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What has been Known for some Time

• Depletions vary from 
one location to the 
next
– Sightlines with low 

average density N(H)/d 
have less depletion

– Gas at high velocity 
displacements have 
less depletion: grains 
have been disrupted

• Depletions vary from 
one element to the 
next
– Depletion strengths 

are greatest for 
elements that can 
form refractory 
compounds and are 
small for those that 
can only form volatile 
compounds



An Interpretation of Milky Way ISM 

Gas-Phase Abundances Reported in 

the Literature

• Basic Tactic:

– Adopt protosolar abundances as a reference 

standard

– Ignore the sightline properties and characterize 

depletions of elements with respect to each other, 

recognizing that the severity of depletions differ 

from one element to the next and from one region 

of space to the next.

Published by Jenkins (2009: ApJ, 700, 1299)



Underlying Strategy
• Basic premise:

Ø All elements deplete 
together in some 
systematic fashion, but by 
differing degrees that 
change from one region to 
another and from one 
element to the next.

Ø Propose a single 
parameter, F*, that 
expresses a general level of 
depletion along a sight 
line.

F*

F*
(F* is much like 
<n(H)> that has been 
used in the past.)



Underlying Strategy

• Another basic premise:
ØDifferences in how the 

elements respond to 
changes in F* are 
represented by other 
parameters specific to 
each element.

F*

F*



Basic Equation

)(]H/[ * XXXgas zFABX -+=
For element X:

zx

BX
Slope: AX

Logarithmic Depletion factor



The Buildup of Dust Grains
Conventional Formula:

)101((X/H)H)/( ]H/[ gasX
dustX -= •

|AX| is a rate constant for element condensation



The Buildup of Dust Grains
Conventional Formula:

)101((X/H)H)/( ]H/[ gasX
dustX -= •

Differential Element Contributions:

*
)H/()10(lnH)/(

*
FgasX

dust XA
dF
Xd

-=
|AX| is a rate constant for element condensation
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Figure 5. Top row of panels: measured depletions (points) and the linear trends defined by the parameters AX , BX , and zX in Equation (10) (dashed lines), as listed
in Table 4, shown as a function of the generalized depletion parameter F∗ for the elements C, N, O, Mg, and Si. The solid points have N (H) > 1019.5 cm−2, while
open ones have N(H) values below this range. The gray points represent sightlines that had only three elements to define their F∗ parameters, while the black ones
represent those that had four or more elements. Upper and lower limit measurements are depicted with the arrows (and were not included in any analysis). Sight lines
that crossed the galactocentric limits RGC < 7 kpc or RGC > 10 kpc are overlaid with crosses (+) or x’s (×), respectively, to indicate that they were not used to define
the linear trends for the elements. Bottom row of panels: differential consumptions of elements by number (relative to hydrogen) by dust grains for small changes
in F∗, again plotted as a function of F∗. The trend lines that follow Equation (21) with the best values of AX and BX are shown with dark lines, while the allowable
changes that can arise from the uncertainties in AX and BX are shown by the shaded regions. Uncertainties at the 1σ level are shown by the cross-hatched areas, while
the envelopes for 2σ deviations have simple line shading in only one direction.

simply by measuring the additional consumptions of different
elements as they are incorporated into the newly formed grain
materials. That is, by determining how rapidly the abundances of
different elements decrease as F∗ advances, we become insensi-
tive to ambiguities that arise from uncertainties in the reference
abundances.

If we substitute the right-hand side of Equation (10) for
[Xgas/H] into Equation (2) and differentiate it with respect to
F∗, we find that

d(Xdust/H)/dF∗ = −(ln 10)(X/H)⊙AX10BX+AX(F∗−zX)

= −(ln 10)AX(Xgas/H)F∗ . (21)

The first equality gives the result in terms of variables defined
earlier in this paper, while the second shows that this outcome is
independent of the adopted solar abundances—only the actual
expectation of (Xgas/H) and its slope (AX) with F∗ matter. (Note
that the term (Xgas/H) refers to the actual gas-phase abundance
of an element X relative to H, whereas the notation used in earlier
equations, [Xgas/H], refers to the logarithm of the element’s
depletion factor.)

