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ABSTRACT

The formation of planets begins with collisions of tiny, micron-sized, dust
grains. These grains reside in structures known as protoplanetary disks, rotat-
ing disks consisting of gas and dust that encircle young protostars as a natural
outcome of star formation. Although the processes of planet formation and
evolution take place over millions and billions of years, in our limited view we
can only see snapshots of the different stages. Many of the formative processes
are difficult, if not impossible, to observe directly. However, evidence of these
events exists in the chemical composition of the bulk material and surfaces of
planets themselves, the gas and solid components of protoplanetary disks, and
planetary debris such as asteroids and comets. This thesis utilizes modeling
and observations of the carbon and nitrogen content of protoplanetary disks
to shed light on key factors that control the formation and chemical composi-
tion of planets. In addition, this thesis advances techniques for the elemental
analysis of planetary surfaces facilitating the detection of salts on the surface
of Mars.

Chapter 2 estimates the maximum potential destruction of solid, refractory
carbon in protoplanetary disks in an effort to explain the lack of carbon found
in meteorites and the bulk silicate Earth relative to the interstellar materials
that seeded their formation. Oxidation and UV photolysis of refractory carbon
grains and polycyclic aromatic hydrocarbons are modeled in a T-Tauri disk
assuming uniform turbulence and passive heating from stellar photons. Under
these conditions, destruction is limited to the warm, photochemically-active
disk surface layers. The bulk refractory carbon reservoir is only affected when
carbon remains in small grains, less than 10 microns in size, and grains are
efficiently transported to the surface layers. Exploration of distinct disk envi-
ronments, considering non-idealized mass transport or enhanced disk heating
due to active stellar mass accretion, is needed to explain the widespread lack
of carbon in rocky solar-system bodies.

Chapter 3 presents detections by the Atacama Large Millimeter/submillimeter
Array (ALMA) of N2H+ in two mature, 5–11 Myr-old, protoplanetary disks
in the Upper Scorpius region. Compared to a sample of gas-rich disks with a
factor of 10 higher CO fluxes, these mature disks have significantly enhanced
N2H+/CO flux ratios. The Upper Sco N2H+ and CO fluxes can only be repro-
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duced by our thermo-chemical disk models using a typical gas-to-dust mass
ratio of 100 and a significantly depleted CO/H2 abundance of 10−6. These
results indicate diverging behavior of the key carbon and nitrogen species in
the disk gas as disks evolve and that selective depletion of CO from the gas
may cause disk gas masses to be underestimated if based on CO measure-
ments alone. Accurate masses, particularly for older systems, are critical in
determining the typical lifetime of gas and setting constraints on the timescale
for gas-giant planet formation in protoplanetary disks. Chapter 4 describes a
follow-up study to this work investigating the use of N2H+, HCO+, and C18O
observations together to better constrain disk masses and examines the in-
terplay among disk mass, CO abundance, and ionization in determining line
fluxes from the outer disk.

Chapter 5 seeks to explain the discrepancy between infrared observations of
disks from Keck-NIRSPEC and the Spitzer Space Telescope, indicating that the
innermost regions display signatures of CO- and water-rich gas, and submil-
limeter observations from ALMA revealing CO depletion in the outer disk. In
the outer disk, CO may be chemically converted into less volatile species such
as CO2 and CH3OH. Chemical models explore the fate of CO2 and CH3OH
ices after being introduced to the hotter, denser inner regions of the disk.
Carbon returns to CO in unshielded transparent regions of the inner disk sur-
face, consistent with infrared observations, but carbon reservoirs in the disk
midplane may be distinct depending on the efficiency of mass transport in
the disk. These results have important implications for the distribution of
volatile carbon in terrestrial-planet-forming regions of the disk and will inform
upcoming observations with the James Webb Space Telescope (JWST).

Chapter 6 examines the abilities of the Laser-Induced Breakdown Spectroscopy
(LIBS) instrument ChemCam on the Mars rover Curiosity in regards to the
detection of salts. Sample pellets are prepared with decreasing concentrations
of salt in a basaltic background, relevant to Mars surface compositions. Anal-
ysis of LIBS spectra from this sample set identifies elemental emission lines of
Cl, C, and S that are sensitive to changes in chloride, carbonate, and sulfate
salt concentrations, respectively, and provides detection limits for ChemCam
measurements of these salts. These results are applicable to the study of past
aqueous environments in Gale Crater, Mars through detection and identifi-
cation of specific salts in the hundreds of thousands of spectra collected by
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ChemCam.

The work presented in this thesis investigates the chemical reprocessing of
refractory and volatile carbon in protoplanetary disks, reveals the need for
multiple chemical tracers when predicting disk gas masses, and facilitates the
quantification of salts on the surface Mars with ChemCam. Such chemical
analyses probe unobservable environments, in the past or shielded from our
view, providing valuable insight into the potential outcomes of planet forma-
tion and evolution.
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C h a p t e r 1

INTRODUCTION

Planets around stars outside of our solar system are now known to be a com-
mon occurrence. Among the wide variety of discoveries are planets with radii
similar to that of Earth and masses substantial enough to suggest Earth-like
compositions of rock and iron (Howard et al. 2013; Pepe et al. 2013). Although
this subset of extrasolar planets or exoplanets are rocky and Earth-sized, are
they Earth-like in other ways? Are they made of the same materials? Did
they form and evolve via comparable mechanisms? And, perhaps most inter-
estingly, are they capable of hosting life similar to that on Earth?

To address the question of habitability, astronomers seek to determine which
planets reside inside a region known as the habitable zone around their host
star (e.g., Kasting et al. 1993). The habitable zone is typically determined
based on the ability of a planetary surface to support the presence of liquid
water. Although a valuable first approximation, this definition excludes other
ingredients that are essential for life on Earth.

Carbon, hydrogen, nitrogen, oxygen, phosphorus, and sulfur are the six most
common elements found in biological materials. The availability of these ele-
ments to or near the surfaces of rocky exoplanets (or large moons of gas giants)
is largely unconstrained. Measurements of exoplanet compositions are limited
to (1) spectroscopy of their upper atmospheres and (2) bulk density estimates
based on their masses and radii. Rather than observing mature exoplanets,
this thesis takes another approach and tracks elemental abundances through-
out specific stages of planet formation and evolution. I seek to understand
the dominant processes that affect the availability of life-enabling elements, in
particular carbon and nitrogen, to planets via their formation in protoplane-
tary disks. In addition, I consider various bodies in our own solar system to
provide additional compositional constraints regarding the possible outcomes
of planet formation and evolution.
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1.1 Chemistry in Protoplanetary Disks
Star formation occurs when the self-gravity of an interstellar molecular cloud
core overwhelms any opposing forces including gas pressure, and thus initiates
cloud collapse. A byproduct of star formation is the spreading of material
into a disk encircling the growing protostar. In order to conserve angular
momentum throughout the collapse, it is transferred away from the central
stellar position to the outer gas. The increased angular momentum causes
the gas to rotate faster and flatten into a disk. From this circumstellar disk,
planets are made. Our own disk, out of which the Earth and our solar system
formed, is often called the solar nebula. Because this disk disappeared over 4.5
billion years ago, we must study current planet-forming disks in order to infer
the composition of the solar nebula and piece together the chemical history
of the Earth from the initial formation of small rocky precursors known as
planetesimals.

Planet-forming disks or protoplanetary disks, consist of gas and solid parti-
cles initially inherited from their parent molecular clouds in the interstellar
medium. The extent to which these materials are reprocessed in the disk prior
to and during planet formation is an active area of research (e.g., Cleeves et al.
2014; Pontoppidan and Blevins 2014; Eistrup et al. 2016). The composition
of diffuse gas and sub-micron dust grains in the interstellar medium can be
probed by ultraviolet to mm wavelengths, but extinction restricts denser re-
gions to the longer wavelengths. At early stages of star formation, known as
the Class 0 and Class I phases, protostars are embedded in envelopes made of
the initial material from which they actively accrete (see Andre et al. 2000).
The envelope material largely obscures their starlight and is difficult to dis-
entangle emission originating in the forming disk from that originating in the
envelope. Even in the later Class II phase, when the disk has formed and the
star becomes visible, observation of the disk gas and dust composition is still
not straightforward.

Different wavelength ranges probe different regions of the disk, dust grain
sizes, and atomic and molecular transitions (see Andrews 2015; Bergin et al.
2007). Measurements from multiple instruments must therefore be combined
in order to understand the chemical composition of the entire disk. Infrared
telescopes, such as the Spitzer Space Telescope and the James Webb Space
Telescope (JWST), detect hotter materials in the surface layers of the disk
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and close to the central star. In addition, they are sensitive to scattered
starlight off of micron-sized dust grains. Radio telescopes, such as the Atacama
Large Millimeter/submillimeter Array (ALMA), probe the cooler, outer disk
including rotational lines of molecules in addition to the thermal emission from
larger, mm to cm-sized, dust (Dutrey et al. 2014). Denser regions of the inner
disk midplane are hidden from view due to the optically-thick emission of the
dust and some key molecular species.

Computational models are thus used, in part, to connect and interpret these
observations that probe distinct regions of the protoplanetary disk. Given
the dependence of chemistry on temperature, density, and radiation in the
disk, both the physical conditions and chemical processes in the disk must
be modeled to determine disk compositions (see Henning and Semenov 2013).
Whereas early models of the solar nebula often relied on thermodynamic equi-
librium and condensation sequences, chemical kinetics are primarily used in
modern protoplanetary disks models. A numerical differential equation solver
is used to estimate the evolution of chemical abundances based on a select
set of chemical rate equations. Some of these rates are based on experimental
data, but many must be extrapolated or approximated for the low density, low
temperature environments (McElroy et al. 2013).

Together observations and computational modeling have allowed for the con-
struction of volatile budgets in protoplanetary disks (Pontoppidan et al. 2014).
In this context, volatile is used to refer to water and any substance that subli-
mates at lower temperatures than water. Observation-based estimates of the
abundance of certain volatile elements in the gas phase may be low compared
to expected cosmic abundance values. This is often attributed to the incor-
poration of these elements into solid dust grains and referred to as depletion.
Depletion has been used to explain low H2O and CO abundances observed
in the outer disk gas (Du et al. 2017; Favre et al. 2013; McClure et al. 2016).
However, these measurements have only been made for a small number of disks
to date. Determining whether C and/or O depletion is common in protoplan-
etary disks will require observations of a larger and more diverse sample. The
challenge for these analyses is that volatile element depletion is estimated rel-
ative to the H2 content of the disk, but as a homonuclear diatomic molecule,
H2 is largely unobservable under most disk conditions. Given the uncertainties
in total H2 gas content, a variety of methods for estimating volatile depletion
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are needed to approach this problem. Evaluating where volatile depletion oc-
curs and what causes it will inform our understanding of the distribution of
volatile elements such as carbon and nitrogen between gas- and solid-phase
planet-forming materials throughout the disk.

1.2 The Composition of Solid Solar-System Bodies
The bodies present in our solar system serve as evidence of the initial mate-
rials present in the solar nebula. However, macroscopic bodies in disks are
subjected to numerous environments and processes in the disk and during the
accretion, alteration, and differentiation of planetary building-blocks that alter
their volatile content (Marty 2012; Bergin et al. 2015). Final planet compo-
sitions are also affected by later gains and losses of volatiles through impacts
on their surfaces. The best tracers of ancient solar system materials are prim-
itive bodies including comets and certain classes of meteorites, carbonaceous
chondrites in particular (see Sephton 2002). These bodies are thought to have
undergone relatively little processing since their formation. Using a combina-
tion of remote observations, space missions, and laboratory analysis of samples
that have arrived on Earth, the composition of a subset of these bodies, which
serve as analogs of planetesimals and/or late-delivery volatile carriers, has been
measured. When comparing available volatile element measurements of solid
bodies throughout the solar system, two of the key trends that emerge are (1)
rocky bodies in the inner solar system, namely the bulk silicate Earth and me-
teorites, lack carbon relative to the interstellar dust particles from which they
formed (Lee et al. 2010), and (2) less of the total available nitrogen (based on
solar abundances) is incorporated into solid bodies relative to carbon (Bergin
et al. 2015). Identifying the planet/planetesimal-formation processes that are
able to replicate these trends will constrain the possible formation pathways
of the bodies in our solar system. The question of whether or not the compo-
sition of the Earth and our solar system is unique will depend on how common
the necessary processes are in extrasolar systems. Moreover whether the dom-
inant processes controlling solid body composition are general outcomes of
planet formation in a disk or occur more stochastically and/or in localized
environments will determine if these trends are universal.

Earth is currently the only planet known to host life. However, studies of
ancient terrain on Mars suggest the presence of potentially habitable environ-
ments in the past (e.g., Grotzinger et al. 2014). Relative to Earth, Mars is
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smaller, has a thinner atmosphere, and does not currently possess the con-
ditions necessary for liquid water to flow in abundance on its surface. Mars
represents a very different outcome of the terrestrial planet formation process.
Ongoing missions, including the Mars Science Laboratory (MSL) Curiosity
rover, are exploring the surface of Mars in search of biosignatures and indi-
cators of past environmental conditions. One of the key science objectives of
Curiosity’s ChemCam instrument (Maurice et al. 2012) is to inventory volatile
and life-enabling elements in the 3.6–3.8 billion year-old surfaces in Gale Crater
(Thomson et al. 2011). ChemCam is also tracking the presence of salts, which
trace aqueous chemistry and environmental conditions including acidity of past
fluids and have been detected in martian basins (see Ehlmann and Edwards
2014). Investigating the evolution of Mars and determining whether habitable
environments exist or ever existed on the planet will significantly contribute
to our understanding of the range of outcomes of terrestrial planet formation
(Ehlmann et al. 2016).

1.3 Thesis Chapter Summaries
In this thesis, I investigate elements that are essential for life on Earth and/or
indicators of habitable environments. I use chemical modeling and ALMA ob-
servations to investigate the evolution of the bulk carbon and nitrogen reser-
voirs in circumstellar disks. In addition, I analyze laser-induced breakdown
spectroscopy (LIBS) spectra to advance the tracking of salts on the surface of
Mars via emission lines from carbon, sulfur, and chlorine.

Following the introduction, Chapter 2 seeks to explain the low carbon abun-
dances observed in meteorites and the bulk silicate Earth relative to the inter-
stellar dust that seeded their formation. Destruction of solid, refractory carbon
grains in disks via oxidation and UV photolysis is modeled in a passively-
heated and uniformly turbulent disk around a T-Tauri star. Grain growth is
found to severely limit the release of carbon under these conditions. Distinct
disk environments present earlier in the disk lifetime may be needed to enhance
the loss of carbon from solid grains.

Chapter 3 investigates a nitrogen-based tracer, N2H+, as a supplement to CO
in determining the gas masses of disks. For older sources in particular, ac-
curate masses are crucial for characterizing the timescales of gas dissipation
and gas accretion by growing giant planets. ALMA detections of N2H+ in two
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5–11 Myr-old disks in the Upper Scorpius region indicate the presence of pre-
cursor ionized H2 gas in these mature disks. Relative to previously-observed,
gas-rich and CO-bright disks, the Upper Sco disks have enhanced N2H+/CO
flux ratios. These N2H+measurements provide additional constraints regard-
ing the disk mass and CO abundance of the observed sources in Upper Sco.
Based on a set of thermo-chemical disk models, the observed N2H+/CO flux
ratios in Upper Sco can be explained by selective depletion of CO relative to
N2 and H2 in the disk gas and are inconsistent with low (gas-to-dust mass
ratios < 100) H2 disk masses without CO depletion.

Chapter 4 furthers the analysis of one Upper Sco disk from Chapter 3. The
potential to constrain the mass of this disk is explored using the following com-
bination of strategically selected gas tracers: N2H+, HCO+, and C18O. A grid
of models varying disk mass, CO abundance, and cosmic-ray ionization rates
is used to determine how the emission of the selected gas tracers depends on
these parameters. The ratio of optically thin N2H+/C18O emission constrains
the CO abundance of the disk while the fluxes of individual species provide
mass sensitivity. However, the ionization level of the disk cannot be uniquely
constrained using this set of tracers and influences the CO abundance and disk
mass determinations.

Chapter 5 explores the volatile carbon chemistry of the inner disk, including
the terrestrial-planet-forming region in the disk midplane. In sources where
the outer disk gas appears to be depleted in CO relative to total H2, it has been
suggested that CO could be converted into less volatile carbon carriers. After
entering the hotter and denser inner disk, the fate of these carriers is modeled in
Chapter 5, including the release of these carriers into the gas once vaporization
conditions are reached and subsequent chemical processing. Carbon is rapidly
transferred from the outer disk carriers to CO in optically thin disk regions
near the disk surface, consistent with infrared observations. Inefficient vertical
mixing could result in the preservation of compositions unique to each carrier
in the disk midplane. However, the optical depth of the dust in these dense
regions will likely inhibit direct observations of the volatile carbon reservoirs
in the terrestrial-planet-forming region by JWST.

Chapter 6 evaluates the ability of the Laser-Induced Breakdown Spectroscopy
(LIBS) instrument ChemCam on the Mars rover Curiosity to detect salts,
which are indicators of past environmental conditions. LIBS analysis is per-
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formed on a set of sample pellets created with decreasing concentrations of
salt in a background of basalt in order to test for salt detections in materials
with compositions relevant to the martian surface. Elemental emission lines
of chlorine, carbon, and sulfur that respond to changes in chloride, carbonate,
and sulfate salt concentrations, respectively, are identified. These select line
are then used to determine ChemCam detection limits for these salts under
Mars-like conditions. Chlorine lines are the most readily usable for quantifi-
cation and detected in samples with &5–10 wt.% chloride, whereas carbon
and sulfur lines were more difficult to measure without interference and their
detection often required higher salt concentrations. This work is applicable to
future exploration of martian surfaces with ChemCam.

Chapter 7 provides concluding thoughts and future directions.
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Abstract The Earth and other rocky bodies in the inner solar system con-
tain significantly less carbon than the primordial materials that seeded their
formation. These carbon-poor objects include the parent bodies of primitive
meteorites, suggesting that at least one process responsible for solid-phase
carbon depletion was active prior to the early stages of planet formation. Po-
tential mechanisms include the erosion of carbonaceous materials by photons
or atomic oxygen in the surface layers of the protoplanetary disk. Under pho-
tochemically generated favorable conditions, these reactions can deplete the
near-surface abundance of carbon grains and polycyclic aromatic hydrocarbons
by several orders of magnitude on short timescales relative to the lifetime of the
disk out to radii of ∼20–100+ au from the central star depending on the form
of refractory carbon present. Due to the reliance of destruction mechanisms
on a high influx of photons, the extent of refractory carbon depletion is quite
sensitive to the disk’s internal radiation field. Dust transport within the disk
is required to affect the composition of the midplane. In our current model of
a passive, constant-α disk, where α = 0.01, carbon grains can be turbulently
lofted into the destructive surface layers and depleted out to radii of ∼3–10 au
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for 0.1-1 µm grains. Smaller grains can be cleared out of the planet-forming
region completely. Destruction may be more effective in an actively accreting
disk or when considering individual grain trajectories in non-idealized disks.

2.1 Introduction
The earliest stages of planet formation begin within a primordial disk of gas
and submicron-sized dust grains surrounding a young star, formed due to the
conservation of angular momentum through the collapse of a dense core in a
molecular cloud. This material inherited from the interstellar medium (ISM)
experiences a range of physical conditions and chemical environments. The
dust grains within the disk concentrate toward the midplane due to the grav-
itational pull from the central star over time, increasing their likelihood of
interaction. Dust grain aggregates are thought to grow through collisions,
forming bodies that are orders of magnitude larger in size than typical inter-
stellar dust as part of the planet formation process (e.g., Weidenschilling and
Cuzzi 1993).

Provided that the original grains are of approximately interstellar composi-
tion, the amount of carbon available at the onset of planet formation can be
roughly estimated. The carbon-to-silicon abundance ratio of the ISM is simi-
lar to that of the solar photosphere, C/Si∼10 (Bergin et al. 2015, hereinafter
B15; Grevesse et al. 2010). About 60% of carbon in the ISM is present in an
unidentified solid, and thus potentially refractory, form (Savage and Sembach
1996). Suggested components include graphite, amorphous carbon or hydro-
carbon grains with a combination of aliphatic-rich and aromatic-rich compo-
nents (Chiar et al. 2013; Jones et al. 2013), large organics, and/or polycyclic
aromatic hydrocarbons (PAHs). Once in the protoplanetary disk, carbon re-
tained in the gas phase is subject to accretion by the central star or gas-giant
planets or else to dissipation, ultimately being largely cleared from the disk.
Any remaining volatile carbon species would likely be found in the form of
ices in only the cold outer regions of the disk. In contrast, one would expect
more-refractory carbon sources with vaporization temperatures of 425–626 K
(Pollack et al. 1994; Lodders 2003) to be readily available and incorporated
into solid planetary bodies, including planetesimals, throughout the entire disk
except for the very innermost radii (.0.5 au from the central star, D’Alessio
et al. 2005) and the directly irradiated surface. However, observations of rocky
bodies in our solar system reveal a significant depletion in carbon compared to
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the progenitorial interstellar dust (see Table 2.1; Geiss 1987; Lee et al. 2010;
Pontoppidan et al. 2014; B15).

Table 2.1:
Bulk C/Si in Solar-system Bodies

Source C/Si

ISM (dust) 6
Earth (BSE) 0.001
Meteorites (CI, CM) 0.4–0.7
Meteorites (CO, CV) 0.07–0.08
Comets (Halley, dust) 6
Comets (Halley, gas + dust) 8
Comets (Sun-grazing) 0.08–0.2
Interplanetary Dust Particles (IDPs) 2

Note.—See Bergin et al. (2015) and sources therein

The C/Si ratio of the bulk silicate Earth (BSE; the entire Earth, including the
oceans and atmosphere, excluding the core) is about four orders of magnitude
lower than that of the interstellar dust that seeded its formation (B15). This
depletion of carbon could be the result of various events throughout Earth’s
formation and early stages, including devolatilization during processing of ac-
creted material or impact events and sequestration of carbon via core formation
(see B15 and references therein). However, carbonaceous chondrites, some of
the most primitive materials known in our solar system, also exhibit carbon
depletions (by one to two orders of magnitude; Wasson and Kallemeyn 1988)
relative to the interstellar value. This suggests that a significant amount of the
refractory carbon, which would have otherwise been incorporated into these
solid bodies at a level of ∼6× that of silicon, was destroyed early in the solar
system’s history and prior to the formation of rocky planets and differentiated
planetesimals.

Not all solid bodies in our solar system are carbon poor. The dust of comet
Halley has a C/Si ratio similar to that of the ISM (Pontoppidan et al. 2014;
B15) and anhydrous interplanetary dust particles (IDPs), argued to be of
cometary origin (Messenger et al. 2006), also have high carbon content. The
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increased carbon retention by these outer-solar-system bodies cannot be ex-
plained by volatile ices alone; at least 50% of the carbon in comets is thought
to be in refractory form (B15). Unlike Halley, the Sun-grazing comets resem-
ble carbonaceous chondrites in terms of carbon abundance. These differences
suggest that the mechanism responsible for refractory carbon destruction did
not operate uniformly throughout the solar system and may have been less
active in some comet-forming regions.

Evidence for carbon-deficient bodies is also found beyond our solar system.
Spectra of polluted white dwarf atmospheres provide an opportunity to view
the chemical composition of extrasolar planestimals. The strong gravitational
forces of white dwarfs are expected to deplete heavier elements from their pho-
tospheres on relatively short timescales. Therefore, heavy elements observed
in the atmospheres of white dwarfs are believed to have originated in rocky
bodies that are destroyed near the tidal radius and accreted by the star (Zuck-
erman et al. 2007; Veras and Gänsicke 2015). Elemental measurements reveal
these bodies to be carbon-poor with C/Fe ratios similar to those measured in
chondritic meteorites in our own solar system (Jura and Young 2014; Farihi
et al. 2016; Wilson et al. 2016).

Explaining the C/Si record of solid bodies in the solar system requires a mech-
anism that (1) selectively removes refractory carbon from the condensed phase
while leaving silicates intact, (2) operates prior to the formation of the parent
bodies of meteorites, (3) accounts for a range in carbon content among differ-
ent solar-system bodies, and (4) may be a common process that is not unique
to the specific conditions of our solar system. Once the disk enters the pas-
sive state, meaning that it is no longer accreting material from the interstellar
cloud and is heated mainly by irradiation from the central star, vaporization
of refractory carbon will be ineffective throughout most of the disk because
the dust temperatures are too low (D’Alessio et al. 2005).

Alternative destruction mechanisms include those driven by energetic radia-
tion. For example, photochemically activated oxidation of carbonaceous ma-
terial via chemical reactions with O-bearing species, including OH and free
atomic O, which can erode the surface of carbon grains releasing carbon into
the gas phase (Bauer et al. 1997; Finocchi et al. 1997; Gail 2001, 2002). Lee
et al. (2010) calculated that combustion through reactions with atomic O,
which is abundant in the photochemically active surface layers of the disk,
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can efficiently destroy carbon grains <10 µm in size and given sufficient ver-
tical transport in the disk, potentially explain the observed carbon deficien-
cies of rocky bodies in our solar system. Direct photochemical destruction
of refractory carbon sources, resulting in the ejection of small hydrocarbons,
represents an additional destruction mechanism. Alata et al. (2014, 2015)
experimentally investigated the rate of vacuum ultraviolet (VUV) photolysis
for interstellar hydrogenated amorphous carbon (HAC) analogs; whereas the
ability of large aromatic carbon species to survive photodissociation has been
evaluated through modeling by Visser et al. (2007). Siebenmorgen and Krügel
(2010) and Siebenmorgen and Heymann (2012) also explored the potential
for PAH destruction via more energetic extreme ultraviolet (EUV) and X-ray
photons.

Here we expand upon the work of Lee et al. (2010), exploring the possibility
that refractory carbon sources in the disk can be depleted before grains grow
to sufficient sizes and while most of the solid mass remains in 0.1–1 µm baseline
seed particles. We use a full chemical disk model to explore the oxidation and
photochemical destruction of two sources of refractory carbon: carbon grains
and PAHs. With this model, we attempt to estimate the efficacy of these
mechanisms throughout the disk and determine the radial distance to which
carbon can be depleted for comparison with our own solar system. Section 2.2
describes the disk model used in our analysis, while Section 2.3 provides the
results of the model and subsequent analysis of the capabilities of the proposed
destruction mechanisms. A discussion of the results is presented in Section 2.4
followed by a final summary in Section 2.5.

2.2 Model
Here we model a static, passive protoplanetary disk around a T-Tauri star,
a young, low-mass star thought to be similar to our early Sun. Chemistry
within the disk is predicted by solving a set of ordinary differential equations
describing the chemical reaction rates of the system. To the standard chemical
model, we add a source of refractory carbon, either carbon grains or PAHs,
and appropriate destruction mechanisms in order to track the abundance of
these sources throughout the disk.
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Figure 2.1: Physical conditions for our disk model: gas density (a), integrated
UV flux, 930–2000Å (b), gas temperature with dust temperature shown in
white contours increasing in intervals of 100.1K from 101.5K in the midplane
(c), and integrated X-ray flux, 1–20 keV (d) out to 100 au from the central
star.

2.2.1 Physical Conditions
To provide the conditions representative of a disk surrounding a typical T-
Tauri star, we use a physical disk model similar to that of Cleeves et al. (2013,
2015). The model is two-dimensional and azimuthally symmetric. To approx-
imate the dust distribution of an early disk, prior to substantial grain growth
and sequestration of mass in the midplane, we include a single population
of small dust (radii ≤1–10 µm) that follows the distribution of the gas. The
dust composition is 80% astronomical silicates (Draine and Lee 1984) and 20%
graphite. Although ice coatings on the dust may affect the resulting opacity
(Ossenkopf and Henning 1994), the model assumes the general approximation
of bare grain surfaces. Given our static model, these grains are considered only
for calculating the physical conditions of the disk and are not directly included
in the chemical reactions. This dust distribution therefore remains unchanged
as we destroy carbon-bearing grains. The gas and dust share a fixed radial
surface density profile described by a power law with an exponential cutoff,
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Σgas(R) = Σc(R/Rc)−1exp[-(R/Rc)] where Σc = 3.1 g cm−2 and Rc = 135 au
from Cleeves et al. (2013), and are related by assuming a vertically integrated
gas-to-dust mass ratio of 100. The total mass of the disk gas is 0.039 M�.

The UV field, including the propagation of Ly α photons, and the X-ray
radiation field within the disk were generated using a Monte Carlo radiative
transfer code as described by Bethell and Bergin (2011b,a). The input UV
spectrum is taken to be that observed for TW Hya (Herczeg et al. 2002, 2004).
The modeled X-ray spectrum has a total luminosity of 1029.5 erg s−1 between 1–
20 keV, corresponding to that of a typical T-Tauri star. The gas temperature
is estimated based on the computed UV field and gas density distributions
using the thermochemical models of Bruderer (2013), as described in Cleeves
et al. (2015). Figure 2.1 shows the final density, temperature, and radiation
distributions provided to the chemical model.

