, precariously, classified as a globular cluster. Given the present sample, it

is now possible to additionally investigate the orbital properties of Palomar 1 with new

data from Gaia, which could be explored in future work.

While these initial results demonstrate that the stellar populations of the Milky Way’s

disk and halo are distinct chemical populations, and cannot be combined to shown a

consistent “global” enrichment history, they still provide a “simplified” globular cluster

sample. We hope to explore the individual cluster samples in more detail (e.g., explore

the presence of multiple populations and chemical stellar evolution and mixing tracers

like [C/N]), as well as the Galactic distributions for these globular clusters in future

studies.
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Figure 5.1: Metallicity ([Fe/H]) gradients from the high quality globular cluster sample mapped
as a function of guiding radius (Rguide ; top panel) and current radius (RGC ; bottom panel).
The black dots show the open cluster sample for comparison. Clusters flagged as potentially
unreliable are shown as light blue circles. The color bar indicates the number of OCCAM
member stars per cluster, saturating at 100.
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Chapter 6

Conclusions and Future Work
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6.1 The Milky Way Disk Abundance Gradients

We present the final APOGEE-2 DR17 OCCAM sample, which consists of 150 open

clusters, and 94 that we designate as “high quality”. To gain insights into the chemical

enrichment history of the Milky Way, we use the high quality sample to measure Galactic

abundance gradients in 16 chemical elements and investigate their evolution over four age

bins. With clusters spanning roughly 6.0 to 18 kpc, we measure a two-function Galactic

radial metallicity trend, with −0.073± 0.002 dex/kpc for the inner slope, −0.032± 0.002

dex/kpc for the outer slope, and a knee located at 11.5 kpc. In order to account for

blurring effects in the clusters orbits, we also calculate the guiding center radii, Rguide,

of each cluster. By using Rguide as the independent variable, we find an inner slope of

−0.074 ± 0.002 dex/kpc, an outer slope of −0.023 ± 0.003 dex/kpc, and a knee at 12.2

kpc.

The Galactic radial gradients for the 15 elements measured in this survey are in good

agreement with other recent studies (e.g., Reddy et al. 2016, Casamiquela et al. 2019,

Donor et al. 2020, Spina et al. 2021). In this work, we find significant (3σ or greater)

trends in 9 of the 15 elements, including four of the α−elements (O, Mg, S, Ca), all of

the odd-Z elements (Na, Al, K), and cerium. We don’t find significant gradients in the

iron-peak elements, except manganese. We explore the variation in the trends for all

elements throughout time, by splitting the open cluster sample into four age bin. We

find no significant evolution compared with solar ratios, besides two elements (V and

Na) which have large uncertainty in their measurements. This lack of age variation in

the gradients points to well-mixed enrichment through the age range covered (10 Myr
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– 9 Gyr), which implies that chemical tagging distinct age populations may be difficult

with these elements, but could be improved with the inclusion of C and N (e.g., Casali

et al. 2019, Spoo et al. 2022) for distinct stellar evolutionary phases.

We compare this DR17-based sample to OCCAM-IV and the GALAH sample from

Spina et al. (2021) and find no significant differences between the abundances in either

case. Additionally, we compare against the cerium abundances derived in Sales-Silva

et al. (2022) and find an abundance correlated offset for sub-solar cerium abundances

between the BACCHUS analyses and the DR17 ASPCAP-derived values.

We find general agreement in the first three age-bins when we compare to the chemo-

dynamical models of Chiappini (2009) and Minchev et al. (2013; 2014), however in the

final age bin we do find an offset between the cluster sample and the models. This could

be explained by either an offset in the models or, possibly, by a potential survivor bias

in the older open cluster sample.

Also, we note that APOGEE DR17 is able to measure Galactic trends for many of the

CHNOPS elements, for example, C,N,O, and S, which are important in the astrobiological

study of the Galactic habitable zone. In this work, we present the gradients for oxygen

and sulfur. The gradients for carbon and nitrogen are not presented here due to stellar

evolutionary effects that change stellar surface chemistry due to the dredge up; however,

these elements and their correlations with age are explored in Spoo et al. (2022).
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6.2 Future Work

While the APOGEE survey provides numerous distinct elements for hundreds of thou-

sands of stars within and around the Milky Way, it is limited in the elements it has

available to it. Namely, APOGEE lacks heavy elements known as neutron capture ele-

ments, except for Ce, that can help trace the Type 1a and Type II supernovae enrichment

history within the Galactic disk. Therefore, follow-up spectra (specifically in the optical

regime, where many neutron capture abundances such as Sr, Y, Zr, Ba, La, Ce, Nd, Eu,

and Yb can be derived) of known open cluster members are necessary to fully characterize

and explore the evolution of abundance gradients of the Milky Way.

Additional work will also be needed to further explore the details of the globular clus-

ter sample. While there may not be any large overlap between the open cluster sample

and the globular cluster sample, there is still much to explore in the interior chemi-

cal variation within individual globular clusters. For example, the presence of multiple

populations and identifying chemical mixing tracers (like [C/N]) in stellar populations).
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Appendix A

The OCCAM DR17 Open Cluster

Sample

This section contains the detailed tables for the APOGEE-based OCCAM DR17 sample

of open clusters presented in Chapter 4.1 .
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Table A.1: OCCAM DR17 “High Quality” Sample Basic Parameters

Cluster Qual l b R a Age a RGC
b RGuide

b µα
c µδ

c RV [Fe/H] Num

name flag (deg) (deg) (′) Gyr (kpc) (kpc) (mas yr−1) (mas yr−1) (km s−1) (dex) stars

Ruprecht 147 1 20.9297 −12.7606 78.2 3.020 7.98 8.01 −0.89± 0.09 −26.73± 0.08 +42.1± 0.9 +0.11± 0.03 35

NGC 6705 1 27.3031 −2.7726 8.9 0.309 6.40 6.40 −1.50± 0.03 −4.21± 0.02 +35.1± 1.0 +0.09± 0.04 12

Berkeley 43 1 45.6820 −0.1347 5.8 nan 39.00 nan −0.95± 0.02 −3.55± 0.02 +30.1± 0.0 −0.01± 0.01 1

NGC 6791 2 69.9644 +10.9065 8.2 6.310 7.89 6.47 −0.40± 0.01 −2.26± 0.02 −46.9± 1.2 +0.31± 0.04 66

NGC 6819 2 73.9815 +8.4811 11.4 2.239 7.97 8.53 −2.87± 0.01 −3.93± 0.01 +2.6± 1.3 +0.03± 0.04 46

Berkeley 85 1 75.6967 +0.9969 6.8 0.417 8.15 7.67 −2.91± 0.03 −4.67± 0.02 −33.7± 1.4 +0.07± 0.06 12

Dolidze 41 1 75.7070 +0.9923 5.5 nan nan nan −2.91± 0.03 −4.66± 0.02 −33.9± 1.1 +0.06± 0.06 11

NGC 6811 2 79.2072 +11.9983 22.8 1.072 8.14 9.11 −3.24± 0.02 −8.83± 0.03 +7.5± 0.3 −0.06± 0.01 7

NGC 6866 1 79.5615 +6.8368 12.5 0.646 8.14 9.36 −1.28± 0.03 −5.82± 0.04 +13.1± 0.8 +0.00± 0.02 4

IC 1369 1 89.6059 −0.3978 5.2 0.288 8.89 9.11 −4.58± 0.01 −5.71± 0.03 −48.7± 0.1 −0.11± 0.03 3

NGC 7062 1 89.9631 −2.7433 5.8 0.427 8.64 8.93 −1.85± 0.01 −4.25± 0.01 −22.3± 0.0 −0.02± 0.01 1

Berkeley 91 1 90.0223 +0.2879 2.8 0.631 10.26 10.37 −1.55± 0.04 −3.37± 0.04 −51.4± 0.1 +0.07± 0.01 1

Berkeley 53 2 90.2998 +3.7617 10.7 0.977 8.97 9.72 −3.85± 0.03 −5.66± 0.03 −35.9± 0.8 −0.12± 0.02 6

NGC 7058 1 92.8909 +0.6026 13.1 0.041 8.30 8.39 +7.30± 0.03 +2.75± 0.13 −19.3± 0.1 +0.01± 0.01 3

Berkeley 98 1 103.8689 −5.6327 7.4 2.455 9.73 8.87 −1.33± 0.03 −3.25± 0.02 −68.0± 2.7 −0.05± 0.01 5

FSR 0394 1 108.3181 −0.8073 2.7 nan nan nan −3.72± 0.02 −1.24± 0.02 −70.6± 0.2 −0.12± 0.01 3

NGC 7789 2 115.5270 −5.3659 25.3 1.549 9.37 8.78 −0.93± 0.02 −2.03± 0.02 −53.9± 1.5 −0.03± 0.04 78

Berkeley 2 1 119.7032 −2.3156 3.2 0.589 13.16 13.06 −1.07± 0.02 −0.37± 0.04 −75.8± 2.5 −0.21± 0.02 6

FSR 0494 2 120.0868 +1.0247 6.7 0.891 10.90 11.61 −2.52± 0.02 −0.93± 0.02 −63.7± 1.4 −0.01± 0.02 5

FSR 0496 1 120.2171 +1.2691 10.9 2.042 9.07 9.00 +2.16± 0.11 −0.62± 0.18 −21.2± 2.1 −0.15± 0.01 2

NGC 136 1 120.5657 −1.2745 3.2 0.257 11.75 12.59 −1.61± 0.01 −0.59± 0.01 −52.2± 0.1 −0.27± 0.01 1

King 15 1 120.7647 −0.9403 4.9 0.295 10.43 10.65 −2.36± 0.01 −1.04± 0.01 −64.6± 0.1 −0.13± 0.01 1

NGC 188 2 122.8368 +22.3730 32.6 7.079 9.22 9.66 −2.35± 0.02 −1.04± 0.01 −41.6± 0.9 +0.07± 0.04 55

Continued on next page
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Table A.1 – Continued

Cluster Qual l b Ra Agea Rb
GC RGuide

b µα
c µδ

c RV [Fe/H] Num

name flag deg deg (′) Gyr (kpc) (kpc) (mas yr−1) (mas yr−1) (km s−1) (dex) stars

King 2 1 122.8693 −4.6837 6.1 4.074 13.21 15.07 −1.48± 0.01 −0.65± 0.01 −42.4± 0.1 −0.18± 0.01 1

IC 166 2 130.0516 −0.1695 7.2 1.318 12.36 14.39 −1.46± 0.02 +1.06± 0.02 −40.6± 1.6 −0.10± 0.03 20

NGC 752 1 136.9588 −23.2884 58.2 1.175 8.60 8.60 +9.76± 0.03 −11.86± 0.04 +5.4± 0.3 −0.06± 0.01 5

Berkeley 66 2 139.4307 +0.1759 6.5 3.090 12.29 12.71 −0.17± 0.05 +0.07± 0.05 −50.0± 0.4 −0.23± 0.04 8

King 5 2 143.7685 −4.2812 10.9 1.023 10.46 10.50 −0.28± 0.05 −1.30± 0.06 −44.0± 0.8 −0.16± 0.02 4

Berkeley 9 1 146.0697 −2.8248 6.4 1.380 9.83 10.16 +1.52± 0.03 +0.04± 0.03 −20.1± 3.0 −0.18± 0.01 2

NGC 1245 2 146.6576 −8.9266 13.1 1.202 11.05 10.90 +0.49± 0.02 −1.67± 0.01 −29.1± 0.8 −0.09± 0.03 25

NGC 1193 1 146.8143 −12.1624 3.2 5.129 12.64 12.57 −0.23± 0.03 −0.43± 0.02 −84.8± 0.2 −0.35± 0.02 4

Melotte 20 1 147.3566 −6.4040 243.2 0.051 8.42 8.40 +23.35± 0.05 −24.97± 0.05 −0.2± 0.7 +0.01± 0.06 16

