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Large metallicity variations in the Galactic 
interstellar medium

Annalisa De Cia1 ✉, Edward B. Jenkins2, Andrew J. Fox3, Cédric Ledoux4, Tanita Ramburuth-Hurt1,  
Christina Konstantopoulou1, Patrick Petitjean5 & Jens-Kristian Krogager1

The interstellar medium (ISM) comprises gases at different temperatures and 
densities, including ionized, atomic and molecular species, and dust particles1. The 
neutral ISM is dominated by neutral hydrogen2 and has ionization fractions of up to 
eight per cent3. The concentration of chemical elements heavier than helium 
(metallicity) spans orders of magnitudes in Galactic stars4, because they formed at 
different times. However, the gas in the vicinity of the Sun is assumed to be well mixed 
and to have a solar metallicity in traditional chemical evolution models5. The ISM 
chemical abundances can be accurately measured with ultraviolet absorption-line 
spectroscopy. However, the effects of dust depletion6–9—which removes part of the 
metals from the observable gaseous phase and incorporates it into solid grains—have 
prevented, until recently, a deeper investigation of the ISM metallicity. Here we report 
the dust-corrected metallicity of the neutral ISM measured towards 25 stars in our 
Galaxy. We find large variations in metallicity over a factor of ten (with an average of 
55 ± 7 per cent solar metallicity and a standard deviation of 0.28 dex), including many 
regions of low metallicity, down to about 17 per cent solar metallicity and possibly 
below. Pristine gas falling onto the Galactic disk in the form of high-velocity clouds 
can cause the observed chemical inhomogeneities on scales of tens of parsecs. Our 
results suggest that this low-metallicity accreting gas does not efficiently mix into the 
ISM, which may help us understand metallicity deviations in nearby coeval stars.

We analyse Hubble Space Telescope (HST) Space Telescope Imaging 
Spectrograph (STIS) near-ultraviolet spectra of 25 bright type-O and 
type-B stars in the Galaxy. When available, we include archival Very 
Large Telescope (VLT) Ultraviolet and Visual Echelle Spectrograph 
(UVES) high-resolution optical spectra of these targets. The selection 
of the 25 stars in our sample, as well as the data collection and han-
dling, is described in Methods and the sample properties are listed 
in Extended Data Table 1. The locations of our targets on the Galactic 
plane are visualized in Fig. 1.

We identify and analyse the absorption lines from Mg i, Al ii, Si ii, 
Cr ii, Fe ii, Co ii, Ni ii, Zn ii and Ti ii. A selection of absorption lines in 
the spectra of our targets are shown in Extended Data Fig. 1. The col-
umn density measurements are explained in Methods and reported in 
Extended Data Table 2. We report 3σ significance levels for the quoted 
limits and 1σ for the quoted errors, unless otherwise stated.

We determine the neutral gas metallicity using two independent 
approaches and with different assumptions, which we call the ‘rela-
tive’ method and the ‘F*’ method. Both methods aim to characterize 
the strength of dust depletion along Galactic lines of sight, and are 
described in Methods (equations (1)–(8)). We use both methods to 
cross-check our results. In brief, the F* and relative methods use either 
the gas-phase abundances or the relative abundances to estimate by 
how much the observations are affected by dust depletion based on 
the empirical relations of ref. 8 or ref. 9, respectively. Each method uses 

a specific parameter to estimate the overall amount of dust depletion 
in a system, either [Zn/Fe]fit or F*, as explained in Methods.

The individual dust-corrected abundances derived with the relative 
method are shown in Fig. 2, for individual metals. Figure 3 shows the 
total metallicities towards the 25 lines of sight in our sample, which 
are listed in Extended Data Table 3 and derived with the relative and F* 
methods from the fit to the data in Extended Data Figs. 2, 3, respectively. 
We measure total metallicities [M/H]tot ranging between −0.76 dex 
and +0.26 dex, where about two-thirds of our sample show subsolar 
metallicities. The average metallicity in our sample is −0.26 ± 0.06 dex 
(that is, 55 ± 7% solar) with a standard deviation of 0.28 dex. The most 
notable result is that the maximum variations between lines of sight 
are more than an order of magnitude, mostly subsolar. In Methods, 
we test this result for different assumptions. The result holds regard-
less of the assumptions. It is possible that the low metallicities that we 
measure represent a mix of two different gases, namely a nearly solar 
interstellar medium (ISM) component with high depletion levels with 
the injection of significant amounts of pristine gas with zero depletion 
and metallicities even lower than what we measure (Methods).

In addition, for some cases where we measure a low metallicity, the most 
volatile elements (for example, oxygen, carbon and krypton) show some 
disagreement with the mildly depleted elements (for example, zinc) and the 
more refractory elements (Extended Data Fig. 3). This is well explained by 
the presence of inhomogeneities in the ISM, where nearly solar-metallicity 
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gas is mixed with large amounts of pristine gas with zero depletion and low 
metallicity (for example, 10% solar or lower), as we discuss in Methods.

Although the metallicity of the Sun is about 0.2 dex higher than the 
expected metallicity of H ii regions at a Galactic radius of 8.2 kpc10, this 
is not enough to explain our results. Local chemical dilution or enrich-
ment in the ISM could be caused by infalling gas or star formation, 
respectively, but the survival of such chemical inhomogeneities is not 
straightforward. A previous work11 found that chemical enrichment due 
to supernovae can induce only small metallicity deviations of Z ≲ 10−1 
between waves of star formation, after which Galactic rotation can mix 
the gas in a volume of about 0.1 kpc3 within a timescale of 2.8 × 108 yr. 
However, dilution of disk metallicities to lower values could be caused 
by accretion of pristine gas, and these inhomogeneities could survive. 
Chemical evolution models indicate that low-metallicity gas infalling 
from the halo is necessary to fuel star formation and reproduce stellar 
abundance patterns12,13. Moreover, the large dispersion of the stellar 
age–metallicity relation14 suggests a chemically inhomogeneous disk4. 
Episodic gas infall could produce pockets of low-metallicity gas and be 
responsible for the stellar age–metallicity scatter15. Analytical inhomo-
geneous chemical evolution models, which include non-instantaneous 
mixing of both infalling low-metallicity gas and enriched gas from star 
formation, showed that significant chemical inhomogeneities due to 
gas infall (or star formation) will arise if the mass of the new gas cloud 
is at least about 1/20 times the overall mass of the gas it is mixing into16. 
Simulations of supernova-driven metal enrichment and ISM mixing sug-
gest that subkiloparsec-scale inhomogeneities in the ISM should survive 
at least on timescales of the order of 350 Myr17. Small subparsec-scale 
variations have been observed in the ISM18,19.