2.2.2 Chemical Network
The disk chemistry model combines the higher-temperature (.800 K) gas-
phase network of Harada et al. (2010) with the gas-grain network of Fogel et al.
(2011). In total, over 600 chemical species and nearly 7000 reactions are spec-
ified, including gas-phase reactions among ions, neutrals, and electrons; pho-
todissociation; X-ray and cosmic-ray ionization; gas-grain interactions (freeze-
out, sublimation, photodesorption, and cosmic-ray-induced desorption); and
formation of OH, H2O, and H2 on grains. The model is run for radii from
0.25 to 100 au from the central star, divided into a grid of 42 logarithmically
spaced radii each containing 45 linearly spaced vertical zones. With the excep-
tion of H2 and CO self-shielding, which are considered throughout the vertical
column, chemistry within each grid space is modeled independently. The disk
model is static, with no mixing between grid spaces. To this chemical network,
we added sources of refractory carbon as described in the following sections.

2.2.3 Sources of Refractory Carbon
Carbon Grains

The first source of refractory carbon included in our model is solid grains.
Different grain sizes are considered, with radii of 0.01–10 µm. Sizes are larger
than the average interstellar values to account for growth within the disk.
Large, ∼1–10 µm, silicate grains have been observed in emission at 10 and
18 µm originating from the irradiated layers. Modeling the grains as hav-
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ing compact, spherical structures provides an upper limit on the destruction
timescale. However, during growth due to collisions the aggregate structures
can become open. Laboratory experiments using dust analogs find that ini-
tial growth through collisions resulting in the sticking and freezing together
of individual particles leads to the formation of fractal structures (Blum and
Wurm 2008). In addition, interplanetary dust particles collected from Earth’s
atmosphere are described as typically being porous aggregates composed of
∼106 grains (Brownlee 1979). To account for porosity in our modeled carbon
grains, volume-enlargement factors from the collisional evolution simulations
of Ormel et al. (2007) are used. The resulting porosities are assumed to be
0% for the 0.01 and 0.1 µm grains, 88% for the 1 µm grains, and 96% for the
10 µm grains. The porosity (φ) represents the percentage of the grain volume
that is unoccupied. Compared to a compact configuration of atoms, a porous
grain of the same size will only contain (100-φ)% of the amount of carbon.

Oxidation of these carbon grains is modeled based on the approach of Lee
et al. (2010). An oxygen atom that collides with a carbon grain removes a
single C atom to form gaseous CO. Oxidation by OH is also possible (Bauer
et al. 1997; Finocchi et al. 1997; Gail 2001, 2002), but O is more abundant
in the photoactive surface layers of the disk. The reaction occurs at a rate
of Rox = ncgrnoσvoY , where ncgr is the number density of carbon grains, no

is the number density of oxygen atoms, σ is the cross-section of a carbon
grain, vo is the thermal velocity of an oxygen atom, and Y is the yield of
the reaction (Draine 1979, Y = 170 exp[−4430/Tgas] if Tgas > 440 K and Y =
2.30 exp[−2580/Tgas] if Tgas ≤ 440 K). The abundance of carbon grains is
determined by taking the initial abundance of refractory carbon and dividing
it by the number of carbon atoms per grain, equal to [ρcgr

4
3πr

3(100%−φ)]/mc

where ρcgr is taken to be the density of graphite, 2.24 g cm−3; r is the grain
radius; φ is the porosity; and mc is the mass of a carbon atom.

Photolysis rates for carbon grains of amorphous structure are taken from Alata
et al. (2014, 2015), who measured the production rates of hydrogen and small
hydrocarbons released from a plasma-produced HAC surface irradiated by
VUV photons. Methane was the C-bearing product of highest yield and is the
sole product considered here. The rate isRUV = ncgrσYCH4(ΦF UV

ISRF/1.69)FUV ,
where ncgr and σ are the same as above, YCH4 is the photo-production yield of
CH4 per incoming photon (∼8×10−4), ΦF UV

ISRF is the far ultraviolet (FUV) flux
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of the interstellar radiation field divided by 1.69 to convert from the Draine to
Habing values, and FUV is the FUV flux relative to the interstellar value from
the disk model. Here the term “photolysis” is used to refer to the photon-
induced release of small hydrocarbons from the surface of a grain containing
∼106 or more C atoms, distinct from the photodissociation of the PAHs, where
the structure of a .100 C atom molecule is broken resulting in the loss of small
hydrocarbons.

Small grains are also subject to destruction by higher energy, X-ray photons
through heating to the point of sublimation or grain charging increasing elec-
trostatic stress to the point of shattering. The conditions under which X-ray
radiation will lead to grain destruction have been estimated by Fruchter et al.
(2001) for emission from γ-ray bursts. X-ray emission from T-Tauri stars is
dominated by 1–2 keV photons. The energy deposited by these photons will
be insufficient to heat 0.01–10 µm grains above the sublimation temperature of
refractory carbon throughout most of the disk (Najita et al. 2001). Shattering
due to the buildup of electrostatic charge relies on successive interactions with
X-ray photons. However, in the protoplanetary disk, grains will cycle between
the surface and the midplane. Whereas X-ray ionization rates may dominate
at the disk surface, in denser gas toward the midplane recombination with
free electrons will be a competitive process potentially preventing the buildup
of charge on grains. Cosmic rays and high-energy X-rays, if present in these
dense layers, will be key sources of ionization in the inner disk resulting in
the production of free electrons (Igea and Glassgold 1999; Cleeves et al. 2015).
The susceptibility of silicate grains to shattering is slightly greater than that of
carbonaceous grains Fruchter et al. (2001). Therefore, this mechanism would
not selectively destroy carbonaceous grains and efficient reformation of silicate
grains would be required to explain the observed composition of solar-system
bodies. Further modeling is required to understand the effectiveness of X-rays
in reducing refractory carbon abundances.

PAHs

PAHs represent the second source of refractory carbon included in our model.
Refractory carbon is introduced initially as large, 50 C atom PAHs repre-
sentative of interstellar species. For comparison of destruction rates versus
PAH size, additional models start with 20 C atom PAHs to demonstrate the
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breakdown of smaller PAHs after some initial destruction in the disk. As
time progresses in the model, reactions with O, H, and OH dismantle the ini-
tial PAHs removing fragments containing ∼2 C atoms per reaction. Rates
involving small PAHs from pyrene (16 C atoms) down to a single aromatic
ring are from Wang and Frenklach (1997). Where necessary, reverse-reaction
rate coefficients are calculated using the thermodynamic data they provided.1
For larger PAHs, rates are taken as those of the analogous reaction (O, H, or
OH) with benzene as is the case for pyrene, phenanthrene, and naphthalene
in Wang and Frenklach (1997). Given that the specific structure of PAHs in
astrophysical environments is largely unknown, the molecular structure of the
large PAHs was not strictly considered aside from ensuring conservation of
mass within the reaction network.

Visser et al. (2007) provide UV photodissociation rates resulting in the loss
of two C atoms for PAHs of different sizes based on theoretical calculations.
These rates incorporate the modulated UV field, specifically the FUV field,
at each grid location in the disk. C2H is successively removed to break down
the larger PAHs and reaction products from the photodissociation of PAHs
smaller than pyrene were selected to mimic the oxidation reaction pathways
where appropriate.

The rate of photodissociation by X-ray photons follows Siebenmorgen and
Krügel (2010) using the cross-section for PAHs from Siebenmorgen et al.
(2004), NC × Cabs where NC is the number of carbon atoms per PAH and
Cabs ' 10−17 × 20E2.2 cm2 is the cross-section per carbon atom for photon
energies (E) greater than 20 eV. The energy-dependent cross section is multi-
plied by the X-ray flux distribution at E integrated over E = 1–20 keV. X-ray
photons carry enough energy such that a single interaction can dismantle an
entire 50 C PAH. In this case, we assumed the products of the reaction to be
small hydrocarbons in our reaction network containing four or fewer C atoms.
However, the photodestruction of large PAHs via X-rays has not been char-
acterized through laboratory experiments and the dispersion of energy from
X-ray photons among different molecular processes is not well known. Given

1We derive the reverse-reaction rate coefficient from kr = kf/K, where the forward
reaction rate coefficient provided is kf = AT n exp(−E/RT ), and A, n, and the activation
energy E are given by Wang and Frenklach (1997), R is the gas constant, and T is the gas
temperature. The equilibrium constant is given by K = exp(−∆G/RT ) = exp(−∆H/RT +
∆S/R) where ∆G, ∆H and ∆S are the change in the standard Gibbs free energy, enthalpy,
and entropy of the reaction.
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the uncertainty in how to define an X-ray photodissociation rate for large
PAHs (Voit 1992; Micelotta et al. 2010), we also tested models where X-ray
absorption resulted in the removal of C2H (analogous to the network used for
UV photodissociation of PAHs above) for reaction yields of 0.5 and 1.0.

The breakdown of PAHs with more than 60 C atoms may result in the pro-
duction of fullerenes, such as C60, that are highly stable and resistant to de-
struction. Berné et al. (2015) suggest that .1% of the instellar PAH abudance
may be in the form of C60. PAHs in the surface layers will likely have pre-
dominately neutral charge. Abundant PAH cations are not produced by the
radiation field of T-Tauri stars (Visser et al. 2007) and PAH anions will only
be present in denser regions of the disk toward the midplane. The inclusion
of PAH formation reactions is not important since we found the formation
of benzene (as a proxy) to be inefficient in comparison to the rate of PAH
destruction under the conditions in our disk model.

Model Setup

At the onset of the model, carbon is divided between the refractory and volatile
phases. Several iterations of the model were run with different initial forms
for the refractory carbon. This phase is represented by either carbon grains of
a single size and porosity (six different cases: R = 0.01, 0.1, 1, or 10 µm, and
for the larger two sizes: porous or non-porous structures) or PAHs (two cases:
initial PAHs of 50 or 20 C atoms in size). For the carbon grain scenarios, the
total abundance of carbon (∼2 × 10−4 relative to H, about the solar value;
Grevesse et al. 2010) is divided equally between the grains and the volatile
phase. In the case of the PAHs, an abundance of 1.5 × 10−5 C relative
to H, approximately the abundance observed in the ISM (Tielens 2005), is
distributed among the 50 or 20 C molecules. Volatile species are set to 1 ×
10−4 relative to H. Nearly all the volatile carbon is initially stored in CO (with
minor amounts in CN, C, HCN, C+, HCO+, H2CO, and C2H). All chemical
species are spread uniformly in abundance relative to H over the entire grid of
the disk at the beginning of the model run. Radial and vertical mixing within
the disk are not considered here.
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2.3 Results
A chemical model of an irradiated (passive) protoplanetary disk is used to
identify the regions where destruction of refractory carbon sources occurs.
Further analysis of the timescales of grain transport and the distribution of
grains within the disk allow for the estimation of the radial extent of refractory
carbon depletion due to the mechanisms described here.

2.3.1 Regions of Active Refractory Carbon Destruction
The model described in Section 2.2 is used to identify the locations in the
disk where oxidation and photochemical destruction could cause significant
depletion of refractory carbon sources. Figures 2.2 and 2.3 show the abundance
of refractory carbon remaining after running the model for 106 years, on the
order of the lifetime of a protoplanetary disk. Each panel illustrates a vertical
cross-section of the disk above the midplane with contours representing the
level of depletion of a particular refractory carbon source (with an abundance
relative to H of 10−4 representing zero depletion for the carbon grains and
1.5×10−5 likewise for the PAHs). Here the PAH abundance is considered to
be the total abundance of all aromatic components larger than benzene in
our model. As demonstrated in these panels, oxidation and photochemical
destruction are only operative near the disk surface. Whereas oxidation is
restricted to within a radius that depends fairly weakly on the size and nature
of the refractory carbon sources, photochemical destruction can be unlimited
in the radial direction out to at least 100 au.

Photochemical Destruction vs. Oxidation

In a passive disk, irradiation from the central star and the ISM produces envi-
ronmental conditions—temperatures of at least a few 100 K and high atomic
oxygen abundances—in the surface layers that allow oxidation to proceed at
an appreciable rate. The exponential dependence of the chemical kinetics on
the gas temperature is the main limiting factor toward the disk midplane. Ad-
ditionally, the dominant carriers of oxygen vary within the vertical column at
each radius. Atomic O is most abundant above the cool middle layers that
are protected from stellar photons, where H2O ice and other molecular forms
dominate, and below the surface of the disk where at radii .10 au ionized O+

begins to form. Radially, at a certain distance from the star the sufficiently
dense layers of the disk no longer reach the required temperatures and atomic
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Figure 2.2: Vertical cross-sections of the protoplanetary disk above the mid-
plane demonstrating the refractory carbon abundance relative to total hydro-
gen at 106 years for carbon grains with grain radii equal to 0.01 µm (a,b),
0.1 µm (c,d), and 10 µm with 96% porosity (e,f) including oxidation (a,c,e)
and UV photolysis (b,d,f).
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Figure 2.3: Vertical cross-sections of the protoplanetary disk above the mid-
plane demonstrating the refractory carbon abundance relative to total hydro-
gen at 106 years for PAHs containing 50 C atoms (a,c,e) and 20 C atoms (b,d,f)
including oxidation (a,b), UV photodissociation using the rates of Visser et al.
(2007, c, d), and X-ray photodissociation using the rates of Siebenmorgen and
Krügel (2010, e, f). Dashed contours indicate the abundances of 10−6 and
10−9 for successive removal of C2H by X-ray photodissociation of 50 C PAHs
(e).
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Figure 2.4: Abundance of refrac-
tory carbon in grains over time
in the middle of the destructive
regions at radii of 1 au (upper
plot) and 10 au (lower plot) in-
cluding destruction by oxidation
(red) and photolysis (blue). For
comparison, the vertical line de-
notes the amount of time grains
spend exposed to these condi-
tions throughout the disk life-
time. At 1.1 au, the 0.01 µm
grains are depleted within the
first time step due to UV pho-
tolysis.

oxygen abundances to activate oxidation and the reaction shuts off. This radial
cutoff occurs at ∼20–65 au depending on the refractory carbon source.

Photolysis occurs over a larger region of the disk due to the lack of temperature
dependence in the reaction rate. The layer to which UV photons reach extends
below the hot region where oxidation can occur and to larger radii in the disk.
However, the reaction is limited by the modulation of the UV field by disk
material, leaving the midplane of the disk shielded. UV photolysis of HAC
grains occurs down to interstellar UV levels, implying the need for reformation
of carbonaceous grains in the ISM (e.g., Jones and Nuth 2011), if they are
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Figure 2.5: Abundance of re-
fractory carbon in PAHs over
time in the middle of the de-
structive regions at radii of 1 au
(upper plot) and 10 au (lower
plot) including destruction by
oxidation (red), UV photodisso-
ciation (blue), and X-ray pho-
todissociation (magenta). For
comparison, the vertical line de-
notes the amount of time grains
spend exposed to these condi-
tions throughout the disk life-
time. At 1.1 au, the 20 C
PAHs are depleted within the
first time step due to UV pho-
todissociation. Rates of X-ray
photodissociation are shown for
entire PAH destruction by indi-
vidual X-rays (solid lines for 20
C PAHs, dashed lines for 50 C
PAHs) and successive removal of
C2H by X-rays with a yield of
1.0 and 0.5 (dotted lines for 20
C PAHs, dash-dotted lines for 50
C PAHs).

indeed of HAC composition as predicted by current interstellar grain models
(Chiar et al. 2013; Jones et al. 2013). UV photodissociation is only efficient
for small PAHs, occurring within the disk lifetime for sizes .24 C atoms and
FUV photons as shown by Visser et al. (2007). Significant depletion, by four
orders of magnitude or greater in total refractory C abundance, occurs deeper
in the disk for UV photodissociation on these small PAHs than for oxidation
or X-ray photodissociation. However, the vertical cutoff for photodissociation
of PAHs by X-rays is not as sharply defined as that in the UV. Minor amounts
of depletion, less than 0.01% of the total refractory C abundance, continue
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deeper into the disk approaching the midplane.

The timescales for UV photochemical destruction are faster than those of
oxidation for all carbon grain sizes and for small PAHs (Figures 2.4 and 2.5).
In the case of the PAHs, UV photodissociation will accelerate the depletion
of small PAHs following the destruction of 50 C PAHs via oxidation or X-
ray photodissociation. In comparison to X-ray photodissociation, oxidation of
PAHs occurs over a smaller region of the disk, but at a faster rate.

Carbon Grain and PAH Sizes

The extent of refractory carbon depletion has some dependence on the size and
structure of the carbon sources. Fig. 2.4 shows the abundance of the different
carbon grains over time at radii of 1 and 10 au in the surface layers where
rapid oxidation and photolysis are occurring. Larger and less porous grains
are destroyed more slowly because they have a smaller [cross-section]/[occupied
volume] ratio reducing the frequency of their interaction with O atoms and
UV photons. For the smaller or more porous grains, faster destruction rates
facilitate depletion over a larger range of vertical heights and, in the case of
oxidation, radii. The cutoff in disk radius for oxidation of different grain sizes
decreases from ∼65 au to ∼45 au for grain radii from 0.01 to 10 (porous) µm
in panels (a), (c), and (e) of Fig. 2.2 and down to ∼20 au for 10 µm compact
grains. There is no such radial cutoff within 100 au for photolysis until grain
sizes of 10 µm are reached, where depletion by a factor of 100 occurs beyond
100 au but depletion by 104 only occurs out to 80 au. In addition, the vertical
extent of depletion is slightly less for larger grains at large radii. At distances
of 10s of au, depletion occurs down to ∼4 scale heights above the midplane
for 0.01 µm grains vs. just above 5 scale heights for porous 10 µm grains.

Within 106 years, oxidation depletes abundances of the initial 20 or 50 C PAHs
by several orders of magnitude at radii out to 100 au in the surface layers of
the disk. However, this is only the first step. Breakdown of the subsequent
PAH products depends on the reaction rates of each of the following steps in
the network. PAH depletion occurs rapidly in the inner few au for all species.
Further out in the disk where conditions become less ideal for oxidation, the
results will be more dependent on the chemical pathways included in the model.
For the network selected here, in 106 years, all PAH species are cleared from
the surface layers as shown in Fig. 2.3 for radii .30 au regardless of initial
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size. However, where oxidation operates, the total abundance of C in PAHs
is lower when the PAHs start out in 50 C molecules as can be observed by
comparing the surface layers of the disk in panels (a) and (b) of Fig. 2.3.
Since the rate-limiting steps in the breakdown process are the destruction of
the smaller, 2- or 3-ring-containing species, the refractory carbon piles up in
these small PAHs. In breaking down the larger 50 C PAHs, a larger portion
of the total carbon has been removed in the form of small fragments before
reaching these bottleneck species. Starting with larger PAHs does slow down
the rate of carbon depletion by oxidation, as shown in Fig. 2.5.

UV photodissociation here only affects small PAHs. Large PAHs (greater than
24 carbon atoms, Visser et al. 2007) cannot be photodissociated by FUV ra-
diation within the disk lifetime and therefore can only be broken down by
oxidation or more energetic photons. The inclusion of EUV photons would
result in the break down of 50 C PAHs in addition to faster depletion of 20 C
PAHs in the uppermost layers of the disk, about 1–2 scale heights above the
current vertical cutoff for FUV photodissociation (Siebenmorgen and Krügel
2010). X-ray photodissociation rates are slower than those for FUV photons.
In the case of the complete dissociation of a PAH molecule by a single X-ray
photon, destruction occurs faster (Fig. 2.5) for the larger PAHs due to the
dependence of the absorption cross-section on the number of carbon atoms.
PAH destruction rates are decreased by an order of magnitude when consid-
ering the successive removal of C2H compared to complete dissociation of the
PAH molecule (Fig. 2.5), which also limits the radial and vertical extent of
PAH depletion (Fig. 2.3).

Chemical Modeling Summary

Figures 2.4 and 2.5 demonstrate that under favorable conditions present in the
surface layers of the disk, depletion of refractory carbon sources occurs very
rapidly compared to the disk lifetime. In terms of the chemistry, the amount
of refractory carbon destroyed in these regions can exceed that required to
explain the disparity among carbonaceous chondrites and the Earth relative to
the interstellar dust (1–2 and ∼4 orders of magnitude, respectively). As shown
in Fig. 2.2 and 2.3, these carbon-deficient regions in the surface layers reach
out beyond the terrestrial-planet- and asteroid-forming regimes of the disk.
However, material in the midplane remains largely unaffected by oxidation
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and photochemical destruction in the static chemical model.

2.3.2 Radial Extent of Refractory Carbon Depletion
The conditions required for oxidation and photochemical destruction become
less attainable (higher up in the disk) at larger distances from the central
star suggesting that there may be a radial cutoff beyond which the mecha-
nism is ineffective and refractory carbon will remain in the condensed phase
at abundances similar to the interstellar value. In contrast to snow lines, this
boundary, akin to the “soot line” described by Kress et al. (2010) for the abun-
dance of PAHs, would mark the location of an irreversible transition. Once
carbon in the inner disk enters the gas phase it will likely remain volatile given
the limited mechanisms available to return it to a more-refractory state. The
high abundance of refractory carbon in the ISM will cause a potentially drastic
change in the carbon chemistry from one side of the transition region, where
nearly all the cosmically available carbon would be in volatile form and—in the
warm inner disk—largely removed from the planetesimal formation process,
to the other, where about half of this carbon would exist in a more-refractory
phase and be available to be incorporated into forming planetesimals. There-
fore, estimating the radial extent of carbon depletion mechanisms such as
oxidation and photochemical destruction may allow us to relate the chemistry
of the disk to the carbon content of solar-system bodies.

As shown in Section 2.3, active oxidation and photochemical destruction of
refractory carbon is limited to the photochemically active surface layers. How-
ever, the majority of the disk material is concentrated in the midplane and it is
in this region that planet formation occurs. As suggested by Lee et al. (2010),
mixing within the disk could introduce dust from these deeper layers into the
destructive regions causing depletion throughout the vertical column. Turbu-
lent motion is thought to counteract dust grain settling, continually stirring
up disk material and maintaining the presence of grains in layers high above
the midplane (Weidenschilling and Cuzzi 1993; Dullemond and Dominik 2004;
Ciesla 2010). Fully assessing the extent to which destruction in the surface
layers could affect material in the midplane requires a treatment of dust evolu-
tion and transport including processes such as growth, settling, fragmentation,
and radial drift. The extent will further depend upon the underlying mecha-
nism driving disk accretion and causing the turbulent motions throughout the
disk. The dominant radial flow in the disk midplane is inward, but there is
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also evidence for outward transport in the solar nebula (e.g., crystalline sil-
icates found in the comet Wild 2 by the NASA Stardust mission, Brownlee
et al. 2006) that could carry carbon-depleted materials from close to the Sun
to larger radii. Given these complexities, here we start by only considering
the limit where vertical motion is more rapid than this radial transport and
where the turbulence in the disk is characterized by a constant value of the
Shakura & Sunyaev α parameter ranging from 10−4 to 10−2 (Hartmann et al.
1998; Mulders and Dominik 2012).

The vertical height to which grains can be suspended due to turbulent motion
is estimated by comparing the timescale of grain stirring to that of grain
settling throughout the disk as described by Dullemond and Dominik (2004)
and used by Lee et al. (2010). The stirring timescale (tstir = Sc(z)z2/[αcsH])
describes the amount of time required for grains to diffuse to a height z above
the midplane, effectively describing the time required for components within
a vertical column between the midplane and z to become well-mixed. The
Schmidt number, Scz, is assumed to equal one such that the small particles
considered here are perfectly coupled to the turbulence. This number can
greatly exceed one in the low-density, upper layers of the disk making the
stirring timescale used here a lower limit. In addition to the height above
the midplane, tstir depends on the level of turbulence parameterized by α

(a more turbulent disk has shorter stirring timescales) and the temperature
structure of the disk, which affects the sound speed cs(z) and disk scale height
H = cs(0) / ΩK , where ΩK is the Keplerian rotation rate at radius R. The
settling timescale (tsett =[4σcs(z)ρgas(z)]/[3mΩ2

K ]) is shorter for larger and
more compact grains due to its dependence on the cross-section/mass ratio
[σ/m = 3/ (4ρcgr(100% − φ) r)] of the grains but is also affected by the
disk temperature and density [ρgas(z)] structure. Grains can be lofted up
to a maximum height, where tstir = 100 × tsett, above which the downward
gravitational force sufficiently overcomes the turbulent motion causing grains
to be completely settled out.

Figure 2.6 shows the maximum height reached by grains of sizes 0.01–10 µm
within the disk lifetime given the conditions in our physical disk model. Due
to their longer settling times, smaller and more porous grains can reach heights
closer to the disk surface. Excluding the larger (1–10 µm) compact grains, all
other grains can be lofted into the photo-destructive layer shown in Fig. 2.2
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Figure 2.6: Maximum height to
which carbon grains of sizes 0.01
and 10 µm, porous (φ) and com-
pact, can be lofted for different
levels of disk turbulence param-
eterized by α = 10−4–10−2. For
reference, the height of the UV
destructive layer for 0.01 µm car-
bon grains is indicated by the
dotted line and the disk surface
by the dash-dotted line.

out to radii of nearly 100 or more au for sufficiently turbulent disks (α =
10−3–10−2). This distance is only ∼10–100+ au for compact 1 µm grains and
0–2 au for compact 10 µm grains for the same range in α. At low α, tstir

approaches the disk lifetime of several million years and therefore restricts the
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upward mobility of grains of all sizes. For α = 10−4, only grains smaller or
more porous than compact 1 µm grains can be lofted into the photo-destructive
layers and within a limited distance from the star of ∼15 au.

PAHs in the gas phase would remain coupled to the gas, similar to the small
carbon grains, and are not subject to settling. However, given that hydro-
carbons have a sublimation temperature of ∼400 K (B15), in dense regions of
the disk where the chance of interaction with grains is high, PAHs will likely
freeze out and remain on grain surfaces. We would expect these PAHs to at-
tach mainly to the smallest grains because they represent the largest surface
area. Therefore, in the limit where all of the PAHs are frozen out, the results
would be similar to those of the 0.01 µm grains. PAHs that evade interaction
with grains would be destroyed at the rates presented in Section 2.2.3 at the
disk surface where conditions are appropriate for oxidation, but would remain
largely unaffected in deeper layers of the disk.

Even if grains are able to reach the heights where destruction occurs within the
disk, the amount of time grains spend at those heights is equally important to
ensure their destruction. Where the stirring timescale is short compared to the
disk lifetime, grains will cycle through the vertical column multiple times. In
lower α disks with longer stirring timescales, grains tend to experience longer
excursions through a smaller number of different environments. Alternatively,
in higher α disks with shorter stirring timescales, grains rapidly change en-
vironments spending brief intervals of time in each one (Ciesla 2010). The
average time spent in a particular region over multiple stirring cycles ends
up being only weakly dependent on α, however, and related primarily to the
density structure of the disk. Here the fraction of the disk lifetime that an
average grain spends above a height z is taken to be approximately the ratio
of the integrated gas density above height z to the total gas density of the
vertical column above the midplane.

Figure 2.7 compares the time spent at heights above the midplane for a disk
lifetime on the order of 106 years to the time required to deplete the 0.1 µm
grains by one order of magnitude. Although carbon grain destruction oc-
curs rapidly, grains would only be exposed to destructive conditions several
scale heights above the midplane for ∼1–10 years for oxidation or ∼100–1000
years for photolysis. Where the depletion timescale, represented by the filled
contours in Fig. 2.7, is longer than the exposure timescale and therefore a
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filled contour crosses over solid contour lines corresponding to comparable or
shorter amounts of time, depletion of refractory carbon in 0.1 µm grains can
occur within the disk lifetime. For UV photolysis in panel (a), the crossover
occurs around 10 au, where the depletion and exposure times are on the order
of 10 years. In comparison, this crossover occurs at ∼0.5 au for oxidation.
These numbers represent upper estimates because they assume that the par-
ticles spend all of their time behaving aerodynamically as small monomers.
This may be true in very turbulent cases, where collisions become destructive
and prohibit growth or if grains are part of very porous aggregates. Growth
to large or more compact aggregates may limit the time spent at these higher
altitudes (Krijt and Ciesla 2016).