King 7 2 149.7997 −1.0172 7.2 0.224 11.13 11.22 +1.06± 0.03 −1.21± 0.03 −10.5± 2.2 −0.16± 0.04 7

FSR 0667 1 151.1527 −0.6846 8.2 0.708 9.33 9.76 +0.90± 0.01 −3.66± 0.01 +2.3± 0.1 −0.03± 0.01 1

NGC 1798 2 160.7043 +4.8500 4.7 1.660 13.20 14.11 +0.80± 0.02 −0.37± 0.02 +2.7± 2.2 −0.28± 0.02 10

NGC 1664 1 161.6705 −0.4521 13.6 0.513 9.56 9.31 +1.66± 0.01 −5.73± 0.01 +6.9± 0.1 −0.06± 0.01 1

FSR 0716 1 162.2526 +3.6186 6.2 0.871 11.72 12.59 −0.28± 0.02 −1.62± 0.01 +21.0± 13.9 −0.39± 0.01 1

Berkeley 18 1 163.5891 +5.0296 14.0 4.365 13.75 15.04 +0.75± 0.03 −0.09± 0.02 −3.0± 1.5 −0.37± 0.03 30

Melotte 22 1 166.4628 −23.6146 152.9 0.078 8.39 8.26 +19.83± 0.07 −45.04± 0.05 +6.0± 1.4 +0.00± 0.05 52

Czernik 18 1 168.2633 −12.3085 6.1 0.525 9.55 9.63 +1.74± 0.09 −3.05± 0.07 −15.5± 0.1 −0.06± 0.01 2

Czernik 20 1 168.2856 +1.4404 3.8 1.660 11.71 12.19 +0.52± 0.05 −1.59± 0.04 +32.3± 1.6 −0.18± 0.01 6

NGC 1857 1 168.4140 +1.2589 7.4 0.251 11.13 11.67 +0.47± 0.02 −1.37± 0.02 +0.8± 0.4 −0.18± 0.01 2

Czernik 21 1 171.8895 +0.4530 6.4 2.570 12.28 12.12 +2.24± 0.06 −0.96± 0.04 +45.4± 0.6 −0.33± 0.01 3

NGC 1912 1 172.2699 +0.6819 19.6 0.295 9.37 9.40 +1.76± 0.02 −4.51± 0.05 −0.6± 0.5 −0.17± 0.01 2

NGC 1907 1 172.6207 +0.3173 9.0 0.589 9.88 10.13 −0.18± 0.02 −3.49± 0.03 +2.7± 0.2 −0.12± 0.01 3
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Table A.1 – Continued

Cluster Qual l b Ra Agea Rb
GC RGuide

b µα
c µδ

c RV [Fe/H] Num

name flag deg deg (′) Gyr (kpc) (kpc) (mas yr−1) (mas yr−1) (km s−1) (dex) stars

Teutsch 1 1 175.5588 +1.2067 1.3 0.028 13.58 14.04 +0.62± 0.02 −0.88± 0.01 +2.3± 0.1 −0.31± 0.01 1

Berkeley 17 2 175.6578 −3.6769 8.5 7.244 11.60 11.55 +2.55± 0.03 −0.36± 0.02 −73.5± 0.3 −0.18± 0.03 8

King 8 1 176.3840 +3.1006 3.0 0.832 13.78 13.15 +0.44± 0.02 −1.72± 0.01 −1.0± 0.0 −0.24± 0.01 1

Berkeley 71 2 176.6315 +0.8939 4.3 0.871 11.87 11.89 +0.67± 0.03 −1.68± 0.02 −8.4± 2.5 −0.23± 0.01 5

Berkeley 19 1 176.9168 −3.6100 4.4 2.188 14.82 16.00 +0.70± 0.01 −0.30± 0.01 +17.7± 0.1 −0.36± 0.01 1

NGC 1746 1 179.1252 −10.4756 18.0 nan nan nan +3.20± 0.03 −3.79± 0.02 +4.8± 0.4 +0.06± 0.01 1

Teutsch 10 1 179.9510 −0.2872 5.3 0.617 11.72 11.60 +0.76± 0.01 −1.90± 0.01 +5.3± 7.4 −0.35± 0.01 1

NGC 1647 1 180.3675 −16.7923 50.0 0.363 8.88 9.77 −1.03± 0.02 −1.52± 0.01 −12.9± 0.0 −0.19± 0.01 1

Czernik 23 1 180.5396 +0.8194 6.0 0.269 12.24 12.43 −0.06± 0.01 −1.78± 0.01 +17.8± 0.1 −0.33± 0.01 1

Teutsch 51 2 182.7380 +0.4804 4.1 0.676 12.94 14.16 +0.54± 0.04 −0.30± 0.04 +17.6± 0.4 −0.34± 0.02 4

NGC 1817 1 186.1930 −13.0319 22.4 1.122 10.02 10.58 +0.42± 0.03 −0.96± 0.03 +66.8± 1.6 −0.16± 0.03 11

Kharchenko 1 1 186.6244 +2.1436 7.8 0.708 10.64 10.10 +2.20± 0.03 −2.85± 0.02 −6.7± 1.6 −0.03± 0.04 66

NGC 2158 2 186.6355 +1.7881 5.3 1.549 12.55 12.37 −0.26± 0.02 −1.99± 0.02 +27.2± 1.8 −0.25± 0.02 61

Berkeley 21 1 186.8174 −2.4901 3.7 2.138 14.66 14.76 +0.46± 0.03 −1.02± 0.02 +0.5± 1.1 −0.23± 0.05 8

FSR 0937 1 195.3114 −1.3092 7.8 1.202 15.82 17.46 +0.38± 0.08 −0.10± 0.04 +19.6± 0.7 −0.35± 0.03 3

NGC 2304 1 197.2133 +8.9000 4.6 0.912 11.95 11.65 +0.00± 0.02 −1.53± 0.04 +51.2± 0.2 −0.14± 0.01 2

Teutsch 12 1 197.9155 +0.5967 5.6 0.832 12.01 12.53 −0.74± 0.02 −0.95± 0.02 +51.0± 1.5 −0.20± 0.01 4

Berkeley 29 1 197.9472 +7.9816 1.7 3.090 20.51 18.10 +0.11± 0.02 −1.05± 0.02 +25.3± 0.1 −0.53± 0.02 2

NGC 2420 2 198.1078 +19.6400 6.4 1.738 10.62 10.30 −1.25± 0.02 −1.97± 0.02 +74.6± 0.6 −0.20± 0.04 28

Berkeley 22 1 199.8736 −8.0708 2.6 2.455 14.23 13.84 +0.62± 0.03 −0.40± 0.02 +94.9± 0.8 −0.33± 0.04 6

Briceno 1 1 200.9817 −18.3440 30.0 nan nan nan +1.44± 0.06 +0.01± 0.06 +20.8± 1.3 −0.09± 0.06 29

Trumpler 5 1 202.8143 +1.0211 16.1 4.266 11.15 12.12 −0.59± 0.03 +0.27± 0.02 +51.2± 1.9 −0.45± 0.01 10
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Table A.1 – Continued

Cluster Qual l b Ra Agea Rb
GC RGuide

b µα
c µδ

c RV [Fe/H] Num

name flag deg deg (′) Gyr (kpc) (kpc) (mas yr−1) (mas yr−1) (km s−1) (dex) stars

Berkeley 20 1 203.4853 −17.3763 1.8 4.786 16.26 15.45 +0.91± 0.01 −0.27± 0.01 +76.6± 0.2 −0.43± 0.01 1

NGC 2202 1 203.5978 −4.8847 4.8 nan nan nan +0.36± 0.42 +0.62± 0.25 +52.9± 0.1 −0.46± 0.01 2

NGC 2632 1 205.9525 +32.4278 118.2 0.676 8.41 8.51 −36.42± 0.05 −13.04± 0.04 +35.3± 0.6 +0.14± 0.06 28

Berkeley 31 1 206.2398 +5.1334 3.7 2.818 15.02 13.98 +0.24± 0.03 −0.89± 0.02 +58.8± 0.9 −0.43± 0.02 2

NGC 2324 1 213.4480 +3.3012 8.3 0.537 12.01 12.61 −0.36± 0.01 −0.05± 0.02 +42.4± 0.2 −0.22± 0.02 4

Saurer 1 1 214.6969 +7.3830 2.7 nan nan nan −0.26± 0.02 −0.31± 0.02 +104.9± 0.0 −0.42± 0.01 1

NGC 2682 2 215.6912 +31.9208 19.9 4.266 8.90 8.97 −11.00± 0.03 −2.91± 0.02 +34.3± 1.0 −0.00± 0.05 331

FSR 1113 1 216.2980 +3.2637 2.9 2.754 11.52 12.77 −0.47± 0.01 +1.77± 0.01 +68.9± 0.0 −0.35± 0.01 1

Berkeley 33 1 225.4474 −4.5998 3.8 0.234 13.05 14.57 −0.69± 0.01 +1.59± 0.01 +77.8± 0.1 −0.24± 0.01 1

NGC 2204 1 226.0162 −16.1134 11.8 2.089 11.28 11.63 −0.58± 0.01 +1.96± 0.02 +92.3± 0.8 −0.29± 0.03 23

Czernik 30 1 226.3359 +4.1585 3.6 2.884 13.72 12.88 −0.62± 0.01 −0.06± 0.01 +81.4± 0.3 −0.39± 0.01 2

Haffner 4 1 227.9399 −3.6274 2.9 0.457 12.24 12.71 −0.43± 0.01 +0.93± 0.01 +59.7± 0.2 −0.18± 0.01 1

Melotte 71 1 228.9511 +4.5055 9.0 0.977 9.81 11.00 −2.35± 0.01 +4.21± 0.05 +50.8± 0.4 −0.15± 0.02 3

Tombaugh 2 1 232.8360 −6.8799 3.4 1.622 15.70 16.75 −0.53± 0.02 +1.42± 0.02 +122.0± 1.6 −0.37± 0.03 9

Berkeley 75 1 234.3082 −11.1909 3.8 1.698 14.61 13.84 −0.22± 0.01 +1.14± 0.02 +124.2± 0.9 −0.41± 0.01 3

NGC 2479 1 235.9970 +5.3590 9.0 0.977 9.24 9.44 −4.30± 0.01 +1.17± 0.01 +41.6± 0.1 −0.05± 0.01 1

NGC 2243 1 239.4780 −18.0111 5.5 4.365 10.52 12.79 −1.24± 0.01 +5.49± 0.01 +59.8± 0.5 −0.46± 0.03 11

NGC 2447 1 240.0428 +0.1491 24.2 0.575 8.83 9.20 −1.46± 0.16 +1.99± 0.19 +23.5± 0.6 −0.11± 0.01 3

ESO 211 03 1 269.2401 −3.7695 6.1 1.288 9.89 10.72 −4.72± 0.04 +4.39± 0.04 +64.4± 1.3 −0.16± 0.03 15

Ruprecht 82 1 277.7240 −0.4842 7.6 0.457 8.27 9.00 −6.41± 0.04 +4.23± 0.13 +2.0± 0.1 −0.04± 0.01 1

Ruprecht 85 1 280.1984 +0.0759 4.1 0.204 8.80 9.06 −4.33± 0.01 +3.22± 0.01 +21.8± 0.0 −0.25± 0.01 2

Collinder 220 1 284.5480 −0.3486 13.1 0.234 8.02 8.87 −5.32± 0.52 +3.73± 0.63 −12.5± 0.1 −0.12± 0.01 1
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Table A.1 – Continued

Cluster Qual l b Ra Agea Rb
GC RGuide

b µα
c µδ

c RV [Fe/H] Num

name flag deg deg (′) Gyr (kpc) (kpc) (mas yr−1) (mas yr−1) (km s−1) (dex) stars

SAI 116 1 295.7623 −0.2224 5.8 0.126 7.47 7.71 −7.10± 0.21 +1.23± 0.06 −14.0± 0.1 +0.14± 0.01 3

NGC 4337 1 299.3160 +4.5546 6.6 1.445 7.39 7.49 −8.83± 0.02 +1.55± 0.02 −18.1± 1.0 +0.24± 0.03 7

BH 131 1 300.1162 −0.6800 5.0 nan nan nan −6.47± 0.02 +0.29± 0.03 −31.7± 0.6 +0.10± 0.01 7