Both observations and simulations indicate that gas infall onto the 
Galaxy halo is metal poor, with high-velocity cloud (HVC) metallicities 
observed in the range of 0.1–1 solar20 and cosmological simulations 
predicting infalling gas to have metallicities as low as 0.01 solar21. More 
detailed zoom-in simulations show that infalling HVCs can fragment to 
scales below 30 pc and disperse on timescales of tens to hundreds of 
million years as they mix into the surrounding medium22,23. Metallicity 
inhomogeneities can therefore be smoothed out on these timescales. 
HVC clouds tend to have individual H i masses of a few 105 M☉ to 106 M☉ 
(in which M☉ is the mass of the Sun), for a total M(H i)tot ≈ 107 M☉ for our 
Galaxy20. Intermediate velocity clouds (IVCs), which tend to have higher 

metallicities (solar) and smaller distances (<1–2 kpc) than HVCs24,25, may 
also contribute to the dilution or enrichment of the ISM.

The rate of gas accretion on the Galaxy disk currently measured (0.1–
1.4 M☉ yr−1) (refs. 26,27) is a factor of about 100 larger than the minimum 
required to sustain the formation and survival of chemical inhomoge-
neities, as we estimate in Methods. Therefore, not only could pockets 
of low-metallicity/pristine gas exist but also they could in fact be very 
common. Here we found that two-thirds of our sample showed subsolar 
metallicity, but these measurements are integrated along the lines of 
sight, so that more pockets of lower-metallicity gas could exist. The mini-
mum physical scale of the metallicity variations that we observe is of the 
order of tens of parsecs, and possibly down to a few parsecs (Methods). 
Our methodology opens up the possibility of comparing the metallicity of 
the neutral gas with the metallicity of stars and their H ii regions, although 
this is not a straightforward comparison, as we discuss in Methods.

Finally, we find no positive correlations between the total metallicities 
and the reddening, or colour excess, between the blue and visual filters, 
E(B − V), meaning that we do not observe higher reddening towards regions 
of higher metallicity. We do not find a significant correlation between RV 
and metallicity, but we note that θ1 Orionis C and ρ Ophiuchi A have high 
values of the total to selective extinction, RV (Extended Data Table 1). The 
dilution of the ISM with lower-metallicity gas may have a role in explaining 
these effects. We do not observe any significant signs of a radial metal-
licity gradient in the gaseous disk, as shown in Extended Data Fig. 4. The 
observed metallicity gradients in the Galaxy have slopes of up to about 
−0.07 dex kpc−1, from measurements of stars28 and H ii regions10, but they 
are probed over several kiloparsecs. Our measurements cover a much nar-
rower range (3 kpc) and with smaller statistics. A larger sample is needed 
for further conclusions on a potential gradient. We also do not observe any 
trend of metallicity with Galactic height, as shown in Extended Data Fig. 4. 
Thus, it is unlikely that the accreting gas is evenly distributed above the disk, 
but it is consistent with being clumpy, as in HVCs or tidal streams. However, 
our targets mostly lie within the young thin disk, probing small height scales. 
The global effects in chemical enrichment of inflowing and outflowing 
gas above the galaxy disks can be more evident at circumgalactic scales29.

We conclude that we have measured large local variations of metal-
licity in the neutral ISM in our Galaxy probably due to accretion of 
low-metallicity gas. Thus, we recommend changing the common assump-
tions that the gas in galaxies is well mixed and the gas in the Galaxy has 
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Fig. 1 | Location of our targets on the Galactic plane. Left, artistic impression 
of the Galaxy, face-on. Image courtesy of NASA/JPL-Caltech/R. Hurt (SSC/
Caltech). Right, the location of our targets is marked on the same illustration of 

the Galaxy, but zoomed-in on the star-forming spiral arms in the Solar 
neighbourhood. The metallicity of the neutral gas along these lines of sight 
(Extended Data Table 3) is highlighted with the greyscale. 1 kpc ≈ 3.09 × 1019 m.
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solar metallicity in the solar vicinity, which are widely used both in 
observational and theoretical works, and in particular for the study of 
the chemical evolution of the Galaxy. Our findings that the gas is inhomo-
geneously distributed (not only chemically) indicate that the gas mixing 
is more inefficient than previously thought. One of the potential causes 
could be the fact that the different phases involved in the mixing have 
widely different kinematics and different physical conditions. In addi-
tion, substantial sustained gas inflow may contribute to the clumpiness 
and turbulent nature of the disk in addition to gravitational instabilities.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41586-021-03780-0.
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Sample selection and data collection
We select 25 stars and observe them as part of the cycle 25 HST pro-
gramme ID 15335 (principal investigator A.D.C.). The sample was 
selected to include hot stars (spectral type O or type B) that have 
line-of-sight measurements of H i, H2 and Ti ii in the literature30–32, 
high-enough rotational velocities (≳50 km s−1) to allow us to disentan-
gle between stellar and ISM features in the spectra, and fairly diverse 
values of dust reddening and Galactic longitude. The distances r are 
taken from the Gaia Data Release 2 (DR2) archive33,34. The values of H i 
and H2 are taken from ref. 31 and ref. 32, respectively, as also collected by 
ref. 30 for most of our targets, and assuming their average uncertain-
ties of 0.1 dex. For HD 62542, we adopt the column densities of atomic 
and molecular hydrogen from ref. 35. The main characteristics of the 25 
selected stars are reported in Extended Data Table 1.

The reddening E(B − V) of the stars in our sample is taken from ref. 31 
and spreads between 0.07 mag and 1.08 mag. The values of the opti-
cal total-to-selective extinction ratio, RV = AV/E(B − V), in which AV is 
the dust extinction in the visual band, are taken from the maps of ref. 
36 and show variations between 2.6 and 5.7. The positions of the stars 
are distributed in Galactic longitude, their distances are within 2.7 kpc 
from the Sun and they lie within 0.3 kpc from the disk plane. All lines of 
sight have total hydrogen column densities (N(H) = N(H i) + 2 × N(H2)) 
that are high enough to shield the gas against photoionization2. We 
further discuss potential ionization effects below.

All stars are observed with the same HST/STIS Near-UV echelle set-
ting E230M (at a central wavelength setting of 1,978 Å), which covers 
the absorption lines between about 1,605 Å and about 2,832 Å with a 
resolving power R = Δλ/λ ≈ 30,000 at wavelength λ.

We further collected all the available reduced VLT/UVES spectra in 
the European Southern Observatory (ESO) Science Archive covering 
Ti ii λ3230, 3242, 3384 lines for our sample, which are available for 16 
of our targets and have R ≈ 71,050. We stack the spectra for each star 
to maximize the signal-to-noise ratio, and measure the Ti ii column 
densities in the same way as for the other metals, which are reported 
in Extended Data Table 2. In the event that no data that cover Ti ii are 
available, we adopt the Ti ii column densities of ref. 30.

For the star HD 62542, we include the column densities that were 
recently measured by ref. 35 from HST data at a higher spectral resolution. 
Given the better quality of these data, we adopt their column densities 
for both of their velocity components summed together for our analysis.