Figures 5–8 show two fundamental results for all of the el-
ements except sulfur. (Again, sulfur is a difficult case that will
be treated separately in Section 9.) For each element, the up-
per panel depicts the observed depletions as a function of F∗.
Individual observed depletions are plotted as points with diame-
ters that indicate their respective levels of accuracy. The dashed
lines follow the linear trends with F∗ represented by the best
fits defined by the parameters AX , BX , and zX listed in Table 4.
The quantities [Xgas/H]0 and [Xgas/H]1 in Columns 6 and 7 in
that table are equal to the intercepts of these lines at F∗ = 0

and F∗ = 1, respectively; see Equations (13)–(16). The lower
panels show the differential grain compositions, expressed in
terms of the number of atoms per H atom that condense onto the
grains per unit change in F∗. The cross-hatched regions show
the allowed combinations of this differential composition for 1
and 2σ deviations in the errors for AX and BX . (Note that the
portion of σ (BX) that is attributable to σ (X/H)⊙ drops out of
Equation (21), thus leaving only the formal uncertainty in the
least-squares solution for the intercept of the fit at zX . These
values of σ (BX) can be recovered by subtracting in quadrature
the error values listed in Column 2 of Table 4 from those listed
in Column 4 of the same table.)

Clearly, the slopes of the logarithms of the consumption
rates of free atoms exhibit large variations from one element
to the next, indicating that as the gas becomes more depleted
the composition of the grains must change (or, put differently,
that the material in the outer portions of the grain mantles differs
from that in or near the cores). Our outlook on plausible mixtures
of compounds within the grains must be constrained by not
only the consumption information presented here, but also the
chemical properties of the compounds themselves (Mathis 1996;
Draine 2003a, 2004).

7. DERIVATION OF N(H) AND F∗ WHEN N(H) IS
NOT OBSERVED

7.1. Method

There are a number of applications where we can use the
information on the depletion trends either to make up for
the fact that N(H) is not known, or, if it is known, to make
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Figure 6. Same as for Figure 5 for the elements P, Cl, Cr, and Mn.

Figure 7. Same as for Figure 5 for the elements Fe, Ni, and Zn.

an independent determination of the overall total abundances
of heavier elements in the gas (usually referred to as the
metallicity of the gas). In this section, we describe a means for

processing information on the relative gas-phase abundances to
recover both N(H), assuming a metallicity equal to the solar
value, and the depletion strength F∗. Later, we will touch
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Figure 8. Same as for Figure 5 for the elements Ti, Cu, Ge, and Kr.

upon the relevance of this analysis for specific issues ranging
from determinations of depletions of gas not far from the Sun
(Section 8), to interpretations of the metallicity of gas out to
several kpc from the Sun (Section 10.3), to the general behavior
of sulfur depletions (Section 9), and finally, to the metallicity
in absorption systems at high redshifts (Section 10.4). Even
within the current survey, a reconstruction of N(H) and F∗ is
of some utility: out of all of the sightlines (or specific velocity
components) studied here, there are 97 cases where information
is missing on the observed column densities of H i, H2, or both.
For 39 of them, the fact that N (H2) was not observed did not
present a problem, since H2 was unlikely to contribute much
to N(H), as discussed in Section 4.6.1. For the remaining 58,
the lack of information on the observed N(H) prevented the
determination of [Xgas/H]obs for any of the elements, values
of which are essential for calculating F∗ through the use of
Equation (4).

If it were true that all of the elements depleted logarithmically
in unison as the general level of depletion became more
severe (i.e., their values of AX were virtually identical), without
information on N(H) it would be impossible to distinguish
between a line of sight with a modest level of depletion and
a certain estimated N(H), as opposed to a situation where
the depletions were very strong and N(H) was much higher.
Fortunately, this is usually not the case. Given that many sight
lines have measured abundances of elements with different AX
values, it is possible to estimate with reasonable accuracy the
quantities N(H) and F∗, even when N(H) is not known from the
observations.

If we substitute [Xgas/H]obs for [Xgas/H]fit in Equation (10),
we obtain

[Xgas/H]obs = BX + AX(F∗ − zX). (22)

Noting that

[Xgas/H]obs = log N (X) − log N (H) − log(X/H)⊙ (23)

(this is simply a restatement of Equation (1)), we can rearrange
the terms in this equation to obtain a simple linear expression

y = a + bx, (24a)

where

y = log N (X) − log(X/H)⊙ − BX + AXzX, (24b)

x = AX, (24c)

and the coefficients of the equation have the meaning

a = log N (H), (24d)

and
b = F∗. (24e)

