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Abstract

The photospheric iron abundance is important to understanding solar system
formation and evolution, but methodological designs in the literature have pro-
duced significantly different abundance estimates. 290 original photospheric iron
abundances were extracted from 68 primary publications identified through
SAO/NASA Astrophysics Data System and Google Scholar. Methodological
characteristics corresponding to each abundance estimate were categorised, in-
cluding the ion studied, local thermodynamic equilibrium (LTE) assumption,
the atmospheric model and its dimensions, the source of oscillator strengths,
and microturbulence velocity. A linear mixed-effects regression model was im-
plemented to quantify the role these variables play in abundance estimates.
The mean photospheric iron abundance across all sources was 7.44 ± 0.02 dex
on the astronomical log scale. On the average, abundance estimates from Fe
II lines were 0.121+0.069

−0.069 dex higher than those from Fe I lines (main effect),
after controlling for other factors. Compared to LTE estimates, NLTE estimates
were higher by 0.114+0.087

−0.087 dex (main effect). The role of LTE was different for
neutral and ionised iron analyses. LTE abundance predictions were lower than
NLTE predictions for Fe I, but higher than NLTE predictions for Fe II. Other
differences are described for various model atmospheres and oscillator strengths.
A subgroup analysis of 245 1D and 〈3D〉 model abundances suggests every 0.1
km s−1 increase in the microturbulence velocity parameter results in a 0.04 dex
decrease in estimated abundance. These findings explain much of the differences
in photospheric iron abundance estimates over time and have implications for
future abundance research.
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1. Introduction

In the late 19th century, spectroscopic observations of absorption lines in the
solar spectrum revealed the presence of 38 elements in the Sun (Rowland, 1895).
The first qualitative attempts to estimate the solar abundance of these elements
were made by Russell (1914) and Moore and Russell (1926). With the advent of
ionization theory (Saha, 1920; Saha and Fowler, 1921; Fowler and Milne, 1923),
Payne (1925) produced the first quantitative estimates of the abundance of
elements in the solar environment. Russell (1929) also produced new abundance
estimates by calibrating Rowland intensities. However, the findings of Payne and
Russell were limited in accuracy by numerous simplifying assumptions, and in
the case of the latter, use of an arbitrary scale.

In the years that followed, the ‘equivalent width’ was developed as a metric
for relating absorption line properties to abundances, first implemented by Min-
naert and Slob (1931). ‘Curve of growth’ methods with one-dimensional model
atmospheres and local thermodynamic equilibrium (LTE) became the dominant
source of abundance estimates in the literature from the 1950s, until the 1990s
when two- and three-dimensional models were introduced (Atroshchenko and
Gadun, 1994; Gadun and Pavlenko, 1997). More recently, non-LTE (NLTE)
abundance estimates have been published by Bergemann et al. (2012) and Scott
et al. (2015).

To date, dozens of articles on the photospheric iron abundance have been
published, some controversially. Debate over the iron abundance was particu-
larly intense in the 1990s with commentaries on articles (Holweger, Kock, and
Bard, 1995), commentaries on commentaries (Blackwell, Smith, and Lynas-Gray,
1995), and article titles such as ‘The solar abundance of iron: a “final” word!’
(Biemont et al., 1991) and ‘The solar iron abundance: not the last word.’ (Kostik,
Shchukina, and Rutten, 1996). Much of this debate centred around the source of
oscillator strengths used in abundance estimates, namely those measured by A.
Bard, M. Kock, and co-authors at Kiel and Hannover, which result in ‘low’ iron
abundances consistent with meteoritic iron, and those by D. E. Blackwell and
co-authors at Oxford, which result in ‘high’ abundances (& 125% meteoritic).
Grevesse and Sauval (1999) suggest the cumulative effects of different choices for
free parameters and oscillator strengths by these groups account for the high-low
discrepancy. This raises the general question of what role oscillator strengths,
free parameters, and other variables have played across the entire literature.