Analysis of the absorption features and column-density 
determination
We identify and analyse the following absorption lines: Mg i λ1827, 
2026; Al ii λ1670; Si ii λ1808; Ti ii λ3230, 3242, 3384; Cr ii λ2056, 2062, 
2066; Fe ii λ2344, 2260, 2249; Co ii λ2012, 1941 (although we did not 
use the column densities of Co ii in our analysis); Ni ii λ1741, 1709, 1751; 
Zn ii λ2026, 2062. The line profiles of the Zn ii λ2026, Cr ii λ2056 and 
Fe ii λ2260 transitions are shown in Extended Data Fig. 1. The velocity 
extremes over which we performed absorption line measurements 
appear to be well defined by the maximum extent of the very strong 
Fe ii λ2344 transition. We used the most recent oscillator strengths  
(f values), listed in Extended Data Table 4. We determined the column 
densities by integrating the apparent optical depths (AODs)37 over all 
velocities between these extremes, regardless of the appearance of the 
line in question. This procedure guaranteed that we did not overlook 
weak parts of an absorption buried in the noise, and also prevented 
us from defining a continuum level partly within the extent of such 
absorption. We defined continuum levels from best-fitting Legendre 
polynomials to fluxes on either side of the absorption profiles. Some 
lines appeared to be saturated or nearly so; in such cases, the AOD 
method can underestimate the true column density. When the lowest 
part of a feature seemed close to the zero intensity level but still had 

a pointed appearance, we considered saturation to be taking place 
and declared the measurement as a lower limit. The Fe ii λ2344 line 
was often heavily saturated, but weaker Fe ii lines (λ2260, 2249) were 
well constrained. In most circumstances, the two lines of Zn ii did 
not appear to be appreciably saturated, but the fact that the stronger 
λ2026 line consistently gave a column density that was lower than the 
weaker λ2062 line indicated that some unresolved saturation was still 
creating column-density outcomes that were below the true ones. To 
overcome this problem, we invoked the scheme proposed by ref. 38 
that applies a correction to arrive at a more accurate column density. 
The contribution of nearby Mg i λ2026 and Cr ii λ2062 features were 
taken into account for the calculation of the Zn ii column density. We 
estimated errors for the column densities from the effects of three dif-
ferent sources: (1) noise in the absorption profile, (2) errors in defining 
the continuum level and (3) uncertainties in the transition f values, all 
of which were combined in quadrature. Continuum placement errors 
can have a large influence in the uncertainties of weak lines. We evalu-
ated the expected deviations produced by such errors by remeasuring 
the AODs at the lower and upper bounds for the continua, which were 
derived from the expected formal uncertainties in the polynomial coef-
ficients of the fits as described by ref. 39. We multiplied these coefficient 
uncertainties by two to make approximate allowances for additional 
deviations that might arise from some freedom in assigning the most 
appropriate order for the polynomial. We considered a measurement 
to be marginal if the equivalent width outcome was less than the 2σ 
level of uncertainty from noise and continuum placement. For weak 
lines below this uncertainty threshold, we specified an upper limit for 
the column density. Details of how we calculated these 1σ upper limits 
are given in appendix D of ref. 40. If the strongest transition yielded 
an upper limit or a very marginal detection, no attempt was made to 
measure considerably weaker ones except when a weaker line was in 
a much better part of the spectrum (higher signal-to-noise ratio or a 
more easily defined continuum).

We use a linear unit for the column densities N in terms of ions per 
square centimetre. We refer to relative abundances of elements X and 
Y as [X/Y] ≡ log − logN

N
N
N

(X)
(Y)

(X)
(Y)

☉

☉
, where reference solar abundances are 

listed in ref. 9.

Potential saturation effects and comparison with the 
Voigt-profile fit method
Saturation effects do not have an important role for the results pre-
sented in this Article. If present, any potential saturation effect must 
be small, and in particular much smaller compared with the strong 
effects of dust depletion. This can be immediately appreciated by the 
small deviations from the linear fits in Extended Data Figs. 2, 3. In addi-
tion, if saturation of Zn ii was an issue, we should see more deviations 
in the dust-corrected abundances of Zn at solar metallicity (Fig. 2), 
which are not observed.

Nevertheless, we tested the robustness of the column-density deter-
minations with the AOD method with an independent method, the 
Voigt-profile fit, which decomposes and models the line profiles in their 
individual velocity components and fits all transitions simultaneously. 
The Voigt-profile fit can use narrow broadening-parameters (b values) 
to account for saturation. These tests are aimed at further assessing 
the potential saturation of Zn ii absorption lines. The saturation for 
other ions considered here is less probable because of the availability 
of weaker absorption lines to measure. Using the VoigtFit software41, 
we model lines of Zn ii and Cr ii towards the eight targets that have the 
strongest Zn ii absorption and show potential for saturation (Extended 
Data Fig. 4) and with a column density of Zn ii constrained with the AOD 
method (Extended Data Table 2), namely: θ1 Ori C, HD 73882, HR 4908, 
θ Muscae, HD 149404, HD 154368, HD 199579 and HD 206267. This 
includes the most troublesome target, θ1 Ori C, which we discuss below.

For the seven out of the eight lines of sight tested, with the exception 
of θ1 Ori C, the column densities of Cr ii measured with the AOD and 
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Voigt-profile fit are in excellent agreement (mostly within 0.03 dex and 
consistent within the errors) and the column densities of Zn ii measured 
with the Voigt-profile fit differ by +0.03, +0.22, −0.1, −0.1, −0.02, −0.08 
and + 0.06 dex with respect to the AOD results, corresponding to 0.2, 
1.8, 2.6, 1.0, 0.3, 1.0 and 0.5σ (Z-test) for HD 73882, HR 4908, θ Mus, 
HD 149404, HD 154368, HD 199579 and HD 206267, respectively. These 
are mostly typical values for the comparison between AOD and the 
Voigt-profile fit. The larger discrepancies are measured for HR 4908 and 
θ Mus, towards which we estimated near-solar metallicity (Extended 
Data Table 3).

A different picture arose for θ1 Ori C, for which we measured sig-
nificant differences of +0.33 dex and +0.45 dex with respect to the 
AOD results, corresponding to 7.4σ and 3.6σ (Z-test), for Zn ii and Cr ii, 
respectively. However, the Voigt-profile fit of the HST/STIS data was 
not well constrained for this system. This is probably caused by the 
extreme complexity of this line of sight42, which cannot adequately 
be decomposed with the sampling of 5 km s−1 per pixel of the HST/STIS 
data. However, with a Voigt-profile fit to the VLT/UVES data, we obtained 
consistent measurements (within 1σ) with the AOD Ti ii results and the 
results of ref. 42 for Ca ii. The complexity of this line of sight may also 
explain the discrepancies among the different metals that we observe 
in Extended Data Figs. 2, 3. In the latter, the Zn ii column is significantly 
below the linear fit, so that an increase in Zn ii column would not affect 
heavily the result. These discrepancies are the likely cause of the dif-
ference in metallicity that we measured towards this line of sight with 
the relative and F* methods (Extended Data Table 3).