In the exposure time, refractory carbon abundances can be depleted to the
levels observed in solar-system bodies out to maximum radii shown in Fig-
ure 2.8. For 0.01 µm grains, the maximum is about 3–5 au for depletion levels
similar to the carbonaceous chondrites via oxidation. However, UV photolysis
will clear out these grains throughout the planet-forming region. Larger, from
compact 0.1 to porous 1 µm, grains are depleted out to less than 1 au via
oxidation but 3–10 au via photolysis. Once carbon has been incorporated into
grains of 10 µm or larger (or compact 1 µm grains), it will likely survive these
processes and remain in refractory form with the exception of porous grains
in very turbulent disks within 1 au. For a constant-α disk, depletion requires
sufficient turbulence to allow for lofting of the grains into the surface layers
within the disk lifetime. Values of α ∼10−2 are needed to deplete carbon from
1 µm grains out to even a few au. For lower turbulence disks, depletion is
limited to submicron grain sizes out to a few au (α=10−3) or 0.01 µm grains
out to ∼10 au (α=10−4).

The sizes of the depleted regions in the surface layers of the disk from Fig. 2.2
represent the upper limit for the radial extent of carbon depletion assuming
perfectly efficient transfer of material from the midplane to the surface and
sufficient exposure times to destruction mechanisms. The actual extent of
depletion in the midplane will almost certainly be less and highly dependent
on the transport processes, grain evolution, and the temperature and density
structure within the disk. In the simplest case of a constant-α model with our
physical disk structure, depletion of submicron to micron-sized carbon grains
can occur within .3–10 au in turbulent disks and average interstellar-sized
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Figure 2.7: Comparison of the time grains are exposed to the conditions above
heights outlined in contours to the time required to deplete the abundance of
0.1 µm carbon grains by an order of magnitude via UV photolysis (a) and
oxidation (b) represented by the filled contours. The dotted line represents
the radius beyond which the depletion time is less than the exposure time and
the 0.1 µm carbon grains will mostly survive. As discussed in the text, the
exposure time does not strongly depend on the choice of α regarding the disk
turbulence.

carbon grains can be cleared out of the planet-forming region.

2.4 Discussion
The analysis of the potential refractory carbon depletion due to oxidation
and photochemical destruction depends on several unconstrained factors. The
extent to which grains can be destroyed depends on their growth rate. Smaller
grains are destroyed faster and can be lofted higher allowing them to reach the
surface layers more easily. Larger grains are more likely to survive destruction.
Therefore, the effectiveness of this destruction mechanism depends on the
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Figure 2.8: Maximum radii where depletion in the midplane can occur—where
grains can be turbulently lofted to a height multiple times within the disk
lifetime and the time to deplete the carbon grain population is shorter than the
total fraction of the disk lifetime that grains spend at that height—for different
grain sizes, levels of turbulence, and levels of carbon abundance depletion
including oxidation (red) and photolysis (blue).

timescale and efficiency of grain growth. When growth is accompanied by
collisional erosion and fragmentation, maintaining a constant supply of small
grains in the disk, photochemical destruction and combustion remain effective.
However, the formation of sufficiently large bodies that sweep up small dust
grains prevents the small grains from traveling efficiently from the midplane
to the surface (Krijt and Ciesla 2016) and therefore hinders the destruction of
refractory carbon.

The locations where the tested destruction mechanisms occur at an appreciable
rate depend on the radiation field and temperature structure (for oxidation)
within the disk. In order to have sufficient UV photons for photochemical
destruction of refractory carbon in disks around low-mass stars where the UV
field is dominated by accretion luminosity, the star must be accreting. The
current analysis is based on an approximately solar-mass star. Increasing the
stellar mass and therefore its luminosity would result in a warmer disk and
potentially extend the distances out to which destruction can occur. However,
changing the stellar mass would alter the input stellar irradiation field as well,
which is a topic to be explored in future work. The assumed disk properties are
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also important. Younger disks may be more massive, preventing radiation from
penetrating as deeply into the disk affecting both the temperature structure
and atomic O abundances, causing the photoactive and oxidative regions to
be higher above the midplane away from the majority of the disk material.
An active disk undergoing accretion and potentially subject to large bursts
of episodic accretion similar to those of FU Orionis objects will have a vastly
different temperature profile than the passive disk modeled here. Warming
dense regions of the disk may increase the effectiveness of oxidation throughout
the disk.

Furthermore, this analysis depends on the composition, optical properties,
and distribution of materials within the disk. Dust grains may not have pure
carbon surfaces and in cooler regions of the disk may be coated in volatile ice.
This would reduce the efficiency of destruction mechanisms tested here. The
change in opacity due to icy mantles could also alter the modeled temperature
distribution in the disk. However, evidence suggests that ice coatings may not
be a concern for this analysis. Observed water emission due to UV desorption
of water ice from grains in the outer disk is relatively weak. This may be the
result of differential settling where larger, ice-coated grains typically reside
below the UV-irradiated layers and the small grains above have bare surfaces
(Hogerheijde et al. 2011). Additional settling of dust grains, approximated by
increasing the fraction of the dust mass in larger grains and restricting the
large grain population to lower scale heights, has little effect on the location
of the high temperature (>100 K) gas in our model.

Mass transport within the disk is required in order for this mechanism to
reproduce the observed carbon deficit in solar-system bodies relative to in-
terstellar dust. In the constant-α model, sufficiently turbulent disks are able
to loft grains above the midplane. However, increasing the amount of time
grains spend exposed to destructive conditions requires some asymmetry in
their vertical motion that would cause them to spend additional time in the
upper layers of the disk. Consideration of different angular momentum trans-
port processes may be important for this analysis. For example, a disk model
including wind-driven accretion, where Bai and Stone (2013) found that at
1 au the accretion flow occurs in a thin layer offset from the midplane by
multiple scale heights, may alter the patterns of dust migration relative to
the destructive regions. To further explore grain motion, a numerical (i.e.,
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non-ideal) turbulent disk model could be employed, coupling dust evolution to
the physical and chemical state of the disk and allowing timescales and lofting
heights to be determined by averaging over the trajectories and lifetimes of in-
dividual grains in the simulation (Ciesla 2010, 2011). Ultimately, such models
could be combined with dust coagulation and planetesimal formation scenarios
to provide a quantitative assessment of the refractory carbon distribution in
the disk prior to and through the formation of planetesimals.

2.5 Conclusion
We ran a chemistry model for an irradiated, passive disk, including destruc-
tion mechanisms for solid carbon grains and PAHs – two potential sources of
refractory carbon that could have been inherited from the ISM and present
in the protoplanetary disk. Oxidation and photochemical destruction rapidly
deplete refractory carbon but are limited to the photochemically active surface
layers of the disk. Oxidation and photolysis of large grains are further limited
within a particular radial distance depending on the size and structure of the
refractory carbon source. The maximum radial distance to which refractory
carbon can be oxidized at the surface is ∼20–65 au after 106 years for the
0.01–10 µm grains and ∼30 au for PAHs whereas photochemical destruction
can extend out to 100+ au.

Motion of grains within the disk is required to deplete refractory carbon at
the midplane to the levels observed in solar-system bodies. This motion is
difficult to model analytically. Approximations for the timescales of the aver-
age motion of dust grains are used to constrain the extent to which refractory
carbon can become depleted at the midplane. For our model of a passive,
constant-α disk with high turbulence, carbon grains smaller or more porous
than compact 10 µm grains (and PAHs frozen to their surfaces) can be lofted
into the destructive regions within 10–100+ au from the central star but their
depletion is limited by the amount of time they are exposed to the destruc-
tive conditions. UV photolysis has proved to be an important mechanism in
depleting refractory carbon. The fast reaction rates allow for destruction of
grains in the surface layers of the disk even if they spend very little time there
and the lack of temperature dependence extends the destructive region to any
surface layers with sufficient UV radiation.

Early on in planet formation, cm-sized and larger “pebbles” are built up
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through the interaction of smaller grains starting with interstellar sizes and
compositions. These initial small grains will be subjected to physical and
chemistry processes in the protoplanetary disk. While these grains remain
small, photolysis (and to a lesser extent oxidation) can selectively erode the
refractory carbon component of the population releasing it into the volatile
phase in the inner portions of the disk. Photolysis can destroy the 0.01 µm
carbon grains throughout the planet-forming region of the disk assuming suf-
ficient turbulence. However, the 0.1–1 µm grains may be a more significant
source of material for planetesimals. If the primordial grain size distribution
is similar to that of the ISM, small grains will represent most of the surface
area but the bulk of the mass will be in the 0.1–1 µm grains. Once grains
reach 10 µm in size they will be largely unaffected by oxidation and photo-
chemical destruction unless they are broken down and rebuilt from smaller
grains. Therefore, in order to be effective, destruction of refractory carbon
grains will need to occur early in the lifetime of the disk prior to significant
grain growth and the building of planetesimals.

Based on our model, submicron to micron-sized carbon grain abundances can
be depleted down to the levels of the carbonaceous chondrites and planetesi-
mals sampled in the atmospheres of polluted white dwarfs out to a few to 10 au
in sufficiently turbulent disks. Interstellar-sized grains can be cleared out of
the planet-forming region of the disk in such turbulent disks and up to ∼10 au
even in disks with lower turbulence. However, this analysis depends on several
unconstrained parameters in the disk including the temperature and density
structure, the amount of turbulence present, and the nature of the carbon
sources. Further exploration of refractory carbon depletion in protoplane-
tary disks may therefore require consideration of alternative disk structures,
dust transport, and/or accretion mechanisms. Ultimately, estimating the effi-
cacy and radial cutoff of refractory carbon destruction mechanisms within the
protoplanetary disk, including oxidation and photochemical destruction, may
provide an explanation for the carbon content of planetary bodies in our solar
system and how it relates to their place of origin.
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2.7 Appendix
Regions of the disk where active depletion of refractory carbon occurs are
determined by the physical conditions present. Figure 2.A1 aids in the direct
comparison of the abundance of refractory carbon after 106 years for models
shown in Figures 2.2 and 2.3 to the gas temperature and radiation fields from
Figure 2.1 for select radii.
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Figure 2.A1: Vertical profiles relative to the disk scale height (H) of refractory
carbon abundance (solid lines) after 106 years on the left axis and gas temper-
ature (red dotted line), integrated UV flux (purple dotted line), and integrated
X-ray flux (cyan dotted line) normalized to the maximum value for each radius
on the right axis. Models of oxidation, UV and X-ray photodissociation of 0.01
and porous 10 µm carbon grains (black and gray solid lines, respectively) and
50 and 20 C PAHs (blue and green solid lines, respectively) are shown. See
Section 2.2.3 for further description of these models. Maximum values used
for normalization are 4200 K, 2.9×106 G0, and 4.8×109 photons cm−2 s−1 at
1.8 au; 4200 K, 6.6×104 G0, and 1.4×109 photons cm−2 s−1 at 10 au; and
4200 K, 2.5×103 G0, and 4.9×107 photons cm−2 s−1 at 50 au.
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Abstract The lifetime of gas in circumstellar disks is a fundamental quan-
tity that informs our understanding of planet formation. Studying disk gas
evolution requires measurements of disk masses around stars of various ages.
Because H2 gas is unobservable under most disk conditions, total disk masses
are based on indirect tracers such as sub-mm dust and CO emission. The
uncertainty in the relation between these tracers and the disk mass increases
as the disk evolves. In a few well-studied disks, CO exhibits depletions of
up to 100× below the assumed interstellar value. Thus, additional tracers
are required to accurately determine the total gas mass. The relative lack of
nitrogen found in solid solar system bodies may indicate that it persists in
volatile form, making nitrogen-bearing species more robust tracers of gas in
more evolved disks. Here we present Atacama Large Millimeter/submillimeter
Array (ALMA) detections of N2H+ in two mature, ∼5–11 Myr-old disks in the
Upper Scorpius OB Association. Such detections imply the presence of H2-rich
gas and sources of ionization, both required for N2H+ formation. The Upper
Sco disks also show elevated N2H+/CO flux ratios when compared to previously
observed disks with &10× higher CO fluxes. Based on line ratio predictions
from a grid of thermochemical disk models, a significantly reduced CO/H2
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abundance of <10−6 for a gas-to-dust ratio of &100 is required to produce the
observed N2H+ fluxes. These systems appear to maintain H2 gas reservoirs
and indicate that carbon- and nitrogen-bearing species follow distinct physical
or chemical pathways as disks evolve.

3.1 Introduction
The formation of planets in a circumstellar disk is enabled and controlled
by the quantity of gas present. Interactions between the gaseous and solid
components of the disk play a crucial role in disk dynamics and the initial
stages of planet formation (e.g., Weidenschilling and Cuzzi 1993). Following
coagulation of micron-sized dust grains into larger particles, the efficiency of
further planetesimal growth through streaming instabilities depends on the
ratio of gas to solids in the disk (Youdin and Goodman 2005). Gas giant plan-
ets are generally thought to form through runaway accretion of disk gas onto
sufficiently large planetary cores. The timescales for both the formation and
migration of these planets in the disk are limited by the eventual dissipation
of disk gas. Furthermore, the exact timing of gas dissipation may determine
whether forming-planets become rocky super-Earths or gas giants (e.g., Pol-
lack et al. 1996; Ansdell et al. 2016; Lee and Chiang 2016). The lifetime of
disk gas therefore affects both the likelihood of forming of planetary systems
and their final architectures. Key components of our theoretical understand-
ing of planet formation depend on estimations of the total disk gas mass over
time. Nevertheless, observationally characterizing the gas content of disks of
different ages is challenging.

The bulk of disk gas present is expected to be primordial throughout the disk
lifetime, inherited from the parent molecular cloud. This gas is removed from
the disk as it evolves, first mainly via viscous accretion. Photoevaporation
dominates dispersal for the outer radii and for the disk overall at later evo-
lutionary stages, progressing rapidly outward once the inner disk is depleted
(Alexander et al. 2014). In this scenario, we would expect to find the last
remaining primordial gas in outer regions of the disk. However, the mech-
anisms for gas dissipation are still largely unconstrained. In particular, the
effects of photoevaporation depend on the relative flux of FUV, EUV, and
X-ray photons attenuated by disk material (Gorti et al. 2009).

Although gas dissipation itself can be observed directly for the hot disk surface
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through ion emission (e.g., Pascucci et al. 2011), the evolution of the bulk gas
disk must be estimated through measurements of disk masses for systems of
different ages. H2 is the main component of the primordial gas, but does not
emit strongly under most disk conditions, resulting in the need for indirect
tracers of disk mass. Tracers of inner disk gas include UV continuum excess
and H recombination lines, which measure accretion rates; H2 electronic tran-
sitions; and, for radii out to 50 AU, Spitzer observations of cooling lines at
infrared wavelengths (Alexander et al. 2014). Hydrogen deuteride (HD) has
also been used as a gas tracer for a small number of disks through Herschel
measurements (Bergin et al. 2013; McClure et al. 2016), but further use of
this tracer is limited by the current lack of instrumentation capable of mak-
ing these measurements. For older disks and the determination of bulk disk
masses, observations of the outer, optically thin regions of the disk are re-
quired. Conventional, indirect tracers of the outer disk include (sub-)mm dust
continuum and CO isotopologue emission. Estimating the total gas mass of
the disk based on these tracers relies on several assumptions, and the validity
of these assumptions becomes increasingly questionable with the age of the
system as grain growth, gas dispersal, and CO depletion invalidate the use of
canonical CO/H2 and dust/H2 ratios.

Observations of sub-mm continuum from optically thin dust reveal the total
disk dust mass in grains of cm size or less. Larger solid bodies are unde-
tectable. Furthermore, dust masses depend on assumptions regarding the dust
properties including the opacity. After measuring the dust mass, an assumed
gas-to-dust mass ratio is required to estimate the gas mass of the disk. Even if
the assumed interstellar value of 100 is valid for disks shortly after formation,
this value becomes highly uncertain after several million years of gas and dust
evolution. In particular, growth and inward migration of dust may deplete the
outer disk of dust particles. Observations of several disks find that the outer
edge of the dust disk is interior to that of CO emission, potentially providing
evidence of inward radial drift of solid particles (e.g., Andrews et al. 2012;
Zhang et al. 2014).

CO has many advantages as a bulk gas tracer because it is an abundant com-
ponent of the gas, emissive, and resistant to freezeout (having a condensation
temperature of ∼20 K). However, the spatial and temporal behavior of the
CO/H2 abundance ratio in the disk is not well understood. A combination
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of Atacama Large Millimeter/submillimeter Array (ALMA) CO isotopologue
and Herschel HD measurements reveal CO/H2 ratios of up to 5–100× below
the canonical interstellar value for the three protoplanetary disks with HD
detections by Herschel (Favre et al. 2013; McClure et al. 2016). Resolved CO
isotopologue emission shows depletion of CO even interior to the CO snowline
(Schwarz et al. 2016; Zhang et al. 2017). Surveys of nearby star-forming regions
also observe lower-than-expected emission from CO isotopologues, indicative
of low gas-to-dust ratios and/or widespread CO depletion (Ansdell et al. 2016;
Long et al. 2017; Ansdell et al. 2017). Given the young age of some of these
regions, this could indicate that significant CO depletion occurs within 1–3
Myr. Chemical reactions can cause removal of CO from the gas (e.g., Bergin
et al. 2014; Reboussin et al. 2015; Yu et al. 2016), but only result in the loss
of up to an order of magnitude of CO from the warm molecular layer under
the right disk conditions (Schwarz et al. 2018). Physical disk processes are
therefore needed to explain further depletion (e.g., Krijt et al. 2018). With-
out proper evaluation of the CO/H2 abundance ratio, disk gas masses may be
severely underestimated.

Addressing this problem requires additional tracers of the disk gas. Here we
investigate another abundant element, nitrogen. Relative to carbon, a smaller
fraction of the total available nitrogen abundance (based on the solar value)
is found in meteorites and comets (Bergin et al. 2015). The Rosetta mission
has revealed a lack of nitrogen in both the volatile ice and refractory phases of
comet 67P/Churyumov-Gerasimenko (Rubin et al. 2015; Fray et al. 2017). In
fact, comets with high N2/CO abundance ratios, similar to the estimated value
for the solar nebula, are rarely observed (Biver et al. 2018). This may indicate
that CO, and perhaps carbon in general, is better captured and/or retained in
solid bodies than volatile nitrogen. If not efficiently locked into solid bodies via
the planetesimal formation process, the remaining volatile nitrogen may have
lingered in the gas phase. Under such conditions, nitrogen-bearing species
would be more robust tracers of gas in older, more evolved disks than CO. We
aim to investigate this hypothesis.

Nitrogen in the disk is thought to mainly reside in the form of N2 (Schwarz and
Bergin 2014), which has similar volatility to CO (Bisschop et al. 2006; Fayolle
et al. 2016), but unfortunately is not emissive under typical disk conditions.
However, N2H+, a product of N2 and ionized H2, is observed in a large number
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of disks (e.g., Öberg et al. 2010, 2011). Because H2 is a required precursor
and the chemical lifetime of N2H+ is relatively short, N2H+ detections also
indicate the presence of H2-rich, primordial gas. N2 has a higher proton affinity
than H2, promoting the generation of N2H+ from H+3 in ionized H2 gas. In
contrast, abundant N2H+ is not expected in gas generated from the destruction
of volatile-rich solid bodies because the proton affinity of N2 is lower than that
of H2O, the major volatile component of comets. This is supported by analysis
of the ion chemistry of comet 67P, which reveals that the dominant ion species
generated are produced from neutral species with proton affinities higher than
that of H2O (Heritier et al. 2017).

Furthermore, the proton affinity of N2 relative to that of CO results in the
abundances of N2H+ and CO being interdependent. In addition to recom-
bination with electrons, proton transfer to CO represents one of the main
destruction pathways of N2H+, whose abundances and fluxes are therefore
sensitive to changes in CO abundance. For this reason, N2H+ has been used
as a tracer of the CO snowline in protoplanetary disks (e.g., Qi et al. 2013b).
Physical/chemical disk models find that both the N2H+ column density and
emission tend to peak beyond the CO snowline, but the exact location where
they peak depends on disk conditions (Aikawa et al. 2015; van ’t Hoff et al.
2017). van ’t Hoff et al. (2017) identified two regions in the disk where N2H+

appears: a layer extending from the midplane beyond the CO snowline and a
layer near the disk surface. The surface layer results from N2 having a slightly
lower photodissociation rate than CO when self-shielding by both species is
taken into account, and is present when the N2/CO abundance ratio exceeds
0.2. It appears that both the absolute CO abundance and the N2/CO ratio
are key parameters in determining the N2H+ abundance.

Here we use ALMA to search for N2H+ emission in two disks in the Upper
Scorpious OB Association in order to investigate the use of N2H+ as an indi-
cator of disk composition and mass. Disks in Upper Sco are estimated to be
∼5–11 Myr old (Preibisch et al. 2002; Pecaut et al. 2012), probing the end of
primordial disk evolution and ages around the typical timescale for gas dissipa-
tion. Section 3.2 describes our observations and results including comparison
to previous studies. Our grid of thermochemical disk models is introduced and
used to interpret our observations in §3.3 and our results are discussed in §3.4.
We present our conclusions in §3.5.
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Table 3.1: Source Properties.

Source Stellar Properties
SpT log(M∗/M�) log(L∗/L�) log(T∗/K)

J160900-190852 K9 -0.19(-0.05, +0.05) -0.45 ± 0.15 3.59 ± 0.01
J160823-193001 K9 -0.18(-0.04, +0.05) -0.59 ± 0.15 3.59 ± 0.01

Disk Properties
Geometry Dust Mass (M⊕)a

J160900-190852 Full 13.50 ± 3.34
J160823-193001 Full 13.94 ± 3.45
aBarenfeld et al. (2016)

3.2 Observations
3.2.1 ALMA Cycle 3 Observations
The two disks, J160900-190852 and J160823-193001, were selected based on
previous ALMA continuum and CO J=3–2 observations from a Cycle 0 sur-
vey of Upper Sco by Carpenter et al. (2014). The disks chosen have readily
detectable CO rotational emission, indicating the presence of molecular gas.
Both stars are of spectral type K9 and their disks have similar dust masses
of 13–14 M⊕ (Barenfeld et al. 2016). Table 3.1 describes properties of our
selected sources.

ALMA Band 7 observations (PI: Anderson,
2015.1.01199.S) were taken with the 12 m array during Cycle 3 in 2016 March.
Baselines ranged from 15.1 to 460.0 m using 38–41 antennas. The on-source
integration time was ∼1.8 hr per source. The desired target was the N2H+

J=3–2 line at 279.511 GHz. Five spectral windows were used to capture emis-
sion lines each with a bandwidth of 117.19 MHz. These windows were centered
at 279.533 GHz for N2H+ and 281.549, 282.403, 282.942, and 293.935 GHz for
potential additional tracers: H2CO 4(1,4)–3(1,3), C3H2, D13CO+ 4–3, and CS
6–5, respectively. Finally, a window centered at 293.900 GHz with a bandwidth
of 1875 MHz was dedicated to the collection of continuum emission.

These measurements are compared with Cycle 3 ALMA observations of J160900-
190852 in 2016 June and July (PI: Öberg, 2015.1.00964.S). These data were
also collected with the 12 m array, with baselines from 15.1 to 641.5 m in
June and to 704.1 m in July. The total time on source was ∼0.3 hr. Spec-
tral windows, each with a total bandwith of 117.19 MHz, were centered at
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Figure 3.1: 1.04-mm continuum emission and moment 0 maps of N2H+ and
CO emission from the Upper Sco disks J160900-190852 (top row) and J160823-
193001 (bottom row). Maximum continuum flux values are 26.8 and 29.9 mJy
per beam, respectively. The synthesized beam size is indicated in the lower
left corner of each subplot.

10 0 10 20
VLSRK (km s 1)

10
0

10
20
30

S
 (m

Jy
)

J1609. N2H+ 3-2

10 0 10 20
VLSRK (km s 1)

50
0

50
100
150
200

CO 3-2

10 0 10 20
VLSRK (km s 1)

0

50

100

150
CO 2-1

10 0 10 20
VLSRK (km s 1)

10
0

10
20
30

J1608. N2H+ 3-2

10 0 10 20
VLSRK (km s 1)

0

50

100
CO 3-2

Figure 3.2: Spectra of N2H+ and CO emission from the J160900-190852 (shown
in blue) and J160823-193001 (shown in green) disks.

230.524–230.530, 220.385–220.391, and 219.547–219.553 GHz to capture CO,
13CO, and C18O emission, respectively.

Data calibration was performed using the Common Astronomy Software Ap-
plications (CASA) package (McMullin et al. 2007) version 5.1.2. Atmospheric
calibration, bandpass calibration, flux calibration, and phase calibration were
applied by the ALMA project. Calibrations were based on observations of
J1517-2422 for the bandpass, Titan for the flux, and J1626-2951 and J1553-
2422 for the phase for 2015.1.01199.S; and J1517-2422 for the bandpass, J1517-
2422 in June and Titan in July for the flux, and J1625-2527 for the phase for
2015.1.00964.S. Flux calibration uncertainty is assumed to be 10%. Contin-
uum emission was estimated from line-free channels of all windows and self-
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Table 3.2: Observed Line Fluxes.

Continuum Line Flux (mJy km s−1)
1.04-mm N2H+ CO CO C18O
(mJy) J=3–2 3–2 2–1 2–1

J160900-190852
36.4 ± 0.3 183 ± 8 460 ± 68 860 ± 21 43 ± 17
J160823-193001
32.4 ± 0.4 90 ± 7 222 ± 39 ... ...

calibration was used to produce images using the clean algorithm. Spectral
line windows were continuum subtracted using uvcontsub, then deconvolved
using the tclean algorithm. We used Briggs weighting with a robust parame-
ter of 1.8, channel widths of 0.5 km s−1, and the “auto-thresh" automasking
algorithm with a mask resolution of 0.25 arcsec and mask threshold of 3.0σ.
Small mask components identified far from the source location were removed.
The resulting mask components were summed over the entire spectral range
and the flux within this total masked region was collected for each channel
to produce a spectrum. Flux uncertainties listed are based on the rms noise.
The rms noise was computed from the standard deviation of the flux mea-
sured in 24 different masked regions offset from the source emission combined
over all channels containing spectral line emission. The synthesized beam size
was approximately 0.8′′ by 0.6′′ with a position angle of -86◦ for images from
2015.1.01199.S and 0.8′′ by 0.5′′ with a position angle of -73◦ for 2015.1.00964.S.

3.2.2 Spectral Line Observations
Images and spectra are provided in Figures 3.1, 3.2, and 3.A1. Continuum
flux densities are derived from the images generated using continuum (line-
free) channels with an average frequency of 287.106 GHz (Fig. 3.1). Using the
method from Barenfeld et al. (2016), we derived dust masses of 14–15 M⊕,
which are consistent with their values from the 0.88 mm continuum.

Spectra were produced as described in Section 3.2.1 (Fig. 3.2). Summing over
the velocity channels containing line emission gave the line fluxes in Table 3.2.
The velocity ranges are 0–7.5 km s−1 for N2H+ and -1.0–9.0 km s−1 for CO
J = 2–1 in J160900-190852. The CO J = 2–1 velocity range is adopted for
the CO J = 3–2 and C18O J = 2–1 emission. These ranges are 0–8.5 km s−1
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for N2H+ and 0.0–9.0 km s−1 for CO J = 3–2 in J160823-193001. The CO
J = 3–2 fluxes measured using our method are about 90% of the values found
by Barenfeld et al. (2016), 246 ± 42 mJy km s−1 J160823-193001 and 815 ±
64 mJy km s−1 for J160900-190852, when a similar velocity range is used (in
this case, 1.0–13.5 km s−1 for J160900-190852 rather than our narrower range
based on the CO J = 2–1 emission). Our methods differ in the selection of
the aperture, velocity range, and image components used for computing CO
fluxes based on the goals of each study. In our further analysis, we elected
to use the values derived here using the same method as that for our N2H+

measurements to provide an appropriate comparison.

3.2.3 Comparison to Disks with Strong CO Emission
Figure 3.3 compares the fluxes observed in our two sources in Upper Sco to
observations of other disks where comparable data are available. N2H+ has
been observed in several bright, gas-rich disks as part of the Disk Imaging
Survey of Chemistry with SMA (DISCS) survey with the Submillimeter Array
(Öberg et al. 2010, 2011), along with the CO J=2–1 transition. The CO
J = 3–2 emission from J160823-193001 was scaled using the flux ratio from
J160900-190852 (CO J=2–1 / CO J=3–2 flux ∼1.9) to produce the CO J=2–1
estimate used in Fig. 3.3. This scaling ratio could be the result of low excitation
temperatures similar to those derived for Taurus disks (e.g., Guilloteau et al.
2016) and would be lower, ∼0.3, for the case of optically thin gas in local
thermal equilibrium (LTE) at 20 K. Additional disks have been observed by the
SMA and/or ALMA including TWHya, HD 163296, and V4046 Sgr (Rosenfeld
et al. 2012, 2013; Qi et al. 2013a, 2015; Kastner et al. 2018). In comparison
to the Upper Sco disks, the other disks have CO fluxes typically 1–2 orders
of magnitude higher (Fig. 3.3, top panel). However, the N2H+ J=3–2 fluxes,
some of which are upper limits, are at most an order of magnitude higher than
the Upper Sco values. This results in relatively high N2H+/CO flux ratios in
Upper Sco compared to the other disks (Fig. 3.3, middle panel).