Understanding these aspects of abundance estimates is not immaterial. In
general, accurate determinations of the relative elemental abundances are cru-
cial to understanding solar system formation (McSween and Huss, 2010) and
evolution (Kippenhahn, Weigert, and Weiss, 2012). Outstanding problems in-
volving the abundances include the First Ionization Potential (FIP) bias problem
(Meyer, 1985), which remains incompletely understood (Laming, 2015; Prieto,
2016), and discrepancies between observed primordial abundances and theoret-
ical abundance predictions from Big Bang nucleosynthesis (Fields, 2011). The
abundance of iron is of particular importance because the iron abundance of a
star is indicative of its overall metallicity (Asplund et al., 2009). Thus, better
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understanding of abundance methodology is necessary to answer open questions
in astrochemistry.

The aim of the present study is to meta-analyse the photospheric iron abun-
dance literature to quantify the impact of study design on abundance estimates.
Specifically, statistical modelling is implemented to examine the roles of ions,
LTE, model atmospheres, oscillator strengths, and microturbulence velocity.

2. Methods

2.1. Data

Data were collected from peer-reviewed publications returned from SAO/NASA
Astrophysics Data System (ADS) and Google Scholar searches for ‘solar iron
abundance’. Additional articles were collected from references within the initial
search results. Review articles which merely cited other abundance estimates
and did not produce original abundance determinations, as well as proposed
corrections for previously published abundance determinations, were excluded
from analyses such that only primary sources were included. Additionally, the
pioneering works of Payne (1925, with iron abundance 5.8 on the astronom-
ical log scale), Russell (1929, 7.7), Menzel (Goldberg and Aller, 1943, 6.99),
Unsöld (1945, 7.97) and Unsöld (1948, 7.26) were excluded because their methods
differ so substantially from the remaining literature that comparisons are not
informative.

Photospheric iron abundances on the astronomical log scale with Hydrogen
abundance A12(H) = 12 were extracted from the identified publications, and the
corresponding methodological characteristics from each study were categorised
as follows.

i) The particular iron ion used was categorised as neutral iron (Fe I), singly
ionised iron (Fe II), or both (Fe I & Fe II).

ii) Abundance estimates which assumed local thermodynamic equilibrium, that
the electron temperature and excitation temperature are equal (Müller, 1966),
were categorised as LTE. Those that did not were categorised as non-LTE
(NLTE).

iii) The dimensions of the model atmosphere were categorised as one-dimensional
(1D), two-dimensional (2D), three-dimensional (3D), or mean three-
dimensional (〈3D〉), where the latter refers to 3D models averaged spatially
(over horizontal layers/surfaces) and temporally.

iv) The model atmospheres of Holweger (1967), Holweger and Müller (1974), and
modifications were categorised as HM. The atmospheres of Edvardsson et al.
(1993), Asplund et al. (1997), and Gustafsson et al. (2008) were categorised
as MARCS. The atmospheres of Fuhrmann et al. (1997), Grupp (2004), and
Grupp, Kurucz, and Tan (2009) were categorised as MAFAGS. The Harvard-
Smithsonian Reference Atmosphere of Gingerich et al. (1971), as well as Lites
(1972) and Lites (1973), were categorised as HSRA. The atmospheres of Ku-
rucz (1970), Kurucz (1992), and Kurucz (1993) were categorised as ATLAS.
All other model atmospheres were categorised as ‘Other.’
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v) Oscillator strengths published by authors at Oxford (Blackwell, Ibbetson, and
Petford (1975), Blackwell et al. (1976), Andrews et al. (1979), Blackwell, Pet-
ford, and Shallis (1979), Blackwell and Shallis (1979), Blackwell et al. (1980),
Blackwell et al. (1982), Blackwell, Petford, and Simmons (1982), Blackwell,
Booth, and Petford (1984), Blackwell et al. (1986), and Blackwell, Lynas-Gray,
and Smith (1995)) and Kiev (Gurtovenko and Kostik (1981) and Gurtovenko
and Kostik (1989)) were categorised as Oxford/Kiev. Oscillator strengths
published by authors at Kiel and Hannover (Garz and Kock (1969), Kock,
Kroll, and Schnehage (1984), Bard (1989), Heise and Kock (1990), Bard,
Kock, and Kock (1991), Bard and Kock (1994), Schnabel, Kock, and Holweger
(1999), Schnabel, Schultz-Johanning, and Kock (2004)) were categorised as
Kiel/Hannover. Oscillator strengths published by C.H. Corliss and co-authors
(Corliss and Bozman (1962), Corliss and Warner (1964), and Corliss and Tech
(1968)) were categorised as Corliss. The oscillator strengths of Meléndez and
Barbuy (2009) were categorised as Meléndez and Barbuy. All other oscillator
strength sources were categorised as ‘Other.’