Trumpler 20 1 301.4714 +2.2010 13.4 1.862 7.12 7.72 −7.09± 0.02 +0.17± 0.02 −40.0± 0.8 +0.11± 0.02 26

Teutsch 84 1 344.4449 −0.4563 4.2 1.047 5.95 6.33 −1.74± 0.06 −1.17± 0.04 −56.3± 0.0 +0.20± 0.01 1

ESO 518 03 1 355.0583 +12.4339 11.4 1.413 6.69 7.08 +2.71± 0.03 −2.66± 0.02 +22.9± 0.9 +0.07± 0.05 10

a Cluster Radius and age from Cantat-Gaudin et al. (2020)

b Calculated with distances from Cantat-Gaudin et al. (2020), recomputed to a solar radius of R0 = 8.274 kpc.

c µα and µδ and their 1σ uncertainties are those of the 2D Gaussian fit, as in Donor et al. (2018).
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Table A.2: OCCAM DR17 Sample - Detailed Chemistry

Cluster [Fe/H] [O/Fe] [Na/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [S/Fe] [K/Fe]

name (dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

[Ca/Fe] [Ti/Fe] [V/Fe] [Cr/Fe] [Mn/Fe] [Co/Fe] [Ni/Fe] [Ce/Fe]

(dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

Ruprecht 147 0.11± 0.03 0.01± 0.07 0.01± 0.20 −0.03± 0.04 0.11± 0.07 0.05± 0.05 −0.01± 0.05 0.04± 0.16

−0.03± 0.05 −0.20± 0.24 −0.07± 0.16 −0.14± 0.21 0.05± 0.03 −0.33± 0.53 0.01± 0.02 −0.43± 0.72

NGC 6705 0.09± 0.04 −0.06± 0.02 0.25± 0.06 −0.04± 0.02 −0.09± 0.04 0.01± 0.01 0.04± 0.03 −0.14± 0.04

−0.04± 0.02 −0.01± 0.02 −0.21± 0.07 0.00± 0.04 0.10± 0.02 0.06± 0.04 0.03± 0.02 0.13± 0.10

Berkeley 43 −0.01± 0.01 −0.04± 0.01 0.15± 0.05 −0.05± 0.01 −0.17± 0.02 0.02± 0.01 0.13± 0.03 −0.17± 0.03

−0.05± 0.01 −0.03± 0.02 −0.40± 0.06 −0.09± 0.03 0.11± 0.01 −0.02± 0.04 0.04± 0.01 0.30± 0.06

NGC 6791 0.31± 0.04 0.05± 0.02 0.17± 0.05 0.08± 0.02 0.02± 0.05 0.01± 0.03 −0.01± 0.07 0.09± 0.09

−0.04± 0.04 0.15± 0.10 −0.20± 0.20 0.04± 0.06 0.05± 0.11 0.14± 0.06 0.02± 0.04 −0.14± 0.10

NGC 6819 0.03± 0.04 −0.00± 0.03 0.09± 0.09 0.02± 0.01 0.01± 0.04 0.01± 0.02 −0.01± 0.04 −0.03± 0.07

0.00± 0.02 0.03± 0.03 −0.13± 0.14 0.01± 0.03 0.02± 0.03 0.04± 0.06 0.00± 0.02 −0.03± 0.10

Berkeley 85 0.07± 0.06 −0.06± 0.05 0.20± 0.12 −0.05± 0.03 −0.10± 0.06 −0.02± 0.03 0.05± 0.08 −0.02± 0.06

−0.08± 0.04 0.02± 0.05 −0.22± 0.08 −0.09± 0.17 0.10± 0.06 −0.04± 0.36 0.02± 0.04 0.09± 0.43

Dolidze 41 0.06± 0.06 −0.04± 0.04 0.22± 0.10 −0.05± 0.02 −0.10± 0.06 −0.01± 0.03 0.03± 0.07 −0.03± 0.07

−0.07± 0.02 0.01± 0.05 −0.21± 0.07 −0.09± 0.17 0.12± 0.03 0.07± 0.05 0.02± 0.03 0.19± 0.27

NGC 6811 −0.06± 0.01 −0.03± 0.04 0.08± 0.07 0.00± 0.01 −0.02± 0.02 0.00± 0.01 0.02± 0.03 −0.05± 0.04

0.02± 0.02 −0.01± 0.03 0.12± 0.09 0.04± 0.04 −0.02± 0.01 −0.08± 0.11 −0.03± 0.01 0.13± 0.09

NGC 6866 0.00± 0.02 −0.06± 0.02 0.04± 0.10 0.00± 0.01 −0.03± 0.02 −0.01± 0.01 0.06± 0.03 −0.03± 0.03

0.01± 0.02 −0.01± 0.02 0.14± 0.09 0.03± 0.04 0.01± 0.01 −0.09± 0.07 −0.03± 0.02 0.09± 0.09

IC 1369 −0.11± 0.03 −0.03± 0.02 0.12± 0.06 −0.02± 0.01 −0.05± 0.03 −0.01± 0.01 0.09± 0.08 −0.01± 0.04

0.01± 0.02 −0.06± 0.02 0.17± 0.09 −0.01± 0.04 0.01± 0.01 −0.03± 0.06 −0.06± 0.01 0.21± 0.09

NGC 7062 −0.02± 0.01 −0.05± 0.02 0.16± 0.06 −0.04± 0.01 −0.00± 0.02 0.00± 0.01 0.00± 0.03 −0.03± 0.03

−0.01± 0.01 −0.05± 0.02 0.17± 0.09 −0.08± 0.04 −0.02± 0.01 0.03± 0.06 −0.04± 0.01 0.14± 0.09
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Table A.2 – Continued

Cluster [Fe/H] [O/Fe] [Na/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [S/Fe] [K/Fe]

name (dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

[Ca/Fe] [Ti/Fe] [V/Fe] [Cr/Fe] [Mn/Fe] [Co/Fe] [Ni/Fe] [Ce/Fe]

(dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

Berkeley 91 0.07± 0.01 −0.02± 0.02 −0.04± 0.07 0.01± 0.01 0.06± 0.03 −0.05± 0.02 0.05± 0.04 0.04± 0.04

0.04± 0.02 0.06± 0.03 −0.38± 0.09 0.03± 0.04 0.03± 0.02 −0.11± 0.07 −0.01± 0.02 0.07± 0.10

Berkeley 53 −0.12± 0.02 0.00± 0.02 0.10± 0.07 0.02± 0.02 0.02± 0.06 0.01± 0.02 0.03± 0.05 0.05± 0.04

0.01± 0.03 −0.02± 0.03 −0.12± 0.16 −0.01± 0.07 −0.01± 0.02 −0.01± 0.08 −0.04± 0.01 0.24± 0.09

NGC 7058 0.01± 0.01 −0.03± 0.05 −0.01± 0.10 −0.07± 0.02 −0.06± 0.03 −0.02± 0.04 0.22± 0.08 0.02± 0.03

−0.05± 0.06 −0.21± 0.06 nan± nan −0.16± 0.06 −0.11± 0.04 nan± nan 0.01± 0.02 nan± nan

Berkeley 98 −0.05± 0.01 0.02± 0.02 0.12± 0.08 0.03± 0.01 0.07± 0.03 0.01± 0.02 0.01± 0.07 0.04± 0.05

−0.00± 0.02 −0.00± 0.04 −0.08± 0.21 0.05± 0.05 −0.04± 0.03 0.06± 0.09 −0.02± 0.02 0.04± 0.11

FSR 0394 −0.12± 0.01 −0.04± 0.03 −0.06± 0.46 0.00± 0.01 0.07± 0.03 0.01± 0.02 0.10± 0.05 0.01± 0.05

0.02± 0.02 −0.04± 0.03 −0.05± 0.19 0.02± 0.05 −0.05± 0.03 −0.02± 0.11 −0.05± 0.02 0.15± 0.12

NGC 7789 −0.03± 0.04 −0.02± 0.05 −0.01± 0.22 −0.00± 0.03 0.01± 0.05 0.01± 0.04 0.03± 0.08 0.06± 0.12

−0.03± 0.11 −0.01± 0.15 −0.05± 0.22 −0.02± 0.24 −0.01± 0.05 −0.01± 0.06 −0.04± 0.03 0.01± 0.12

Berkeley 2 −0.21± 0.02 −0.01± 0.05 0.06± 0.66 −0.02± 0.04 0.02± 0.03 −0.01± 0.04 0.08± 0.11 0.03± 0.08

0.03± 0.04 −0.01± 0.06 0.06± 0.27 0.04± 0.07 −0.06± 0.04 −0.52± 0.40 −0.02± 0.04 0.25± 0.15

FSR 0494 −0.01± 0.02 −0.06± 0.04 0.07± 0.19 −0.02± 0.02 −0.01± 0.04 −0.02± 0.02 −0.06± 0.10 −0.06± 0.12

0.02± 0.02 −0.04± 0.04 0.24± 0.16 0.01± 0.07 −0.04± 0.02 −0.32± 0.42 −0.03± 0.02 0.11± 0.18

FSR 0496 −0.15± 0.01 0.01± 0.13 −0.56± 0.63 0.09± 0.06 0.09± 0.05 0.08± 0.08 0.07± 0.06 0.08± 0.05

−0.19± 0.23 −0.22± 0.21 −0.12± 0.22 −0.16± 0.10 −0.18± 0.12 −0.03± 0.06 −0.06± 0.03 0.15± 0.08

NGC 136 −0.27± 0.01 −0.10± 0.03 −0.53± 0.08 −0.01± 0.01 −0.03± 0.02 0.00± 0.01 0.21± 0.04 0.04± 0.04

0.04± 0.01 0.05± 0.02 0.50± 0.11 0.00± 0.05 −0.01± 0.02 −0.02± 0.07 −0.03± 0.01 0.51± 0.10

King 15 −0.13± 0.01 −0.11± 0.02 −0.07± 0.07 −0.01± 0.01 −0.03± 0.02 0.00± 0.01 0.13± 0.03 −0.20± 0.04

0.00± 0.01 0.03± 0.02 0.22± 0.09 −0.01± 0.04 −0.00± 0.01 −0.07± 0.06 −0.05± 0.01 0.50± 0.08
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Table A.2 – Continued

Cluster [Fe/H] [O/Fe] [Na/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [S/Fe] [K/Fe]

name (dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

[Ca/Fe] [Ti/Fe] [V/Fe] [Cr/Fe] [Mn/Fe] [Co/Fe] [Ni/Fe] [Ce/Fe]

(dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

NGC 188 0.07± 0.04 0.04± 0.04 0.09± 0.17 0.06± 0.02 0.08± 0.07 0.03± 0.03 0.01± 0.07 0.07± 0.06

0.00± 0.04 0.03± 0.09 −0.12± 0.19 0.08± 0.08 0.06± 0.04 0.08± 0.12 0.04± 0.03 −0.35± 0.41

King 2 −0.18± 0.01 0.09± 0.02 −0.01± 0.08 0.10± 0.02 0.04± 0.03 0.03± 0.02 −0.04± 0.06 0.11± 0.05

0.02± 0.02 0.05± 0.03 −0.31± 0.09 −0.04± 0.05 −0.05± 0.02 0.09± 0.07 0.02± 0.02 0.22± 0.08

IC 166 −0.10± 0.03 −0.07± 0.06 0.10± 0.12 0.01± 0.02 0.08± 0.06 0.02± 0.03 0.05± 0.07 0.02± 0.09

0.02± 0.04 −0.05± 0.07 0.10± 0.21 0.02± 0.10 −0.04± 0.04 −0.12± 0.21 −0.03± 0.04 0.15± 0.20