C18O J=2–1 data are available for a selection of the sources including the
Upper Sco disk J160900-190852 (PI: Öberg, 2015.1.00964.S). C18O is a more
accurate tracer of the disk material given that it has relatively optically thin
emission as compared to the more abundant and optically thick 12C16O parent
isotopologue. The N2H+/C18O flux ratio therefore provides a closer approxi-
mation of the relative abundances. C18O fluxes are taken from the literature
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Figure 3.3: Comparison of CO J = 2–1 line fluxes (scaled to a distance of
140 pc based on Gaia Collaboration et al. (2018), top panel), N2H+ J = 3–
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163296 (Rosenfeld et al. 2013; Qi et al. 2015) from ALMA (indicated in green),
TW Hya (Rosenfeld et al. 2012; Qi et al. 2013a) from the SMA and ALMA
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Figure 3.4: Disk gas density, dust density, gas temperature, and abundances
of CO, N2, and N2H+ after 1 Myr in our fiducial model.

for TW Hya (Qi et al. 2013b), HD 163296 (Qi et al. 2015), IM Lup (Cleeves
et al. 2016), AS 209 (Huang et al. 2016), and V4046 Sgr (Kastner et al. 2018).
The values for LkCa 15 and MWC 480 were estimated from moment 0 maps
prepared as part of the study by Huang et al. (2017). An upper limit of the
C18O flux in J160900-190852 is estimated as 3× the rms flux collected using
the CO J=2–1 masked region and velocity range (described in Sections 3.2.1–
3.2.2). This upper limit on C18O provides a lower limit for the N2H+/C18O
ratio, which is above the values for the other observed disks (Fig. 3.3, bottom
panel). This reinforces the trend seen in the N2H+/CO values.

3.3 Modeling
3.3.1 Thermo-chemical Disk Models
In the following sections, we aim to explore the general trends in N2H+ and
CO fluxes for disks of varying gas mass and composition. The thermochemical
and radiative transfer code of Du and Bergin (2014) is used to run a set of disk
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Table 3.3: Fiducial Model Input Parameters.

Stellar Properties:
M∗ 0.65 M�
R∗ 1.25 R�
T∗ 3890 K
Source of stellar spectrum TW Hya
LX−ray 1.6(30) erg s−1

Disk Properties:
Disk gas mass 4(-3) M�
Disk dust mass 4(-5) M�
Inner radius 1 au
Outer radius 100 au
Scale height at radius of 80 au 10 au
Power index: surface density vs. radius 1.0
Power index: scale height vs. radius 1.0
Total run time 106 yrs
Turbulent viscosity α = 0.01
H2 cosmic-ray ionization rate 1.36(-17) s−1

Initial abundances: (Relative to total H)
H2 5.0(-1)
He 9.0(-2)
CO 1.4(-4)
N 7.5(-5)
H2O ice 1.8(-4)
S 8.0(-8)
Si+ 8.0(-9)
Na+ 2.0(-8)
Mg+ 7.0(-9)
Fe+ 3.0(-9)
P+ 3.0(-9)
F+ 2.0(-8)
Cl+ 4.0(-9)
Note: a(b) indicates a×10b

models in order to estimate spectral line ratios for the various cases. Initial
parameters for the fiducial model are included in Table 3.3. The parameters
describing the central star are set based on Barenfeld et al. (2016) for the two
Upper Sco sources observed here and the stellar spectrum of the well-studied T
Tauri star TW Hya is used. The disk outer radius is set at 100 au (the effects
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Figure 3.5: Calculated fluxes for our set of disk models. From left to right, the
CO J=2–1 flux, N2H+ J=3–2 flux, ratio of the N2H+ J=3–2 to CO J=2–1
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model and additional models where the disk gas mass is lowered by factors
of 10–1000× (b). The range of observed values for the Upper Sco sources are
show for comparison in gray.

of this choice are explored in Section 3.3.3). Gas and dust components share a
mass surface density profile with an exponent of 1.0 and an initial scale height
of 10 au at a radius of 80 au. Vertical structure is determined using hydrostatic
equilibrium over multiple iterations of the dust temperature calculation with
a Monte Carlo radiative transfer model. The dust contains two components
with sizes following a Mathis-Rumpl-Nordsieck (MRN) distribution: 90% of
the dust mass is in large dust grains, up to 1 mm in radius, and the remaining
in small dust, up to 1 micron in radius. The surface density of the large dust
is tapered in the outer disk beyond 60 au as follows: Σ′r = Σr expr − routrs,
if r > rout, where rout is 60 au and rs is 5 au. The mass of the gas disk for
the fiducial model is 4×10−3 M�, based on a total dust mass of 4×10−5 M�
or 13–14 M⊕ from Barenfeld et al. (2016) and a gas-to-dust mass ratio of 100.
The chemistry and disk temperature are evolved for 106 years.

The initial composition of the gas is based on interstellar values. All volatile
carbon is assumed to be in the form of gas-phase CO at an abundance of
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1.4×10−4 relative to total H. Nitrogen starts in the form of gas-phase N at an
abundance of 7.5×10−5. The binding energies assumed for pure ices of CO and
N2 are 855 and 800 K, respectively (Bisschop et al. 2006). CO self-shielding
is included in the model and we added self-shielding of N2. N2 shielding as
a function of H, H2, and N2 column densities is determined by Heays et al.
(2014).

We test the effects of two types of changes to the disk gas: (1) selective de-
pletion of the initial CO gas abundance, and (2) a decrease in the total gas
abundance where the relative abundances of chemical species remain at their
initial interstellar values. We therefore run seven models including the fiducial
model; models with initial CO abundances reduced by factors of 10×, 100×,
and 1000×; and with total gas masses reduced by factors of 10×, 100×, and
1000×. In the models with initial CO depletion, the N and all other initial
abundances are held constant at the fiducial levels. When the gas mass is
reduced, the dust-to-gas mass ratio in the model is increased proportionally.
Additional modeling described in Section 3.3.3 explores the effects of varying
the disk temperature, nitrogen content, ionization, size, dust scale height, and
lifetime. For a full list of models tested see Table 3.4.

3.3.2 Modeling of Line Ratios
As described in Section 3.3.1, the thermochemical disk models (Du and Bergin
2014) simulate a low mass, 13 M⊕, dust disk around a star similar to our
Upper Sco sources for various disk gas masses and CO/H2 abundance ratios.
Figure 3.4 shows the disk gas and dust densities and resulting temperature
and abundance distributions for CO, N2, and N2H+ after 106 years for the
fiducial model.

The model setup assumes an outer disk radius of 100 au and an inclination
of 45◦ at a distance of 140 pc. Figure 3.5 shows the calculated line fluxes
for CO J = 2–1 and N2H+ J = 3–2 in addition to ratios of the N2H+/CO
and N2H+/C18O fluxes for various disk models in comparison to the observed
values. C18O abundances are based on an assumed interstellar 18O/16O ratio
of 0.002 relative to CO. Actual values may be up to 10× lower than simulated
due to isotopic processes in the disk that were not included in our model
(Visser et al. 2009; Miotello et al. 2014) producing lower C18O fluxes.

Our thermochemical models reveal distinct trends in spectral line ratios. CO
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and C18O fluxes decrease with both the CO/H2 abundance ratio (Fig. 3.5a,
CO shown in red bars) and disk gas mass (Fig. 3.5b). However, whereas
N2H+ fluxes also decrease with decreasing disk gas mass (Fig. 3.5b, shown in
blue bars), they display the opposite behavior with regard to CO depletion
(Fig. 3.5a). As the CO/H2 ratio decreases, the N2H+/CO flux ratio increases
significantly (Fig. 3.5a, shown in orange points). The increase in N2H+/CO is
expected based on theoretical predictions of chemistry in such environments.
It is not only due to the increase in relative N2/CO abundances but also
because when CO is abundant, it actively destroys N2H+ (Qi et al. 2013b,
see Section 3.1). The N2H+/C18O flux ratios reinforce the trend with CO
abundance (Fig. 3.5a, shown in light blue points). In comparison, decreasing
the disk mass causes the N2H+/CO flux ratio to decrease to levels well below the
observed values (Fig. 3.5b, shown in orange points). Rather than decreasing,
the N2H+/C18O flux ratios appear to remain roughly constant with decreasing
disk mass (Fig. 3.5b, shown in light blue points). This difference is caused
by the relative optical depth of the species’ emission. Modeled outer disk
column densities of N2H+ and C18O indicate that the emission from these
species is optically thin (or close to optically thin in the case of C18O for CO
at interstellar abundances) and therefore traces the disk mass. When CO is
abundant, its emission is optically thick, limiting its response to the decreasing
disk mass.

Low CO fluxes can be achieved by either low CO abundances or low disk gas
masses, but recreating the observed N2H+/CO values in Upper Sco requires
sufficient H2 gas in combination with CO depletion. According to the model
grid shown in Fig. 3.5, CO depletion by 100–1000× relative to the interstellar
abundance is required to reproduce the N2H+/CO flux ratios seen in J160823-
193001 and J160900-190852. Similar CO depletion is also needed to exceed
the lower limit of the N2H+/C18O flux ratio estimated for J160900-190852.

3.3.3 Alternative Scenarios
The N2H+/CO flux ratio will be sensitive to various physical and chemical
parameters. The disk temperature structure, for example, will affect the lo-
cation of CO and N2 snowlines and determine the emitting regions of each
species, while the initial abundances of N and C further set the observed flux
ratios. The formation of N2H+ is also affected by the level of ionization in the
disk. In this section, we aim to test whether or not these and other factors
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Table 3.4: Model Variations.

Model Varied parameters Values
Fiducial with Initial CO abundance 1.4(-5),1.4(-6),1.4(-7)
CO depletion per total H

Fiducial with Disk mass 4(-4), 4(-5), 4(-6) M�
low mass Gas-to-dust mass ratio 10, 1, 0.1

Low mass disk with Initial N abundance 7.5(-4), 7.5(-2)
high N per total H

Disk mass 4(-6) M�
Gas-to-dust mass ratio 0.1

Low mass disk with Cosmic-ray ionization rate 3(-16), 3(-14) s−1

high ionization Disk mass 4(-6) M�
Gas-to-dust mass ratio 0.1

Low mass disk with Stellar X-ray luminosity 1.6(32) s−1

high stellar Disk mass 4(-6) M�
ionization Gas-to-dust mass ratio 0.1

Fiducial with Cosmic-ray ionization rate 3(-19) s−1

low ionization
Smaller fiducial Outer radius 50 au
Larger fiducial Outer radius 200 au
Larger fiducial with Outer radius 200 au
high mass Disk mass 5(-2) M�

Gas-to-dust mass ratio 100
Cold disk Scale height of large 5 au

and small grain
populations at r = 80 au

Determination of vertical Fixed
disk structure

*All variations above Also included:
were also tested Disk mass of 4(-2)M�
with this disk structure Gas-to-dust = 1000

Settled disk Scale height of large grain
(large dust) population at r = 80 au 1, 2, 5, 10 au

Determination of vertical Fixed
disk structure

Note: a(b) indicates a×10b

alter our main result that, given our disk model, gas-rich disks with CO/H2

substantially below the interstellar value are needed to explain high N2H+/CO
flux ratios, such as those observed in the Upper Sco disks. First, we compare
two different sets of physical disk models, the fiducial setup presented in the
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previous section and a colder disk model, produced by enhanced grain settling.
Next we evaluate two other possible explanations of the observed N2H+/CO
flux ratios: enhanced N/C elemental abundances and enhanced disk ionization
rates. Then we discuss the effects of disk size, the degree of dust settling, and
the disk lifetime.

Spatial Origin of N2H+ Emission

The cold models differ from the previous model set by using a fixed vertical disk
structure with the scale height of both the large and small dust set to 5 au at a
radius of 80 au, rather than the hydrostatically supported disk. Compared to
the fiducial model, which overproduces continuum emission in the far infrared,
the cold disk better approximates the observed spectral energy distributions
(SEDs; Figure 3.6). Reducing the vertical extent of the small dust population
together with the large dust prevents mid-infrared fluxes from exceeding those
observed. The cold disk structure and relevant chemical abundances are shown
in Figure 3.7.
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J160823-19.
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Figure 3.6: Modeled SEDs for fiducial (red line) and cold disk (blue line)
models used in this work. SED data points are taken from the literature
(Mathews et al. 2013, and data within).

In a sufficiently cold disk, CO freezeout allows N2H+ to form in abundance
beyond the CO snowline as long as sufficient N2 is present. N2H+ also orig-
inates from the surface layers, sensitive to the N2/CO ratio as a result of
self-shielding by both molecular species and the fact that N2 has a slightly
lower photodissociation rate (van ’t Hoff et al. 2017). This N2H+ surface layer
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Figure 3.7: Disk gas density, dust density, gas temperature, and abundances
of CO, N2, and N2H+ after 1 Myr in our cold disk model.

exists for the less-settled fiducial disk models producing N2H+ emission even
when the disk is too warm to have a CO snowline. The degree of settling in
the cold disk models causes this surface layer to largely disappear. However,
the temperatures in the cold disk model are also low enough to produce a CO
snowline. These regions are consistent with the emerging interpretation of ra-
dial patterns of CO and N2H+ in disks (van ’t Hoff et al. 2017). The location
of the CO snow surface relative to the distribution of N2H+ in a selection of
our models is shown in Figure 3.8. Ultimately, our model comparison shows
that regardless of whether N2H+ originates from a limited region beyond the
CO snowline (in the cold disk) or the surface layers of the disk (in the fiducial
disk), the trends in the N2H+/CO and N2H+/C18O flux ratios are the same
(Figures 3.5 and 3.9). These ratios increase as CO is selectively depleted and
remain roughly constant or decrease with decreasing total gas content.

Whereas the cold models better approximate the SEDs, the models based on
the fiducial setup provide higher line fluxes, which are needed to reproduce
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Figure 3.8: Location of the CO snow surface (indicated by the solid white
line) plotted on top of the N2H+ abundance distribution in a subset of the
disk models. The unsettled models based on the fiducial disk setup are too
warm for a CO snowline to be present within 100 au with the exception of
the high mass (10−2 M�) disk models. This set of models is therefore not
plotted. The CO snow surface location changes with the disk mass in the cold
disk models (upper row). Furthermore, the degree of settling of the large dust
relative to the fiducial model also affects the CO snow surface location (lower
row). Panels are labeled in the top lefthand corner with the disk mass (upper
row) or the scale height of the large dust at 80 au (lower row).

the N2H+ observations in the Upper Sco disks. Assuming a gas-to-dust mass
ratio of 100, CO/H2 depletion by 100-1000× is required to reach the observed
N2H+/CO flux ratios. However, the absolute N2H+ and CO fluxes are un-
derproduced for the cold disk conditions. Even after increasing the disk H2

mass by a factor of 10, the predicted N2H+ flux is only 63 mJy km s−1 and
CO is 260 mJy km s−1 for a CO/H2 abundance of 10−7. These values could
further increase if the elemental N/C ratio and/or ionization rates in the disk
are enhanced relative to our model assumptions. A complete exploration of
this parameter space will be performed in future work.

Enhanced N/C and Disk Ionization

Without any CO depletion, achieving CO fluxes below 1000 mJy km s−1 re-
quires gas-to-dust mass ratios 1000× below interstellar. We therefore ran test
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Figure 3.9: Calculated fluxes for our set of cold disk models. From left to
right, the CO J=2–1 flux, N2H+ J=3–2 flux, ratio of the N2H+ J=3–2 to CO
J=2–1 flux, and ratio of the N2H+ J=3–2 to C18O J=2–1 flux are plotted.
Values are shown for the cold disk model with the gas mass increased by a
factor of 10 (gas-to-dust mass ratio of 0.001) and additional models with this
gas mass where the CO/H2 abundance ratio is lowered by factors of 10–1000×
(a) and for the high mass model and additional models where the disk gas
mass is lowered by factors of 10–1000× (b). The range of observed values for
the Upper Sco sources are show for comparison in gray.

models with a gas-to-dust ratio of 0.1 (gas mass of 4×10−6 M�) to approx-
imate the low CO flux observed in the Upper Sco disks for three additional
scenarios: (1) increased initial N abundances of 7.5×10−4–7.5×10−2 relative to
H, 10–1000x× higher than the original model, (2) an increased cosmic-ray ion-
ization rate of 3×10−16 s−1–3×10−14 s−1, 1–3 orders of magnitude above the
interstellar value used in the original model, and (3) a stellar X-ray luminosity
of 1.6×1032 erg s−1, the maximum value associated with T Tauri stars (see
Table 3.4). All three sets of changes produced higher N2H+ fluxes. Increasing
the nitrogen content of the disk increased the N2H+ flux by a factor of ∼4
for N/H = 7.5×10−4 and ∼6 for N/H = 7.5×10−2 relative to the original 0.1
gas-to-dust ratio model. However, the N2H+/CO flux ratios of 0.002–0.003 and
N2H+/C18O flux ratios of 0.17–0.25 remain too low to reproduce the observed
Upper Sco values even when considering rather extreme nitrogen abundances.
The same is true for the cold disk models with gas-to-dust ratios of 10–100.
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Increasing the comic-ray ionization rates had a greater effect on the targeted
flux ratios by enhancing the N2H+ flux while simultaneously decreasing the CO
and C18O fluxes. N2H+/CO flux ratios increased to 0.01 for an ionization rate
of 3×10−16 s−1 and 0.2 for 3×10−14 s−1 relative to the fiducial model. This
is approaching the observed values in Upper Sco. The N2H+/C18O flux ratios
were much greater, with values of 5–90. The cold disk models saw similar
increases with a maximum of 0.08 and 13 for N2H+/CO and N2H+/C18O, re-
spectively, for an ionization rate of 3×10−14 s−1. Nevertheless, the individual
fluxes of N2H+ and CO were lower than in the previous gas-rich models with
similar flux ratios. For the model with 1000× the interstellar cosmic-ray ion-
ization rate and an N2H+/CO flux ratio at the lower end of the observed Upper
Sco values, the N2H+ and CO fluxes were at least a factor of ∼3 below those
observed in the weaker of the two Upper Sco disks. The cosmic-ray ionization
rate is not well constrained in disks, but current observations of TW Hya sug-
gest that the rate in this disk is low, less than 10−19 s−1 (Cleeves et al. 2015).
Rates this low produce fluxes of N2H+/C18O = 0.02 and N2H+/CO = 0.007
given our fiducial model setup.

Ionization from the central star could also affect the target flux ratios. In-
creasing the stellar X-ray luminosity to 1.6×1032 erg s−1 had little effect on
the flux ratios relative to the fiducial model. However, it did increase the
N2H+/CO flux ratio to 0.04–1.8 and N2H+/C18O flux ratio to 1–800 in the
cold disk model for gas-to-dust ratios of 10–100. Although the upper end of
these ratios exceeds the observed values, the absolute fluxes are too low to
be consistent with observations (factor of 3–20× lower). Therefore, enhanced
disk ionization alone is not enough to explain the high N2H+/CO flux ratios
in the observed Upper Sco disks.

Disk Size

These model results depend on the assumed disk structure including the radial
extent of gas and dust. Additional versions of the fiducial model were run
with outer disk radii of 50 and 200 au (Table 3.4). The resulting N2H+/CO
flux ratios were 0.01 and 0.005 for the 50 and 200 au cases, respectively. This
compares to 0.01 for the fiducial model with an outer disk radius of 100 au and
remains far below the observed values of 0.21–0.35 in Upper Sco. N2H+/C18O
flux ratios remained at about 0.04–0.05 in the models of all three sizes. N2H+
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and CO fluxes scaled roughly with the disk size, with the exception of the
C18O and N2H+ fluxes being comparable for the 100 and 200 au disks. An
additional model of a more massive disk with a total gas mass of 5×10−2 M�
and an outer radius of 200 au was also run. The N2H+/C18O flux ratio for the
massive disk was 0.15 and N2H+/CO was 0.02, which are still 10× lower than
the observed values. Similarly minimal changes were seen in the flux ratios for
the cold disk model in these cases. Altering the disk size does not appear to
significantly alter the N2H+/CO flux ratio in the manner necessary to explain
the observations.

Effects of Dust Settling

The median SED for disks in Upper Sco shows that on average these older
disks are more settled than a typical disk from the Taurus region (Mathews
et al. 2013). To approximate increased dust settling in the models, the large
dust population was constrained to a lower scale height than the small dust.
The small dust was set to have a scale height of 10 au at a radius of 80 au.
Values of 1, 2, 5, and 10 au were used for the scale height of the large dust to
test a range relative to the extent of the small dust and illustrate the effects
of large dust settling on the target flux ratios. The resulting N2H+/CO and
N2H+/C18O flux ratios varied from each other by a factor of .2 and were no
greater than 5× the values from the fiducial model. Although the degree of
large dust settling may alter the flux ratios, changes due to this factor alone
are not enough to reproduce the observed flux ratios with our models.

Disk Lifetime

The models presented so far were run for 1 Myr as a representative timescale.
However, at longer timescales of 1–10 Myr, additional chemical reactions be-
come important, especially the conversion of CO and N2 into less volatile
species through destruction in the gas-phase by He+ and/or reactions with H
and OH on grain surfaces. The depletion of gas-phase CO through these reac-
tions has been studied under a wide range of physical parameters in the disk
(Bosman et al. 2018; Schwarz et al. 2018). The effectiveness of these reactions
depends on the disk conditions, including the level of ionization in the disk.
It is possible that this chemical depletion of CO may result in the low CO
abundances needed to explain the observed fluxes in the Upper Sco disks, if
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N2 is impacted relatively less.

The relative depletion that occurs in the time period from 1 to 10 Myr of CO
vs. N2 differs between our fiducial and cold disk models. Adopting a timescale
of 10 Myr results in higher N2H+ and lower CO and C18O fluxes in the fiducial
model and lower fluxes for all three in the cold disk model. The flux values
and the flux ratios of interest are changed by less than a factor of 10. Given
the dependency of the late-stage chemical depletion of CO on disk conditions,
a more comprehensive comparison of the relative depletion of CO and N2 and
how this alters the N2H+/CO and N2H+/C18O flux ratios is recommended for
future work.

3.4 Discussion
3.4.1 Disk Comparison
The DISCS program probed the chemical composition of a diverse set of pro-
toplanetary disks with a series of observations by the Sumbmilliter Array in
2009–2010. The observations targeted 10 different chemical species in six Tau-
rus sources (DM Tau, AA Tau, LkCa 15, GM Aur, CQ Tau, and MWC 480)
and six Southern sky sources (IM Lup, SAO 206462, HD 142527, AS 209, AS
205, and V4046 Sgr). The DISCS sample focuses on only large, CO-bright
disks, such that they would be resolvable at a few hundred au by the SMA in
the compact configuration. In addition, the chosen sources could be mapped
in CO and disks with contaminating emission from the parent cloud were
excluded based on previous observations. A range in spectral types and bolo-
metric luminosities, accretion rates, X-ray luminosities, and disk geometries
(disks with gaps or holes vs. full disks) are represented in the DISCS sample.
The observed Upper Sco disks show distinct behavior in their relative N2H+

and CO fluxes from the entire sample, despite its diversity.

Acknowledging the uncertainties in stellar age, the majority of the sources
targeted in the DISCS survey are similar or younger in age than the Upper
Sco disks, which are estimated to be in the range of 5–11 Myr old (Preibisch
et al. 2002; Pecaut et al. 2012). A portion of the DISCS disks are considered
(pre-)transitional and show evidence of disk clearing via gaps or inner holes
in their structures. J160823-193001 and J160900-190852 are not known to be
transitional disks. Even so, the low dust masses and weak CO emission seen
in the Upper Sco population are taken to be signs of disk evolution indicating
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a progression toward transitional or debris-disk stages relative to disks from
younger star-forming regions (Ansdell et al. 2017). A rough age comparison
is shown for T Tauri sources in Fig. 3.3 based on values from the following
sources: Kraus and Hillenbrand (2009); Andrews et al. (2010); Mawet et al.
(2012); Miret-Roig et al. (2018); Sokal et al. (2018).

Because CO depletion has been proposed to be a time-dependent process (e.g.,
Favre et al. 2013), if N2H+/CO flux ratios are tracking CO depletion as pre-
dicted, and CO depletion increases over time, we would expect to see larger
N2H+/CO flux ratios for older sources. In the middle panel of Fig. 3.3, we
do not see a clear trend in the N2H+/CO flux ratios with stellar age. In par-
ticular, V4046 Sgr is part of the β Pictoris moving group with an estimated
age of 13+7

−0 Myr (Miret-Roig et al. 2018) and therefore older than our Upper
Sco targets, but has a lower value. However, this may be an effect caused by
optically thick 12C16O emission and the circumbinary nature of the disk. In
fact, the N2H+/C18O flux ratios do hint at a trend with age where the older
disks (V4046 Sgr, TW Hya, and J160900-190852) have higher values than the
younger disks (Fig. 3.3, bottom panel).

HD 163296 and MWC 480 do not fit within this trend, but they are also the
only disks around Herbig Ae/Be stars in the sample with C18O measurements.
We can therefore conclude that some environmental factors, such as the spec-
tral type of the central star and its impact on the disk thermal structure,
are likely important for determining the observed flux ratios and that further
measurements are needed to investigate these potential trends with source
parameters. Ultimately, given that the disks in Upper Sco differ in multiple
ways from the other observed disks, having fainter CO and continuum fluxes
and perhaps smaller sizes as well as advanced age, the primary cause of the
differences in flux ratios is not yet clear.

Based on HD measurements, TW Hya, GM Aur, and DM Tau are found to
have CO/H2 ratios lower than interstellar by up to 5–100× (Bergin et al. 2013;
McClure et al. 2016). Despite the observed CO depletion, these disks do not
show enhanced N2H+/CO fluxes relative to the other DISCS sample targets.
This again may be a result of the likely optically thick 12C16O emission in
these large disks, preventing accurate comparisons of the N2H+/CO column
densities based on flux. For TW Hya, where C18O emission is available, the
N2H+/C18O flux does appear relatively high compared to other sources, the
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younger sources in particular (Fig. 3.3).

3.4.2 Connections to Solar-System N & C Elemental Ratios
Bergin et al. (2015) highlights the low nitrogen-to-carbon ratios of bodies in
our solar system. In the case of the Earth, complex processes occurring at
various stages of planet formation including differentiation, metamorphism,
atmospheric loss, and late delivery of materials can affect the final composi-
tion. However, the amount of processing is more limited for primitive me-
teorites and comets, placing a larger emphasis on accretion of materials and
processing occurring within the protoplanetary disk. Observations of comets
have found N2/CO ratios below the solar nebula value of 0.15, ranging from a
comparable value of N2/CO∼0.08 for comet C/2016 R2 to the highly depleted
value of <6×10−5 in Hale-Bopp (Cochran et al. 2000; Biver et al. 2018). An
in situ measurement by ROSINA, the mass spectrometer on board the Rosetta
spacecraft, determined a N2/CO ratio of 5.7×10−3 for comet 67P/Churyumov-
Gerasimenko (Rubin et al. 2015). This is ∼25× below the estimated value for
the solar nebula.

Photodesorption of mixed layered ices can result in the enhanced release of
some chemical species relative to others. Bertin et al. (2013) consider the
scenario where N2 condenses at a slightly lower temperature (2 K less) than
CO and deposits as a thin layer of N2 on top of an existing CO-rich ice. This
results in decreased CO and increased N2 photodesorption rates according to
their laboratory experiments. They propose this scenario as an explanation for
nitrogen-enriched gas in dense cores where N2 depletion onto grains appears to
occur at higher densities than for CO (Bergin et al. 2002; Pagani et al. 2005,
2012). Such a mechanism could release enhanced levels of nitrogen into the gas
while CO remains frozen onto grain surfaces and becomes incorporated into
forming planestimals with a greater efficiency. Such a scenario is consistent
with both the low nitrogen content relative to carbon in primitive solar system
bodies in addition to the high N2H+/CO fluxes observed in the Upper Sco
disks. This correlation may indicate that similar chemical evolution of the gas
occurred in the solar nebula and the Upper Sco disks.

3.5 Conclusion
Here we present the detection of N2H+ J=3–2 emission in two disks in the
Upper Scorpius region. Ionized H2 gas is necessary for the main N2H+ pro-
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duction reaction, therefore revealing these disks to still be rich in primordial
gas at their age of ∼5–11 Myr. Previous ALMA observations found the disks in
Upper Sco to have weaker CO and continuum emission relative to younger star-
forming regions, presumably as a result of disk evolution (Barenfeld et al. 2016,
2017; Ansdell et al. 2017). The two disks observed here have higher N2H+/CO
flux ratios than previously observed CO-bright disks. This may be the result
of disk evolution, indicating different chemical and/or physical pathways for
nitrogen- and carbon-bearing species. Line fluxes predicted by the thermo-
chemical model show that enhanced N2H+/CO emission can by explained by
selective CO depletion relative to H2. The resulting high nitrogen-to-carbon
content in the gas would correspond to low nitrogen-to-carbon ratios in solids
forming in the disk, consistent with trends in elemental abundances of me-
teorites and comets in our solar system compared to the Sun (Bergin et al.
2015). This connection may hint at similar evolutionary pathways existing in
the Upper Sco disks and the solar nebula.