Overall, our results hold regardless of whether the Voigt-profile fit 
or AOD method is used for estimating the column densities.

Ionization effects on column-density measurements
Owing to the background radiation field in the ISM, the atoms in the 
gas phase are found in various ionization states (for example, C ii/C iv 
and Al ii/Al iii). In the neutral medium, the singly ionized metals are 
the dominant species due to their ionization potentials relative to that 
of H i. To obtain metallicities, we assume that other ionization states 
are negligible such that N N N N(X)/ (H) = ∑ (X )/( (H I) + N(H II))i i , where 
the summation is over all ionization states (i) of a given metal, X. How-
ever, if the total integrated absorption line arises from many unresolved 
components with varying physical properties, it is possible that this 
assumption does not hold for individual components. Such ionization 
corrections could therefore affect our conclusions about a difference 
in metal enrichment being the driver of the variations in the depletion 
sequences.

In all but three lines of sight, we detect absorption from neutral car-
bon (with an ionization potential lower than that of H i), which indicates 
that the gas phase must be highly shielded by H i. For the three cases 
where no clear C i absorption is seen (ε Persei, ι Ori and ζ Ori A), the 
non-detections are consistent with the overall low optical depth of 
other lines. The C i line profiles resemble those of the singly ionized 
metals indicating that they arise from the same gas phase. These facts 
provide strong evidence that the gas is effectively shielded; hence, 
ionization corrections can be neglected.

If ionization effects were the culprit of the observed deviations in 
the relative abundances, and not differential dust depletion, then 
the oxygen abundance should not follow those of the other volatile  
elements given the tight relationship between H i and O i (due to charge 
exchange reactions). However, in the cases where we can constrain the 
oxygen abundance, we see that it does indeed show the same behaviour 
as the heavier volatile elements. This further bolsters our conclusion 
that ionization effects are negligible.

The relative and F* methods to measure the ISM metallicity
To measure the ISM metallicity, it is essential to quantify the amount 
of metals that are missing from the observable gas phase but instead 
are incorporated into dust grains, which is the phenomenon of dust 

depletion6–9,43–45. The dust-corrected (total of gas and dust) abundances 
can be defined as

δ[X/H] = [X/H] − , (1)tot X

where [X/H] is the observed abundance of metal X and δX is its deple-
tion in dust (which is a negative term in this classical notation). Here 
no other effects such as nucleosynthesis or ionization are taken into 
account. The depletion δX is linearly proportional to the overall strength 
of depletion8,9,45. The overall strength of depletion can be represented 
in different ways, for example, from the observed relative abundances, 
as in the relative method, or with a specific parameter F*, as in the F* 
method.

The relative method was first introduced by ref. 9, which compared 
Galactic and extragalactic observations. To estimate the overall 
strength of depletion, this method uses any relative abundance [X/Y] 
where X and Y follow each other in nucleosynthesis, but have very dif-
ferent refractory properties. A dust tracer can be [Zn/Fe], or other 
relative abundances such as [Si/Ti] or [O/Si]. Previous work46 discusses 
in more detail why [Zn/Fe] is a reliable dust tracer in the metallicities 
ranges considered here. The depletion of element X, δX, is obtained from 
the observed correlation between [X/Y] (with Y being non-refractory, 
such as S or P; here we use Zn) and the dust tracer [Zn/Fe] (or any other 
dust tracer). The dependency of [X/Zn] on the depletion of Zn can be 
removed by assuming a certain slope for the expected depletion of Zn 
with the dust tracer, BδZn. Then δX can be derived as follows:

δ A B= 2 + 2 × [Zn/Fe] , (2)X X X

where A2X and B2X are empirically determined coefficients and are 
reported in Extended Data Table 5. The simplest version of the relative 
method uses directly the observed [Zn/Fe] to estimate the dust deple-
tion of the different metals. However, the information on all metals can 
be used simultaneously to determine the overall strength of the dust 
depletion with the parameter [Zn/Fe]fit, which is equivalent to [Zn/Fe] 
but is derived from the information of all metals. Merging equations (1), 
(2), and using the basic definition of [X/H], it is possible to find the 
dust-corrected metallicity and overall strength of depletion from the 
observed metal column densities, through a fit of the linear relation

y a bx= + , (3)

where

a = [M/H] , (4)tot

b = [Zn/Fe] , (5)fit

x B= 2 , (6)X

y N N X A= log (X) − log (H) − log ( /H) − 2 (7)☉ X

and considering the uncertainties on both x and y. x and y represent the 
depletion data for different metals, and we fit a linear relation to this 
data to find the parameters a and b, which are unique to each system. 
In this way, the y intercept (at x = 0) of the fitted relation gives the total 
metallicity, [M/H]tot, and its slope gives the overall strength of deple-
tion, [Zn/Fe]fit. Extended Data Fig. 5 illustrates this procedure for our 
sample. The fitted and observed [Zn/Fe] often agree well (Extended 
Data Table 3).

Changes in relative abundances could in principle be caused by 
nucleosynthesis processes or other reasons. In particular, deviations 
from the curves of Extended Data Figs. 2, 3 could in principle be caused 
by nucleosynthesis. However, the relative abundance patterns that we 



observe here mostly follow the refractory properties of the metals, 
rather than their nucleosynthesis origin, and are therefore caused 
purely by dust depletion. We do not expect the infalling gas to have been 
enriched in specific metals or show or have any peculiar abundances 
due to different nucleosynthetic history. Alternatively, one could have 
the opportunity to investigate such peculiar abundances by studying 
eventual deviations from the depletion patterns.

The choice of B1δZn is the main assumption of the relative method used 
here to find dust-currected metallicities. First, it is reasonable to assume 
that δZn correlates linearly with [Zn/Fe] or other dust tracers, because 
this is observed for all other metals8,9. Moreover, we know that at  
[Zn/Fe] = 0, there is no dust depletion of non-carbonaeous species and 
we can safely assume no depletion of Zn, that is, δZn = 0 at [Zn/Fe] = 0. 
Thus, the main free parameter in the assumption of the Zn depletion 
is the slope of the relation of δZn with [Zn/Fe], B1δZn. Here we assume 
B1δZn = −0.27 ± 0.03 derived by ref. 9. We conservatively test our results 
for different slope assumptions, as described below, to ensure that our 
ultimate results are not affected. Notably, the A2X and B2X coefficients 
for Ti are not well constrained so far, and this is a weakness of the rela-
tive method. However, this does not affect the overall results of this 
Article, which can mostly be derived already from the basic version of 
the relative method, using only the observed [Zn/Fe] and regardless of 
Ti, with the exception of those systems where N(Zn) is not constrained.