NGC 752 −0.06± 0.01 −0.04± 0.02 0.11± 0.19 −0.00± 0.02 0.02± 0.03 −0.01± 0.01 −0.01± 0.03 −0.10± 0.10

0.04± 0.03 −0.04± 0.02 0.06± 0.13 0.01± 0.04 −0.04± 0.02 −0.06± 0.06 −0.03± 0.02 0.10± 0.10

Berkeley 66 −0.23± 0.04 0.05± 0.05 0.03± 0.20 0.10± 0.02 0.04± 0.04 0.04± 0.02 0.04± 0.06 0.06± 0.06

0.02± 0.02 −0.00± 0.03 −0.03± 0.16 0.01± 0.06 −0.03± 0.03 0.05± 0.12 −0.04± 0.03 0.04± 0.12

King 5 −0.16± 0.02 0.00± 0.03 0.05± 0.08 0.02± 0.01 0.01± 0.04 0.01± 0.02 0.05± 0.04 0.04± 0.04

0.01± 0.03 0.02± 0.04 0.00± 0.19 −0.04± 0.08 −0.04± 0.04 −0.03± 0.11 −0.05± 0.01 0.05± 0.09

Berkeley 9 −0.18± 0.01 0.00± 0.24 −0.18± 0.28 −0.01± 0.02 −0.25± 0.28 0.07± 0.06 0.07± 0.06 −0.20± 0.29

0.05± 0.02 0.02± 0.02 −0.27± 0.30 0.02± 0.13 −0.03± 0.02 −0.12± 0.08 −0.08± 0.07 0.13± 0.10

NGC 1245 −0.09± 0.03 −0.09± 0.08 −0.02± 0.12 −0.02± 0.02 0.00± 0.03 −0.00± 0.02 0.00± 0.06 −0.02± 0.05

0.01± 0.02 −0.01± 0.03 0.10± 0.13 −0.02± 0.05 −0.03± 0.02 −0.09± 0.22 −0.05± 0.02 0.17± 0.12

NGC 1193 −0.35± 0.02 0.11± 0.02 0.10± 0.10 0.10± 0.02 0.13± 0.08 0.05± 0.02 0.14± 0.07 0.12± 0.05

0.05± 0.04 0.02± 0.04 −0.10± 0.13 0.02± 0.06 −0.02± 0.06 0.08± 0.10 0.03± 0.03 −0.11± 0.11

Melotte 20 0.01± 0.06 0.00± 0.06 −0.13± 0.11 −0.03± 0.03 −0.02± 0.04 0.02± 0.02 0.09± 0.13 0.03± 0.07

−0.02± 0.13 −0.01± 0.20 0.03± 0.10 −0.07± 0.04 −0.01± 0.10 nan± nan 0.00± 0.05 nan± nan

King 7 −0.16± 0.04 −0.01± 0.03 0.12± 0.08 0.00± 0.01 −0.05± 0.04 −0.02± 0.02 0.06± 0.03 0.02± 0.06

−0.01± 0.02 −0.05± 0.03 −0.23± 0.44 0.03± 0.05 0.04± 0.03 0.02± 0.05 −0.07± 0.03 0.24± 0.06
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Table A.2 – Continued

Cluster [Fe/H] [O/Fe] [Na/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [S/Fe] [K/Fe]

name (dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

[Ca/Fe] [Ti/Fe] [V/Fe] [Cr/Fe] [Mn/Fe] [Co/Fe] [Ni/Fe] [Ce/Fe]

(dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

FSR 0667 −0.03± 0.01 −0.05± 0.02 0.01± 0.06 −0.02± 0.01 0.02± 0.02 0.03± 0.01 0.03± 0.03 −0.08± 0.03

0.00± 0.01 −0.05± 0.02 0.10± 0.09 −0.08± 0.04 −0.02± 0.01 −0.10± 0.06 −0.07± 0.01 0.10± 0.08

NGC 1798 −0.28± 0.02 0.00± 0.05 0.04± 0.19 0.02± 0.02 0.03± 0.05 0.03± 0.02 0.06± 0.08 0.02± 0.11

0.03± 0.02 −0.01± 0.04 −0.09± 0.13 −0.03± 0.06 −0.04± 0.03 −0.15± 0.31 −0.04± 0.02 0.21± 0.11

NGC 1664 −0.06± 0.01 −0.09± 0.02 0.09± 0.07 −0.04± 0.01 −0.02± 0.02 0.03± 0.01 0.06± 0.03 −0.06± 0.03

0.03± 0.01 −0.03± 0.02 0.22± 0.09 −0.03± 0.04 −0.03± 0.01 −0.01± 0.07 −0.04± 0.01 0.16± 0.09

FSR 0716 −0.39± 0.01 0.02± 0.05 −0.10± 0.13 −0.06± 0.02 0.03± 0.03 −0.04± 0.02 0.04± 0.06 0.02± 0.05

0.01± 0.02 0.04± 0.04 0.15± 0.18 0.05± 0.08 −0.05± 0.02 −0.45± 0.14 −0.01± 0.02 0.48± 0.16

Berkeley 18 −0.37± 0.03 0.09± 0.06 0.06± 0.18 0.11± 0.02 0.09± 0.05 0.08± 0.04 0.13± 0.08 0.17± 0.13

0.05± 0.07 0.03± 0.05 −0.08± 0.33 −0.05± 0.14 −0.02± 0.04 −0.04± 0.37 0.00± 0.05 0.11± 0.15

Melotte 22 0.00± 0.05 −0.02± 0.04 −0.29± 0.31 −0.04± 0.05 0.00± 0.03 −0.01± 0.03 0.03± 0.08 0.01± 0.07

−0.05± 0.06 −0.14± 0.13 0.03± 0.12 −0.07± 0.17 −0.02± 0.09 nan± nan −0.01± 0.03 nan± nan

Czernik 18 −0.06± 0.01 −0.10± 0.13 −0.78± 0.61 0.00± 0.05 −0.13± 0.03 0.09± 0.07 0.12± 0.09 −0.14± 0.06

0.09± 0.05 −0.29± 0.11 −0.37± 0.28 −1.14± 1.10 −0.09± 0.04 nan± nan −0.01± 0.03 nan± nan

Czernik 20 −0.18± 0.01 0.04± 0.06 0.05± 0.12 0.03± 0.02 0.03± 0.03 0.01± 0.02 0.10± 0.06 0.06± 0.08

0.03± 0.03 −0.03± 0.04 0.18± 0.17 −0.02± 0.09 −0.06± 0.03 −0.31± 0.44 −0.05± 0.02 0.25± 0.16

NGC 1857 −0.18± 0.01 −0.10± 0.05 −0.20± 0.10 −0.05± 0.01 −0.08± 0.05 −0.01± 0.01 0.15± 0.03 −0.15± 0.04

−0.00± 0.01 0.03± 0.06 0.33± 0.11 −0.14± 0.04 −0.01± 0.01 −0.19± 0.19 −0.04± 0.02 0.56± 0.19

Czernik 21 −0.33± 0.01 0.13± 0.04 0.00± 0.10 0.06± 0.02 0.08± 0.03 0.02± 0.02 0.04± 0.08 0.03± 0.05

0.07± 0.02 0.00± 0.03 0.17± 0.15 −0.05± 0.06 −0.03± 0.02 0.02± 0.17 −0.01± 0.02 0.14± 0.11

NGC 1912 −0.17± 0.01 −0.08± 0.02 0.00± 0.07 −0.04± 0.01 −0.03± 0.02 0.00± 0.01 0.17± 0.03 −0.11± 0.04

0.01± 0.01 0.00± 0.02 0.28± 0.09 −0.04± 0.04 −0.00± 0.01 −0.06± 0.07 −0.05± 0.01 0.41± 0.09
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Table A.2 – Continued

Cluster [Fe/H] [O/Fe] [Na/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [S/Fe] [K/Fe]

name (dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

[Ca/Fe] [Ti/Fe] [V/Fe] [Cr/Fe] [Mn/Fe] [Co/Fe] [Ni/Fe] [Ce/Fe]

(dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

NGC 1907 −0.12± 0.01 0.01± 0.03 0.14± 0.07 0.01± 0.01 −0.03± 0.03 0.00± 0.01 0.10± 0.04 −0.07± 0.06

0.01± 0.01 −0.04± 0.02 0.17± 0.09 0.03± 0.04 −0.01± 0.01 −0.01± 0.07 −0.04± 0.01 0.20± 0.09

Teutsch 1 −0.31± 0.01 −0.12± 0.03 0.12± 0.09 −0.03± 0.01 0.00± 0.02 −0.00± 0.01 0.08± 0.04 0.01± 0.04

0.03± 0.02 −0.04± 0.03 0.12± 0.12 −0.13± 0.05 −0.07± 0.02 −0.17± 0.08 −0.07± 0.01 0.23± 0.10

Berkeley 17 −0.18± 0.03 0.08± 0.02 0.00± 0.07 0.10± 0.02 0.10± 0.03 0.04± 0.02 0.11± 0.05 0.10± 0.04

0.03± 0.03 0.04± 0.05 −0.12± 0.17 0.00± 0.05 −0.02± 0.02 0.08± 0.06 0.02± 0.01 −0.09± 0.08

King 8 −0.24± 0.01 0.04± 0.04 0.13± 0.13 −0.01± 0.02 0.00± 0.04 −0.01± 0.02 0.22± 0.07 −0.01± 0.06

0.01± 0.03 0.00± 0.04 0.15± 0.17 0.12± 0.08 −0.02± 0.03 −0.08± 0.15 0.01± 0.02 0.23± 0.16

Berkeley 71 −0.23± 0.01 −0.01± 0.12 −0.04± 0.09 0.00± 0.01 −0.02± 0.05 0.01± 0.02 0.12± 0.05 −0.02± 0.04

0.05± 0.02 0.04± 0.06 0.20± 0.14 −0.13± 0.06 −0.07± 0.02 −0.17± 0.15 −0.05± 0.03 0.23± 0.13

Berkeley 19 −0.36± 0.01 0.09± 0.02 0.02± 0.08 0.13± 0.02 0.11± 0.03 0.01± 0.02 0.06± 0.06 0.04± 0.05

0.01± 0.02 0.03± 0.03 −0.40± 0.09 −0.02± 0.05 −0.04± 0.02 −0.00± 0.07 −0.02± 0.02 0.21± 0.07

NGC 1746 0.06± 0.01 −0.30± 0.05 −0.74± 0.15 −0.10± 0.03 0.04± 0.04 0.10± 0.03 0.24± 0.09 0.08± 0.05

−0.09± 0.03 0.38± 0.07 −2.14± 0.16 −0.08± 0.08 0.02± 0.03 nan± nan 0.02± 0.03 nan± nan

Teutsch 10 −0.35± 0.01 −0.05± 0.03 0.17± 0.09 −0.04± 0.01 −0.11± 0.02 −0.10± 0.01 0.13± 0.04 0.10± 0.04

0.09± 0.02 0.03± 0.03 0.34± 0.12 0.03± 0.05 0.07± 0.02 0.14± 0.09 0.00± 0.01 0.28± 0.11

NGC 1647 −0.19± 0.01 0.09± 0.39 0.83± 0.48 0.14± 0.05 0.13± 0.04 −0.18± 0.05 −0.07± 0.11 nan± nan

0.45± 0.05 0.27± 0.23 nan± nan −2.32± 0.21 nan± nan nan± nan −0.09± 0.03 nan± nan

Czernik 23 −0.33± 0.01 −0.07± 0.03 0.12± 0.09 −0.03± 0.01 −0.03± 0.02 −0.00± 0.01 0.13± 0.04 −0.06± 0.04

0.03± 0.02 −0.10± 0.03 0.26± 0.11 −0.07± 0.05 −0.02± 0.02 −0.18± 0.08 −0.07± 0.01 0.20± 0.10