Our basic set of thermochemical disk models show that low CO fluxes can be
achieved via total gas depletion or selective depletion of CO, but the N2H+

fluxes of the observed Upper Sco disks can only be explained by relatively
high disk gas masses in combination with removal of CO. Without the ad-
ditional constraints provided by N2H+, the disk gas mass would be severely
underpredicted in the case of CO depletion. However, time-dependent loss of
CO via disk evolution similar to that proposed in TW Hya may not be the
only explanation for the enhanced N2H+/CO flux ratios. Individual disk envi-
ronments including initial gas composition, ionization, temperature structure,
and timescales of disk evolution may also influence these flux ratios. Further
study of a larger sample of disks is required to constrain the effects of these
additional parameters. Disks that are suspected to be CO-depleted based on
comparisons of CO measurements to other indicators of the total disk mass
may be particularly interesting targets for N2H+ follow-up observations. Re-
gardless, the N2H+ observations here indicate that the bright protoplanetary
disks often targeted for observational studies are not fully representative of
the ∼5–11 Myr old, weak-CO-emitting disks in Upper Sco. The gas chemistry
(and/or physical structure) of these Upper Sco disks differs in an observable
way due to their disk conditions and/or evolutionary stage.

The investigation of volatile species beyond CO is crucial for understanding
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how disks evolve chemically and physically. This is particularly true if CO
depletion is a widespread phenomenon among disk populations even at young
ages. N2H+ provides additional information regarding the disk composition
and/or physical structure and warrants further investigation.
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3.7 Appendix
Figure 3.A1 shows the moment 1 maps of N2H+ and CO emission from the
observed Upper Sco disks.
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Figure 3.A1: Moment 1 maps of N2H+ and CO emission from the Upper Sco
disks J160900-190852 (top row) and J160823-193001 (bottom row).
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Abstract Accurate measurement of disk masses is crucial for determining
when and where various stages of planet formation can occur. The rela-
tion between canonical gas tracers, including rotational line emission from
CO isotopologues, and the total amount of H2 may vary with time, location
in the disk, and among different sources. In particular, measured CO/H2 ra-
tios in disks are up to two orders of magnitude below the interstellar value
of 10−4. Estimating disk masses based on CO and its derivatives results in
a range of possible values because of the uncertainty in CO abundance. Ad-
ditional tracers that do not strictly follow the behavior of CO are needed to
break this degeneracy. N2H+ is one potential candidate from a limited num-
ber of non-carbon-bearing chemical species detected in protoplanetary disks.
We model emission of N2H+, HCO+, and C18O from disks of various masses,
CO abundances, and cosmic-ray ionizations rates. Whereas C18O and HCO+

fluxes can be matched by multiple combinations of mass and CO abundance,
N2H+ provides additional constraints. Furthermore, the ratio of optically thin
N2H+/C18O emission is relatively stable with disk mass but sensitive to the
CO abundance. Combining these tracers provides one potential way of cor-
recting for CO depletion in mass estimates for disks where nitrogen-bearing
species are not (as) depleted. However, ionization remains a confounding fac-
tor. Further characterization of the behavior of N2H+ in a wide variety of
sources is needed to determine the accuracy and applicability of this method.
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4.1 Introduction
The lifetime of primordial gas in circumstellar disks provides constraints on
timescales relevant to the formation of our solar system and planets overall.
According to the core accretion theory of planet formation, gas-giants such
as Jupiter and Saturn must grow sufficiently massive cores in order to enter
the runaway accretion phase prior to the dissipation of the disk’s gas (e.g.,
Pollack et al. 1996). Migration of these giant planets, which is often cited
as a potential explanation of observed planetary system architectures, also
requires the presence of gas. The timing of gas dissipation may be key to
preventing Neptune-sized planets from becoming Jupiter-sized giants and it
has been suggested that rapidly dissipated disks may explain the prevalence of
super-Earths (e.g., Ansdell et al. 2016; Lee and Chiang 2016). Therefore, the
gas lifetime may ultimately determine the type and arrangement of planets in
a given system.

In addition to connecting distinct primordial disk environments and evolution-
ary paths to the wide range of exoplanetary systems observed, constraining
disk dissipation timescales can inform studies of our own solar system. The
lifetime of gas in the solar nebula may have played a key role in developing the
Earth and its planetary environment. Our gas-giant planets, which required
the presence of gas over a sufficiently long time to form, shaped the architec-
ture of our solar system through gravitational interactions. Furthermore, the
isotopic composition of deep mantle plumes suggests that nebular gas coex-
isted and interacted with an early magma ocean of the Earth (Williams and
Mukhopadhyay 2019). Paleomagnetism studies of meteorites have found very
weak remnant magnetism in angrites suggesting dissipation of nebular gas by
3.8 Myr after the formation of CAIs (Wang et al. 2017). Context can be
provided for this value via statistical studies of solar nebula analogs.

Protoplanetary disk lifetimes are observationally determined by comparing the
prevalence of disk tracers throughout stellar clusters of different ages. In one
key analysis summarizing Spitzer findings, Mamajek (2009) fit an exponential
function to the disk fraction over stellar cluster age and find a characteristic
timescale of 2.5 Myr. This value ranges from 1.2–3 Myr depending on the
stellar mass and environment. These estimates are based on Hα emission
from accretion of material onto the central star or excess infrared emission from
small dust grains in the inner disk observed in the spectral energy distributions
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(SEDs) of sources aged 0.3–16 Myr. Surveys of gas signatures from the outer
regions of disks beyond a few au are less complete statistically but suggest that
in general gas does not last longer than 10–20 Myr (Dent et al. 2013; Pascucci
et al. 2006). Evaluating the potential for planet formation, however, requires
knowledge of the masses of these disks over time. Understanding the rate of
gas dissipation is crucial, including to what extent disk populations dissipate
at a consistent rate and extremely massive outliers at relatively advanced ages
exist. Perhaps the formation of distinct planetary systems can be tied to the
lifetime of the gas.

Disk masses are crucial to our understanding of disk evolution and planet
formation, but difficult to determine. The dominant gas species, H2, is un-
observable under most disk conditions therefore we rely on indirect tracers
to determine the bulk H2 mass. CO is a commonly used disk gas tracer but
its relation to H2 may vary radially, temporally, and among different systems
including depletion of up to two orders of magnitude below the typically-
assumed interstellar value (e.g., McClure et al. 2016, , Zhang et al., in prep).
As an isotopologue of H2, HD may be the most appropriate tracer and has
been detected in a few disks using Herschel (Bergin et al. 2013; McClure et al.
2016). However, further observations are limited by the availability of instru-
mentation capable of making such measurements. Here we explore our ability
to constrain the mass of the disk of J160900-190852 in Upper Scorpius using
only measurements from the Atacama Large Millimeter/submillimeter Array
(ALMA) of widely observable gas tracers. This disk was selected for its ad-
vanced age of 5–11 Myr (e.g, Preibisch et al. 2002; Pecaut et al. 2012) and its
high N2H+/CO flux ratio relative to previously observed protoplanetary disks
with ∼10× higher CO fluxes (Anderson et al. 2019). In combination with our
chemical model, we will use observations of N2H+ and HCO+ in addition to
the canonical gas tracer CO to constrain the total gas mass of J160900-190852.

4.2 Observations
Multiple gas tracers have been observed for Upper Sco disk J160900-190852.
CO J = 3–2 emission was collected in a snapshot survey of Upper Sco in
ALMA Cycle 0 by Carpenter et al. (2014). N2H+ J = 3–2 and CO and C18O
J = 2–1 observations were carried out in ALMA Cycle 3, details are pro-
vided by Anderson et al. (2019). Here we add ALMA Cycle 6 observations of
HCO+ J = 3–2 and C18O J = 3–2 using the 12 m array including baselines
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Figure 4.1: Spectra of N2H+, HCO+, CO and C18O emission from J160900-
190852 plotted as flux density vs. radial velocity. See Section 4.2 for details
on observations.

Table 4.1: Observed Line Fluxes.

Spectral Line Flux Velocity Range
(mJy km s−1) (km s−1)

N2H+ J=3–2 183 ± 8 0.0–7.5
HCO+ J=3–2 440 ± 4 -1.0–10.0
CO J=2–1 860 ± 21 -1.0–9.0
C18O J=3–2 96 ± 8 -1.0–10.0
C18O J=2–1 43 ± 17 -1.0–9.0

from 15.1 to 783.5 m and 43 antennas for Band 6 and baselines from 15.1 to
360.6 m and 44–47 antennas for Band 7 (PI: Anderson, 2018.1.01623.S). Band
6 observations in December 2018 included three spectral windows each with
a bandwidth of 234.38 MHz centered at 267.557 GHz for HCO+ J = 3–2 and
additional tracers: HCN J = 3–2 at 265.886 GHz and HC18O+ J = 3–2 at
255.479 GHz. Two additional windows were centered at 269.500 and 251.800
GHz with a bandwidth of 1875 MHz for the collection of continuum emission.
The on-source integration time was ∼23 minutes per source. Band 7 observa-
tions in March 2019 included two spectral windows each with a bandwidth of
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234.38 MHz centered at 329.331 GHz for C18O and 330.588 GHz for 13CO and
one spectral window with a bandwidth of 468.75 MHz centered at 340.248 GHz
for CN. The on-source integration time was ∼1 hr per source. Additional win-
dows were centered at 329.331 and 341.500 GHz with a bandwidth of 1875
MHz for the collection of continuum emission.

The Common Astronomy Software Applications (CASA) package (McMullin
et al. 2007) version 5.1.2 was used for data processing. Atmospheric calibra-
tion, bandpass calibration, flux calibration and phase calibration were applied
by the ALMA project. Calibrations were based on observations of J1427-4206
for the bandpass and flux and J1625-2527 for the phase for Band 6 and J1517-
2422 for the bandpass and flux and J1625-2527 for the phase for Band 7. The
synthesized beam size was approximately 0.45′′ by 0.40′′ with a position angle
of -85◦ for Band 6 images and 0.82′′ by 0.57′′ with a position angle of -90◦ for
Band 7 images. A summary of flux values is provided in Table 4.1 and spectra
in Figure 4.1.

4.3 Constraining the Gas Mass of J160900-190852
We carry out a computational study of the sensitivity of disk gas tracers N2H+,
HCO+, and C18O to changes in the total disk gas mass, CO/H2 abundance,
and cosmic-ray ionization rate. We aim to determine what constraints can be
placed on the H2 gas mass of J160900-190852 based on this set of tracers. A
2-D thermo-chemical disk model is used based on the framework of Du and
Bergin (2014) and setup of Anderson et al. (2019). Initial disk parameters
are listed in Table 4.2 and initial abundances are those from Anderson et al.
(2019) with the exception of CO. The total disk gas mass, CO abundance,
and H2 cosmic-ray ionization rate are varied in order of magnitude steps over
the ranges provided in Table 4.2. The dust mass in unaltered, resulting in
gas-to-dust ratios of 0.1–100 for the gas masses tested. CO abundances start
at the interstellar level of ∼10−4 and decrease by factors of up to 1000×.
Current observations of protoplanetary disks suggest that CO abundances may
be up to 100× below interstellar (Favre et al. 2013; McClure et al. 2016). The
range of H2 cosmic-ray ionization rates corresponds to one order of magnitude
above the interstellar level down to two orders of magnitude below, which is
the upper limit estimated based on molecular ion observations for TW Hya
(Cleeves et al. 2016). Variations in modeled fluxes over the tested parameter
ranges are shown in Figure 4.2.
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Table 4.2: Fiducial Model Input Parameters.

Fixed Parameters
Stellar Properties:
M∗ 0.65 M�
R∗ 1.25 R�
T∗ 3890 K
Source of stellar spectrum TW Hya
LX−ray 1.6(30) erg s−1

Disk Properties:
Disk dust mass 4(-5) M�
Inner radius 1 au
Outer radius 100 au
Scale height at radius of 80 au 10 au
Power index: surface density 1.0
Power index: scale height 1.0
vs. radius

Total run time 106 yrs
Turbulent viscosity α = 0.01
Varied Parameters
Disk gas mass 4(-6)–4(-3) M�
Initial CO abundance (per H) 1.4(-7)–1.4(-4)
H2 cosmic-ray ionization rate 1.36(-17) s−1

— 1.36(-14) & 1.36(-19) s−1

Note: a(b) indicates a×10b

CO is expected to be the dominant carbon carrier throughout most of the
disk. Emission from the dominant isotopologue often becomes optically thick
in disks because of the high abundance of CO combined with its self-shielding
properties. Consequently, observations of less abundant CO isotopologues,
such as C18O, are used to probe deeper regions of the disk gas and provide
flux measurements that are more reflective of the total CO gas column. As a
result, C18O emission is dependent on both the CO/H2 abundance in the disk
as well as the H2 gas mass. Decreasing either will cause a reduction in the
observed C18O flux as seen in Fig. 4.2.

HCO+ is formed mainly through the protonation of CO via H+3 , which is preva-
lent in ionized H2 gas. The amount of HCO+ will therefore be largely tied to
the CO abundance of the disk in addition to the bulk H2 mass and the H2

ionization rate. As expected, modeled HCO+ fluxes follow similar trends as
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C18O with decreasing CO abundance and H2 mass (Fig. 4.2).

Analogous to HCO+, N2H+ is formed mainly through the protonation of N2

via H+3 . N2 is expected to be the dominant nitrogen carrier throughout most
of the disk and has similar volatility to CO. As a non-carbon-bearing species,
the formation of N2H+ tracks N2 content and is independent of the amount
of CO in the disk. However, the N2H+ abundance is still related to the CO
abundance. CO has a higher proton affinity than N2 resulting in destruction
of N2H+ forming HCO+ where CO is abundant. The relationship between
N2H+ and CO may result in emission originating in distinct regions of the disk
for these species depending on the disk structure (Aikawa et al. 2015; van ’t
Hoff et al. 2017). This could complicate estimates of N2/CO ratios for specific
disk locations based on this analysis where the the emission is not spatially
resolved. However, the modeled fluxes do indicate that the total fluxes derived
from the disk for N2H+ and C18O remain sensitive to the bulk properties of
the disk. Because high CO abundances result in the destruction of N2H+, the
modeled N2H+ fluxes increase with decreasing CO abundance (Fig. 4.2). This
represents a distinct trend relative to the C18O and HCO+ tracers, providing
additional information that may break the degeneracy between CO abundance
and H2 mass.

Comparing two optically thin gas tracers provides a flux ratio that is not very
sensitive to the disk mass. This is the case for the N2H+/C18O flux ratio, which
is strongly dependent on the CO abundance but relatively less sensitive to the
disk gas mass (Fig. 4.2). The N2H+/HCO+ flux ratio shows some sensitivity to
both parameters suggesting that HCO+ fluxes respond less to changes in the
disk mass and may be more optically thick than the other two tracers. Perhaps
the use of HCO+ isotopologues, such as DCO+, would be more appropriate for
CO abundance estimates.

The N2H+/C18O and HCO+/C18O flux ratios depend on the level of ionization
in the disk. As cosmic-ray ionization rates increase the fluxes of molecular ions
N2H+ and HCO+ increase as well, whereas C18O fluxes decrease (Fig. 4.2).
The N2H+/HCO+ flux ratio should have a lower dependence on the level of
ionization in the disk because both species are molecular ions. However, the
model results show that N2H+ fluxes are more sensitive to changes in the
cosmic-ray ionization rate than HCO+ fluxes creating a similar dependence on
the ionization level. This also means that the HCO+/C18O flux ratio is only
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weakly dependent on the cosmic-ray ionization rate relative to the N2H+/C18O
flux ratio. Therefore, disk ionization remains a confounding factor for the
flux ratios in this analysis. Further investigations into additional sources of
ionization are also needed. For example, Cleeves et al. (2015) find that a
hardened stellar X-ray spectrum is a key component of their best-fit model to
the N2H+ and HCO+ observations of TW Hya.

From this analysis, we can use the N2H+/C18O flux ratio to constrain the CO
abundance for a given cosmic-ray ionization rate (Fig. 4.2). For an interstellar
ionization rate, CO depletion by two orders of magnitude is required to re-
produce the observed N2H+/C18O flux ratio of 1.9. The level of CO depletion
required decreases with increasing disk ionization and vice versa. Combining
this information with the individual gas tracer fluxes, we can attempt to place
some constraints on the total disk gas mass. The current model does not
provide a satisfactory fit to the fluxes of all three tracers in J160900-190852
and requires further testing of potential sources of ionization and the parame-
ters describing the disk structure in this model. However, certain patterns do
emerge from the current model grid. The observed C18O flux can be repro-
duced by CO abundances 10–100× below the interstellar value or gas-to-dust
ratios of 0.1–10 depending on the cosmic-ray ionization rate. The observed
HCO+ flux requires a high mass and high CO abundance to be reproduced by
this model grid. In the case of N2H+, low masses are unable to reproduce the
observed flux. The N2H+ observations require a disk gas mass of &4×10−3

M� and CO depletion of .100× below interstellar for an interstellar ioniza-
tion rate. For a 10× higher ionization rate, the N2H+ observations require a
disk mass of &4×10−4 M� for a similar level of CO depletion or &4×10−3

M� for interstellar CO abundances. The low ionization rate of 3×10−19 s−1 is
incapable of reproducing the molecular ion fluxes. Overall, at least interstellar
levels of disk ionization and gas-to-dust ratios of 10–100 are needed to explain
the observed N2H+ and HCO+ fluxes.

4.4 Discussion
Characterization of gas masses for disks of various ages is required to under-
stand disk evolution and constrain timescales for planet formation. The obser-
vations of J160900-190852 provide evidence of gas-rich disks extending to ages
of &5 Myr. At &0.004 M� or about 4.2 MJupiter, this disk would still contain
sufficient mass to form giant planets. Additional estimations of the gas mass
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of disks around other &5 Myr sources will characterize the potential for planet
formation at these later timescales and aid in determining the environmental
conditions needed to support such potential for late-stage planet formation.
Multiple examples of early planet formation have been recently observed in-
cluding the direct detection of planets in PDS 70 and indirect detection via
velocity deviations in molecular emission lines of HD 163296 (Keppler et al.
2018; Pinte et al. 2018; Teague et al. 2018, 2019). Whether or not significant
formation of giant planets is still occurring at &5 Myr and the role of these
late-stage massive gas disks has yet to be determined.

The use of indirect tracers to estimate the H2 mass of the disk requires making
various assumptions about the disk structure. For example, using HD as mass
tracer requires knowledge or prediction of the temperature structure of the
disk (Bergin et al. 2013). In the case of this analysis, the relative distributions
of N2H+, HCO+, and CO depend on the temperature structure, including the
vertical temperature gradient due to the degree of dust settling (Qi et al. 2019),
and the level and distribution of ionization in the disk. Further calibration of
the physical disk structure and how it affects these tracers is needed. Whereas
fully spatially resolved images of N2H+ in J160900-190852 are likely unfeasible
because of the time required, comparison with the resolved subset of closer and
more massive disks may provide key insight. N2H+ emission has been spatially
resolved by ALMA in several disks (Qi et al. 2019). In depth analyses of a
few disks have also constrained key physical and chemical parameters for well-
studied sources. Estimates for the cosmic-ray ionization rate for TW Hya
(Cleeves et al. 2015) and physical structure and C/N/O abundances for IM
Lup (Cleeves et al. 2016, 2018) have been made. Further observation and
characterization of a diverse sample of sources is necessary to determine how
applicable these cases of nearby, well-studied disks will be to the disks in Upper
Sco.

The investigation of non-carbon-based volatiles will be critical for the develop-
ment of future observations aimed at identifying gas-rich disks in large surveys.
Such species are needed to break the degeneracy between CO abundance and
disk mass when reproducing observed fluxes. This is particularly pertinent
if CO-depletion is a widespread phenomenon among disk populations even
at young ages, as current data may suggest (Ansdell et al. 2016; Long et al.
2017). Chemical species detected in the outer disk gas that do not contain
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carbon are limited to H2O, SO, and N2H+. Sub-mm emission from H2O has
been observed in a few disks and is found to be underabundant by Herschel
likely due to sequestration of volatiles into solids (Du et al. 2017). Observa-
tions of H2O may increase in the coming years with ALMA Band 5 recently
coming online. Detections of SO in mm emission are also currently limited to
a few disks and suggest that this emission originates from the outflow rather
than the disk itself (Guilloteau et al. 2013). N2H+ is one of a limited number
of non-carbon-bearing species observed in the outer regions of protoplanetary
disks and could provide valuable additional constraints on the disk mass, given
further investigation of how this tracer is affected by the disk structure in a
diverse sample of disks.
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Abstract CO is expected to be the dominant form of carbon in protoplan-
etary disks. Sub-mm observations, however, find significant depletion of CO
relative to H2 in the outer disk gas, even interior to the CO snowline. In con-
trast, infrared observations, which probe the innermost surface layers of the
disk, reveal CO-rich gas. In the outer disk, depletion in CO/H2 relative to
interstellar levels may be caused by conversion of CO into less volatile species
such as CO2 and CH3OH. Using chemical models, we explore the fate of these
less volatile carbon carriers after being introduced to the hotter, denser inner
regions of the disk. Carbon returns to CO in unshielded, transparent regions
of the inner disk surface, consistent with infrared observations, but this is not
representative of the carbon reservoirs closer to the disk midplane. Unique
compositions, including the original carbon carriers from the outer disk, are
preserved in these shielded regions based on a dynamically static chemical
disk model. However, efficient vertical transport of materials may cause the
entire column to reflect the photon-dominated surface. Overall, we expect
that tracers of potential carbon carriers from the outer disk may be erased by
photochemistry and difficult to observe with the upcoming James Webb Space
Telescope (JWST).
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5.1 Introduction
The chemical composition of protoplanetary disks influences the planet forma-
tion process and its potential outcomes. Carbon, because it is one of the most
cosmically abundant elements after H and He, can play a significant role and
is of particular interest due to its biological significance on Earth. A product
of stellar nucleosynthesis, carbon is incorporated into solid dust grains around
carbon-rich asymptotic giant branch (AGB) stars that have C/O > 1 in their
photospheres. In this case, most of the oxygen is bound to carbon in the form
of CO (Marty et al. 2013). Interstellar observations indicate that elemental
carbon in the quiescent interstellar medium (ISM) is split roughly evenly be-
tween the refractory solid form and the volatile form, mainly CO (e.g., Savage
and Sembach 1996; Mishra and Li 2015). Following survival or regeneration
over 100s Myr in the ISM (Jones 2009), star formation via the gravitational
collapse of a molecular cloud core sweeps up carbonaceous grains in addition
to gas into a circumstellar disk around the developing star. This presents two
initial reservoirs of carbon to the disk: a solid, non-volatile component of un-
known molecular structure and a volatile component composed of mostly CO.
Here we are concerned with the fate of the inherited volatile component.

Protoplanetary disk observations reveal that their carbon composition differs
from the ISM. Constraints have been placed on the CO/H2 ratio for a sample
of disks with HD measurements from the Herschel Space Observatory. HD
detections in three disks resulted in estimated CO/H2 ratios up to 5–100×
below the interstellar value of 10−4 (Bergin et al. 2013; Favre et al. 2013;
McClure et al. 2016). This is not an uncommon problem. Earlier suggestions
of CO depletion were made based on weak CO relative to mm continuum
emission for disks BP Tau (Dutrey et al. 2003), CQ Tau, and MWC 758
(Chapillon et al. 2008). In addition, total gas mass estimates based on observed
CO emission are found to be lower than those based on sub-mm/mm dust
assuming a gas-to-dust mass ratio of 100 for numerous disks in recent surveys
by the Atacama Large Millimeter/submillimeter Array (ALMA) (e.g., Miotello
et al. 2017). In some cases, CO freezeout in cooler regions of the disk (T.
20 K) and photodissociation of CO at the disk surface may contribute to
such discrepancies. However, recent results show that CO remains depleted
relative to interstellar values even interior to the CO snowline and near the
midplane. These results are based on radial distributions of CO determined
by spatially resolved observations of CO isotopologues in TW Hydra using
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ALMA (Schwarz et al. 2016; Zhang et al. 2017). Chemical processes in the
disk may result in the sequestration of CO over time into less volatile carbon
species (Bergin et al. 2014; Furuya and Aikawa 2014; Reboussin et al. 2015;
Yu et al. 2016; Eistrup et al. 2016). Schwarz et al. (2018) find that chemical
reprocessing can account for up to an order of magnitude of CO depletion
under the right disk conditions, but more severe depletion requires additional
non-chemical processes such as mixing within the disk or incorporation of CO
into large, km-sized, bodies forming in the disk (e.g., Krijt et al. 2018).

The main reservoirs of carbon following CO sequestration are expected to be
CH3OH and CO2 and their subsequent surface products (Schwarz et al. 2018).
If CO is sequestered into less volatile species such as CH3OH and CO2, this
carbon would remain frozen on icy surfaces interior to the CO snowline. Our
goal is to investigate the fate of these carbon carriers after they are introduced
to the inner disk. Once dust grains grow large enough to decouple from the
gas, they begin to drift radially inward as a result of the difference in velocity
between the dust and pressure-supported gas moving at sub-Keplerian veloc-
ities. Radial drift supplies the inner disk gas with these carbon carriers as
each species is released into the gas within its respective snowline or within
the water snowline if it is trapped in a water ice matrix. Such inward drift is
expected to influence inner disk chemical abundances as modeled by Bosman
et al. (2018) for CO2. The fate of the carbon carriers will depend on chemical
pathways present in the inner disk. Here we explore the fate of carbon released
from grain surfaces in the inner disk through chemical modeling. The results
will inform future observations of the inner regions of protoplanetary disks by
the James Webb Space Telescope (JWST).

5.2 Chemical Models
Using a dynamically static model of an azimuthally symmetric protoplanetary
disk around a T-Tauri star, we explore three endmember scenarios featuring
different carriers of the volatile carbon content of the disk. The chemical model
includes the high-temperature gas-phase chemical reaction network of Harada
et al. (2010) and the gas-grain network of Fogel et al. (2011), as described in
Anderson et al. (2017). The physical disk model is similar to that of Cleeves
et al. (2013, 2015). Dust consists of 80% astronomical silicates (Draine and
Lee 1984), 16% aromatic carbon and 4% aliphatic carbon (Jones 2012) in two
populations each described by an MRN size distribution. The large population
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Figure 5.1: Gas density (a), gas temperature (b), and UV radiation (c) vs.
height (z) at four representative disk radii in our models. Height is shown
relative to the scale height (h) for each radius.

has a maximum size of 1 mm, contains 80% of the total dust mass, and has
a scale height 20% of that of the small grain population to approximate grain
settling. The remaining dust mass exists in a smaller population with a maxi-
mum size of 10 µm. The minimum dust size for both populations is 0.005 µm.
A power law with an exponential cutoff, Σgas(R)= Σc(R/Rc)−1exp[-(R/Rc)]
where Σc = 3.0 g cm−2 and Rc = 100 au, describes the fixed radial dust distri-
bution. The gas tracks the dust with a vertically integrated gas-to-dust mass
ratio of 100. The disk is passively heated by a central K star and dust temper-
atures were calculated using TORUS (Harries et al. 2004). The Monte Carlo
radiative transfer code of Bethell and Bergin (2011b,a) was used to compute
the UV and X-ray radiation fields using the UV spectrum from TW Hya and
a total luminosity of 1029.5 erg s−1 between 1–20 keV as inputs. Gas tempera-
tures were estimated based on the thermochemical models of Bruderer (2013),
as described in Cleeves et al. (2015).

The fate of carbon depends on disk density and therefore the structure of the
inner disk region. The modeled disk structure used in this work is shown
for four selected radii in Figure 5.1. The radii are selected to represent the
hot, inner disk (0.4 au); the region near the H2O and CH3OH snowlines (1
au); the region near the CO2 snowline (3 au); and the outer disk (15 au),
which is within the CH4 and CO snowlines in the chosen disk model. We
simulate the scenario where carbon is locked up in less volatile species, such
as CH3OH and CO2, and brought into the inner disk by radial drift. In each
case, we alter the initial abundances of the model such that all of the available
volatile carbon, ∼10−4 relative to total H, is in the form of a less volatile
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Figure 5.2: Abundance relative to total H of the initial carbon carrier (in
purple for CH3OH, blue for CO2, or cyan for amorphous carbon grains), CO
(in orange) and C+ (in red) vs. height (z) relative to the vertical disk scale
height (h) for four selected radii in our models: 0.4 au in the inner disk, 1 au
near the H2O and CH3OH snowlines, 3 au near the CO2 snowline, and 15 au
in the outer disk. Each of the four radii is shown in a column including model
results at 106 years for each initial carbon composition: CH3OH ice (top row),
CO2 ice (middle row), and amorphous carbon grains (bottom row). Dashed
lines indicate ice species.

carbon carrier rather than CO. Our first model assumes carbon is in the form
of CH3OH ice. In our second model, the carbon is initially in the form of CO2

ice. To accommodate the extra oxygen we reduce the initial abundance of
H2O in this model by 10−4. In our final model, we approximate larger carbon
carriers, such as complex organics, as amorphous carbon grains with radii of
0.1 microns. Carbon is removed from these grains and reintroduced into the
gas phase via oxidation and UV photolysis. These carbon grains and their
destruction are modeled using the methods of Anderson et al. (2017).