vi) For 1D and 〈3D〉models, the microturbulence velocity parameter was recorded
as a continuous variable in units of km s−1.

The above categories were not selected arbitrarily. Rather, they represent the
groupings of data with the largest number of abundance estimates. Because there
are many obscure model atmospheres and oscillator strengths with few abun-
dance determinations, the ‘Other’ categories are designed to prevent over-fitting
from multi-level categorical variables (Babyak, 2004). Green (1991) suggests a
maximum number of predictors in multiple regression of m = N−50

8
, where N

is the sample size (in this case, the number of abundance determinations lifted
from the literature). Later in 3 it is shown that the sample size of the present
study is sufficient for the above categories according to Green’s rule.

2.2. Model

Data were meta-analysed with a linear mixed-effects regression model of the
form

A = Xβ + Zu+ ǫ , (1)

where A is the column vector of photospheric iron abundance estimates from
the literature, X is the design matrix of predictors (variables i–v of 2.1), β is
the column vector of fixed-effect regression coefficients, Z is the design matrix of
random effects, which are the publications from which abundance estimates are
taken, u is the column vector of random effect coefficients, and ǫ is the column
vector of the residuals. The random effects account for some confounding not
controlled by the predictors. The categorical variables (i–v) are treated with
dummy/indicator variables in the model, and an additional interaction term
was included to quantify the relationship between neutral and ionised iron, and
LTE. In the primary model with all abundance estimates, the microturbulence
velocity variable was not included because 2D and 3D models do not have this
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parameter. However, a subgroup analysis of just 1D and 〈3D〉 abundances was
conducted with all variables including microturbulence.

No attempt is made to weight data in the model by the uncertainty or error
quoted for each abundance estimate. The is primarily because methods used to
estimate uncertainty vary across the literature. Some studies present the stan-
dard deviation for the set of lines studied, some multiply this by two, and others
estimate the standard error on the mean abundance (standard deviation divided
by square root of the number of lines). These methods often provide overly
optimistic performance assessments (as low as 0.002 dex!) Yet others provide
more conservative error estimates not based on any of the above methods. Thus,
weighting abundance estimates by quoted error would not be informative.

All analyses were conducted in Python version 3.8.8 with the packages numpy
version 1.20.1, pandas version 1.2.4, matplotlib version 3.3.4, scipy version 1.6.2,
and statsmodels version 0.12.2.

3. Results

A total of 68 primary source articles with iron abundance determination were
identified through ADS and Google Scholar searches and citations therein. 290
original abundance estimates were extracted from these articles. According to
Green’s rule, this sample size allows for m = 290−50

8
= 30 regression predictors.

The number of predictors in the present model does not exceed Green’s number.
The abundance estimates are plotted against publication year in Figure 1.

Estimates have varied widely over time, concentrating in recent years between
A12(Fe) = 7.4 and 7.5 dex. Across all primary sources, the mean photospheric
iron abundance ± standard error is 7.44± 0.02 dex. Figures 1A through F show
categories and values for the study variables corresponding to each abundance
estimate. It is not immediately clear from these figures the roles that ions, LTE,
model atmospheres, oscillator strengths, and the microturbulence parameter as-
sume in iron abundance estimates due to the way these interact and confound.
This necessitates the model to understand how these variables independently
affect abundance estimates.