Teutsch 51 −0.34± 0.02 0.13± 0.06 0.03± 0.16 0.02± 0.02 0.08± 0.04 0.05± 0.03 0.02± 0.08 0.03± 0.13

0.02± 0.03 −0.03± 0.05 0.17± 0.24 0.01± 0.10 −0.08± 0.05 −0.34± 0.32 −0.02± 0.02 0.25± 0.20
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Table A.2 – Continued

Cluster [Fe/H] [O/Fe] [Na/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [S/Fe] [K/Fe]

name (dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

[Ca/Fe] [Ti/Fe] [V/Fe] [Cr/Fe] [Mn/Fe] [Co/Fe] [Ni/Fe] [Ce/Fe]

(dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

NGC 1817 −0.16± 0.03 0.05± 0.31 0.06± 0.30 −0.01± 0.10 −0.08± 0.24 −0.03± 0.09 0.07± 0.10 −0.32± 0.86

−0.01± 0.30 −0.01± 0.16 0.28± 0.42 −0.04± 0.18 −0.18± 0.26 −0.12± 0.16 −0.04± 0.05 0.22± 0.13

Kharchenko 1 −0.03± 0.04 0.03± 0.15 −0.36± 0.69 −0.08± 0.05 −0.02± 0.09 0.02± 0.04 −0.00± 0.11 −0.04± 0.19

−0.03± 0.12 −0.08± 0.30 0.08± 0.28 −0.16± 0.34 −0.03± 0.10 nan± nan −0.06± 0.07 nan± nan

NGC 2158 −0.25± 0.02 0.01± 0.13 0.04± 0.13 0.04± 0.04 0.04± 0.04 0.02± 0.03 0.05± 0.09 0.03± 0.07

0.03± 0.03 −0.03± 0.04 −0.09± 0.37 −0.02± 0.11 −0.06± 0.03 −0.23± 0.35 −0.04± 0.02 0.14± 0.21

Berkeley 21 −0.23± 0.05 −0.00± 0.09 0.00± 0.14 0.08± 0.04 0.09± 0.04 −0.04± 0.04 0.02± 0.08 −0.01± 0.07

0.02± 0.03 0.04± 0.04 0.04± 0.18 −0.06± 0.15 −0.04± 0.03 0.05± 0.18 −0.02± 0.03 0.25± 0.15

FSR 0937 −0.35± 0.03 0.02± 0.02 0.03± 0.10 0.06± 0.02 0.06± 0.04 0.02± 0.02 0.04± 0.06 0.14± 0.04

0.03± 0.03 0.00± 0.03 0.02± 0.25 −0.10± 0.05 −0.02± 0.02 0.07± 0.08 −0.03± 0.02 0.15± 0.09

NGC 2304 −0.14± 0.01 0.01± 0.03 −0.13± 0.11 0.02± 0.01 −0.00± 0.05 0.01± 0.02 0.00± 0.05 0.07± 0.04

0.05± 0.02 0.03± 0.03 −0.01± 0.13 0.05± 0.06 −0.04± 0.02 0.01± 0.11 −0.05± 0.03 0.25± 0.13

Teutsch 12 −0.20± 0.01 0.09± 0.05 0.02± 0.31 −0.00± 0.02 0.04± 0.03 0.00± 0.02 0.08± 0.06 0.01± 0.05

0.01± 0.02 −0.06± 0.04 0.03± 0.17 −0.09± 0.08 −0.07± 0.02 −0.37± 0.43 −0.07± 0.02 0.29± 0.17

Berkeley 29 −0.53± 0.02 0.12± 0.01 0.13± 0.07 0.13± 0.02 0.02± 0.03 0.03± 0.02 0.15± 0.06 0.08± 0.05

0.01± 0.02 0.08± 0.02 −0.18± 0.10 −0.01± 0.04 0.02± 0.02 0.15± 0.05 0.04± 0.02 0.11± 0.05

NGC 2420 −0.20± 0.04 0.07± 0.10 0.11± 0.27 0.04± 0.03 0.08± 0.09 0.03± 0.05 0.07± 0.08 0.04± 0.06

0.04± 0.06 −0.05± 0.20 0.06± 0.17 −0.02± 0.24 −0.04± 0.08 −0.06± 0.17 −0.03± 0.03 0.16± 0.14

Berkeley 22 −0.33± 0.04 0.07± 0.03 0.15± 0.11 0.09± 0.02 0.16± 0.08 0.07± 0.02 0.03± 0.17 0.10± 0.11

0.04± 0.03 0.02± 0.04 −0.03± 0.20 −0.11± 0.17 −0.01± 0.04 0.07± 0.12 −0.00± 0.04 0.07± 0.12

Briceno 1 −0.09± 0.06 −0.06± 0.03 −0.05± 0.47 −0.05± 0.04 0.13± 0.16 −0.03± 0.04 −0.04± 0.04 0.06± 0.05

−0.05± 0.09 −0.22± 0.10 0.28± 0.10 −0.06± 0.20 −0.02± 0.11 nan± nan −0.01± 0.02 nan± nan

Continued on next page
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Table A.2 – Continued

Cluster [Fe/H] [O/Fe] [Na/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [S/Fe] [K/Fe]

name (dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

[Ca/Fe] [Ti/Fe] [V/Fe] [Cr/Fe] [Mn/Fe] [Co/Fe] [Ni/Fe] [Ce/Fe]

(dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

Trumpler 5 −0.45± 0.01 0.11± 0.03 −0.03± 0.44 0.10± 0.02 0.12± 0.04 0.05± 0.02 0.07± 0.06 0.13± 0.05

0.05± 0.02 0.01± 0.03 0.12± 0.20 −0.03± 0.07 −0.06± 0.02 −0.14± 0.34 −0.00± 0.02 0.15± 0.10

Berkeley 20 −0.43± 0.01 0.10± 0.01 0.04± 0.07 0.09± 0.01 0.15± 0.02 0.09± 0.02 0.10± 0.05 0.11± 0.05

0.05± 0.02 0.03± 0.02 −0.21± 0.07 −0.01± 0.04 −0.03± 0.02 −0.01± 0.05 0.03± 0.02 0.06± 0.05

NGC 2202 −0.46± 0.01 0.11± 0.06 0.37± 0.17 0.09± 0.02 0.25± 0.04 0.08± 0.03 0.05± 0.08 0.09± 0.10

0.14± 0.03 0.05± 0.08 −0.11± 0.22 0.03± 0.10 −0.13± 0.05 0.08± 0.32 0.01± 0.03 0.26± 0.19

NGC 2632 0.14± 0.06 −0.03± 0.06 0.07± 0.15 −0.07± 0.06 0.03± 0.04 −0.01± 0.05 −0.06± 0.07 0.01± 0.09

−0.01± 0.04 −0.09± 0.14 −0.00± 0.13 −0.12± 0.19 0.04± 0.03 nan± nan 0.00± 0.02 nan± nan

Berkeley 31 −0.43± 0.02 0.11± 0.02 0.10± 0.08 0.11± 0.02 0.05± 0.08 0.06± 0.02 0.08± 0.06 0.14± 0.05

0.04± 0.02 0.05± 0.03 0.05± 0.15 −0.00± 0.05 −0.05± 0.03 0.04± 0.11 −0.02± 0.03 0.85± 0.10

NGC 2324 −0.22± 0.02 −0.03± 0.03 0.10± 0.07 0.00± 0.01 0.00± 0.03 −0.02± 0.01 0.11± 0.07 0.04± 0.04

0.02± 0.02 0.04± 0.07 0.14± 0.19 −0.03± 0.04 −0.01± 0.01 −0.12± 0.19 −0.06± 0.02 0.39± 0.09

Saurer 1 −0.42± 0.01 0.09± 0.01 0.01± 0.07 0.09± 0.02 −0.02± 0.03 0.02± 0.02 0.25± 0.06 0.10± 0.05

−0.04± 0.02 0.06± 0.02 −0.15± 0.07 0.03± 0.04 0.04± 0.02 0.12± 0.05 0.04± 0.02 0.04± 0.05

NGC 2682 −0.00± 0.05 0.03± 0.11 −0.06± 0.35 0.00± 0.06 0.06± 0.10 0.04± 0.07 0.01± 0.13 −0.00± 0.10

−0.01± 0.04 −0.06± 0.19 −0.01± 0.25 −0.12± 0.29 0.01± 0.07 −0.02± 0.15 0.01± 0.05 −0.10± 0.12

FSR 1113 −0.35± 0.01 0.03± 0.04 0.15± 0.12 0.05± 0.02 0.05± 0.03 0.06± 0.02 0.21± 0.06 −0.10± 0.05

0.04± 0.02 −0.05± 0.03 0.04± 0.15 0.03± 0.07 −0.10± 0.02 −0.68± 0.12 −0.05± 0.02 nan± nan

Berkeley 33 −0.24± 0.01 0.00± 0.01 0.13± 0.06 0.01± 0.01 0.02± 0.02 −0.01± 0.01 0.05± 0.04 −0.04± 0.04

0.01± 0.01 −0.00± 0.02 −0.18± 0.06 −0.03± 0.03 0.01± 0.01 −0.01± 0.04 −0.05± 0.01 0.31± 0.05

NGC 2204 −0.29± 0.03 0.05± 0.05 0.01± 0.27 0.05± 0.02 0.04± 0.06 0.03± 0.02 −0.00± 0.14 0.05± 0.06

0.02± 0.02 −0.05± 0.04 0.02± 0.19 −0.01± 0.16 −0.05± 0.03 0.04± 0.10 −0.04± 0.02 0.10± 0.24

Continued on next page
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Table A.2 – Continued

Cluster [Fe/H] [O/Fe] [Na/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [S/Fe] [K/Fe]

name (dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

[Ca/Fe] [Ti/Fe] [V/Fe] [Cr/Fe] [Mn/Fe] [Co/Fe] [Ni/Fe] [Ce/Fe]

(dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

Czernik 30 −0.39± 0.01 0.10± 0.02 −0.15± 0.19 0.08± 0.02 0.13± 0.03 0.03± 0.02 0.20± 0.06 −0.00± 0.05

0.01± 0.02 0.00± 0.03 −0.26± 0.10 −0.08± 0.06 −0.05± 0.02 0.07± 0.08 −0.00± 0.02 0.20± 0.08

Haffner 4 −0.18± 0.01 0.10± 0.05 −0.14± 0.13 0.01± 0.02 0.03± 0.03 −0.06± 0.02 0.13± 0.06 0.06± 0.05

0.03± 0.02 0.01± 0.04 0.18± 0.18 −0.08± 0.08 −0.02± 0.02 −1.01± 0.15 −0.05± 0.02 0.43± 0.18

Melotte 71 −0.15± 0.02 0.03± 0.04 0.02± 0.07 −0.00± 0.01 0.03± 0.02 0.01± 0.01 0.07± 0.04 0.04± 0.04

0.03± 0.01 0.00± 0.02 0.17± 0.10 0.05± 0.04 −0.02± 0.03 −0.17± 0.07 −0.03± 0.01 0.00± 0.11

Tombaugh 2 −0.37± 0.03 0.10± 0.11 0.06± 0.31 0.10± 0.02 0.05± 0.07 0.05± 0.03 0.11± 0.08 0.06± 0.06

0.04± 0.03 −0.00± 0.04 0.01± 0.27 −0.04± 0.14 −0.02± 0.04 −0.16± 0.32 −0.01± 0.02 0.30± 0.35

Berkeley 75 −0.41± 0.01 0.15± 0.04 0.11± 0.13 0.14± 0.02 0.15± 0.03 0.07± 0.02 −0.00± 0.07 0.03± 0.06

0.06± 0.03 0.01± 0.04 0.00± 0.22 −0.08± 0.08 −0.03± 0.04 0.00± 0.15 −0.01± 0.02 0.07± 0.13