5.3 The Fate of Carbon Carriers in the Inner Disk
Figure 5.2 shows the transition from the initial carbon carrier to the major
surface products, CO and C+, from the midplane to the ionized disk surface
at the selected radii for each of the following endmember scenarios: all of the
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Figure 5.3: Abundance relative to total H of the initial carbon carrier (in
purple for CH3OH, blue for CO2, or cyan for amorphous carbon grains) and
CO (in orange) vs. time at a radius of 1 au in the disk midplane (left column)
and surface layers at five scale heights (h) above the midplane (right column)
in our models. Results are shown for three different models: all of the initial
carbon starting in CH3OH ice (top panels), in CO2 ice (middle panels), and in
amorphous carbon grains (bottom panels). Dashed lines indicate ice species.
Conversion of CH3OH and CO2 from the ice to gas phase occurs within the
first time step of 1 yr. Further conversion to CO also occurs at the disk surface
within this time frame for the CH3OH ice and CO2 ice scenarios.
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carbon initially stored in CH3OH ice, CO2 ice, and amorphous carbon grains.
These abundances are computed in our dynamically static chemical model
after 106 years. Carbon remains in its initial form for CH3OH and CO2 at
the midplane, changing phase interior to their respective snowlines. At and
above 2–3 scale heights from the midplane, all three initial carbon carriers
are converted into CO transitioning to C+ above 5–6 scale heights. In the
case of carbon grains in the innermost disk radii, conversion to CO extends
into denser regions in the midplane. While the dust optical depth depends
on assumed opacity values, the τ=1 surface appears to lie &4 scale heights
above the midplane for wavelengths of 5–15µm these models. This limits the
observability of the initial carbon carriers using infrared facilities.

The dominant form of carbon vs. height in the disk is mainly determined by
the density structure and penetration of photons. Chemical changes in the
disk surface occur within 1–10 years at 5 scale heights above the midplane
at a distance of 1 au from the central star (Figure 5.3). Photodissociation
rapidly converts CH3OH and CO2 to CO. UV photolysis releases CH4 and
larger hydrocarbons from amorphous carbon grain surfaces into the gas. Af-
terwards these species are also quickly converted to CO. Oxidation of these
carbonaceous surfaces also produces CO, but at a temperature-dependent rate
in a narrower region near the disk surface and in the innermost disk midplane
where temperatures are above 200 K (Anderson et al. 2017). Regardless of
the initial carbon carrier, nearly all of the available carbon is stored in CO
at the disk surface when a form of oxygen is present in the gas (Figure 5.4).
Additionally, in all of these scenarios CO2, a species widely detected in inner
disk surface gas by Spitzer, is present in the disk surface layers. At the lo-
cation shown in Fig. 5.4, about 1% of the total carbon ends up in CO2. In
regions shielded from stellar photons, cosmic-ray ionization and ion chemistry
control destruction of CH3OH and CO2. With the exception of the innermost
disk, the midplane chemistry is much slower with little to no change in the
dominant carbon carrier over a disk lifetime of 106 years (Fig. 5.3).

Midplane Compositions
Whereas the surface layers of the disk are dominated by CO in all three end-
member scenarios, there are a distinct sets of carbon carriers found in the
midplane (top three rows of Fig. 5.4). For the case where the initial carbon
carrier is CO2 ice, after 106 years carbon in the midplane at 1 au is distributed
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between CO2 and CO. For CH3OH ice, a wider range of carbon species is found
including CH4, H2CO, CH3, and HCN. The exact set of products depends on
the chosen chemical reaction network. For the carbon grain model, nearly
all carbon in the midplane remains on grain surfaces beyond 1 au and in the
form of CO in the innermost disk. When the model is allowed to run for 107

years, the percentage of CO increases from ∼10% to ∼45% for the CO2 ice
scenario. The percentages of CO and CH4 also increase in the CH3OH ice
scenario, from ∼4% and ∼8% to ∼37% and ∼26%, respectively. Furthermore,
additional hydrocarbons appear at the ∼1% level.

Midplane chemistry is largely dependent on the degree of ionization in these
dense disk regions and therefore the cosmic-ray ionization rate. This parameter
is not well constrained for most protoplanetary disks. The interstellar value is
around 3×10−17 s−1, but may be lower due to the stellar winds or magnetic
fields of young, accreting T-Tauri stars. The cosmic-ray ionization rate has
been estimated to be .10−19 s−1 based on observations of ionized species for
the disk of TW Hya (Cleeves et al. 2015). We tested the CH3OH ice scenario
at this lower ionization rate and found no carbon removed from the original
carrier (CH3OH) in the midplane at 1 au.

Altering Gas-phase C/O
The modeled scenarios described above suggest an accretion scenario in which
solids from the outer disk dominate the composition of the inner disk upon
entry. However, gas accretion may introduce outer-disk gas compositions into
the inner regions as well. Originating from colder regions beyond the H2O
snowline, the outer-disk gas would be H2O-poor as observed by (Hogerheijde
et al. 2011; Du et al. 2017). Reducing the oxygen content of the gas will alter
the chemical evolution and major carbon reservoirs (Du et al. 2015; Bergin
et al. 2016). We test the scenario in which the carbon carriers that have
radially drifted inward from the outer disk interact with H2O-depleted gases
also entering the inner disk regions. To model this, we reduce initial H2O
ice abundances from 10−4 to 10−9 relative to total H, preventing release of
abundant H2O from icy surfaces, therefore simulating H2O-poor gas. It is
assumed that the H2O ice on the accreted grains will remain locked in solid
form beyond the H2O snowline and therefore can be ignored in this model
scenario for radii >1 au.
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Figure 5.4: Major carbon, oxygen, and nitrogen species at five scale heights
above the midplane in the disk surface layers (top row) and at the disk mid-
plane (bottom row) at a radius of 1 au in our models. Results are shown at
106 years for three different models, from left to right: all of initial carbon
starting in CH3OH ice, CO2 ice, and amorphous carbon grains. Bar colors
indicate the distribution of each element by number of atoms across chemical
species. All chemical species comprising more than 1% of the total budget for
each element are labeled. Bars filled in solid colors represent species in the gas
phase whereas hatch patterns represent ices.

Because of the oxygen content of CH3OH and CO2, the presence of H2O-poor
gas beyond the H2O snowline has little effect on the main carbon products in
the surface layers. For the amorphous carbon grain case however, the surface
products change substantially (Fig. 5.5). The lack of H2O in the gas limits
the amount of oxygen available to produce CO. Instead, carbon is distributed
over various nitrogen-bearing and hydrocarbon species, many containing large
carbon chains.

5.4 Discussion
Observations of the potential carbon carriers in disks are crucial to test the
modeled scenarios. The inner regions of protoplanetary disks are probed by
space- and ground-based infrared telescopes. Spitzer detected CO2, in addition
to carbon-bearing species HCN and C2H2, in a number of protoplanetary disks
(e.g., Pontoppidan et al. 2010; Salyk et al. 2011). Keck-NIRSPEC has provided
CO observations for a comparable sample (Salyk et al. 2011). To date CH4

has been observed via absorption in only one disk, GV Tau (Gibb and Horne
2013). While CH3OH has not yet been observed in the inner disk regions,
the sensitivity of ALMA has recently allowed for observations of CH3OH in
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Figure 5.5: Comparions of major carbon, oxygen, and nitrogen species for dis-
tinct gas-phase C/O ratios. Plotted are two scenarios, first the initial model
where carbon starts in the form of amorphous carbon grains and the inner disk
gas composition is dominated by radial drift of solids and the subsequent va-
porization of their volatile-rich icy surfaces (A) and then an additional carbon
grain model that assumes that the inner disk gas composition is dominated by
accretion of H2O-poor gas from the cold outer disk where the bulk of the wa-
ter is frozen on grain surfaces (B). Results are shown at 106 years for the disk
surface at five scale heights above the midplane at a radius of 1 au. Bar colors
indicate the distribution of each element by number of atoms across chemical
species. All chemical species comprising more than 1% of the total budget for
each element are labeled. The label “Other” represents C6H2, C10H2, HC9N
ice, NC6N, C8H2, C7H2, HC3N, C4H2, HC5N, and HNC at levels of 1–4%.
Bars filled in solid colors represent species in the gas phase whereas hatch
patterns represent ices.

the the outer disk gas of TW Hya (Walsh et al. 2016). Further exploration of
carbon species including CO, CO2, CH4, and CH3OH in protoplanetary disks
will be completed by JWST.

Our results suggest that abundant reservoirs that trace the original carbon
carriers from the outer disk are only preserved up to 2–3 scale heights above
the midplane. Further, chemical abundances in the higher surface layers ap-
pear very similar regardless of the initial carbon carrier because over short
timescales the final compositions converge to the same dominant species. In
these high layers, which are above the dust optical surface at mid-infrared
wavelengths where key lines of these species will be observed, the original
carriers are rapidly destroyed by photochemistry. Given the optical depth
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limitations, we expect the observed compositions in the infrared to be largely
uniform across many protoplanetary disks. If this is not the case, it may mean
that photochemistry is much less efficient than modeled here or that dynam-
ical processes are constantly resupplying material from the outer disk and/or
midplane. Current observational constraints do not rule out disk compositions
that are relatively uniform across different sources. Local thermal equilibrium
(LTE) models fit to Spitzer and Keck-NIRSPEC survey data find that the
best-fit column density ratios of CO2, HCN, and C2H2 relative to H2O range
from 10−4–10−2 within 1σ and the reported scatter in CO/H2O is only a factor
of ∼5–10 (Salyk et al. 2011).

Photochemistry may vary for different stellar environments. In fact, Herbig
disks, which have stronger UV fields relative to T-Tauri sources, have been
observed in CO but these same disks lack detections of HCN, C2H2, and
CO2 emission seen in many T-Tauri disks (Pontoppidan et al. 2010; Salyk
et al. 2011). Sources with lower UV fluxes may reprocess carbon carriers more
slowly, preserving the more diverse chemical compositions such as those seen
closer to the midplane in our models. However, lower UV fluxes may also
result in colder disks, where increased settling causes increased penetration of
UV photons into the disk, moving the photoactive layer closer to the midplane.
Fully understanding this process would require iterative modeling of the verti-
cal disk structure and radiation environment, particularly for the dense inner
disk regions.

The rate of vertical motion of material from the midplane to the observable
surface layers depends on the means of angular momentum transport in the
disk. Given the rapid photochemistry converting the initial carbon carriers
into CO at the disk surface at timescales <1 yr, resupply from the midplane
would need to be extremely efficient in order to maintain a diversity of carbon
species in the photon-dominated surface layers. The diffusion timescale for
a single scale height at 1 au is about 15 yrs based on the formula for the
diffusion coefficient of gas from Dullemond and Dominik (2004) and turbulence
characterized by a standard α value of 0.01. Uncertainty in the diffusion
coefficient by orders of magnitude could largely vary this timescale estimate.
If vertical mixing of materials occurs more slowly than the photochemistry,
it would result in the surface composition spreading throughout the entire
column.
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Although infrared observations are limited to the disk surface due to the opti-
cally thick dust emission at these wavelengths, longer wavelength observations
may probe deeper. Observatories such as the future Square Kilometer Ar-
ray (SKA) with low frequencies of 50–350 MHz and mid-range frequencies of
350 MHz to 15.3 GHz, corresponding to cm to m wavelengths, may detect
signatures from the midplane for low-frequency emitters including CH3OH.
This would provide crucial information about midplane CH3OH abundances
that could help distinguish the carbon carrier scenarios.

5.5 Conclusion
Here we modeled the carbon chemistry of the inner region of protoplanety disks
assuming delivery of carbon from the outer disk where it has been chemically
converted from CO into various less volatile carbon carriers. We simulate
the entry of these carbon carriers into the inner disk using dynamically static
chemical models and investigate the effects of the initial carbon carrier for
three endmember scenarios: CH3OH ice, CO2 ice, and amorphous carbon
grains. We have made the following conclusions based on these analyzes:

• Considering only chemical changes in a dynamically static disk, the sur-
face layer composition in the inner disk is dominated by photochemistry
which resets the initial chemical state towards one dominated by CO
regardless of whether the initial carbon carrier is CH3OH, CO2, or amor-
phous carbon grains. Midplane compositions, however, are diverse and
preserve product combinations unique to each carbon carrier.

• The degree of conversion of the original carbon carriers to new prod-
ucts that occurs in the midplane is largely driven by ion chemistry and
therefore dependent on the cosmic-ray ionization rate.

• Mass transport will largely affect the inner disk composition. Efficient
vertical transport of materials may result in the destruction of preserved
midplane carbon species. In this case, observations of the surface layers
would reflect the entire vertical column. In addition, the rate of resup-
ply of carbon-coated and icy solids vs. H2O-poor gases from the outer
disk could vary the main carbon carriers from more oxidized species to
hydrocarbons.
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Abstract Ancient environmental conditions on Mars can be probed through
the identification of minerals on its surface, including water-deposited salts
and cements dispersed in the pore space of sedimentary rocks. Laser-induced
breakdown spectroscopy (LIBS) analyses by the martian rover Curiosity’s
ChemCam instrument can indicate salts, and ChemCam surveys aid in iden-
tifying and selecting sites for further, detailed in situ analyses. We per-
formed laboratory LIBS experiments under simulated Mars-conditions with
a ChemCam-like instrument on a series of mixtures containing increasing con-
centrations of salt in a basaltic background to investigate the potential for
identifying and quantifying chloride, carbonate, and sulfate salts found only
in small amounts, dispersed in bulk rock with ChemCam, rather than con-
centrated in veins. Data indicate that the presence of emission lines from the
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basalt matrix limited the number of Cl, C, and S emission lines found to be
useful for quantitative analysis; nevertheless, several lines with intensities sen-
sitive to salt concentration were identified. Detection limits for the elements
based on individual emission lines ranged from ∼20 wt. % carbonate (2 wt. %
C), ∼5–30 wt. % sulfate (1–8 wt. % S), and ∼5–10 wt. % chloride (3–6 wt. %
Cl) depending on the basaltic matrix and/or salt cation. Absolute quantifi-
cation of Cl, C, and S in the samples via univariate analysis depends on the
cation-anion pairing in the salt but appears relatively independent of matri-
ces tested, following normalization. These results are promising for tracking
relative changes in the salt content of bulk rock on the martian surface with
ChemCam.

6.1 Introduction
Salts act as a tracer of past environments. As ionic solids that precipitate from
aqueous fluids, salts indicate the presence of liquid water and its geochemistry,
which are relevant for evaluating habitability and organics preservation poten-
tial on planetary surfaces. Assessing past and present martian surface envi-
ronments is the objective of in situ experiments performed by Curiosity, the
Mars Science Laboratory rover, which is currently traversing the 155-km Gale
impact crater that formed ∼3.8–3.6 billion years ago on the boundary between
the southern highlands and northern lowlands [Thomson et al., 2011; Le Deit
et al., 2013]. Within the crater are alluvial fan and lacustrine deposits and a 5-
km-high central mound, Aeolis Mons, informally known as Mount Sharp. The
sedimentary strata that constitute these features record the ancient geological
and geochemical history of the region, including evidence of aqueous activity
and a transition in minerology from clays to sulfates, potentially related to a
global climate change on Mars [Anderson & Bell, 2010; Milliken et al., 2010].
Curiosity samples the chemical composition of Gale crater rocks and sediments
using a suite of instruments including ChemCam, which performs laser-induced
breakdown spectroscopy (LIBS) and remote micro-imaging (RMI) [Wiens et
al., 2012; Maurice et al., 2012].

LIBS is an atomic emission spectroscopy technique initiated by laser ablation
of the target surface resulting in the formation of a hot (electronically excited)
plasma. As the plasma cools, continuum, ionic, and atomic emissions occur,
revealing the elemental composition of the sample [Cremers & Radziemski,
2013]. At a late stage, when the plasma has sufficiently cooled, molecular
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emissions can also be observed—not from molecules in the original sample, but
due to recombination of atoms in the plasma [e.g., Gaft et al., 2014; Forni et
al., 2015]. ChemCam acts as a survey tool, having collected more than 422,000
spectra to date. It targets rocks and soils at distances 1.5–7 m from the rover,
analyzing spots of 350–500 µm diameter with multiple laser shots to remove
dust from the surface and obtain chemical depth profiles, allowing the study
of potential coatings [Lanza et al., 2015], [Wiens et al., 2012; Maurice et al.,
2012]. The wealth of data collected by ChemCam aids in directing Curiosity
towards intriguing science targets for further analyses with its instrument suite
[e.g., Newsom et al., 2016; Frydenvang et al., 2016; Gasda et al., 2016] and
provides a chemical record of samples throughout the entire rover traverse.

Chlorides, carbonates, and sulfates represent classes of potential evaporite
minerals that have been previously detected on the martian surface; perchlo-
rates and nitrates are also found in minor amounts [e.g., Ehlmann & Edwards,
2014; Gendrin et al., 2005; Hecht et al., 2009; Stern et al., 2015]. S and Cl are
common bulk chemical components of Martian fine soils and rocks, as mea-
sured by APXS [e.g., Yen et al., 2005]. Sulfates have been detected within
Mount Sharp strata from orbit [Milliken et al., 2010] and in situ by Curiosity
in veins at multiple locations. Calcium sulfate, mostly bassanite, veins were
first identified by ChemCam in Yellowknife Bay [Nachon et al., 2014; Rapin et
al., 2016] and later confirmed through X-ray diffraction (XRD) with Curios-
ity’s Chemistry and Mineralogy instrument (CheMin) [Vaniman et al., 2014].
Sulfates were also identified in the light-toned veins of Garden City [Nachon
et al., 2017]. In addition, LIBS molecular emission lines of CaCl have been
detected from some Gale crater rocks [Forni et al., 2015], potentially as a re-
sult of NaCl in the rock (Ca from the accompanying host rock mixes with the
Cl in the plasma to produce the CaCl molecular line that is identified in the
LIBS spectrum). At Gale Crater, carbonates have not yet been inferred from
ChemCam data nor found at abundances >1–2 wt. % using CheMin [Leshin
et al., 2013]. The ChemCam spot size of 350–500 µm allows the instrument
to pinpoint and measure the composition of individual salt veins. However,
an outstanding question is the ability of ChemCam to detect more dispersed
salts that would appear at lower concentrations in the bulk rock, for example
as detrital contributions, cementing agents, or diagenetic precipitates in the
sedimentary rocks in Gale crater.
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The presence of salts in bulk rocks has been inferred using ChemCam based
on observed anti-correlations between the potential cation and other major
elements [e.g., Clegg et al., 2013]; however, identification of salt anions can
be a challenge. LIBS is more sensitive to elements that have low ionization
energies (e.g., Na I, 5.1 eV) for which more atoms are excited in response to
a particular energy input. It is less sensitive to elements with high ionization
energies including chlorine (Cl I, 13.0 eV), carbon (C I, 11.3 eV), and sulfur (S
I, 10.4 eV), which are crucial for identifying chloride, perchlorate, carbonate,
and sulfate anions. These elements produce weak emission lines, making them
more difficult to characterize than elements with prominent peaks such as al-
kalis, alkaline earth elements, and transition metals. The ChemCam team has
therefore devoted particular attention to the measurement of Cl, C, and S in
the laboratory. Cousin et al. [2011] developed a database of lines detectable
by ChemCam under a martian atmosphere for 32 elements focusing on con-
trolled samples composed of a single or a small number of elements to ensure
proper line identification. They identified 27 lines for Cl, 33 for C, and 28
for S. Ollila et al. [2011] focused on carbon, identifying 18 C peaks and 21
C2 Swan bandheads in graphite and all 18 C peaks and 4 of the C2 Swan
bandheads in one or more geologic samples. Lanza et al. [2010] found that dif-
ferent carbonates could be distinguished from igneous materials and from each
other using multivariate techniques on LIBS spectra collected under martian
conditions. Sulfur-bearing rock samples including sulfates and sulfides were
used in the study by Dyar et al. [2011], which recommended implementing
multivariate analysis of the spectral regions containing S lines around 540.08–
550.10 and 559.18–567.10 nm instead of univariate analysis of the S emission
lines for quantitative studies. Schröder et al. [2013] optimized multivariate
techniques for distinguishing the spectra of eight chloride and sulfate salts and
frozen salt-water solutions and selected 14 Cl and 10 S lines that were most
relevant in their analysis. To complement this body of work, we conducted
a systematic study of salts present at decreasing concentrations in prepared
salt+basalt mixtures to address further questions regarding the influence of
basaltic matrices and the detectability of salts present at low concentrations
in the LIBS spectra.

Here we analyze LIBS spectra acquired for pressed pellets of salt+basalt mix-
tures measured in the laboratory under martian environmental conditions with
a ChemCam-like instrument so as to ultimately aid in the study of chlorine,



119

carbon, and sulfur salt contents in martian rock and soil targets. We build
upon prior work by (1) measuring LIBS spectra of controlled mixtures of Mars-
relevant salts to investigate how effects due to the basaltic matrix—typical
geochemistry for martian materials—influence the spectra and our ability to
identify salt-related emission lines and (2) preparing the mixtures at several
concentrations of salt relative to basalt to evaluate the potential for quantita-
tive analysis of abundance and to establish detection thresholds. We present
the spectral trends in continuum and line emission with salt concentration;
identify Cl, S, and C detection thresholds; determine the best lines for use in
anion detection and quantification; and then discuss how these results relate
to the current literature and their applicability to the ChemCam dataset and
future Mars LIBS investigations.

6.2 Materials and Methods
6.2.1 Sample Preparation & Analysis
The sample set represents a selection of chlorides, carbonates, sulfates, and
basalts potentially relevant to martian surface science (Table 6.1–6.2). The set
is designed to investigate the effects of two variables in sample composition on
the anion lines in the LIBS spectra: the cation element in the salt and the rock
matrix. To this end, at least two samples of a given salt anion were included,
each with a different cation. All salts were mixed with K1919, a moderate-
alkali (2.27±0.01 wt. % Na2O and 0.52±0.01 wt. % K2O) Hawaiian basalt. In
addition, for a subset of salts, a suite of salt-basalt mixtures were produced
with GBW07105, a higher-alkali basalt (3.32±0.01 wt. % Na2O and 2.24±0.01
wt. % K2O) from the Brammer Standard Company. Salt+basalt mixtures
created at various concentrations allow for quantitative analysis of anion lines
through production of calibration curves (Figure 6.1) and the determination
of Cl, C, and S detection limits in these mixtures.

Mixture preparation was as follows. Salt and basalt powder endmembers were
produced from reagent grade chemicals or natural rock and mineral samples
(Table 6.2). Non-particulate samples were crushed with a jaw crusher to pro-
duce sub-mm particles. All endmember particulates were then run through a
shatterbox for several minutes to produce powders with grain sizes less than
the spot size of the laser (.350 µm; see Figure S1 in the supporting informa-
tion for example size distributions of the grains prior to mixing). As a result
of our preparation, 85–90% of the sample is <250 µm. While the existence
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Table 6.1: Salt+Basalt Mixture Combinations.a

Basalts Chlorides Carbonates Sulfates
K1919 + CaCl2 CaCO3 CaSO4·2H2O

+ NaCl MgCO3 Fe2(SO4)3
+ MgSO4
+ Na2SO4

GBW07105 + NaCl CaSO4·2H2O
aEach chloride, carbonate, or sulfate salt is paired with one of two
basaltic backgrounds: the moderate-alkali K1919 (abbreviated here
as KB) or high-alkali GBW07105 (GB). Underlined samples were
measured in the second batch (see Methods).

of some clumps or grains larger than the spot size is not fully ideal, we do
not observe sharp discontinuities in chemistry between laser shots or surface
locations, which would occur if the measurements sampled only distinct indi-
vidual grains. Thus, they appear well-mixed. Powders were physically mixed
manually at concentrations of 5, 10, 30, 50, and 70 wt. % salt with a basaltic
endmember for each combination listed in Table 6.1. Mixtures underlined in
Table 6.1 were also prepared at a very low salt concentration of 0.5 wt. %. Ele-
mental compositions of pure endmembers and a subset of the mixtures (the 10
and 50 wt. % salt mixtures of each salt+basalt series) were verified using flux-
fusion inductively coupled plasma optical emission spectroscopy (ICP-OES)
for major oxides, instrumental neutron activation analysis (INAA) for Cl, and
combustion in a pure oxygen environment followed by gas-phase infrared spec-
troscopy (IR) for C and S (measured as CO2 and SO2, respectively) performed
by Activation Laboratories Ltd. (Actlabs) (Table S1). Measured C, S, and Cl
values match expected values (Figure S2).

Mixed sample powders were pressed into pellets, and LIBS analyses were per-
formed using the ChemCam-analog instrument at Los Alamos National Lab-
oratory [Clegg et al., 2017]. The instrument consists of the engineering model
mast unit containing the laser, telescope, and RMI, placed inside an enclosure
cooled to 14–19oC, connected by a fiber to a body unit outside the enclo-
sure containing the optical demultiplexer, spectrometers, and data processing
unit. This setup generates a maximum ChemCam laser energy of 14 mJ/pulse.
Samples were analyzed with 50 consecutive laser pulses on each of five differ-
ent locations on the sample surface, producing 225 spectra per sample (after
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Table 6.2: Endmembers and Their Sources Used in Mixtures.

Sample Origin Source
K1919 Kilauea, Hawaii Caltech collection, near

USGS BHVO-1 locality
GBW07105 NRCCRM, China Brammer
MgCO3 Ward’s
CaCO3 Minas, Nuevo Leon, Mexico Ward’s
CaSO4·2H2O Fremont County, Colorado Ward’s
MgSO4 synthetic, reagent grade Macron Chemicals
Fe2(SO4)3 synthetic, reagent grade Carolina Chemical
Na2SO4 synthetic, reagent grade Carolina Chemical
NaCl synthetic, reagent grade Macron Chemicals
CaCl2 synthetic, reagent grade J.T. Baker
Fe2O3 Joan Monlevade, Minas Gerias, Caltech Mineral Collection

Brazil
SiO2 NW end of Saline Valley, CA Caltech Mineral Collection
SiO2·nH2O Colton, San Bernadino Co., CA Caltech Mineral Collection

excluding the first five laser shots due to potential surface effects). The ex-
periment was performed in a chamber containing 7 torr of CO2 to simulate a
Mars-like atmosphere. Replicating the conditions under which the ChemCam
dataset on Mars is collected is important for making relevant comparisons to
data obtained by the mission [Cousin et al., 2011]. Emission was collected
using three detectors over the following wavelength ranges: UV (240–340 nm),
VIO (blue-violet, 380–470 nm) and VNIR (490–850 nm). The first batch of
samples was measured in September-October 2013 at a laser-to-sample dis-
tance of 1.6 m and the second batch in August-September 2014 at a distance
of 3 m. The change in distance was not an ideal difference between batches
but was a consequence of the setup available at the time. Distance corrections
were applied during data processing to account for the viewing geometry (see
sections 6.2.2 and 6.4.2). Samples from the first batch of analyses with compo-
sitions measured by Actlabs were included in the database compiled by Clegg
et al. [2017]. The identification labels for all samples are provided in Table
S2 in the supporting information. A comparison of the total integrated LIBS
emission per shot for each location on a sample surface showed similar behav-
ior among, in most cases, all five and in a few anomalous cases, at least 3–4 of
the spots. This suggests that the pellet material was reasonably homogeneous.
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Figure 6.1: Example spectra, model fit, and resulting calibration curve for
the Cl line at 725.9 nm in NaCl+K1919 mixtures (denoted by vertical dashed
line). (a) Spectra for multiple salt concentrations are overlain after continuum
removal. Colors in the spectra indicate different salt concentrations with pure
basalt in black, pure salt in red, and mixtures containing salt mass fractions of
5 wt. % in purple, 10 wt. % in blue, 30 wt. % in green, 50 wt. % in yellow, and
70 wt. % in orange. Intensity is in units of photons/shot/mm2/sr/nm. (b) An
example model fit to the minimally-processed data (shown in black dots) of
50 wt. % NaCl in K1919. The final model (shown in magenta) is the sum of 3
Lorentzian peaks (shown in red, blue and cyan) with an underlying linear con-
tinuum (shown in green). (c) Peak area vs. mole fraction of Cl for the mixtures
based on the model fits. Peak areas are in units of photons/shot/mm2/sr.