Results from the primary regression model are found in Table 1. On the
average, iron abundance estimates which analysed Fe II lines were significantly
higher than those derived from Fe I lines by 0.121+0.069

−0.069 dex (main effect), after
controlling for other factors. Although the coefficient for Fe I & Fe II based
abundances was not statistically significant, it’s value of 0.088 dex lies approx-
imately midway between zero and the Fe II coefficient of 0.121 dex, which is
logical. Compared to LTE estimates, NLTE estimates were significantly higher
by 0.114+0.087

−0.087 dex (main effect). The interaction term between ion and thermo-
dynamic assumption was also significant. The combined effect of ion and LTE on
abundance is most intuitively quantified through out-of-sample predictions from
the model. For two hypothetical abundances both derived from Fe I lines with the
1D HM model atmosphere and the Kiel/Hannover oscillator strengths, the LTE
abundance prediction is lower than the NLTE prediction by approximately 0.1
dex. For the same model and oscillator strengths now with abundances derived
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from Fe II lines, the LTE abundance is higher than the NLTE prediction by
approximately 0.06 dex. These findings suggest a significant differential in the
role of LTE for neutral and ionised iron.

Table 1. Model Results. * p < 0.05, ** p < 0.001

Variable Regression Coefficient (95% CI)

Constant 7.482 (7.379 – 7.585)**

Ion

Fe I 0.000 (Referent)

Fe I & II 0.088 (−0.098 – 0.275)

Fe II 0.121 (0.052 – 0.190)**

Thermodynamics

LTE 0.000 (Referent)

NLTE 0.114 (0.027 – 0.201)*

Ion × Thermodynamics (See text)*

Model Dimensions

1D 0.000 (Referent)

2D 0.000 (−0.181 – 0.182)

3D 0.054 (−0.050 – 0.159)

〈3D〉 0.058 (−0.050 – 0.166)

Model Atmosphere

HM 0.000 (Referent)

ATLAS −0.061 (−0.153 – 0.031)

HSRA −0.073 (−0.194 – 0.047)

MAFAGS −0.061 (−0.211 – 0.089)

MARCS −0.095 (−0.180 – −0.010)*

Other −0.128 (−0.196 – −0.061)**

Oscillator Strengths

Oxford/Kiev 0.000 (Referent)

Kiel/Hannover −0.068 (−0.187 – 0.050)

Corliss −0.545 (−0.693 – −0.397)**

Meléndez & Barbuy −0.095 (−0.243 – 0.053)

Other −0.080 (−0.174 – 0.014)*

Surprisingly, differences in abundance estimates between 1D and 3D model
atmospheres were, on the average, not statistically significant after controlling
for other variables. Compared to HM-derived abundances, those derived from
the ATLAS, HSRA, and MAFAGS model atmospheres were also not significantly
different, though abundances with MARCS and Other models were significantly
lower by 0.095+0.085

−0.085 dex and 0.080+0.066
−0.094 dex respectively. Finally, abundances
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from Kiel/Hannover oscillator strengths were lower than those from Oxford/Kiev
oscillator strengths by 0.068 dex, however the effect did not reach statistical
significance in this model. Corliss and Other oscillator strengths did result in
significantly lower abundances than Oxford/Kiev values, the Corliss oscillator
strengths in particular accounting for the low abundance estimates of the 1970s
as illustrated in Figure 1E.

In the subgroup analysis of 245 1D and 〈3D〉 abundances, the microturbulence
velocity coefficient was −0.406+0.069

−0.070 dex with p < 0.001, implying that every 0.1
km s−1 increase in the microturbulence velocity parameter results in a significant
decrease in the abundance estimate by approximately 0.04 dex.