NGC 2479 −0.05± 0.01 −0.05± 0.02 −0.01± 0.06 −0.01± 0.01 0.02± 0.02 0.00± 0.01 0.06± 0.03 −0.22± 0.03

0.00± 0.01 −0.01± 0.02 0.14± 0.09 0.01± 0.04 0.00± 0.01 −0.02± 0.06 −0.02± 0.01 0.05± 0.09

NGC 2243 −0.46± 0.03 0.20± 0.12 −0.14± 0.26 0.10± 0.02 0.13± 0.05 0.08± 0.04 0.08± 0.08 0.18± 0.07

0.10± 0.14 0.02± 0.04 0.06± 0.23 0.04± 0.09 −0.06± 0.03 −0.09± 0.46 0.03± 0.03 −0.10± 0.41

NGC 2447 −0.11± 0.01 0.01± 0.02 0.09± 0.07 0.01± 0.01 0.05± 0.02 0.02± 0.01 0.07± 0.03 −0.05± 0.04

0.02± 0.01 −0.06± 0.02 0.15± 0.10 −0.02± 0.04 −0.03± 0.01 −0.05± 0.07 −0.05± 0.01 0.24± 0.09

ESO 211 03 −0.16± 0.03 0.05± 0.04 −0.02± 0.26 −0.00± 0.02 0.08± 0.03 −0.01± 0.02 0.02± 0.07 −0.04± 0.06

0.02± 0.03 −0.06± 0.04 0.07± 0.16 −0.06± 0.07 −0.05± 0.02 −0.62± 0.50 −0.06± 0.02 0.23± 0.16

Ruprecht 82 −0.04± 0.01 −0.06± 0.02 0.20± 0.06 0.01± 0.01 0.01± 0.02 0.02± 0.01 0.07± 0.03 −0.05± 0.03

0.01± 0.01 −0.05± 0.02 0.24± 0.09 −0.02± 0.04 0.01± 0.01 0.01± 0.06 −0.04± 0.01 0.18± 0.09

Ruprecht 85 −0.25± 0.01 0.04± 0.03 0.06± 0.08 0.03± 0.01 0.03± 0.03 0.03± 0.02 0.07± 0.04 −0.02± 0.04

0.02± 0.01 −0.06± 0.03 0.11± 0.14 −0.06± 0.04 −0.00± 0.02 −0.09± 0.08 −0.04± 0.02 0.21± 0.07

Continued on next page
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Table A.2 – Continued

Cluster [Fe/H] [O/Fe] [Na/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [S/Fe] [K/Fe]

name (dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

[Ca/Fe] [Ti/Fe] [V/Fe] [Cr/Fe] [Mn/Fe] [Co/Fe] [Ni/Fe] [Ce/Fe]

(dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

Collinder 220 −0.12± 0.01 0.00± 0.02 0.22± 0.06 −0.01± 0.01 −0.01± 0.02 0.01± 0.01 0.10± 0.03 −0.05± 0.04

−0.01± 0.01 −0.03± 0.02 −0.06± 0.08 −0.05± 0.04 0.04± 0.01 0.03± 0.05 −0.06± 0.01 0.27± 0.07

SAI 116 0.14± 0.01 −0.02± 0.02 0.21± 0.08 −0.01± 0.02 0.00± 0.02 0.01± 0.01 −0.00± 0.06 −0.08± 0.04

−0.04± 0.02 −0.00± 0.02 −0.29± 0.07 −0.06± 0.03 0.08± 0.03 0.04± 0.07 0.01± 0.01 −0.05± 0.08

NGC 4337 0.24± 0.03 −0.01± 0.02 0.29± 0.05 0.02± 0.01 0.04± 0.04 0.03± 0.02 −0.02± 0.05 −0.00± 0.06

0.00± 0.03 0.08± 0.02 −0.04± 0.07 −0.03± 0.05 0.08± 0.04 0.08± 0.05 0.03± 0.01 −0.07± 0.08

BH 131 0.10± 0.01 −0.07± 0.03 0.23± 0.09 −0.04± 0.01 0.02± 0.06 0.01± 0.02 0.04± 0.03 −0.05± 0.03

−0.03± 0.02 −0.00± 0.03 −0.17± 0.10 −0.04± 0.04 0.09± 0.02 0.01± 0.04 −0.02± 0.01 0.13± 0.08

Trumpler 20 0.11± 0.02 −0.03± 0.02 0.12± 0.06 −0.01± 0.01 0.03± 0.03 0.00± 0.01 −0.01± 0.05 −0.03± 0.04

−0.01± 0.03 −0.03± 0.04 −0.06± 0.16 0.01± 0.04 0.02± 0.02 −0.02± 0.07 −0.03± 0.01 −0.05± 0.10

Teutsch 84 0.20± 0.01 −0.02± 0.03 0.17± 0.08 −0.01± 0.01 −0.01± 0.03 0.04± 0.02 −0.01± 0.04 −0.04± 0.04

−0.01± 0.02 0.04± 0.03 0.03± 0.12 0.04± 0.05 0.04± 0.02 0.02± 0.10 0.03± 0.02 −0.29± 0.14

ESO 518 03 0.07± 0.05 0.01± 0.13 −0.18± 0.64 −0.02± 0.04 0.07± 0.05 0.06± 0.04 0.01± 0.07 −0.13± 0.29

−0.04± 0.08 0.02± 0.27 −0.02± 0.17 −0.28± 0.46 0.03± 0.04 0.07± 0.04 0.00± 0.06 −0.10± 0.06
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Appendix B

The APOGEE DR17 Globular

Cluster Sample

This section contains the detailed tables for the APOGEE-based OCCAM DR17 sample

of globular clusters presented in Chapter 5.1 .
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Table B.1: Globular Cluster DR17 “High Quality” Sample Basic Parameters

Cluster Qual l b R a Age a RGC
b RGuide

b µα
c µδ

c RV [Fe/H] Num

name flag (deg) (deg) (′) Gyr (kpc) (kpc) (mas yr−1) (mas yr−1) (km s−1) (dex) stars

NGC 6723 1 0.0695 −17.2987 5.0 13.493 2.59 0.03 +0.87± 0.03 −2.44± 0.04 −93.3± 3.5 −1.02± 0.05 7

NGC 6569 1 0.4809 −6.6812 5.0 nan 2.85 2.28 −4.13± 0.04 −7.45± 0.04 −48.5± 4.9 −0.86± 0.38 13

NGC 6171 1 3.3733 +23.0102 5.2 13.477 3.48 0.83 −1.93± 0.03 −5.97± 0.03 −34.2± 2.8 −1.02± 0.11 60

NGC 5904 1 3.8583 +46.7967 5.3 12.007 6.32 1.81 +4.06± 0.03 −9.86± 0.03 +53.9± 6.1 −1.21± 0.08 110

NGC 6553 1 5.2525 −3.0296 5.0 nan 2.39 2.85 +0.39± 0.06 −0.13± 0.07 +0.3± 5.8 −0.19± 0.03 9

NGC 6715 1 5.6069 −14.0873 5.0 12.746 18.64 4.55 −2.69± 0.04 −1.36± 0.03 +141.5± 8.5 −0.75± 0.49 82

NGC 6809 1 8.7924 −23.2719 8.5 13.498 4.06 1.11 −3.42± 0.02 −9.32± 0.02 +175.1± 3.7 −1.76± 0.08 97

NGC 6642 1 9.8147 −6.4383 5.0 nan 1.68 0.02 −0.22± 0.08 −3.78± 0.09 −56.4± 3.5 −0.97± 0.40 12

NGC 6656 1 9.8921 −7.5520 10.1 13.497 5.20 4.32 +9.77± 0.03 −5.62± 0.02 −147.0± 6.3 −1.71± 0.11 342

NGC 6254 1 15.1375 +23.0759 5.9 12.846 4.81 2.59 −4.79± 0.03 −6.61± 0.02 +76.3± 4.2 −1.51± 0.07 85

NGC 6218 1 15.7147 +26.3131 5.3 13.496 4.79 2.49 −0.21± 0.03 −6.82± 0.03 −41.2± 3.1 −1.27± 0.06 82

NGC 6760 1 36.1073 −3.9243 5.0 nan 4.95 3.01 −1.07± 0.03 −3.62± 0.03 −0.3± 4.3 −0.75± 0.04 9

NGC 5466 1 42.1486 +73.5920 6.9 13.410 16.40 4.06 −5.33± 0.01 −0.81± 0.01 +107.5± 1.3 −1.81± 0.09 17

NGC 5272 1 42.2156 +78.7072 6.9 12.585 12.17 4.57 −0.15± 0.02 −2.66± 0.01 −146.5± 4.1 −1.43± 0.10 141

NGC 7089 1 53.3714 −35.7700 5.0 13.271 10.42 0.64 +3.38± 0.04 −2.28± 0.02 −3.6± 5.6 −1.47± 0.06 26

NGC 6838 1 56.7459 −4.5648 5.0 13.493 6.95 5.95 −3.41± 0.02 −2.68± 0.02 −22.6± 2.1 −0.75± 0.05 124

NGC 6205 1 59.0076 +40.9128 5.1 13.094 8.55 1.09 −3.11± 0.02 −2.58± 0.02 −245.9± 5.6 −1.48± 0.10 121

NGC 7078 1 65.0126 −27.3126 5.0 13.499 10.58 5.07 −0.65± 0.02 −3.83± 0.02 −106.8± 4.7 −2.29± 0.10 111

Continued on next page87



Table B.1 – Continued

Cluster Qual l b Ra Ageb Ra
GC RGuide

a µα
c µδ

c RV [Fe/H] Num

name flag deg deg (′) Gyr (kpc) (kpc) (mas yr−1) (mas yr−1) (km s−1) (dex) stars

NGC 6341 1 68.3385 +34.8588 5.0 13.498 9.79 0.36 −4.92± 0.02 −0.62± 0.02 −119.7± 4.7 −2.24± 0.08 67

NGC 6229 1 73.6389 +40.3065 5.0 nan 29.84 0.95 −1.16± 0.02 −0.47± 0.03 −138.0± 2.6 −1.24± 0.07 8

NGC 288 1 151.2657 −89.3810 6.7 nan 12.21 1.96 +4.14± 0.02 −5.74± 0.02 −44.6± 2.1 −1.27± 0.06 43

NGC 1904 1 227.2288 −29.3515 5.0 nan 19.01 0.70 +2.46± 0.02 −1.57± 0.02 +206.2± 3.8 −1.51± 0.14 39

NGC 1851 1 244.5137 −35.0362 5.0 11.433 16.89 0.63 +2.15± 0.02 −0.66± 0.02 +320.1± 5.9 −1.13± 0.17 64

NGC 2298 1 245.6285 −16.0059 5.0 13.493 16.00 2.56 +3.28± 0.02 −2.18± 0.02 +146.6± 3.1 −1.83± 0.08 12

NGC 4147 1 252.8463 +77.1896 5.0 13.261 21.49 0.30 −1.69± 0.02 −2.10± 0.02 +180.6± 1.9 −1.63± 0.06 3

NGC 3201 1 277.2283 +8.6406 9.3 12.836 9.08 12.35 +8.35± 0.02 −1.97± 0.02 +495.8± 4.2 −1.39± 0.14 172

NGC 2808 1 282.1927 −11.2522 5.0 11.092 11.30 2.12 +0.96± 0.03 +0.29± 0.02 +103.3± 8.6 −1.06± 0.07 125

NGC 4590 1 299.6262 +36.0509 5.0 12.803 10.32 11.59 −2.76± 0.03 +1.78± 0.02 −93.1± 2.6 −2.22± 0.09 35

NGC 362 1 301.5332 −46.2472 5.0 nan 9.54 0.17 +6.73± 0.02 −2.58± 0.02 +223.5± 5.1 −1.11± 0.06 69

NGC 104 1 305.8947 −44.8896 9.5 nan 7.60 5.90 +5.16± 0.03 −2.65± 0.03 −17.6± 6.9 −0.74± 0.06 272