6.2.2 Data Processing
Standard ChemCam data-processing techniques were applied to produce clean
calibrated spectra (CCS) files used for analysis of ChemCam data [Wiens et
al., 2013]. In addition, “minimally-processed” data products were produced to
preserve characteristics of the raw spectra including the continuum emission.
First, the “dark” background spectrum, the median of 50 spectra collected
without the laser, was subtracted from each LIBS spectrum. This removes
reflected light from the sample surface, any stray light in the instrument, and
instrument noise, e.g., due to dark currents. A wavelength calibration was per-
formed by applying an offset correction derived from the comparison between
a Ti reference spectrum and the median spectrum of a Ti calibration target
measured on the same day as the sample. The line wavelengths are calibrated
to match those obtained in a vacuum to provide appropriate comparisons to
reference databases. Each spectrum was then multiplied by a smoothed gain
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function to correct for instrument response. Gaussian white noise was removed
using the wavelet analysis method of Wiens et al. [2013]. The spectrum was de-
composed into a series of consecutively lower resolution scales each described in
terms of the wavelet basis and corresponding coefficients. A noise hard thresh-
olding was defined at each scale by iteratively selecting wavelet coefficients less
than three times the standard deviation from the average value. After ten it-
erations, wavelet coefficients less than the noise threshold were put to zero
and the sum of the resulting wavelet scales became the de-noised spectrum.
Finally, each spectrum is corrected for geometry, including the laser-to-sample
distance, and the spectral resolution of each detector element. The spectrum
is divided by the approximate area of the plasma (πr2 where r = 0.1 mm),
solid viewing angle (π (h/d)2), where h is half the aperture of the telescope,
54.2 mm, and d is the distance to the target), and ∆λ, obtained by fitting a
second-order polynomial to the derivative of the wavelength vector. Following
the processing steps outlined above, the units of the LIBS spectral data are
spectral radiance, photons/shot/mm2/sr/nm.

Continuum emission is typically removed from the spectrum during LIBS data
processing to improve visibility of the spectral lines and prior to fitting peak
areas for quantitative calculations. This is justified because unlike the spec-
tral lines, continuum emission consists of Bremsstrahlung and recombination
radiation from electron-ion interactions and does not provide direct informa-
tion regarding elemental abundances [Cremers & Radziemski, 2013]. However,
theoretically determining the exact shape of the continuum emission to be
removed is challenging. Therefore, in typical ChemCam LIBS processing to
produce CCS files, the intensity of the continuum is determined empirically by
fitting the local minima or convex hulls after a wavelet decomposition, similar
to that used in de-noising above [Wiens et al., 2013]. This continuum-removal
algorithm is sensitive to large peaks and overall trends of the global spectrum.
Because the existing algorithm is optimized to provide a global continuum
removal, it can sometimes cause the weak anion lines of interest in this study
to be over or under fit, altering the shape of the spectrum and the resulting
peak areas. Only a few spectral regions display an observable difference in the
spectra between the CCS and minimally-processed data. These include cases
where two or more blended Cl lines appear at 507–510 nm (shown in Figure
6.2a,b) and 539–545 nm. However, to avoid altering our spectral regions prior
to analysis, we elected to retain the continuum emission prior to peak fitting in
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our minimally-processed spectra, and we only removed the continuum locally
as part of peak area fitting for the anion lines. The sensitivity of the resulting
calibration curves on this choice is discussed in section 6.2.4.

The spectra collected from individual laser shots were compared for different
sample compositions to investigate changes in spectra due to depth into the
sample or to random variation. Line intensity analyses were performed on the
median spectra of shots 6-50 at the 5 sample locations. Median rather than
mean spectra were selected to reduce the influence of outlier data. Two nor-
malization techniques were tested: division of the area of individual channels
(i.e., the intensity multiplied by ∆λ) by the total integrated intensity of either
(1) the entire spectrum resulting in a total normalized area equal to one (Norm
1) or (2) the spectral range of the detector to which the channel corresponds
resulting in a total normalized area of three (Norm 3). The intensity totals
were computed from the CCS files to include only the spectral lines and not
the continuum. Work is ongoing to understand the applicability of normaliza-
tion to atmospheric O and C lines for elements other than H. The effects of
normalization on the results are described in sections 6.4.2–6.4.3.

6.2.3 Line Selection
To compare the spectral emission of different samples quantitatively, the in-
tegrated areas of emission lines of Cl, C, and S were measured. A selec-
tion of emission lines in the NIST Atomic Spectra Database [Kramida et al.,
2015], representing elements relevant to the martian surface with ionization
levels I-II, were considered and accessed via the ChemCam Quick Element
Search Tool (C-QuEST, http://pds-geosciences.wustl.edu/workshops/ Chem-
Cam_Workshop_Mar15.htm). For line identification, peak centers were al-
lowed an uncertainty from the reference wavelength within ±1.0× the Chem-
Cam spectrometer resolution (∼0.2 nm for wavelengths<470 nm and∼0.65 nm
for wavelengths >470 nm). All emission lines in the C-QuEST database for
the element of interest (C, S, Cl) were searched for in the LIBS data from a
mixture suite by using an algorithm that checked for increasing line intensity
with concentration as indicated by a positive slope between the intensity at the
reference wavelength and the mole fraction of the element (Xelement). Lines
were ranked based on the value of this slope, with high values indicating a
greater sensitivity, and the R2 indicating a linear correlation. Line emission is
expected to increase with the number of emitting atoms (mole fraction) in a
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Figure 6.2: Comparison of spectra (a,b) and calibration curves (c,d) between
CCS (a, red dots in c,d) and minimally-processed data (b, blue dots in c,d) for
peaks at 507.9 and 510.1 nm in NaCl+K1919 mixtures. This example displays
the uncommon case in which the resultant spectra are different, following
the different data processing steps. Colors in the spectra indicate different
salt concentrations with pure basalt in black, pure salt in red, and mixtures
containing salt mass fractions of 5 wt. % in purple, 10 wt. % in blue, 30
wt. % in green, 50 wt. % in yellow, and 70 wt. % in orange. Intensity is in
units of photons/shot/mm2/sr/nm. Despite differences in the spectra, similar
increasing trends are observed in the calibration curves. Peak areas are in
units of photons/shot/mm2/sr.
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linear fashion when excluding complicating effects such as self-absorption at
high abundances of the element or presence of the element in the blank (in our
case, the pure basalt). Linear trends would provide the best ability to distin-
guish signals across a large range of concentrations improving quantification.
However, emission lines were not excluded based on lack of linear trends since
any monotonically increasing trend could be useful for some level of quan-
tification. The increasing trends in the height of potential peaks with salt
concentration in this subset of high-ranking lines were then visually verified
by examination of the spectra.

Comparing a given spectral region among all salt+basalt mixtures, pure end-
members, and additional mixture sets including SiO2+K1919, SiO2·nH2O+K1919,
and Fe2O3+K1919 aided in identification of elemental lines. To avoid confu-
sion with lines of other elements, the initial criteria for identification of anion
lines that may be useful for univariate analysis in the mixture spectra were the
following: (1) a visually detectable peak appeared above the level of the back-
ground emission at the location of the reference wavelength; (2) the peak was
sufficiently free from interference such that it could be visually distinguished
and fit separately from neighboring peaks; (3) the line strength generally in-
creased with salt concentration, giving the calibration curve a positive slope;
and (4) the line identity was supported by spectral comparison between mix-
tures, including those not containing the element in question. Stricter criteria
to further select lines useful for future quantitative analyses based on our
results were (5) a detection threshold of ∼50 wt. % salt or less regardless
of mixture composition; (6) the line strength increased monotonically with
salt concentration for high salt concentrations (with preference towards mono-
tonically increasing trends starting at lower concentrations and with steeper
slopes); and (7) reliable behavior independent of the chemistry of the matrix
and host phase of the element of interest.

6.2.4 Fitting of Spectral Peaks
For lines identified according to the criteria outlined in section 6.2.3, the local
spectral region was fit, using a Levenberg-Marquardt algorithm [Gill et al.,
1981] as part of the LMFIT Python package [Newville et al., 2014] to model
a spectrum composed of Lorentzian functions for all observable peaks and an
underlying linear continuum. The local region to be fit was selected to include
any nearby peaks of the same element, any peaks that interfered with or con-
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tributed to the peak of interest, and a local region where the continuum could
be reasonably approximated by including a linear function (Figure 6.1a,b).
Simplified peak and continuum shapes were chosen to limit the use of excess
free parameters. The number of peaks included in the model and their loca-
tions were determined based on those visibly present in the spectrum combined
with knowledge provided in the C-QuEST data. Free parameters optimized
with the Levenberg-Marquardt algorithm were: the continuum slope and its
intercept as well as central wavelength, width, and height for each Lorentzian
peak. Thus, each spectral region was fit with 3N+2 parameters, where N is
the number of peaks. There were a minimum of 1.5 to a maximum of 9.4
spectral data points per parameter. Peak areas were computed with corre-
sponding error estimates using the formula described by Fabre et al. [2014]:
[(uncertainty in width/width) + (uncertainty in intensity/intensity)] × area.
Uncertainties of one standard deviation on individual parameters were taken
from the estimated covariance matrix.

Calibration curves were generated by plotting peak area vs. mole fraction of
element (X). An example curve and the corresponding spectra are shown in
Figure 6.1. We plot against mole fraction because fundamentally the strength
of LIBS emission lines depends on the number of atoms producing emission
rather than the mass of these atoms (or wt. %). The mole fraction is cal-
culated from the theoretical chemical formula of the salt and the elemental
composition of the basalt based on the ActLabs analysis (Table S1). This ex-
cludes the hydration state of the salt. Future work will focus on characterizing
the hydration of these mixtures using the H peak [e.g., Thomas et al., 2015,
2016; Sobron et al., 2012; Rapin et al., 2016]. Peak area was selected rather
than peak height because the total intensity of a single atomic emission line is
typically spread over multiple spectral channels, and this method can better
account for contributions to the line strength from interfering neighboring lines
[Singh & Thakur, 2007]. A local continuum vs. global continuum fit affects
the parameterization of the fit (curve shape and slope) but not the overall
judgement as to the utility of the line (Figure 6.2c,d).

6.2.5 Calculation of Limits of Detection
For the analysis of unknown samples on the Martian surface, it is important to
understand the lower limit of detectable salt concentrations. Three methods
were used to determine the detection limits of Cl, C, and S in these mixtures



128

following the example of Wiens et al. [2013] and Lasue et al. [2012]. The first
method (LOD1) defines the lowest measured concentration in the sample set
where the line emission appears significantly above the noise. This thresh-
old was determined by identifying the lowest salt concentration for which the
height of emission at the elemental line locations is greater than three times
the standard deviation of the noise in the data prior to de-noising. Peaks
were only considered if they were centered on the same wavelength as the
corresponding peak in the pure salt therefore excluding peaks due to matrix
elements present near the line location at lower salt concentrations. The second
method (LOD2) defines the concentration at which the signal is significantly
above the blank [Cremers & Radziemski, 2013], in this case the spectrum of
the basaltic composition endmember with no salt intermixed. LOD2 corre-
sponds to the concentration where the signal of the anion line is two times the
standard deviation of the blank above the signal in the blank. The signal from
the blank can often be assumed to be close to zero; however, this is not the
case for carbon, which is present in all measurements due to the atmosphere.
Therefore, when above zero, the y-intercept of the calibration curve was taken
as the signal in the blank. Due to difficulties in obtaining accurate statistics
in the absence of an anion line signal, the standard deviation used for this
calculation was that of the lowest measured salt concentration. The factor of
two determines the probability of obtaining false positives, corresponding to
a 95% confidence interval. The third and final method determines the limit
of quantification (LOD3) taking into account the 95% confidence interval of
the calibration curve [Massart et al. 1998, ch. 13]. This limit is included for
consistency with previous ChemCam studies but is not as meaningful in this
work because it assumes linear calibration curves, which was demonstrated to
not be the case here (see section 6.4.3). Consequently, the limit increases with
non-linearity.

6.3 Results
6.3.1 Whole Spectrum Trends with Salt Concentration: Systematic
Change in Continuum
The emission lines present for a given mixture are the same between samples of
given salt concentrations, as analyzed further below and as expected. However,
comparison of the single-shot spectra revealed—in addition to random effects
due to the composition of individual grains hit and fluctuations in the laser
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Figure 6.3: Processed LIBS spectra show an increase in intensity of continuum
emission with shot number for NaCl+K1919 mixtures with increasing salt
concentration over the wavelength range from 550–850 nm, a representative
sample of the full spectrum. Colors correspond to shot numbers: red is shots
1–10, orange is 11–20, yellow is 21–30, green is 31–40, and blue is 41–50.
Intensity is in units of photons/shot/mm2/sr/nm. Absolute intensity for each
salt concentration is offset by 1.6×1012 for the 50 wt. % salt and 3.2×1012 for
the pure salt to aid visual comparison.
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power or experimental environment between shots—systematic changes with
shot number that appear to be correlated with salt content. Over consecutive
laser shots at a particular location, in a sample with a set salt concentration,
the continuum emission generally increases with shot number for salt-bearing
samples. More interestingly, the amount by which the continuum emission
increases over the 50 laser shots seems to depend on the salt content. As shown
for NaCl+K1919, the continuum increase per shot is greater for mixtures with
higher salt concentrations, creating a larger spread in intensity from the first to
the final laser pulse. In contrast, the basalt samples show very little continuum
increase with shot number (Figure 6.3). Following continuum removal, no
consistent whole-spectrum trends with shot number are observed.

6.3.2 Spectral Line Analysis
6.3.2.1 Salt Anion Emission Lines Detected in Mixtures

Spectra averaged over many laser shots show the most sensitive anion lines in
basaltic mixtures, particularly after removal of the local continuum. Table 6.3
lists the Cl, C, and S lines that met the initial four criteria for identification
described in section 6.2.3 and for which peak areas were measured in the
salt+basalt mixtures. The anion line intensities are 1–3 orders of magnitude
lower than those of the strongest elemental lines. Therefore, emission line
overlap prevents many anion lines from being detected. The identified lines are
spread across the 240–850 nm detectable wavelength range although most fall
within the spectral range of the VNIR detector (470–850 nm). Relative to the
VNIR, the spectral ranges of the UV and VIO detectors are smaller and contain
many strong lines from cation and basaltic matrix elements. Peak centers do
not always coincide with the exact line location listed in the NIST database.
However, the peak identity has been determined based on the criteria described
in section 6.2.3.

6.3.2.1.1 Cl lines

Sixteen potential Cl lines are observed in the spectra of the chloride salt+basalt
mixtures that met the initial criteria provided in section 6.2.3 (Table 6.3,
Figure 6.4, 6.5, S3). Of the sixteen selected lines, one appears in the range
of the VIO detector whereas the rest are in the VNIR. The nine lines at
wavelengths shorter than 546 nm result from transitions of singly ionized Cl
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whereas those above 725 nm are from neutral Cl.

The selected Cl lines are detectable despite some interference due to other
elements in the sample. The outer tails of strong elemental lines can contribute
emission to Cl peaks even a few nm away (e.g., an O peak at 777.6 nm affects
the Cl peaks at 771.9 and 774.7 nm). Cl peaks are detected on the shoulder of
some less intense lines (e.g., Cl at 725.9 nm appears on the outer tail of the C
line at 723.8 nm) and blended with lines of comparable intensity (e.g., Cl at
507.9 and 510.1 nm; 544.5 and 545.9 nm). Weak emission features due to other
elements appear within a few tenths of a nanometer of the Cl peak centers, but
Cl emission appears to dominate the line location at high salt concentrations
above LOD1 (Fig. 6.4). Most selected Cl peaks show a monotonic increase
in peak area for concentrations above 5-10 wt. % salt (XCl = 0.019–0.041,
Table 6.3).

The NaCl+GBW07105 composition series, including the pure salt, tends to
have comparable or larger Cl peak areas than that of NaCl+K1919 in the
un-normalized data with exceptions at 507.9, 510.1, and 521.9 nm. A few
Cl lines differ in appearance (e.g., 741.6 and 809.1 nm) and peak area trends
(e.g., 507.9, 510.1, 741.6, and 809.1 nm) between the CaCl2- and NaCl-bearing
mixtures. The distinct behavior of the line at 741.6 nm between different mix-
tures calls into question the usefulness of this line. Peak areas of the remaining
Cl lines are comparable between the CaCl2- and NaCl-bearing mixtures un-
til concentrations reach XCl = 0.247–0.386 (50–70 wt. % CaCl2) where the
calibration curves diverge.

6.3.2.1.2 S lines

The two sulfur peaks identified are part of a series that appear between 540–
565 nm. This is the same region recommended by Dyar et al. [2011] for iden-
tification of sulfur in geologic samples and used by Nachon et al. [2014] for
the identification of calcium sulfate veins by ChemCam in Gale Crater. Peaks
appear in this spectral region at high salt concentrations for all five of the
sulfate+basalt mixtures investigated (Figure 6.5, 6.6). However, a large num-
ber of spectral lines populate this region, particularly Fe and a few Ca lines,
complicating the determination of individual peak areas. Fe lines within range
of the spectral resolution from both identified S peaks could not be definitively
separated out. The influence of Fe emission on the peak shape and the con-
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Figure 6.4: Spectra of Cl emission lines, denoted by vertical lines,
at 521.9 nm (top row) and 837.8 nm (bottom row) in NaCl+K1919
(Na+KB), CaCl2+K1919 (Ca+KB), and NaCl+GBW07105 (Na+GB) mix-
tures (columns). Colors in the overlain spectra indicate different salt concen-
trations with pure basalt in black, pure salt in red, and mixtures containing
salt mass fractions of 0.05 wt. % (select mixtures only) in magenta, 5 wt. % in
purple, 10 wt. % in blue, 30 wt. % in green, 50 wt. % in yellow, and 70 wt. %
in orange. Intensity is in units of photons/shot/mm2/sr/nm. Spectra for all
Cl lines are provided in Figure S3 in the supplemental information.
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Figure 6.6: Spectra of S
emission lines, denoted
by vertical lines, at 543.0
nm (top row) and 545.5
nm (bottom row) in
CaSO4·2H2O+K1919
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GBW07105 (Ca+GB),
MgSO4+K1919
(Mg+KB),
Fe2(SO4)3+K1919
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(Na+KB) mixtures
(columns). Colors in the
overlain spectra indicate
different salt concentra-
tions with pure basalt in
black, pure salt in red,
and mixtures containing
salt mass fractions of 0.05
wt. % (select mixtures
only) in magenta, 5 wt. %
in purple, 10 wt. % in
blue, 30 wt. % in green,
50 wt. % in yellow, and
70 wt. % in orange.
Intensity is in units of
photons/shot/mm2/sr/nm.
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Figure 6.7: Spectra of C emission lines, denoted by vertical lines, at
247.9 nm (top row), 678.6 nm (middle row), and 833.7 nm (bottom row) in
CaCO3+K1919 (Ca+KB) and MgCO3+K1919 (Mg+KB) mixtures (columns).
Colors in the overlain spectra indicate different salt concentrations with pure
basalt in black, pure salt in red, and mixtures containing salt mass fractions of
0.05 wt. % (select mixtures only) in magenta, 5 wt. % in purple, 10 wt. % in
blue, 30 wt. % in green, 50 wt. % in yellow, and 70 wt. % in orange. Intensity
is in units of photons/shot/mm2/sr/nm. Spectra for all C lines are provided
in Figure S3 in the supplemental information.
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centration at which S begins to dominate, which can be seen for the 545.5 nm
line in Fig. 6.6, depends on the sample composition.

Measured peak areas increase monotonically with salt concentration above
10–30 wt. % salt (XS = 0.045–0.053) for all mixtures with the exception of
gypsum+GBW07105 at 543.0–543.4 nm from 30–50 wt. % salt (XS = 0.051–
0.084). In the case of gypsum+K1919, the area of the peak at 543.0–543.4 nm
increases monotonically for all concentrations. Gypsum- and MgSO4-bearing
mixtures have comparable peak areas at each salt concentration in the un-
normalized data whereas the Fe2(SO4)3- and NaSO4-bearing mixtures have
higher values. Peak areas differ for the pure salts, including the two gypsum
measurements taken on different experimental setups (see section 6.2.1).

6.3.2.1.3 C lines

Detection of carbon is more complicated than that of Cl or S because the
abundance of CO2 in the Martian atmosphere can cause C lines to appear
in the LIBS spectrum. The LIBS laser does not excite the ambient gas, but
when a plasma is created by laser interaction on a solid target (soil, rock, or
pressed pellets), the atmospheric constituents are also excited due to partial
breakdown of the gas just over the sample surface. As such, the C peaks
identified in the spectra of carbonate-bearing samples were also found in the
spectra of other samples that did not contain appreciable carbon.

Seven potential C lines are identified in the carbonate+basalt mixtures that
met the initial four criteria from section 6.2.3 (listed in Table 6.3). Two appear
in the UV spectral window and five in the VNIR (Figure 6.5, 6.7, S4). The
transitions are mainly from singly ionized C with 2–3 from neutral C. Some
of the selected lines partially overlap with emission from other elements but
this does not inhibit identification of the C line. The C lines at 247.9 and
283.8 nm experience interference due to Fe only in the presence of the basaltic
matrix. The C line at 657.8 nm blends with the H line at 656.5 nm in the
MgCO3-bearing samples, but has little to no influence from the H line in
CaCO3-bearing samples. Although not clearly visible here, there may also
be interference from Fe and Ti in this H/C line region [Schröder et al., 2015;
Rapin et al., 2016]. Ca at 715.0 nm interferes with the C line at 711.8 nm in
all CaCO3- and MgCO3-bearing samples.

Peaks areas monotonically increase for concentrations above 10–30 wt. % salt
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(XC = 0.025-0.064) with the exception of the lines at 247.9 and 283.8 nm in
CaCO3+K1919 (Fig. 6.7). The MgCO3+K1919 composition series generally
displays higher peak areas in the un-normalized data and different trends in
the calibration curves compared to the CaCO3+K1919. The change in sample-
to-target distance between the mixture series likely contributed to these dif-
ferences as described in section 6.4.2. Lines show weak sensitivity to concen-
tration from 30–70 wt. % MgCO3 (XC = 0.071–0.150) and from 70 wt. % to
pure CaCO3 (XC = 0.143–0.200) for some C peaks.

6.3.2.2 Limits of Detection for Salt Anion Elements

The detection limits depend on both the line selected and the mixture com-
position (Table 6.3). Based on LOD1, Cl is detectable via most lines at 30
wt. % salt, equal to a mole fraction of XCl = 0.12–0.14 or about 18–19 wt. %
Cl. However, a few Cl lines can be detected down to 5–10 wt. % salt, equal
to XCl = 0.02–0.04 or 3–6 wt. % Cl. LOD2 gives a comparable range of XCl

= 0.02–0.17 with exceptions at 507.9, 510.1, 741.6, and 809.1 nm. The S line
at 543.0-543.4 nm is detected (LOD1) at 0.5 wt. % salt (XS = 0.001, 0.1
wt. % S) except in gypsum+K1919 where it is detected only above 10 wt. %
(XS = 0.016, 2 wt. % S). LOD2 produces higher values of XS = 0.009–0.042
(∼5–25 wt. % salt, 1–6 wt. % S). The S line at 545.5 nm is detected (LOD1)
at 30 wt. % salt (XS = 0.034–0.053, 7–8 wt. % S) in all mixtures except
Fe2(SO4)3+K1919. LOD2 produces lower values ofXS = 0.004–0.018 (∼3–10
wt. % salt, 0.7–3 wt. % S). For C, the limit of detection analysis is affected
by carbon present in the CO2 atmosphere. As a result, carbon emission is
detected at all concentrations, even in the blank, and LOD1 does not provide
any extra information (see note in Table 6.3). LOD2 is the meaningful limit
in this case. C lines at 657.9, 678.6, 723.8, and 833.7 nm have detection limits
XC = 0.04–0.06 (∼20–25 wt. % salt, 2-4 wt. % C) in MgCO3+K1919 with
lower values in CaCO3+K1919 (∼1–15 wt. % salt, 0.1–2 wt. % C). The re-
maining lines have higher detection limits, >35 wt. % salt, with the exception
of 283.8 nm in CaCO3+K1919 (∼15 wt. % salt, 2 wt. % C).
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Table 6.3: Cl, C, and S lines that met the initial four criteria listed in sec-
tion 6.2.3 for univariate analysis of salt+basalt mixtures in this work. The
reference wavelength values in vacuum, ionization level, and corresponding
ChemCam detector spectral window are also listed. The references are the
Martian database of Cousin et al. [2011] and NIST spectral line database as
described in the text. The remaining columns provide the results of this analy-
sis: the detection limits determined based on the methods described in section
6.2.5, the concentration at which a monotonically increasing trend in peak
area with salt concentration began (or an “x” if the peak area did not mono-
tonically increase), and whether the peak area displayed unreliable behavior
among the mixture compositions tested. Detection limits and concentrations
are provided in mole fraction of element (XX) for each cation+basalt mix-
ture combination. Underlined values are above 50 wt. % salt. Mixtures in
bold included an extra low concentration of 0.5 wt. % salt. A check mark in
the final column indicates that the line met all seven criteria listed in section
6.2.3 for all mixture compositions tested and may among the most effective for
quantitative analysis. Calculated LOD1 is the lowest concentration measured
for all carbonate-bearing mixtures (a mole fraction of 0.011 for Ca+KB and
0.001 for Mg+KB), but this results from atmospheric CO2 rather than sample
carbon.

Reference Data Quantitative Analysis
λ [1] [2] [3] LOD1 LOD2 LOD3 [4] [5] [6]

(nm)

Chlorine

385.2 II VIS NIST Na+KB 0.213 0.058 0.117 0.038
Ca+KB 0.386 0.14 0.185 0.134
Na+GB 0.325 0.123 0.204 0.222

507.9 II VNIR Martian, 0.121 0.136 0.133 0.019
NIST 0.134 0.223 0.11 0.02

0.127 0.307 0.333 0.002
510.1 II VNIR Martian, 0.121 0.145 0.152 0.019

NIST 0.134 0.117 0.11 0.02
0.041 0.224 0.328 0.002

521.9 II VNIR Martian, 0.121 0.049 0.147 0.038 X

NIST 0.134 0.06 0.09 0.041
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0.127 0.071 0.243 0.022
539.4 II VNIR Martian, 0.121 0.065 0.182 0.121 X

NIST 0.134 0.144 0.135 0.02
0.127 0.164 0.16 0.022

542.5 II VNIR Martian, 0.038 0.039 0.147 0.019 X

NIST 0.134 0.036 0.074 0.041
0.127 0.029 0.169 0.022

544.5 II VNIR Martian, 0.019 0.049 0.155 0.019 X

NIST 0.134 0.049 0.1 0.02
0.127 0.052 0.217 0.222

545.9 II VNIR Martian, 0.121 0.074 0.155 0.038
NIST 0.134 0.128 0.192 0.386

0.127 0.062 0.241 0.222
725.9 I VNIR NIST 0.121 0.101 0.101 0.038 X

0.134 0.164 0.105 0.02
0.127 0.076 0.147 0.02

741.6 I VNIR NIST 0.019 0.047 0.262 0.121 x
0.134 0.275 0.255 0.247
0.002 0.337 0.299 0.222

754.9 I VNIR NIST 0.121 0.023 0.115 0.038 X

0.134 0.045 0.082 0.041
0.127 0.036 0.159 0.041

771.9 I VNIR Martian, 0.121 0.161 0.224 0.019
NIST 0.134 0.035 0.125 0.02

0.325 0.134 0.35 0.002
774.7 I VNIR NIST 0.121 0.053 0.132 0.038 X

0.134 0.034 0.083 0.02
0.127 0.166 0.229 0.002

809.1 I VNIR NIST 0.019 0.027 0.095 0.019 X

0.02 0.003 0.137 0.041
0.041 0.103 0.191 0.002

833.6 I VNIR NIST 0.121 0.02 0.102 0.038 X

0.134 0.037 0.053 0.041
0.127 0.036 0.151 0.02

837.8 I VNIR Martian, 0.019 0.035 0.097 0.038 X

NIST 0.02 0.017 0.105 0.02
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0.041 0.078 0.148 0.002

Sulfur

543.0, II VNIR Martian, Ca+KB 0.016 0.021 0.05 0.008 X

543.4 NIST Ca+GB 0.001 0.042 0.099 0.084
Mg+KB 0.001 0.031 0.042 0.053
Fe+KB 0.001 0.009 0.015 0.016
Na+KB 0.001 0.009 0.043 0.045

545.5 II VNIR Martian, 0.049 0.011 0.056 0.016 X

NIST 0.051 0.011 0.078 0.051
0.053 0.018 0.046 0.053
0.016 0.004 0.014 0.016
0.045 0.005 0.044 0.045

Carbon

247.9 I UV Martian, Ca+KB a 0.083 0.076 x
NIST Mg+KB 0.217 0.121 0.025

283.8 II UV Martian, 0.035 0.067 x
NIST 0.117 0.079 0.025

657.9 II VNIR Martian, 0.014 0.065 0.064 X

NIST 0.045 0.082 0.025
678.6 II VNIR Martian, 0.031 0.06 0.064 X

NIST 0.046 0.099 0.025
711.8 I/II VNIR Martian, 0.072 0.053 0.064

NIST 0.137 0.126 0.025
723.8 II VNIR Martian, 0.009 0.065 0.064 X

NIST 0.043 0.09 0.025
833.7 I VNIR NIST 0.002 0.07 0.064 X

0.06 0.11 0.025

[1] Ionization level
[2] Spectral window
[3] Reference database
[4] Begins monotonic increase
[5] Unreliable behavior
[6] Met all criteria for all mixes
aDetected in atmosphere in all samples
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6.4 Discussion
6.4.1 Detection of Salt Anions
Table 6.3 summarizes the results of the quantitative analysis. Ten Cl lines
met our complete criteria for being useful for quantitative analysis of chlo-
ride+basalt mixtures. Chlorides were detectable at∼5–10 wt. % in the basaltic
background using select lines. The line at 837.8 nm appears to be the most
promising for quantification with this univariate method based on its low de-
tection limit, sensitivity to concentration, and reliable behavior in all mixture
compositions. Of the detected Cl lines, this line also has the lowest upper
state energy and a relatively high transition probability (Einstein A coeffi-
cient) based on values from the NIST database [Kramida et al., 2015].