The F* method, first developed by ref. 8, characterizes the dust deple-
tion in Galactic clouds, by correlating all the observed abundances and 
minimizing the residuals with respect to a common factor, F*. This 
factor represents the overall strength of dust depletion in individual 
lines of sight. This method assumes that the underlying metallicity is 
solar. In an analogous way to that described above, the metallicities 
are found by fitting the linear relation

y N N X B A z= log (X) − log (H) − log ( /H) − + × , (8)☉ X X X

where the AX, BX and zX coefficients are determined and listed in ref. 8. 
The definition of y differs by −logN(H) with respect to ref. 8. The fit of 
this y = a + bx relation, where x = AX yields a y intercept at x = 0 equal 
to [M/H]tot, and b = F*.

Extended Data Figure 2, 3 show how the relative and F* methods fit 
the overall strength of dust depletion ([Zn/Fe]fit or F*) and total (dust 
corrected) metallicity [M/H]tot to the the observed column densities. 
There is an overall good agreement between the total metallicity result-
ing from the relative method and the F* method (Fig. 3), with a few 
notable exceptions, that is, for θ1 Ori C and HD 62542. These are cases 
of peculiar abundances in particular of Ti, and possibly Zn, that make 
the depletion patterns vary considerably from the norm, as visible in 
Extended Data Figs. 2, 3. HD 62542 is a case with strong ISM inhomoge-
neities along the line of sight, with one cloud having a much stronger 
depletion than the others35, and maybe also different metallicities.

The main assumption in the original establishment of the F* method 
is that the metallicity of the gas is solar, and this assumption was used to 
compute the AX, BX and zX coefficients8. That is, the individual observed 
[X/H] used to determine AX and BX are treated as pure signs of dust 
depletion, not including any potential variation in metallicity. How-
ever, the AX and BX coefficient determination could be altered, in case 
of significant deviations from the solar metallicity, such as potential 
several low-metallicity clouds.

Both the relative and F* methods are sensitive to the effect of potential 
ISM dishomogeneities along the line of sight, which we discuss below.

Testing the assumptions of the relative method
We test our results using different assumptions on the slope of the 
Zn depletion sequence BδZn, which is the main assumption of the rela-
tive method, for the basic version of the method, that is, relying on 
the observed [Zn/Fe] only to characterize the δX. In addition to the 
optimal slope for the depletion of Zn (BδZn = −0.27; ref. 9), we test for 

slopes that are two times steeper, two times shallower and from the 
relations of ref. 8. (1) Assuming a steeper slope (BδZn ≡ −0.54), the result-
ing dust-corrected metallicities are 0.3–0.4 dex higher than using the 
optimal slope. However, such steep depletion of Zn is quite extreme and 
very difficult to reconcile with the independent work on dust depletion 
of ref. 8 (see figure 5 in ref. 9). We consider this only as an extreme option 
of our parameter space to explore the potential impact on our results.  
(2) Assuming a shallower slope (BδZn ≡ −0.135), the resulting dust-corrected  
metallicities are 0.15–0.2 dex lower than using the ‘reference’ slope 
BδZn. This assumption is a potentially plausible option. (3) Finally, we 
assume that the depletion of Zn has the distribution of ref. 8 and use 
the (assumed) linear correlation between F* and [Zn/Fe]9, and thus 
assuming AδZn = 0.785 and BδZn = −0.904. The extrapolation of this cor-
relation to negative F* is not necessarily reliable. Overall, the slopes for 
the metal depletion of ref. 8 are steeper than in ref. 9. The metallicities 
derived with this last assumption are overall similar to those using the 
optimal slope, with a few local variations towards higher metallicities, 
in one case up to 0.3 dex. One common feature of our results, regard-
less of the assumption on the Zn depletion (and even including the 
less likely assumptions) is a wide spread in metallicities of about 1 dex.

The influence of ISM inhomogeneities along the line of sight
One important concern is the presence of line-of-sight inhomogenei-
ties, and in particular whether our methods of estimating the metal-
licities could be affected by the ISM being composed of individual 
clouds with very different depletion strengths and/or metallicities. 
One example of such inhomogeneities is star HD 62542, for which 
individual components with very different depletion properties have 
been observed with higher-resolution spectroscopy (figure 6 in ref. 35). 
Most Ti ii line profiles in the stacked UVES spectra in our sample show 
asymmetry or complexity in the velocity structure, hinting at poten-
tially separate clouds or inhomogeneous ISM along the line of sight.

We test the application of our methods for the case of two individual 
ISM components with different combinations of amount of gas, deple-
tion and metallicity. If the two individual components have the same 
metallicity, the metallicity determination that we would estimate from 
the combined total column densities (over the whole line profiles) 
would be accurate, provided we use the y variables as defined in equa-
tions (7), (8). However, if the two ISM components have not only very 
different depletion strengths but also very different metallicities, then 
our estimates of the metallicity using the combined total column densi-
ties is in between the metallicities of the two clouds, and mostly closer to 
the components that carries most gas. For example, if one component 
has F* = 1, solar metallicity and carries 10% of the gas, while the second 
component has F* = 0, 10% solar metallicity and carries 90% of the gas, 
the relative method finds a global metallicity of 18% solar.

The injection of pristine gas (metal-poor gas with zero depletion 
levels) in the ISM can bring strong deviations from a straight-line fit 
in the x versus y plots, which affects the metallicity determination. 
If the line-of-sight ISM is composed of two clouds carrying the same 
amount of gas, the first one with [Zn/Fe] = 1.6 and solar metallicity, 
and the second one with [Zn/Fe] = 0 and 10% solar metallicity, then the 
relation between the total x and y (from column densities measured 
over the whole line profiles) in the relative method strongly departs 
from a straight line, with a curvature where the more volatile elements 
have higher than expected y values.

In fact, we observe sometimes large discrepancies between the 
observed abundances of the highly volatile elements (for example, 
O, Kr, C and N) taken from the literature8,47 (Extended Data Table 6) 
on the one hand and the observed abundances of the mildly volatile  
elements (for example, Zn) and the refractory elements on the other 
hand, which is hard to interpret with the classic knowledge of dust 
depletion. This effect is highlighted in Extended Data Fig. 3, and is 
observed for several lines of sight in our sample, but only among 
those for which we find low metallicities (namely, o Per, X Per, 62 Tauri, 



Article
HD 62542, ρ Oph A, χ Oph, HD 154368, 15 Sagittarii and HD 207198). 
Classically, this effect was attributed to very high values of F* (1–1.6), 
but with the difficulty of reconciling the overall depletion patterns. 
These abundance patterns can also not be attributed to nucleosynthe-
sis effects. In principle, there could be intrinsic differences between 
O and N because of their different nucleosynthetic origin (primary 
α-capture process or secondary processes). However, only in one 
case we report measurements of N only among the volatile elements 
(HD 110432, Extended Data Fig. 3), and otherwise the measurements 
of N agree with all the other volatile elements.