NGC 5139 1 309.1019 +14.9678 15.0 13.227 6.56 2.10 −3.27± 0.03 −6.70± 0.03 +233.5± 10.7 −1.60± 0.25 1735

NGC 5024 1 332.9616 +79.7641 5.0 13.498 18.49 3.85 −0.15± 0.02 −1.32± 0.02 −62.4± 4.4 −1.90± 0.09 35

NGC 5053 1 335.6986 +78.9459 7.8 13.493 17.91 3.50 −0.34± 0.02 −1.22± 0.02 +43.4± 1.5 −2.21± 0.11 17

NGC 6752 1 336.4924 −25.6284 5.7 13.202 5.45 4.06 −3.10± 0.03 −4.04± 0.03 −26.6± 4.6 −1.47± 0.14 119

NGC 6397 1 338.1652 −11.9592 8.7 13.496 6.26 3.26 +3.19± 0.03 −17.65± 0.02 +19.0± 3.4 −2.02± 0.07 166

NGC 6388 1 345.5561 −6.7381 5.0 11.240 2.99 1.12 −1.35± 0.04 −2.70± 0.04 +81.5± 7.1 −0.48± 0.12 63

Continued on next page
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Table B.1 – Continued

Cluster Qual l b Ra Ageb Ra
GC RGuide

a µα
c µδ

c RV [Fe/H] Num

name flag deg deg (′) Gyr (kpc) (kpc) (mas yr−1) (mas yr−1) (km s−1) (dex) stars

NGC 6380 1 350.1818 −3.4205 5.0 nan 3.14 0.37 −2.11± 0.07 −3.28± 0.06 +2.7± 4.4 −0.74± 0.18 21

Ton 2 1 350.7964 −3.4233 5.0 nan 1.41 1.44 −5.90± 0.07 −0.79± 0.05 −178.6± 2.9 −0.73± 0.26 13

NGC 6121 1 350.9729 +15.9718 13.0 12.966 6.22 0.09 −12.55± 0.03 −19.02± 0.03 +71.1± 3.4 −1.08± 0.11 203

NGC 6304 1 355.8254 +5.3758 5.0 12.950 2.52 2.18 −4.08± 0.04 −1.04± 0.03 −109.0± 5.1 −0.49± 0.07 30

NGC 6273 1 356.8686 +9.3827 5.0 nan 1.56 0.76 −3.28± 0.03 +1.67± 0.03 +144.6± 7.1 −1.70± 0.13 78

NGC 6316 1 357.1752 +5.7649 5.0 nan 2.37 0.60 −4.91± 0.07 −4.66± 0.08 +99.8± 4.1 −0.77± 0.04 19

NGC 6293 1 357.6205 +7.8340 5.0 nan 1.76 0.44 +0.82± 0.03 −4.36± 0.03 −142.6± 5.6 −2.09± 0.08 20

a Cluster Radius and distances are from Harris (1996). Distances are recomputed to a solar radius of R0 = 8.274 kpc.

b Ages are from Wagner-Kaiser et al. (2017).

c µα and µδ and their 1σ uncertainties are those of the 2D Gaussian fit, as in Donor et al. (2018).
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Table B.2: Globular Cluster DR17 Sample - Detailed Chemistry

Cluster [Fe/H] [O/Fe] [Na/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [S/Fe] [K/Fe]

name (dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

[Ca/Fe] [Ti/Fe] [V/Fe] [Cr/Fe] [Mn/Fe] [Co/Fe] [Ni/Fe] [Ce/Fe]

(dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

NGC 6723 −1.02± 0.05 0.27± 0.06 0.12± 0.21 0.28± 0.04 0.20± 0.15 0.26± 0.04 0.37± 0.09 0.24± 0.07

0.23± 0.05 0.07± 0.12 0.11± 0.34 −0.07± 0.21 −0.25± 0.03 −0.01± 0.12 0.01± 0.03 0.01± 0.11

NGC 6569 −0.86± 0.38 0.26± 0.10 0.16± 0.31 0.30± 0.08 0.29± 0.19 0.27± 0.10 0.35± 0.17 0.19± 0.15

0.22± 0.14 0.14± 0.20 −0.22± 0.37 −0.03± 0.16 −0.18± 0.14 0.06± 0.31 0.02± 0.04 0.10± 0.23

NGC 6171 −1.02± 0.11 0.43± 0.17 −0.11± 0.62 0.33± 0.07 0.29± 0.13 0.33± 0.05 0.36± 0.16 0.33± 0.17

0.25± 0.07 0.18± 0.19 −0.02± 0.36 −0.13± 0.31 −0.33± 0.15 0.02± 0.46 0.03± 0.10 0.17± 0.29

NGC 5904 −1.21± 0.08 0.21± 0.22 −0.10± 0.52 0.16± 0.08 0.17± 0.31 0.18± 0.05 0.34± 0.15 0.19± 0.24

0.23± 0.10 0.08± 0.14 −0.05± 0.39 −0.07± 0.34 −0.35± 0.23 −0.14± 0.47 −0.07± 0.15 −0.07± 0.32

NGC 6553 −0.19± 0.03 0.17± 0.06 0.42± 0.17 0.22± 0.03 0.20± 0.06 0.10± 0.03 0.15± 0.11 0.33± 0.11

0.06± 0.03 0.36± 0.16 0.08± 0.12 −0.05± 0.14 0.03± 0.05 0.10± 0.11 0.06± 0.02 0.13± 0.10

NGC 6715 −0.75± 0.49 0.02± 0.12 −0.16± 0.45 0.01± 0.12 −0.20± 0.41 −0.01± 0.13 0.14± 0.29 −0.03± 0.19

0.04± 0.10 −0.08± 0.13 −0.28± 0.31 −0.02± 0.24 −0.20± 0.11 −0.18± 0.16 −0.13± 0.08 0.00± 0.32

NGC 6809 −1.76± 0.08 0.22± 0.18 −0.00± 0.53 0.29± 0.09 0.23± 0.41 0.24± 0.05 0.36± 0.26 0.40± 0.25

0.14± 0.28 −0.01± 0.18 0.15± 0.43 0.17± 0.35 −0.28± 0.18 −0.10± 0.50 0.03± 0.09 −0.25± 0.27

NGC 6642 −0.97± 0.40 0.30± 0.09 0.22± 0.28 0.31± 0.08 0.21± 0.12 0.29± 0.10 0.38± 0.16 0.22± 0.09

0.21± 0.08 0.11± 0.09 −0.11± 0.43 −0.04± 0.29 −0.26± 0.16 0.07± 0.17 0.03± 0.04 0.03± 0.16

NGC 6656 −1.71± 0.11 0.31± 0.19 0.32± 0.56 0.27± 0.09 0.32± 0.40 0.28± 0.07 0.43± 0.27 0.31± 0.35

0.26± 0.26 0.06± 0.37 0.19± 0.50 0.08± 0.49 −0.35± 0.26 0.05± 0.56 −0.09± 0.17 −0.09± 0.40

NGC 6254 −1.51± 0.07 0.26± 0.18 −0.00± 0.51 0.23± 0.11 0.21± 0.47 0.25± 0.04 0.37± 0.20 −0.04± 0.34

0.24± 0.14 −0.05± 0.16 0.05± 0.40 −0.19± 0.41 −0.18± 0.16 −0.25± 0.37 −0.03± 0.07 −0.39± 0.28

NGC 6218 −1.27± 0.06 0.30± 0.15 0.10± 0.51 0.32± 0.06 0.08± 0.17 0.27± 0.05 0.43± 0.20 0.25± 0.30

0.26± 0.12 −0.00± 0.18 0.23± 0.53 −0.09± 0.42 −0.54± 0.25 −0.06± 0.46 −0.06± 0.18 −0.16± 0.39

Continued on next page
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Table B.2 – Continued

Cluster [Fe/H] [O/Fe] [Na/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [S/Fe] [K/Fe]

name (dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

[Ca/Fe] [Ti/Fe] [V/Fe] [Cr/Fe] [Mn/Fe] [Co/Fe] [Ni/Fe] [Ce/Fe]

(dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

NGC 6760 −0.75± 0.04 0.29± 0.03 0.33± 0.07 0.31± 0.02 0.23± 0.10 0.20± 0.03 0.37± 0.07 0.34± 0.05

0.18± 0.04 0.34± 0.09 0.13± 0.08 0.06± 0.05 −0.10± 0.03 0.27± 0.05 0.11± 0.02 0.16± 0.05

NGC 5466 −1.81± 0.09 0.16± 0.07 0.49± 0.72 0.13± 0.11 −0.26± 0.30 0.13± 0.08 −0.10± 0.50 −0.13± 0.39

0.06± 0.20 −0.26± 0.14 0.21± 0.47 0.06± 0.37 −0.20± 0.12 0.31± 0.50 −0.13± 0.21 −0.49± 0.12

NGC 5272 −1.43± 0.10 0.21± 0.18 0.19± 0.49 0.13± 0.09 0.02± 0.36 0.20± 0.11 0.24± 0.27 0.21± 0.27

0.17± 0.15 0.06± 0.33 −0.17± 0.46 −0.15± 0.41 −0.40± 0.17 −0.22± 0.55 −0.14± 0.12 −0.28± 0.35

NGC 7089 −1.47± 0.06 0.19± 0.20 −0.08± 0.47 0.11± 0.09 0.24± 0.40 0.18± 0.04 0.26± 0.22 −0.03± 0.41

0.20± 0.10 0.02± 0.09 −0.01± 0.37 −0.22± 0.30 −0.30± 0.08 −0.12± 0.45 −0.08± 0.08 −0.18± 0.21

NGC 6838 −0.75± 0.05 0.34± 0.13 −0.13± 0.59 0.33± 0.03 0.23± 0.08 0.24± 0.06 0.35± 0.15 0.27± 0.12

0.19± 0.07 0.16± 0.12 0.01± 0.36 −0.17± 0.37 −0.24± 0.09 0.04± 0.38 0.06± 0.04 0.00± 0.29

NGC 6205 −1.48± 0.10 0.13± 0.24 0.41± 0.40 0.07± 0.15 0.41± 0.43 0.19± 0.07 0.34± 0.23 0.23± 0.33

0.24± 0.14 0.00± 0.20 0.16± 0.48 −0.00± 0.38 −0.33± 0.26 −0.03± 0.55 −0.03± 0.14 −0.12± 0.35

NGC 7078 −2.29± 0.10 0.33± 0.33 0.66± 0.62 0.19± 0.25 0.31± 0.34 0.35± 0.09 0.36± 0.44 0.65± 0.43

0.31± 0.42 0.20± 0.48 0.72± 0.53 0.37± 0.51 0.31± 0.32 0.67± 0.56 0.12± 0.24 0.30± 0.46

NGC 6341 −2.24± 0.08 0.32± 0.28 0.66± 0.60 0.17± 0.21 0.36± 0.35 0.34± 0.07 0.46± 0.36 0.54± 0.36

0.27± 0.42 0.27± 0.43 0.30± 0.41 0.22± 0.35 0.23± 0.20 0.53± 0.52 0.08± 0.19 0.29± 0.31

NGC 6229 −1.24± 0.07 0.18± 0.12 −0.13± 0.46 0.15± 0.07 −0.06± 0.25 0.17± 0.10 0.49± 0.25 0.26± 0.11

0.23± 0.06 −0.04± 0.16 −0.34± 0.42 −0.37± 0.32 −0.28± 0.04 −0.09± 0.14 −0.12± 0.08 −0.03± 0.34

NGC 288 −1.27± 0.06 0.39± 0.11 0.13± 0.41 0.30± 0.04 0.17± 0.14 0.32± 0.04 0.42± 0.17 0.26± 0.14

0.21± 0.17 0.01± 0.11 −0.04± 0.38 −0.13± 0.35 −0.38± 0.16 −0.11± 0.38 −0.02± 0.04 −0.01± 0.14