An assessment of the performance of the model follows. Figure 2 shows model
diagnostics by way of residuals, those being the differences between actual abun-
dance estimates and the model’s predictions. Figure 2A visualises the actual
and predicted abundances, showing that for most estimates predictions were
accurate. The least accurate predictions were for the very lowest and the two
very highest abundance estimates. The histogram in Figure 2B suggests the
residuals are approximately normally distributed with a mean of zero, therefore
the underlying model assumption of linearity is valid. Finally, Figure 2C shows
how the distribution of residuals varies by category of predictors. Most categories
have similar residual distributions with median values very close to zero. The
most outlying distribution is that of the two-dimensional models, for which the
number of abundance estimates was only five.

4. Discussion

In this study, an attempt was made to quantify the role of various methodolog-
ical characteristics of iron abundance estimates in the published literature by
way of a statistical model. The largest differences are accounted for by the ion
studied and the LTE assumption. These two variables also interact such that
the effect of LTE on the abundance estimate is opposite for neutral and ionised
iron. While the oldest oscillator strengths from Corliss and co-authors made
for significantly lower abundance estimates, differences were far less significant
among more modern sources. The effect of choice of model atmosphere was also
slight, however increasing values of the microturbulence velocity linearly reduced
abundance estimates.

Several limitations should be noted, the first of which is that these findings
do not indicate which study designs lead to ‘correct’ abundance estimates, but
merely quantify the independent roles study variables play. Second, with lim-
ited sample size and low statistical power, non-significant p-values are to be
expected. A significant p-value only indicates that an effect is non-zero, and a
non-significant p-value is not proof that an effect is zero (Borenstein et al., 2011).
This needs emphasising because the results of the present study do not imply
that choices of model atmospheres and oscillator strengths have no effect on
abundance estimates. Rather, the power of the present study was not sufficient
to detect these effects of the order of 0.01 dex if they do exist. Third, the present
results may be confounded by additional covariates which were not modelled, for
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example the exact wavelengths of the lines in each study. These are difficult to
categorise because studies often included lines across wide ranges of wavelengths.
Furthermore, the inclusion of additional predictors would approach the limit
specified in 3 by Green’s rule. Rather than being a final ‘final’ word on the
photospheric iron abundance, the present study serves as a reminder that careful
consideration of study design is required in astrochemical abundance research.
Researchers must be prepared to justify design decisions.

In their semi-recent compilation of solar photospheric abundances, Palme,
Lodders, and Jones (2014) recommend A12(Fe) = 7.48± 0.06, though this was
derived from the mean of a somewhat arbitrary selection of four abundance
estimates with the same source of oscillator strengths. The uncertainty of 0.06
dex is a ‘conservative’ estimate. This result is reiterated in the most recent
compilation by Lodders (2019), albeit with a less conservative uncertainty of 0.04
dex. The mean abundance across all sources found in the present study, 7.44±
0.02, is consistent with these recommendations and with the iron abundance in
CI-chondrites, 7.45± 0.02 (Lodders, 2019).

Future work may seek to apply these methods, provided the literature is
sufficiently numerous, to determine whether the effects quantified in the present
study differ for other elements in the photosphere.
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.
Figure 1. Iron abundance estimates from the primary literature plotted against year of
publication. Abundances are expressed on the astronomical log scale on which the relative
hydrogen abundance A12(H) = 12. A: Colour-coded by iron ion studied. B: Colour-coded
by model dimensions. C: Colour-coded by local thermodynamic equilibrium assumption. D:
Colour-coded by model atmosphere. E: Colour-coded by source of oscillator strengths. F:
Colour-coded by microturbulence velocity parameter.
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Iron Abundance in the Solar Photosphere

Figure 2. Model diagnostics. A: Actual iron abundance determinations from the primary
literature plotted in ascending order with their corresponding model predictions. B: Histogram
of residuals (difference between actual abundance from the primary literature and model
abundance prediction). The number of bins follows the Freedman–Diaconis rule (Freedman
and Diaconis, 1981). C: Residual distributions by independent variable categories.
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