This set of equations allows us to derive the most likely values
of log N (H) and F∗ through the method of finding a (weighted)
least-squares fit, once again using the routine FITEXY (Press
et al. 2007) that recognizes the existence of errors in the
measurements of both x and y when minimizing the χ2 of the
fit. Note that the uncertainty in log(X/H)⊙ does not contribute
to the errors in y, since excursions in this term are exactly
canceled by opposing changes in the derived values of BX . Any
combination of elements that does not give large differences
for the AX values will yield a value for b (i.e., F∗) that is very
uncertain. For this reason, lines of sight where the AX values span
a range of less than 0.5 were not evaluated. Also, at least three



Summary of Element Consumption Rates
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(Mass of elements in dust)/(total element mass) = 0.20 (F* = 0)
0.54 (F* = 1)



Average Density of Dispersed Solids 
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Average Density of Dispersed Solids 
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Depletion Trends against Condensation 
Temperatures

AsGa

Sn

Cd

B

Pb

Jenkins 2009
Ritchey et al. 2018



Sightlines



Trends of Overall Depletion Strengths

Log <n(H)>

F *



Trends of Overall Depletion Strengths
F *

Log F(H2) = 2N(H2)/[2N(H2) + N(H I)]



Some Notes 
about Specific Elements

Three noteworthy cases:
S, O, and Kr



Sulfur

• A problem element: many investigators have 
proposed that S is undepleted.

• Results may be misleading …

HD 41161: log N(H) = 21.16

S II S II S II



Sulfur

• A problem element: many investigators have 
proposed that S is undepleted.

• Results may be misleading …

S II S II S II

HD 3827: log N(H) = 20.56



Sulfur

• A problem element: many investigators have 
proposed that S is undepleted.

• Results may be misleading …

H0

S0S+

! CMa Teff=21,750 K

He0

Inside the star’s 
H II region, H is 
fully ionized, but 
S is only singly 
ionized.  This 
can raise the 
amount of S II 
without 
increasing H I.



The Consumption of Oxygen 
Compared to other Elements

• Conventional view: oxygen is mostly 
incorporated into refractory compounds such 
as silicates and oxides.

• Let’s examine whether or not this is consistent 
with our determinations of  d(Xdust/H)/dF*



The Consumption of Oxygen 
Compared to other Elements

O
Mg + Si + Fe = 2.3

At F* = 0.0

The most oxygen-rich 
silicate, MgSiO3, has a 3:2 
ratio of O to other atoms



The Consumption of Oxygen 
Compared to other Elements

O
Mg + Si + Fe

At F* = 1.0

= 16 The most oxygen-rich 
silicate, MgSiO3, has a 3:2 
ratio of O to other atoms



The Consumption of Oxygen 
Compared to other Elements

• Conclusion: In addition to forming silicates, O 
must deplete by forming some other compound 
using another abundant element.
– Various oxides of N?  Unlikely, since N does not seem 

to deplete (at least not appreciably more than about  
10-5 per H atom per unit change in F*).

– H2O? Perhaps, but 3.05 μm ice feature only seen 
toward regions with extinctions much larger than those 
of the lines of sight in the UV absorption studies.  

– CO, CO2 and O2 are present in the ISM, but in 
amounts that are not sufficient to explain the depletion 
of O.

Perhaps very large grains (diam. >> 1μm) containing 
appreciable amounts of H2O are present but not visible?
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Fraction of hydrogen in molecular form

Partial correlations 
of O abundances 
relative to Htotal
were investigated 
for the trends with 
F*, log f(H2) and 
log I/I0.

O/Htotal shows 
positive 
correlations 
with log f(H2) 
and log I/I0 , 
and a negative 
correlation 
with F*.
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Interpretation:
o Negative correlation with F* no 

surprise, O follows other 
elements.

o Positive correlation with f(H2) 
seems counterintuitive: 
stronger molecular 
environment might favor 
reactions that create O-bearing 
molecules

A conjecture:
o f(H2) ∝ nHng/I = func(F*)/I
o If we could hold F* and I

constant, we’d expect f(H2) to 
also remain constant.

o A variation in [Ogas/H] with 
f(H2) indicates some factor(s) 
other than just F* and Imay 
influence f(H2) – perhaps grain 
size distribution, where surface 
to volume ratios could 
influence production efficiency.



Krypton

• Chemically inert 
• However, meteoritic 

studies and laboratory 
experiments indicate 
that heavy noble gases 
can bind to solids via 
enhanced physisorption.