Here we suggest that the large differences between the observed 
abundances of the most volatile elements with respect to Zn and the 
refractory elements are the effect of a substantial injection of pristine 
gas (with low metallicity, for example, 10% solar and no dust deple-
tion) to the main ISM component with more typical (solar) metallicity 
and depletion levels. In our calculations, we assume that the pristine 
gas with no depletion has 10% solar metallicity, but it could have even 
lower metallicities. Dust depletion is often observed at high redshift 
in systems with 10% solar metallicity48.

The line of sight towards HD 62542 is a good, and perhaps extreme, 
example of a case where two (or more) ISM components have very dif-
ferent depletion properties (one with extremely high F* = 1.5 and the 
rest with F* = 0.3, confirmed with higher-resolution spectroscopy). 
But even after taking this into account, the observed abundances do 
not fit the depletion patterns well35. In our analysis, we found subsolar 
values of metallicities, although we only considered the total columns 
measured over the whole line profile. Thus, we speculate that additional 
ISM mixing effects, and in particular with gas at subsolar metallicities, 
may in fact help reconcile the observations.

Overall, in the case of an inhomogeneous ISM with contributions 
of gas at different metallicities, our total metallicity estimates prob-
ably represent a value in between the lowest and highest metallicities, 
depending on how much gas the clouds bear. Our results witness sig-
nificant amounts of low metallicity gas. Some of these could potentially 
represent a mix between nearly solar metallicity and pristine gas, with 
even lower metallicities than our integrated estimates.

Estimates of the gas accretion rate
We roughly estimate the minimum accretion rate required for clouds 
of gas not to mix efficiently, which would allow chemical inhomoge-
neities to survive. We assume that a volume Vmix ≈ 0.1 kpc3 completely 
mixes within a timescale of τmix = 2.8 × 108 yr due to Galactic rotation11, 
and calculate the mass of this mixing volume by assuming a number 
density. For this, we compute the average number densities along 
the lines of sight in our sample, nH = N(H)/r using only the accurate 
distance measurements from Gaia DR2, and adopt their mean value 
<nH> = 2.3 cm−3. This is a typical value for the warm neutral medium1. 
The mass of the mixing region is then Mmix ≈ 6.2 × 106 M☉. Given the 
minimum mass fraction for chemical inhomogeneities to survive (1/20) 
(ref. 16), the minimum accreting mass that can lead to a long-lived chemi-
cal inhomogeneity is mmin,acc ≈ 3.1 × 105 M☉. This is comparable to the 
mass of a small HVC cloud20. Overall, the minimum accretion rate that 
allows chemical inhomogeneities to survive Galactic rotation is Rmin,acc =  
mmin,acc/τmix ≈ 0.001 M☉ yr−1. This is much smaller than the typical accre-
tion rate in the Galaxy, which is estimated to be around 0.1–1.4 M☉ yr−1 
from UV observations of HVCs26,27, not including the Magellanic Stream. 
That is, the rate of gas accretion that is currently measured is more 
than enough (by a factor of about 100) to account for the existence and 
survival of chemical inhomogeneities. This is true even if we assume a 
mean number density of ten times higher, typical of the cold neutral 
medium, in which case Rmin,acc would be ten times higher.

Estimates of the physical scale of the metallicity variations
The physical scale of the metallicity variations cannot be easily esti-
mated, because of the sparsity of our targets, and the fact that we 

measure the integrated metallicity along their lines of sight. The smallest 
scales can perhaps be probed in the Orion region, in which we observed 
metallicity variations towards three targets. The angular separation 
between θ1 Ori C, a likely low-metallicity line of sight, and ι Ori and ζ Ori A 
is about 30.7′ and about 3.7325°, respectively. At the physical distance of 
θ1 Ori C, 373 pc, this corresponds to physical separations of about 3.3 pc 
and about 24 pc. Regarding the physical distance to our targets, the clos-
est star is ε Per at 82 pc and we measure about solar metallicity for the 
neutral gas towards this line of sight. Then we measure low metallicity 
towards the next two closest targets, χ Oph and ρ Oph A at 122 pc and 
139 pc, respectively, and with metallicities of 37% and 13% the solar value. 
Although above we conservatively refer to the distances among the 
stars themselves, the physical sizes of the pockets of lower-metallicity 
gas and the distances among them could be smaller. All metallicities are 
listed in Extended Data Table 3. Thus, we roughly estimate the minimum 
physical scale of the metallicity variations that we observe to be of the 
order of tens of parsecs, and possibly down to a few parsecs.

Comparing the metallicity of neutral gas, ionized gas and stars
An interesting open issue is how the neutral gas metallicity is related to 
the H ii regions and in turn to the stellar metallicities. We are not aware 
of measurements of stellar metallicities of the stars in our sample. 
For the case of the Orion OB association, ref. 49 found that the B-type 
stars in the Orion OB association, including in the Orion nebula, have 
around solar metallicity. The metallicity of the ionized gas in the Orion 
nebula H ii region is debated, ranging from 1/10 solar metallicity (for 
collisionally excited lines, and in general for refractory elements such as 
Fe, Mg and Si50–52 to slightly supersolar53. Reference. 54 found deviations 
of up to about 0.4 dex (0.2 dex) from the abundances of nitrogen (oxy-
gen) of ionized gas in H ii regions in the Galaxy, after accounting for a 
radial metallicity gradient. Reference. 55 and ref. 10 measured the oxygen 
metallicity in H ii regions in our Galaxy and found metallicity varia-
tions over the overall radial gradient of about 0.3 dex over large scales, 
and smaller along the direction of the long bar. Reference. 56 recently 
found that about 0.5-dex variations of gas-phase metallicity on scales of 
100 pc, observed from strong-emission lines diagnostics in Very Large 
Telescope/Multi Unit Spectroscopic Explorer (MUSE) data of nearby 
galaxies, positively correlate with the variations in star-formation rates, 
which they interpret as due to time variations of the star-formation 
efficiency and including gas infall in their gas-regulated theoretical 
models. With similar observational techniques, ref. 57 found that the 
metallicity of H ii regions in nearby galaxies show deviations of up 
to 0.2–0.3 dex from the radial gradients, and that these variations 
decrease at smaller scales58.

Comparison with our results is not straightforward. First, H ii regions 
comprise ionized dense gas that is associated with active star forma-
tion, while the diffuse neutral gas that we probe here is not necessarily 
connected to recent star-formation activity. Second, here we probe 
individual lines of sight, down to very small projected physical scales 
of a few parsecs. Such small-scale variations can be observationally 
smoothed away in integrated measurements of metallicity over larger 
scales, which is normally the case for nearby galaxies. In addition, H ii 
measurements can also be affected by dust depletion, including for 
the most commonly used reference element, oxygen.

