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Introduction: Oxygen isotope ratios have not been
fully explored for Solar system atmospheres. One of the
main goals of the Mars Atmosphere and Volatile
Evolution (MAVEN) spacecraft is understanding how
the Martian atmosphere evolved over time; this is
accomplished in part by measuring the loss rates of
various gases and determining the ratio of stable
isotopes in the upper Martian atmosphere [1]. Previous
measurements of oxygen isotopes ratios in the
secondary minerals of Martian SNC meteorites (Fig. 1)
show ∆17 𝑂 enrichments of up to ~1.3 ‰ (SMOW),
suggesting the possibility of modification due to escape
of O atoms [2]. We studied similar processes in the
upper Earth atmosphere in order to better understand the
stable oxygen isotope abundances and the processes that
affect them in Earth's thermosphere, specifically
possible mass-independent processes such as
photodissociation [3]. Now we perform a similar study
for the atmosphere of Mars. The main goal of this work
is to model the Martian thermospheric O isotope
composition using an atmospheric diffusion theory
model, and then the more sophisticated VULCAN
photochemical code.

of the isotopes scales by some other process. We expect
that below the homopause there is very little
fractionation of isotopes due to eddy diffusion, while
above the homopause diffusive separation results in
strong mass-dependent fractionation.
To quantitatively describe the effects of isotope
fractionation, geochemical ‘delta’ notation is used.
Values are given in per mill (‰). For oxygen, the ratio
of two stable isotopes relative to a standard is given by
𝑥
𝑥
⁄𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝛿 𝑥 𝑂 = 103 (𝑅𝑠𝑎𝑚𝑝𝑙𝑒
− 1) where 𝑅 𝑥 =
𝑥 ⁄ 16
𝑂 𝑂 for x = 17 or 18. We can compute the quantity
∆17 𝑂 = 𝛿 17𝑂 − 𝜆𝛿 18𝑂 (linear approximation) which
describes deviation from mass-dependent processes,
where 𝜆 is typically equal to 0.528. Compounds in
Earth’s atmosphere typically have ∆17 𝑂 = 0, except
when influenced by ozone photochemistry.
Methods: Diffusion Theory Model. In the Martian
atmosphere, CO2 is the most abundant molecule up until
very high in the thermosphere, where atomic oxygen
becomes an important constituent [4]. From theory [5],
the molecular diffusion coefficient (in cm2 s-1) for the
different oxygen isotope species can be approximated
as:
1⁄2
1⁄2
𝐷12 = 1.96 ⋅ 106 (1⁄𝑚1 + 1⁄𝑚2 ) (𝑇 ⁄𝑛)
where 𝑚1 and 𝑚2 are the mass of the background air
and the mass of the isotope in grams, 𝑛 is the number
density of the background atmosphere approximated as
𝑛 = 𝑛𝑖 𝑒 −𝑧/𝐻 , and H is the scale height of the
background atmosphere below the homopause: 𝐻 =
𝑘𝑇
. The constant in front of the diffusion coefficient is
𝑚𝑔

Figure 1. Plot of ∆17 𝑂 vs 𝛿18 𝑂 for secondary minerals in
Martian SNC meteorites, from Farquhar and Thiemens 2000
[2].

approximated for air on Earth. Due to diffusive
separation, the scale height of each oxygen isotope will
be slightly different than the scale height of the air
𝑘𝑇
below the homopause: 𝐻𝑖 = 𝑚 𝑔. These components
𝑖

are required for the number density equation:
𝑧

Atmospheric Structure. The thermosphere of Mars
begins at the homopause, which is about 120 kilometers
above the surface. The homopause defines the transition
between an atmosphere mixed by eddy diffusion
(below) and molecular diffusion (above). Above the
homopause, heavier species have smaller scale heights
than lighter species leading to diffusive separation.
Isotope fractionation refers to various processes that
change the relative abundances of isotopes. Massdependent fractionation (MDF) occurs when the isotope
abundance scales with the mass of each isotope. Massindependent fractionation (MIF) is when the abundance
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where 𝑛𝑖,𝑥 is the number density at the bottom of the
atmosphere for isotope x, and 𝐾is the eddy diffusion
coefficient. For this diffusion theory model of Mars, we
used the temperature, eddy diffusion, and number
density profiles from Nair et al. 1994 [4]. For altitudes
up to 220 km, we calculated the number densities for O,
CO2 and their isotopologues.
VULCAN. We then employed VULCAN, a
photochemical kinematics code, for a more accurate
look at the number densities of oxygen isotopes in the
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upper Earth atmosphere. VULCAN utilizes a realistic
temperature profile for Mars and includes chemistry and
photochemistry for the most important chemical species
in the atmosphere [6]. However, the original version of
the code did not include isotopes or ion chemistry, so
we modified the code to include both.
Results: Delta values. Figure 1 shows the values for
𝛿 17 𝑂 and 𝛿 18 𝑂 (‰) calculated using the diffusion
theory approximation (solid lines) and VULCAN
(dashed lines). We have model results for O and CO2.
The delta values between the two methods are quite
similar, only differing by a few per mill. For 𝛿 17 𝑂, O is
depleted to levels around -150 ‰, while CO2 is depleted
to about -125 ‰ at the top of the atmosphere. For 𝛿 18 𝑂,
O is depleted to levels around -250 ‰, while CO2 is
depleted to about -225 ‰ at the top of the atmosphere.

Figure 2. The delta values (‰) for 𝛿17 𝑂 and 𝛿18 𝑂 calculated
from diffusion theory (solid lines) and using VULCAN (dashed
lines). The homopause is shown with the solid black line. O is
shown in green, O2 in magenta, and CO2 in blue. Delta value
measurements for CO2 were taken by the SAM instruement on
the Curiosity rover [7].

∆17 𝑂 plots. Figures 3 and 4 show ∆17 𝑂 from the
diffusion theory approximation (solid lines) and
VULCAN (dashed lines). Figure 3 shows the behavior
of ∆17 𝑂 using the typically-defined slope factor of
0.528. However, this slope factor results in unexpected
∆17 𝑂 enrichments: +8 ‰ for O and CO2 from the
diffusion approximation, and ranging from +4-6 for the
species from VULCAN.
As we did in our Earth study, we redefined the slope
factor for ∆17 𝑂 based on the barometric law behavior of
the individual isotopes undergoing molecular diffusion:
∆17 𝑂 = 𝛿 17𝑂 − 0.500𝛿 18𝑂 [3]. The results, displayed
in Figure 4, show a ∆17 𝑂 enrichment of around +1-2 ‰
for O and CO2 from the diffusion approximation (solid
lines). The CO2 values from VULCAN (dashed lines)
are very slightly positive, while the O and O2 values are
depleted by about 2 per mill.
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Figure 2. The ∆17 𝑂 values (‰) calculated from diffusion
theory (solid lines) and using VULCAN (dashed lines) using
the typical slope factor of 0.528.

Figure 3. The ∆17 𝑂 values (‰) calculated from diffusion
theory (solid lines) and using VULCAN (dashed lines) using a
slope factor of 0.500 derived from barometric law behavior.

Conclusions: We find that a fractionation law of
0.500 applies to the thermosphere of Mars in a similar
manner as we found for Earth’s thermosphere [3].
Because it is likely that Mars lost a significant fraction
of its atmosphere due to escape, consistent with
estimates of O escape from MAVEN [8], we are now
considering the implications of the thermospheric
fractionation law to understanding the evolution of O
isotopes in Mars volatiles.
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