• A negative correlation 
with I/I0 may arise from 
the creation of active 
binding sites by UV 
radiation. Ritchey et 

al. (2018)



Distant Absorption Line  Systems
Basic Issues:
1. Absorption features in the 

spectrum of the quasar reveal 
column densities of the gas phases 
of various heavy elements and 
hydrogen.

2. Using the relationships of 
depletions seen in our Galaxy, can 
we interpret these outcomes in 
terms of a division between gas-
phase and solid-phase 
abundances?

Background 
Quasar

Galaxy that produces 
a Damped Lyman-!
(DLA) absorption 
system in the quasar 
spectrum



Our Objectives
1. For each absorption system, what is the 

overall metallicity of the gas [M/H] compared 
to solar abundances?

2. What proportion of the matter in the gas has 
condensed onto dust grains?

3. What is the overall behavior of the above two 
properties in various systems as a function of 
z(abs)?



How this can be done
• Basic strategy: use 

differences in the rates of 
element depletions to 
differentiate between the 
effects of dust formation 
and low overall 
metallicities.

• A complication from 
chemical evolution: One 
must be aware of 
abundance differences 
between !-process and 
Fe-peak elements.



How this can be done



Behavior of log(Si/Fe)dust vs metallicity
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Vladilo et al. 
2018, ApJ, 
868, 127

Chemical 
evolution 
models

Metallicity



Behavior of log(Si/Fe)dust vs metallicity

Dust 
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Recipe: Start with Depletion 
Coefficients

Elem. 
X

Log (X/H)☉
+12 AX BX zX

)(]H/[ * XXXgas zFABX -+=
The basic equation:



Recall that for any element 
X in the ISM of our Galaxy, 
its depletion is given by

=BX + AXF* – AXzXAXzX[Xgas/H] = Log N(X) – – Log (X/H)☉Log N(H) + AXF*+ AX(F*–zX)− [M/H]

But if the metallicity [M/H] of some 
other system differs from that of our 
Galaxy, we must add a new term

Rearrange Terms in 
this Formula



+ AXF* – AXzXAXzX+ AXF*

− + F* AX

y = a +b x
These coefficients arise from a least 
squares best-fit equation for all X 
elements

F *= 0.90

[M/H] = 0.21±0.12



SMC Sight Lines

Can we use interstellar absorption 
features to determine [M/H] for the 
SMC, and if so, how does it compare 

with abundances in SMC stars?



SMC Sight Lines

How do their depletions compare to 
those of our Galaxy?



Depletion trends with F*
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1. The stellar reference abundances of both !- and 
Fe-peak elements in the SMC are uniformly lower 
than those of the Milky Way by −0.65 dex.

2. So why does a gas with a dilute mixture of heavy 
elements exhibit a slightly different depletion 
behavior for Ti and Mn compared to that of Fe?

3. A possible answer: an exception to point 1 is the 
abundance of C in SMC stars is even lower by an 
additional −0.36 dex.  This anomalously low C 
abundance is supported by a deficiency in PAHs, 
compared to the Milky Way PAH abundance.

Why do some of the SMC Depletions 
Differ from those of the Milky Way?



The Relative Lack of Carbon in low 
metallicity systems (distant DLAs)

SMC

Rémy-Ruyer et al 2015, 
A&A, 582, A121



Outcomes for 
absorption-line systems 
compiled by Quiret et al. 
2016, MNRAS, 458, 4074

Decreasing F*

[(Zn, S)/H]

[F
e/

(Z
n,

S)
]

Kulkarni et al. (2016) P&SS, 133, 7



Mass Fractions of Heavy Elements in Dust

Milky 
Way



The Mass of Dust Relative to that of Hydrogen

Milky 
Way



The Mass of Dust Relative to that of Hydrogen

Milky 
Way



Dust Surface Density and UV Opacity

1 magnitude of extinction at 1400 Å

Selection biases:
1. Not likely to record a spectrum of a quasar behind a galaxy with a large extinction.
2. Greater impact parameters are more likely to be sampled, and such locations in 

galaxies probably have lower than usual metallicities (and dust fractions).
3. However, there is no bias with regard to the Galaxy’s luminosity.



Summary
• UV Spectroscopy offers insights on the systematics of 

interstellar gas-phase abundances, which in turn 
informs us about the element constituents in solids

• There is a challenge in understanding the behaviors of 
oxygen and krypton 

• From an almost universal pattern of depletions, we can 
use measurements of two or more elements to make 
corrections for depletions that are needed to derive 
element abundances in distant galaxies

• Depletion strengths and element abundances together 
reveal the absolute abundances of dust