Data availability
The observational data used in this work are publicly available in the 
Mikulski Archive for Space Telescope (HST/STIS data, programme 
ID 15335, principal investigator A.D.C., https://doi.org/10.17909/
t9-r14v-tp03) and the ESO Science Archive Facility (VLT/UVES data 
http://archive.eso.org/wdb/wdb/adp/phase3_spectral/form?). The 
data used in the figures and tables are available as electronically read-
able source data files, except for the publicly available observational 
data (Extended Data Fig. 1). Source data are provided with this paper.

https://doi.org/10.17909/t9-r14v-tp03
https://doi.org/10.17909/t9-r14v-tp03
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Code availability
The VoigtFit software is publicly available on GitHub at https://github.
com/jkrogager/VoigtFit.
 
30. Welty, D. E. & Crowther, P. A. Interstellar Ti II in the Milky Way and Magellanic Clouds. Mon. 

Not. R. Astron. Soc. 404, 1321–1348 (2010).
31. Diplas, A. & Savage, B. D. An IUE survey of interstellar H I Ly α absorption. I. Column 

densities. Astrophys. J. Suppl. Ser. 93, 211–228 (1994).
32. Savage, B. D., Bohlin, R. C., Drake, J. F. & Budich, W. A survey of interstellar molecular 

hydrogen. I. Astrophys. J. 216, 291–307 (1977).
33. Gaia Collaboration et al. The Gaia mission. Astron. Astrophys. 595, A1 (2016).
34. Gaia Collaboration et al. Gaia Data Release 2. Summary of the contents and survey 

properties. Astron. Astrophys. 616, A1 (2018).
35. Welty, D. E., Sonnentrucker, P., Snow, T. P. & York, D. G. HD 62542: probing the bare, dense 

core of a translucent interstellar cloud. Astrophys. J. 897, 36, (2020).
36. Valencic, L. A., Clayton, G. C. & Gordon, K. D. Ultraviolet extinction properties in the Milky 

Way. Astrophys. J. 616, 912–924 (2004).
37. Savage, B. D. & Sembach, K. R. The analysis of apparent optical depth profiles for 

interstellar absorption lines. Astrophys. J. 379, 245–259 (1991).
38. Jenkins, E. B. A procedure for correcting the apparent optical depths of moderately 

saturated interstellar absorption lines. Astrophys. J. 471, 292–301 (1996).
39. Sembach, K. R. & Savage, B. D. Observations of highly ionized gas in the Galactic halo. 

Astrophys. J. Suppl. Ser. 83, 147–201 (1992).
40. Bowen, D. V. et al. The Far Ultraviolet Spectroscopic Explorer Survey of O VI absorption in 

the disk of the Milky Way. Astrophys. J. Suppl. Ser. 176, 59–163 (2008).
41. Krogager, J.-K. VoigtFit: a Python package for Voigt profile fitting. Preprint at https:// 

arxiv.org/abs/1803.01187 (2018).
42. Price, R. J., Crawford, I. A., Barlow, M. J. & Howarth, I. D. An ultra-high-resolution study of 

the interstellar medium towards Orion. Mon. Not. R. Astron. Soc. 328, 555–582 (2001).
43. Phillips, A. P., Gondhalekar, P. M. & Pettini, M. A study of element depletions in interstellar 

gas. Mon. Not. R. Astron. Soc. 200, 687–703 (1982).
44. Jenkins, E. B., Savage, B. D. & Spitzer, L. Jr Abundances of interstellar atoms from 

ultraviolet absorption lines. Astrophys. J. 301, 355–379 (1986).
45. Roman-Duval, J. et al. METAL: The Metal Evolution, Transport, and Abundance in the 

Large Magellanic Cloud Hubble program. II. Variations of interstellar depletions and 
dust-to-gas ratio within the LMC. Astrophys. J. 910, 95 (2021).

46. De Cia, A. Metals and dust in the neutral ISM: the Galaxy, Magellanic Clouds, and damped 
Lyman-α absorbers Astron. Astrophys. 613, L2 (2018).

47. Jenkins, E. B. A closer look at some gas-phase depletions in the ISM: trends for O, Ge, and 
Kr versus F*, f(H2), and starlight intensity. Astrophys. J. 872, 55 (2019).

48. De Cia, A., Ledoux, C., Petitjean, P. & Savaglio, S. The cosmic evolution of dust-corrected 
metallicity in the neutral gas. Astron. Astrophys. 611, A76 (2018).

49. Simón-Díaz, S. The chemical composition of the Orion star forming region. I. 
Homogeneity of O and Si abundances in B-type stars. Astron. Astrophys. 510, A22 (2010).

50. Rubin, R. H., Dufour, R. J. and Walter, D. K. Silicon and carbon abundances in the Orion 
nebula. Astrophys. J. 413, 242–250 (1993).

51. Garnett, D. R. et al. Si/O abundance ratios in extragalactic H II regions from Hubble Space 
Telescope UV spectroscopy. Astrophys. J. 449, L77–L81 (1995).

52. Simón-Díaz, S. & Stasińska, G. The chemical composition of the Orion star forming region. 
II. Stars, gas, and dust: the abundance discrepancy conundrum. Astron. Astrophys. 526, 
A48 (2011).

53. Esteban, C. et al. A reappraisal of the chemical composition of the Orion nebula based on Very 
Large Telescope echelle spectrophotometry. Mon. Not. R. Astron. Soc. 355, 229–247 (2004).

54. Esteban, C. & García-Rojas, J. Revisiting the radial abundance gradients of nitrogen and 
oxygen of the Milky Way. Mon. Not. R. Astron. Soc. 478, 2315–2336 (2018).

55. Balser, D. S., Wenger, T. V., Anderson, L. D. and Bania, T. M. Azimuthal metallicity structure 
in the Milky Way Disk. Astrophys. J. 806, 199 (2015).

56. Wang, E. & Lilly, S. J. Gas-phase metallicity as a diagnostic of the drivers of star-formation 
on different scales. Astrophys. J. 910, 137 (2021).

57. Kreckel, K. et al. Mapping metallicity variations across nearby Galaxy disks. Astrophys. J. 
887, 80 (2019).

58. Kreckel, K. et al. Measuring the mixing scale of the ISM within nearby spiral galaxies. Mon. 
Not. R. Astron. Soc. 499, 193–209 (2020).

59. McMillan, P. J. Mass models of the Milky Way. Mon. Not. R. Astron. Soc. 414, 2446–2457 
(2011).

60. Cashman, F. H., Kulkarni, V. P., Kisielius, R., Ferland, G. J. & Bogdanovich, P. Atomic data 
revisions for transitions relevant to observations of interstellar, circumgalactic, and 
intergalactic matter. Astrophys. J. Suppl. Ser. 230, 8 (2017).

61. Morton, D. C. Atomic data for resonance absorption lines. III. Wavelengths longward of 
the Lyman limit for the elements hydrogen to gallium. Astrophys. J. Suppl. Ser. 149,  
205–238 (2003).