NGC 1904 −1.51± 0.14 0.14± 0.17 0.26± 0.49 0.11± 0.11 0.17± 0.47 0.16± 0.06 0.31± 0.24 0.18± 0.26

0.15± 0.19 −0.04± 0.15 0.10± 0.39 −0.17± 0.39 −0.40± 0.20 −0.00± 0.42 −0.04± 0.26 −0.27± 0.18

Continued on next page
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Table B.2 – Continued

Cluster [Fe/H] [O/Fe] [Na/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [S/Fe] [K/Fe]

name (dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

[Ca/Fe] [Ti/Fe] [V/Fe] [Cr/Fe] [Mn/Fe] [Co/Fe] [Ni/Fe] [Ce/Fe]

(dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

NGC 1851 −1.13± 0.17 0.23± 0.25 0.19± 0.60 0.23± 0.14 −0.03± 0.35 0.18± 0.14 0.36± 0.22 0.40± 0.47

0.26± 0.14 0.09± 0.19 −0.02± 0.48 0.10± 0.66 −0.28± 0.26 −0.20± 0.47 0.04± 0.22 0.20± 0.50

NGC 2298 −1.83± 0.08 0.21± 0.23 0.50± 0.31 0.16± 0.13 0.05± 0.48 0.26± 0.04 0.26± 0.30 0.35± 0.28

0.20± 0.23 −0.17± 0.14 0.29± 0.48 0.04± 0.34 −0.27± 0.18 −0.07± 0.42 −0.06± 0.12 −0.23± 0.33

NGC 4147 −1.63± 0.06 0.32± 0.05 0.33± 0.36 0.26± 0.04 0.07± 0.35 0.22± 0.04 0.37± 0.18 −0.08± 0.53

0.15± 0.06 −0.11± 0.11 0.35± 0.36 −0.03± 0.25 −0.14± 0.33 0.10± 0.48 −0.08± 0.06 −0.40± 0.31

NGC 3201 −1.39± 0.14 0.16± 0.25 −0.03± 0.55 0.19± 0.08 −0.12± 0.33 0.16± 0.06 0.36± 0.22 0.37± 0.27

0.21± 0.17 0.03± 0.22 0.07± 0.48 −0.13± 0.62 −0.12± 0.26 −0.13± 0.56 −0.06± 0.15 −0.23± 0.50

NGC 2808 −1.06± 0.07 0.14± 0.18 0.04± 0.41 0.07± 0.17 0.25± 0.47 0.17± 0.05 0.28± 0.20 0.25± 0.19

0.17± 0.09 0.02± 0.13 −0.06± 0.39 −0.05± 0.28 −0.25± 0.13 −0.06± 0.31 −0.04± 0.08 −0.08± 0.29

NGC 4590 −2.22± 0.09 0.30± 0.16 0.68± 0.69 0.27± 0.09 0.21± 0.36 0.32± 0.06 0.46± 0.41 0.75± 0.31

0.08± 0.38 −0.09± 0.30 0.66± 0.40 0.35± 0.36 0.08± 0.19 0.49± 0.42 0.13± 0.21 0.06± 0.28

NGC 362 −1.11± 0.06 0.16± 0.15 0.03± 0.50 0.10± 0.07 0.02± 0.25 0.13± 0.04 0.31± 0.17 0.13± 0.17

0.19± 0.08 −0.02± 0.10 −0.16± 0.44 0.00± 0.24 −0.31± 0.13 −0.22± 0.33 −0.07± 0.09 −0.05± 0.26

NGC 104 −0.74± 0.06 0.30± 0.13 0.12± 0.39 0.35± 0.04 0.34± 0.12 0.25± 0.04 0.34± 0.10 0.26± 0.10

0.19± 0.06 0.19± 0.11 0.03± 0.32 −0.05± 0.26 −0.20± 0.08 −0.03± 0.42 0.06± 0.05 −0.08± 0.25

NGC 5139 −1.60± 0.25 0.31± 0.24 0.29± 0.56 0.25± 0.20 0.29± 0.52 0.30± 0.08 0.42± 0.25 0.23± 0.33

0.27± 0.21 0.01± 0.22 0.13± 0.45 0.12± 0.42 −0.33± 0.25 −0.09± 0.50 −0.04± 0.13 0.10± 0.48

NGC 5024 −1.90± 0.09 0.31± 0.09 0.25± 0.73 0.26± 0.09 0.13± 0.42 0.24± 0.07 0.40± 0.38 0.42± 0.40

0.39± 0.16 −0.23± 0.21 0.22± 0.46 0.13± 0.44 −0.19± 0.19 0.20± 0.48 0.00± 0.14 −0.22± 0.19

NGC 5053 −2.21± 0.11 0.35± 0.26 0.58± 0.63 0.27± 0.13 0.29± 0.41 0.33± 0.07 0.20± 0.62 0.54± 0.41

0.38± 0.34 0.10± 0.37 0.79± 0.38 0.20± 0.35 0.08± 0.26 0.59± 0.58 −0.07± 0.18 −0.03± 0.26

Continued on next page
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Table B.2 – Continued

Cluster [Fe/H] [O/Fe] [Na/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [S/Fe] [K/Fe]

name (dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

[Ca/Fe] [Ti/Fe] [V/Fe] [Cr/Fe] [Mn/Fe] [Co/Fe] [Ni/Fe] [Ce/Fe]

(dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)

NGC 6752 −1.47± 0.14 0.17± 0.28 −0.09± 0.67 0.21± 0.11 0.40± 0.44 0.24± 0.05 0.37± 0.18 0.09± 0.36

0.23± 0.17 −0.03± 0.19 −0.02± 0.46 −0.09± 0.42 −0.41± 0.24 −0.07± 0.53 −0.00± 0.10 0.01± 0.26

NGC 6397 −2.02± 0.07 0.29± 0.23 0.49± 0.56 0.30± 0.10 0.29± 0.37 0.30± 0.06 0.40± 0.37 0.38± 0.39

0.29± 0.34 0.06± 0.39 0.45± 0.48 0.30± 0.52 0.03± 0.23 0.39± 0.51 0.04± 0.20 0.05± 0.40

NGC 6388 −0.48± 0.12 0.06± 0.06 0.14± 0.35 0.08± 0.06 0.23± 0.27 0.05± 0.08 0.14± 0.20 0.06± 0.16

0.03± 0.07 0.13± 0.17 −0.14± 0.34 −0.01± 0.18 −0.04± 0.07 0.07± 0.34 −0.03± 0.06 0.09± 0.25

NGC 6380 −0.74± 0.18 0.26± 0.09 0.36± 0.21 0.32± 0.06 0.45± 0.26 0.24± 0.08 0.35± 0.19 0.29± 0.10

0.24± 0.09 0.33± 0.20 0.12± 0.34 −0.01± 0.13 −0.17± 0.10 0.13± 0.26 0.05± 0.03 0.11± 0.18

Ton 2 −0.73± 0.26 0.26± 0.09 0.27± 0.17 0.31± 0.07 0.40± 0.12 0.22± 0.09 0.32± 0.11 0.29± 0.09

0.20± 0.06 0.24± 0.13 0.04± 0.28 0.07± 0.17 −0.20± 0.08 0.09± 0.34 0.05± 0.03 0.07± 0.11

NGC 6121 −1.08± 0.11 0.40± 0.10 0.05± 0.51 0.36± 0.05 0.43± 0.13 0.39± 0.06 0.38± 0.11 0.27± 0.13

0.26± 0.13 0.10± 0.15 −0.01± 0.36 0.04± 0.28 −0.23± 0.13 −0.03± 0.36 0.05± 0.06 0.17± 0.29

NGC 6304 −0.49± 0.07 0.25± 0.12 0.15± 0.58 0.31± 0.05 0.32± 0.12 0.21± 0.04 0.30± 0.15 0.40± 0.11

0.17± 0.05 0.22± 0.15 −0.01± 0.54 −0.27± 0.42 −0.12± 0.07 0.18± 0.27 0.06± 0.05 0.02± 0.17

NGC 6273 −1.70± 0.13 0.17± 0.16 0.16± 0.62 0.18± 0.11 0.37± 0.42 0.23± 0.07 0.39± 0.27 0.25± 0.35

0.25± 0.23 0.01± 0.16 0.22± 0.50 −0.02± 0.42 −0.18± 0.23 −0.09± 0.45 0.03± 0.16 0.07± 0.43

NGC 6316 −0.77± 0.04 0.27± 0.04 0.17± 0.22 0.29± 0.05 0.24± 0.15 0.25± 0.05 0.38± 0.23 0.16± 0.14

0.18± 0.05 0.17± 0.12 −0.13± 0.28 −0.03± 0.19 −0.07± 0.07 0.15± 0.14 0.06± 0.03 0.07± 0.14

NGC 6293 −2.09± 0.08 0.20± 0.23 0.68± 0.60 0.15± 0.16 0.40± 0.37 0.31± 0.09 0.47± 0.37 0.40± 0.43

0.13± 0.56 0.31± 0.51 0.70± 0.56 0.25± 0.47 0.01± 0.21 0.25± 0.51 0.05± 0.20 −0.18± 0.17
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S. F., Arns, J. A., Aubourg, É., Bailey, S., Balbinot, E., Barkhouser, R., Beers, T. C.,
Berlind, A. A., Bickerton, S. J., Bizyaev, D., Blanton, M. R., Bochanski, J. J., Bolton,
A. S., Bosman, C. T., Bovy, J., Brandt, W. N., Breslauer, B., Brewington, H. J.,
Brinkmann, J., Brown, P. J., Brownstein, J. R., Burger, D., Busca, N. G., Campbell,
H., Cargile, P. A., Carithers, W. C., Carlberg, J. K., Carr, M. A., Chang, L., Chen,
Y., Chiappini, C., Comparat, J., Connolly, N., Cortes, M., Croft, R. A. C., Cunha,
K., da Costa, L. N., Davenport, J. R. A., Dawson, K., De Lee, N., Porto de Mello,
G. F., de Simoni, F., Dean, J., Dhital, S., Ealet, A., Ebelke, G. L., Edmondson, E. M.,
Eiting, J. M., Escoffier, S., Esposito, M., Evans, M. L., Fan, X., Femeńıa Castellá,
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Garćıa Pérez, A. E., Allende Prieto, C., Holtzman, J. A., Shetrone, M., Mészáros, S.,
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A., Jofré, P., Lewis, J., Magrini, L., Morbidelli, L., Prisinzano, L., Worley, C., Zaggia,
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D., Chiappini, C., Garćıa-Hernández, D. A., Geisler, D., Jönsson, H., Lane, R. R.,
Longa-Peña, P., Minchev, I., Minniti, D., Nitschelm, C., & Roman-Lopes, A. 2022,
The Astronomical Journal, 164, 85
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ABSTRACT

MEASURING GALACTIC CHEMICAL ABUNDANCE TRENDS IN OPEN
AND GLOBULAR CLUSTERS USING SDSS/APOGEE

by Natalie Myers, MS, 2022
Department of Physics and Astronomy

Texas Christian University

Research Advisor: Peter M. Frinchaboy III, Professor of Physics

Star clusters are key tracers for chemical and dynamical evolution in the Milky Way.

As such, constructing and analyzing a large, comprehensive, uniform dataset of clusters

can provide needed constraints for Galactic dynamic and chemical evolution parame-

ters. The Open Cluster Chemical Abundance and Mapping (OCCAM) survey aims to

do just that. This latest contribution to the OCCAM survey presents the analysis of

SDSS/APOGEE Data Release 17 (DR17), where we find a sample of 150 open clusters,

94 of which are designated as high-quality. We find the APOGEE DR17-derived [Fe/H]

values to be in good agreement with those from previous studies, and by using a subset

of the high-quality sample, the Galactic abundance gradients were measured for 15 other

elements. In addition to the open cluster sample, we also use the OCCAM pipeline to

define membership probabilities for 72 globular clusters to explore their properties in a

homogeneous sample.
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