62. Boissé, P. & Bergeron, J. Improved Ni II oscillator strengths from quasar absorption 
systems. Astron. Astrophys. 622, A140 (2019).

63. Kisielius, R. et al. Atomic data for Zn II: improving spectral diagnostics of chemical 
evolution in high-redshift galaxies. Astrophys. J. 804, 76 (2015).

64. Jenkins, E. B. & Tripp, T. M. Measurements of the f-values of the resonance transitions of Ni 
II at 1317.217 and 1370.132 Å. Astrophys. J. 637, 548–552 (2006).

65. Wiseman, P. et al. Evolution of the dust-to-metals ratio in high-redshift galaxies probed by 
GRB-DLAs. Astron. Astrophys. 599, A24 (2017).

Acknowledgements A.D.C. thanks C. Chiosi and the ‘Galaxies and the Universe’ group at the 
University of Geneva for discussions, and B. Holl for help with navigating the Gaia archive. 
A.D.C., T.R.-H., C.K. and J.-K.K. acknowledge support by the Swiss National Science Foundation 
under grant 185692. Based on observations with the NASA/ESA Hubble Space Telescope 
obtained at the Space Telescope Science Institute (STScI), which is operated by the Association 
of Universities for Research in Astronomy, Incorporated, under NASA contract NAS5-26555. 
E.B.J. was supported by grant number HST-GO-15335.002-A from STScI to Princeton University. 
Based on data obtained from the ESO Science Archive Facility. This work has made use of data 
from the European Space Agency (ESA) mission Gaia (https://www.cosmos.esa.int/gaia), 
processed by the Gaia Data Processing and Analysis Consortium (DPAC, https://www.cosmos.
esa.int/web/gaia/dpac/consortium). Funding for the DPAC has been provided by national 
institutions, in particular the institutions participating in the Gaia Multilateral Agreement. The 
background image in Fig. 1 is courtesy of NASA/JPL-Caltech/R. Hurt (SSC/Caltech).

Author contributions A.D.C. initiated, designed and directed the project, is the principal 
investigator of the HST data, analysed and interpreted the data, developed and applied the 
main methodology, and wrote the bulk of the manuscript. E.B.J. reduced the HST data and 
retrieved the UVES data, analysed and interpreted the data, measured the column densities, 
developed and applied one of the two methods to measure the metallicity, contributed to the 
writing and produced Fig. 3. A.J.F. contributed to the writing and scientific design of the paper. 
C.L. checked the consistency of the analysis, helped interpret the data and contributed to the 
writing. E.B.J., C.L., A.J.F. and P.P. are co-investigators of the HST data. T.R.-H. measured the 
position of our targets within the Galaxy and produced Fig. 1 and Extended Data Fig. 4. C.K. 
reviewed the depletion methods and assumptions, and collected data from Galactic 
extinction maps. P.P. contributed to the prioritization of the scientific goals and the writing. 
J.-K.K. assessed the ionization effects and contributed to the writing. J.-K.K., T.R.-H., C.K., C.L. 
and A.D.C. measured the column densities towards eight targets with an independent method 
for a cross-check of the results. All authors participated in the scientific interpretation, edited 
the manuscript and contributed to its revision.

Competing interests The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at 
https://doi.org/10.1038/s41586-021-03780-0.
Correspondence and requests for materials should be addressed to A.D.C.
Peer review information Nature thanks the anonymous reviewers for their contribution to the 
peer review of this work.
Reprints and permissions information is available at http://www.nature.com/reprints. 

https://github.com/jkrogager/VoigtFit
https://github.com/jkrogager/VoigtFit
https://arxiv.org/abs/1803.01187
https://arxiv.org/abs/1803.01187
https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://doi.org/10.1038/s41586-021-03780-0
http://www.nature.com/reprints


Article

ε θ

ι ζ

θ ρ Χ

ζ

κ

Extended Data Fig. 1 | Line profiles of Zn ii λ2026 (black), Cr ii λ2056 (blue) and Fe ii λ2260 (green) in our sample. The Mg i λ2026 line is separated by ~50 km s−1  
from Zn ii. Vertical lines mark the zero-velocity central wavelength of the Zn ii line. The yellow curve shows the 1σ uncertainties.
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Extended Data Fig. 2 | Determination of the metallicity and strength of 
depletion with the relative method. The variables and coefficients of the 
linear relation are defined in equations (4) to (7), where the y intercept gives the 

[M/H]tot and the slope of the relation the strength of depletion [Zn/Fe]fit. The 
error bars show the 1σ uncertainties.
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Extended Data Fig. 3 | Determination of [M/H]tot and F* with the F* method. 
The variables are described in equation (8). The most volatile elements (red) 
are taken from the literature (Extended Data Table 6) and shown for reference: 

their discrepancy with respect to the more refractory elements suggests a mix 
between high-metallicity and pristine gas, see Methods. The error bars show 
the 1σ uncertainties.



Extended Data Fig. 4 | Metallicity towards our targets and their Galactic 
location. a, Metallicities towards our targets and their Galactic radii. The green 
dotted line shows the metallcity gradient measured in H ii regions by ref. 10, 
although without dust corrections. The solar Galactic radius (red cross) is 

assumed at 8.29 kpc 59. The error bars show the 1σ uncertainties. b, Metallicities 
towards our targets and their height above the Galactic Disk. The error bars 
show the 1σ uncertainties.
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Extended Data Table 1 | Target sample characteristics

In parenthesis are reported unreliable values of E(B − V), because of contamination by strong H-alpha emission, and unreliable values of the Gaia DR2 distance, because of a large parallax 
uncertainty (that is, parallax-to-error ≤ 5). aHipparcos distance. H I and H2 values are taken from ref. 30, with the exception of HD 62542 (from ref. 35). E(B − V) values are taken from ref. 31 and  
RV from ref. 36.



Extended Data Table 2 | Column densities

They are measured from the HST/STIS data of the 25 stars in our sample. aMeasurements from ref. 30.
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Extended Data Table 3 | Metallicities of the neutral ISM

These are derived using dust corrections from the relative method ([M/H]tot,[X/Y]) and the F* method [M/H]tot,F*). The last column reports the difference between the two in σ levels from a Z-test.



Extended Data Table 4 | Absorption lines that we use in this 
work and their oscillator strengths

We use f-values from refs. 60,61,62,63. For Ni transitions, we used the f-values from ref. 62 based on 
observational data, which agree with ref. 64, instead of the theoretical measurements of ref. 60.
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Extended Data Table 5 | Coefficients used in equations (6) 
and (7)

They are taken from the literature, from ref. 9 except for Ni and Ti (from ref. 65), but here 
updated for the most recent f-values, listed in Extended Data Table 4.



Extended Data Table 6 | Column densities of the volatile elements

These values are taken from refs. 8,47.
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