Interference from Fe emission complicates the detection of S. Due to the broad-
ness of the peak spanning Fe at 542.9 nm and individual S transitions at 543.0
and 543.4 nm; it is difficult to eliminate Fe interference by tracking changes
in the peak center with salt concentration. Therefore, the LOD2 values seem
more appropriate for this S peak. Given this consideration, sulfates are de-
tected in the basaltic background at 5–30 wt. % salt (LOD1 at 545.5 nm) but
could be detectable at as low as 3–10 wt. % based on LOD2. Even still, it will
be difficult to distinguish Fe from S emission in the spectra. Quantification
based on the S lines at 543.0/543.4 and 545.5 nm will require knowledge about
the Fe content of the target due to almost direct overlap with Fe peaks in the
spectral region. However, the Fe content can be measured relatively easily due
to the multitude of strong Fe lines present throughout the ChemCam spectral
range.

Carbonates are detectable in excess of the carbon emission due to the atmo-
sphere at ∼20 wt. % in the basaltic background for either salt tested and
potentially down to 1 wt. % salt for CaCO3. The overall detection limit is
similar to the value of 6 wt. % C determined by Ollila et al. [2013] for a set
of geologic samples and 5 wt. % C by Beck et al. [2016] for CaCO3+basalt
mixtures, but appears lower for certain lines in CaCO3+K1919. Precise quan-
tification based on the lines selected here may be difficult because their areas
lack sensitivity to changes in concentration from 30–70 or 70–100 wt. % salt
depending on mixture composition.

Cl and S peaks are both present in the 540-548 nm range; however, these
peaks can be distinguished by slight differences in the location of the peak
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center in addition to peak shape. Cl peaks at 542.5, 544.5, and 545.9 nm, are
visible in all three chloride salt+basalt mixtures and the 544.5 and 545.9 nm
peak emission overlaps strongly creating a distinct shape compared to the
two S peaks at 543.0/543.4 and 545.5 nm. Additionally, the fourth Cl peak
at 539.4 nm can distinguish the presence of Cl. Another potential conflict
in identification occurs between the Cl peak at 833.6 nm and the C peak at
833.7 nm. The Cl peak has a peak area 2–4 times larger than the C peak at high
salt concentrations and has a lower detection limit. To eliminate confusion,
the several of the stronger Cl lines including one nearby at 837.8 nm could
indicate the presence of Cl.

6.4.2 Effects of Basaltic Matrix and Salt Cation on Anion Lines
The basaltic matrix and/or salt cations affect the appearance and behavior
of some of the selected anion peaks. The detection limits also varied with
mixture composition for these lines. For example, all selected C lines had
higher LOD2 values in MgCO3+K1919 than in CaCO3+K1919. Several lines
met all seven criteria from section 6.2.3 and were found useful for analysis
regardless of sample composition (see Table 6.3). However, even for these lines,
the intensities and the behavior of the calibration curves were not uniform for
all mixtures.

Anion peak areas differed between some mixtures with identical salt content
but different matrix compositions (moderate- vs. high-alkali basalt). How-
ever, the peak areas for the pure salts also differed between the two sets of
measurements. This suggests that at least some, if not all, of the difference is
due to factors unrelated to the composition of the matrix. Alteration to the
experimental setup, in particular the laser-to-sample distance, between the
first and second batches of measurements is observed in the comparison be-
tween distance-corrected, processed spectra of pure NaCl and K1919 samples
measured in each batch (Figure 6.8). The spectra share the same emission
lines but the data collected at a laser-to-sample distance of 3.0 m have larger
intensities than those collected at 1.6 m. The differences in absolute line in-
tensity therefore cannot be attributed to the composition of the matrix alone
as the sample distance likely has a significant effect on this quantity, even after
correcting for solely geometric effects.

Differences in total emission produced by the sample were accounted for through
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Figure 6.8: Comparison of (a) NaCl and (b) K1919 spectra collected in the
first (solid black line) and second batches (dashed red line) of measurements
at laser-to-sample distances of 1.6 and 3.0 m, respectively, after processing to
correct for the geometric effects of distance.
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normalization of key Cl and S lines (Figure 6.9b,c). Such normalization ap-
pears to reduce effects on the calibration curve caused by the composition of
the matrix or experimental setup based on comparison between the two dif-
ferent NaCl and gypsum composition series. However, the calibration curves
maintain some dependence on the identity of the salt cation despite normaliza-
tion. Divergence of the calibration curves appears at high salt concentrations,
above 50 wt. % chloride and above 30-50 wt. % sulfate. Therefore, the compo-
sition of the sample, at least the salt cation, will have an effect on quantification
of the anion elements.

6.4.3 Univariate Analysis of Salt Anion Elements
The peak areas of select anion lines increased monotonically above the detec-
tion threshold of the line (see Table 6.3). Therefore, univariate analysis could
be useful in tracking relative changes in salt content given a sufficient abun-
dance of salt. However, absolute quantification of salts in unknown samples
would be difficult with univariate analysis. Relating the line area to an absolute
element or salt concentration relies on comparison with laboratory data col-
lected on known standards under similar experimental conditions. The shape
of the calibration curve for a given emission line as a function of mole fraction
depends on the composition of the sample even after normalization of the peak
areas (Figure 6.9b,c). This makes absolute measurements of elemental compo-
sition based on univariate analysis unreliable without prior knowledge of the
sample composition, in particular the salt cation element. If trends were more
similar as a function of weight percent, this might suggest a relationship with
the mass of the atoms rather than total number of emitting atoms, e.g., due
to the extra energy required to eject more massive elements from the sample
surface and would result in a concentration of these elements at the surface.
However, it is not clear that this is the case here (Figure 6.9d).

The primary goal of this work is to identify the most suitable anion lines for
detection and quantification. A next step is to apply this knowledge to the
Mars dataset. Developing quantitative calibration curves for the Mars data
is beyond the scope of this work. It requires further investigation to correct
for laser-to-target distance and laboratory-to-Mars instrument differences. In
addition, there are challenges regarding univariate analysis itself. Finding the
correct functional form to describe the calibration curves is also a question,
even for the relatively well-behaved Cl line at 837.8 nm (Figure 6.10). For a
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Figure 6.9: Calibration curves for Cl at 837.8 nm (a-c, g) in NaCl+K1919,
CaCl2+K1919, and NaCl+GBW07105 and S at 545.5 nm (d-f, h) in
Fe2(SO4)3+K1919, Na2SO4+K1919, MgSO4+K1919, gypsum+K1919 and
gypsum+GBW07105 plotting un-normalized peak area vs. mole fraction of
element (a) and (d), peak area normalized by the total spectral emission across
the entire spectral wavelength range (b) and (e), peak area normalized by the
total spectral emission of the VNIR detector wavelength range (c) and (f),
and un-normalized peak area vs. weight percent of element (g) and (h). Peak
areas are in units of photons/shot/mm2/sr.
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given peak area of 7×1010 photons/shot/mm2/sr, the estimate mole fraction
of Cl can vary from 0.14–0.19 (∼19–25 wt. % Cl or 30–40 wt. % salt) for
a single composition, depending on whether the fit is linear, exponential or
power law (Figure 6.10). The uncertainty increases with increasing salt content
and for a target with unknown composition. While normalization appears to
increase linearity of some curves, it does not have the same effect on all lines
or compositions (Fig. 6.10 panels b and f vs. d). We provide all of the data
necessary to recreate the calibration curves in the supplementary material so
that the interested reader may investigate further the application to ChemCam
or other datasets.

6.4.4 Comparison to Prior Laboratory LIBS Studies of Cl, C, S:
Most Effective Lines for Analysis
Previous studies focused on the identification of Cl, C, and S emission with
ChemCam tested a range of samples from pure compounds to geologic mate-
rials (see Introduction). The salt+basalt mixture spectra evaluated here are
complex, thus challenging observation of key emission lines. The large number
of emission lines and additional matrix effects potentially including prefer-
ential recombination of elements of interest from the bulk basalt-containing
mixture increase the likelihood of non-detection of lines due to interference.
This causes fewer lines to be detected from anion elements in mixtures com-
pared to those identified in the controlled laboratory compounds by Cousin
et al. [2011]. Cousin et al. [2011] detected 27 transitions for Cl, 33 for C,
and 28 for S of which only 9 Cl, 3 C, and 2 S lines met all our criteria for
potential usefulness in analysis of the salt+basalt mixtures (not all of these
were resolved as separate peaks). Unexpectedly, the C line at 883.7 nm and
Cl lines at 725.9, 754.9, 774.7, 809.1, and 833.6 nm from the NIST database
were detected and identified as useful in the salt+basalt mixtures but not pre-
viously by Cousin et al. [2011]. These differences in line detections may be
due to the significantly improved spectrometers used for ChemCam.

The most effective lines for the analysis of unknown martian materials will
likely be those that appear consistently in samples with various chemical com-
positions. Compared to the number of identified lines in pure elements and
compounds, those found in the salt+basalt mixtures are more limited. How-
ever, there are emission lines of Cl, C, and S that appeared across multiple
samples and may be promising for use in geologic targets. Tables 6.4–6.6 pro-
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Figure 6.10: Potential fits to calibration curves for Cl at 837.8 nm in
NaCl+K1919 (a,b), CaCl2+K1919 (c,d), and NaCl+GBW07105 (e,f) un-
normalized (a,c,e) and normalized by the total intensity of the VNIR spectral
window (b,d,f). The blue line is a linear fit to all data points, the cyan line
is a linear fit to all data points excluding the pure salt, the red curve is an
exponential fit, and the green curve is a power law fit to all data points. Peak
areas are in units of photons/shot/mm2/sr.
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vide a comparison of the lines selected in this study with those from the works
of Cousin et al. [2011], Ollila et al. [2011], and Schröder et al. [2013]. The
most reliable lines found in this work that may be useful for further analysis
based on appearance in all tested samples here and in the literature are in-
dicated in the final column of the table. For Cl, lines at 521.9, 539.4, 542.5,
544.5, and 837.8 nm have been identified in all sources listed here. All C lines
selected here for the carbonate+basalt mixture sets were observed by Cousin
et al. [2011] and Ollila et al. [2011] except for 833.7 nm. Our analysis of sul-
fate+basalt mixtures agrees with prior work by Dyar et al. [2011], Sobron et
al. [2012] and Schröder et al. [2013] to focus on the 540–565 nm region for
the identification of sulfur, in particular the 543.0, 543.4 (overlapping), and
545.5 lines while simultaneously evaluating the effects of contributing Fe lines
at that location.

Table 6.4: Cl emission lines identified as being useful for identification of this
element in salt+basalt mixtures according to the specific criteria applied in
this work described in section 2.3 (“X” for all seven criteria, “-” for only initial
four criteria). To elucidate effects due to the matrix, lines selected in previous
studies of pure elements or compounds by Cousin et al. [2011], Schröder et al.
[2013], and Ollilia et al. [2011] are provided for comparison. A check mark in
the final column indicates that the peak was selected as useful for analysis in
all observed sources in this work and the literature.

Chlorine

λ (nm) NaCl CaCl2 NaCl Cousin Schöder All
(K1919) (K1919) (GBW) et al. et al. sources?

299.8 X

310.5 X

385.2 - - - X

386.1 X

413.4 X

422.8 X

426.6 X

460.9 X

479.6 X

481.1 X

482.0 X
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489.8 X

507.9 X X - X

510.1 X X - X

521.9 X X X X X X

(2 lines) X X X X

522.3 X

539.4 X X X X X X

542.5 X X X X X X

(2 lines) X

544.5 X X X X X X

(2 lines) X

545.9 - X X X X

(2 lines) X

611.6 X

614.2 X

684.2 X

693.5 X

725.9 X X X

741.6 - - -
754.9 X X X

771.9 X X - X

774.7 X X X

798.3 X

809.1 X X X

833.6 X X X X

837.8 X X X X X X

839.4 X

840.9 X

843.0 X
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Table 6.5: For S lines, equivalent to Table 6.4.

Sulfur

λ (nm) CaSO4 CaSO4 MgSO4 Fe2(SO4)3 Na2SO4 [1] [2] All
(K1919) (GBW) (K1919) (K1919) (K1919) sources?

330.3 X

334.8 X

386.0 X

402.9 X

403.4 X

414.3 X

415.4 X

416.3 X

417.5 X

440.6 X

445.2 X

446.6 X

455.3 X

468.3 X

534.7 X

536.4 X

543.0 X X X X X X X X

543.4 X X X X X X

545.5 X X X X X X X X

547.5 X

547.9 X

551.1 X

553.8 X

556.7 X

560.7 X

564.1 X

564.7 X

566.1 X

566.6 X

605.4 X

614.1 X
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631.4 X

638.7 X

639.7 X

639.9 X

(2 lines) X

[1] Cousin et al.
[2] Schröder et al.

Table 6.6: For C lines, equivalent to Table 6.4.

Carbon

λ (nm) CaCO3 MgCO3 Cousin Ollila All
(K1919) (K1919) et al. et al. sources?

247.9 - - X X

(2 lines) X

250.9 X X

251.3 X X

274.2 X

274.7 X

283.8 - - X X

(2 lines) X

298.3 X

299.3 X X

387.7 X

(3 lines) X

X

392.0 X

(2 lines) X

406.9 X

407.0 X

407.1 X

407.6 X X

407.7 X X

426.8 X X

(2 lines) X X

432.7 X



152

464.9 X

465.2 X

465.3 X

466.7 X

505.4 X

513.4 X

513.5 X

514.5 X

514.7 X X

564.8 X

566.2 X

569.4 X

569.8 X

589.1 X

(2 lines) X

657.9 X X X X X

658.5 X

658.9 X

678.6 X X X X X

711.8 X - X XXXXX

(5 lines) X

723.3 X X X

723.8 X X X X X

X

833.7 X X X

6.4.5 Analysis of Salts with ChemCam in Gale Crater
Nachon et al. [2014] detected sulfur in calcium sulfate veins crossing sedi-
mentary deposits in Yellowknife Bay. These detections were made through
the presence of S lines at 543.3, 545.4, 547.4, and a doublet at 564.0 and
564.4 nm. The lines at 543.4 and 545.5 nm were selected for analysis in the
salt+basalt mixtures. In contrast, the line at 547.5 nm only potentially ap-
pears in the Na2SO4+K1919 mixtures at high salt concentrations. Cousin et
al. [2011] identified a line at 547.9 but not at 547.5 nm. The 547.5 nm region
suffers interference from a small peak at 547.9 nm potentially due to Ti and
large Ca peaks at 558–562 nm. The doublet at 564.0 and 564.4 nm did not
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meet our criteria for selection given that it appeared in a noisy spectral region
due to interference from multiple elements in the basaltic matrix. Cousin et
al. [2011] did not identify this doublet either.

Forni et al. [2015] detected Cl in two Martian targets through molecular CaCl
emission. Given the high abundance of Na detected in these Cl-bearing targets
it was suggested that the Cl may have been present in the form of NaCl with
the CaCl emission resulting from recombination of Cl in the plasma with Ca
released from other phases. Chlorine was detected at levels as low as 0.6
wt. % in laboratory mixtures of CaCO3 with CaCl2 by Gaft et al., [2014] and
2.5 wt. % in synthetic chlorapatite+basalt mixtures by Meslin et al. [2016],
well below the limit observed here for the atomic Cl lines. However, the
ability to detect Cl through molecular lines relies on the presence of sufficient
calcium in the sample [Vogt et al., 2017] whereas the atomic line emission
can appear independently. Here we only observed the CaCl molecular lines
in the CaCl2+K1919 compositional series, not in the NaCl+basalt mixtures
(see Figure S5). Work is ongoing to explore the detectability of perchlorates,
which have been identified at Gale Crater by the Sample Analysis at Mars
(SAM) instrument [Leshin et al., 2013; Ming et al., 2014] and previously at
the Phoenix landing site [Hecht et al., 2009], in LIBS spectra [Schröder et al.,
2017].

ChemCam analyses of carbon in the martian surface are underway and pre-
liminary reports have suggested detections [Beck et al., 2016]. These results
use the intensity of the C line at 723.7 nm relative to the O line at 777.6 nm.
In addition, Rapin et al. [2016] use the C line at 247.9 nm for normalization of
hydrogen emission therefore relying on the stability of its line strength assum-
ing a relatively constant abundance of carbon in the martian CO2 atmosphere.
The 247.9 nm line was found to be rather insensitive to salt concentration with
its peak area only significantly increased in the pure MgCO3 sample, peak area
decreasing from 70–100 wt.% CaCO3, and a high detection limit. This sug-
gests that the usage of this line for H normalization would only be affected by
the composition of the rock target if the rock were majority carbonate.
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6.4.6 Future Prospects for Salt Analysis on Mars with ChemCam &
SuperCam
Applying these results to the study of the martian surface is the ultimate goal
of this work. Multiple emission lines of Cl, C, and S were found in the LIBS
spectra despite the interference from the basaltic background. Many of these
lines displayed sensitivity to salt concentration and could provide at least some
quantitative information about the sample composition. Clear detection of all
three elements could be made in the spectra at ∼30 wt. % salt with some emis-
sion lines providing even lower detection limits. Therefore Cl, C, and S may be
detectable in a porous sandstone mostly or completely filled with salt. Pore
spaces can occupy 14–49% of the rock in sandstones [McWorter & Sunada,
1997]. This corresponds to rock compositions of about 11–43 wt. % NaCl or
15–52 wt. % Fe2(SO4)3. Lower concentrations due to passing fluids coating
grains or partially filling pore spaces may be detected for salts of certain com-
positions, which were found to have detection limits around 1–10 wt.% salt for
select lines. Selected element lines were found to increase monotonically with
salt concentration above a given threshold (Table 6.3), potentially allowing
for relative changes in salt concentration to be observed. However, the depen-
dence of calibration curve trends on the salt cation-anion pairing, at least for
high salt concentrations, hinders the ability to obtain absolute quantification
of Cl, C, and S through direct comparison between laboratory samples and
martian targets of unknown composition. Differences between the moderate
and high-alkali basalts were found to have little effect on the curves following
normalization. Determination of the major element concentrations and iden-
tification of the salt cation may provide sufficient knowledge to make more
accurate comparisons with the laboratory data. Although it is difficult due
to their weak emission relative to that of the major elements, further work
involving multivariate analysis of these elements or a multi-line approach may
be warranted. Ultimately, even with only the ability to track relative changes
in salt concentration assuming a single salt present, ChemCam will still be ca-
pable of distinguishing evaporite and siliciclastic layers throughout its traverse
for follow-up with Curiosity’s in-situ analysis instruments.

This work is likely to be useful for the Mars 2020 mission as well, for which
LIBS will again be used, this time as part of the SuperCam instrument, which
will have improved sensitivity and spectral resolution in the VNIR range. At
the sulfur emission wavelengths (∼545 nm) SuperCam is expected to have a
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factor of 2× better resolution (going from∼0.65 nm on ChemCam to∼0.30 nm
full width half maximum on SuperCam). This will aid in separating the S
emission lines from the interfering lines that complicate the ChemCam spectra.
The spectral resolution will also be improved at longer wavelengths, e.g., for
C and Cl emission lines. SuperCam will use a temporally gated intensifier
for this spectral range, providing capabilities to boost the signal at times, so
that minor peaks can be more clearly observed. The time gating can also be
used to temporally distinguish between peaks. SuperCam will also have the
ability to corroborate LIBS elemental identifications with mineral signatures
from remote Raman and visible and infrared reflectance spectroscopy.

6.4.7 Potential Value of the Continuum Emission for Detecting Salts
As discussed in section 6.3.1, the continuum intensity displayed systematic
trends over multiple consecutive laser shots that correlated with the salt con-
tent of the sample. Increasing continuum intensity has been noted in LIBS
analysis of solid materials where consecutive laser pulses are targeted at the
same location on a sample [Corsi et al., 2005]. These trends are not found when
analyzing gases [e.g., Carranza & Hahn, 2002], suggesting that the cause is due
to interaction with the solid surface. The cause may be confinement of the
plasma within the ablation pit that develops following subsequent laser pulses
on a single location. By enclosing the plasma, the interaction between its
component electrons, ions, and atoms is intensified producing more emission.
The strength of this emission will increase as the pit becomes deeper and is
proportional to the ablated mass. However, there may be competing effects
including cooling of the plasma due to interaction with the walls of the pit
[Corsi et al., 2005].

The cause for the larger increase in continuum intensity over consecutive laser
shots in the salts and salt-rich mixtures relative to the basalts is not clear. This
distinction is unlikely to be caused directly by the elemental composition of
the sample but may be related to or correlated with the physical properties of
the sample surface. Relevant properties may include the hardness or strength
of the material, which would affect the total ablated mass, or the laser-to-
sample coupling due to differences in albedo or optical constants. However,
correlations have been previously noted between the total integrated contin-
uum intensity and the abundance of elements Fe and Na [Tucker et al., 2010].
This could be the result of more efficient ionization of these elements resulting
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in higher electron densities in the plasma. Multiple hypotheses exist for the
continuum behavior observed here, and future work is required to determine
the cause. Such work may aid in devising additional methods for inferring
the presence or tracking changes in abundance of salt in ChemCam targets
with supporting elemental compositions. In conjunction with previous studies
that have found the continuum to provide useful information or normaliza-
tions [e.g., Tucker et al., 2010; Schröder et al., 2015], this work suggests that
the continuum emission warrants further consideration and may contribute
diagnostic information particularly if included in multivariate LIBS analyses.

6.5 Conclusions
Weak anion lines of Cl, S, and C can be detected due to the presence of salt
even among the large number of elemental lines and the matrix effects caused
by a basaltic background. Of many more lines considered, a selection were
evaluated using univariate analysis and 10 Cl, 4 C, and 2 S lines met all our
criteria for potential usefulness in quantification. These results are promising
for the detectability of diagenetic cements in basaltic sedimentary rocks on the
surface of Mars. The selected lines are sensitive to salt concentration, providing
a method for tracking relative changes in salt content above detection limits
of about 5–10 wt. % salt for chlorides (3–6 wt. % Cl), ∼20 wt. % salt for
carbonates (2 wt. % C), and 5–30 wt. % salt for sulfates (1–8 wt. % S). Absolute
univariate quantification of the salt content of samples of unknown composition
may be inaccurate for high salt concentrations due to differing trends in the
calibration curves for different cation elements in salt+basalt mixtures. The
basaltic matrix appeared to be less important in determining the calibration
curves, following normalization by the total emission. The amount of increase
in continuum emission following successive laser shots into the target may
also track with salt content in the sample, providing an empirical method to
identify potential samples with high salt, but requires further characterization
to be developed into a useful method of analysis. These results suggest that as
a survey tool, ChemCam should be able to track significant changes in the salt
content of the bulk rock in the sedimentary units of Gale Crater by observation
of selected emission lines of Cl, C, and S in the LIBS spectra. Distinguishing
between the salts based on identification of specific Cl, C, and S lines would
provide important implications regarding ancient environmental conditions of
the region. These laboratory results will thus feed forward to in situ rover



157

investigations and analyses of LIBS data returned from Mars.
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C h a p t e r 7

CONCLUSIONS & FUTURE DIRECTIONS

The work presented in this thesis has furthered our understanding of several
key factors influencing the composition of planetary materials during their for-
mation and evolution. Chemical processes in protoplanetary disk environments
can largely alter inherited interstellar materials and may be able to recreate
compositional trends seen in the carbon and nitrogen content of solar system
bodies if certain environmental conditions are present. The processes studied
in this work are not particularly fine-tuned to our solar system and could be
widespread in extrasolar planet-forming disks. Future work will explore the
applicability of the chemical processes studied in this work to a wider variety
of planetary environments and characterize the occurrence rate of planetary
outcomes similar to that of Earth.

7.1 LIBS Exploration of Planetary Surfaces
ChemCam is currently surveying the Martian surface and has collected hun-
dreds of thousands of spectra to date. The analysis from Chapter 6 has been
applied to the study of chlorides (Thomas et al. 2019) and sulfates (Rapin et al.
2019) in Gale Crater and the salt+basalt mixture samples have contributed to
the spectral libraries of Clegg et al. (2017) and Anderson et al. (2017). LIBS
will be further used in the upcoming Mars 2020 mission combined with Ra-
man spectroscopy in the SuperCam instrument. As a quick remote analysis
technique that is sensitive even to light elements, LIBS has many advantages
for tracking volatile elements in future planetary missions (e.g., Lasue et al.
2012).

As more sophisticated analysis methods are pursued for the minor elements
including C, S, and Cl, akin to the multivariate techniques used for the major
elements (e.g., Anderson et al. 2017), the use of the continuum emission mer-
its further study. An increase was seen in the LIBS continuum intensity for
sample mixtures with higher salt concentrations (Chapter 6). Although con-
tinuum emission cannot be connected to specific elements with the precision
of the spectral lines, it may relate to bulk compositions or material properties.
In larger, whole spectrum analyses these factors may aid in the detection of
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certain salts or other sample components.

7.2 Volatile Depletion
The observational characterization of volatile depletion in connection to disk
masses for sources of different ages is crucial for both the study of disk evolu-
tion and planet formation. Direct measurements of the pure rotational tran-
sitions of H2 will be feasible for select sources with JWST and the upcoming
HIgh Resolution Mid-infrarEd Spectrometer (HIRMES) on the Stratospheric
Observatory for Infrared Astronomy (SOFIA) will increase the number of HD
detections. These studies will be essential to provide tests of current modeling
predictions relating carbon- and nitrogen-bearing species to the total H2 con-
tent of the gas. Understanding the level of depletion of the dominant volatiles
in the disk will not only aid in disk mass determinations, but inform on the
major reservoirs of life-enabling elements in planet-forming environments.

N2H+may provide additional constraints regarding CO abundances and disk
masses (Chapter 3 and 4). Recent ALMA and Submillimeter Array (SMA)
follow-up observations have targeted N2H+, HCO+, and CO isotopologue emis-
sion in a larger number of systems. ALMA Cycle 6 measurements explore
a sample of three total Upper Sco disks with CO/dust flux ratios that vary
over an order of magnitude (PI: Anderson, 2018.1.01623.S). SMA observa-
tions investigate younger sources in the Taurus region sampling distinct disk
environments, sizes, and binary/multi systems (PI: Anderson, 2018B-S046).
Finally, upcoming ALMA Cycle 7 observations will focus on the Lupus star-
forming region where a wide range of CO/dust flux ratios, indicating either
a range of gas-to-dust ratios or CO/H2 abundances, have been observed (PI:
Anderson, 2019.1.01135.S). Whether the Lupus disks have gas-to-dust mass
ratios of ∼1–10 or are CO-depleted is an open question that is very relevant to
planet formation timescales given their young age of 1–3 Myr (Miotello et al.
2017). Comparison of these datasets derived from disks of different ages and
from distinct environments will provide a better understanding of N2H+ as a
gas tracer and the carbon and nitrogen content of protoplanetary disks.

7.3 Refractory Carbon Abundances
Significant loss of carbon from solids is inhibited by grain growth for Class II
disks where active accretion by the central star is less prominent and heating
of disk materials is dominated by passive irradiation (Chapter 2). Distinct
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environments present at earlier stages of the disk lifetime have the poten-
tial to greatly affect the growth and composition of protoplanetary materials
and future rocky planets. In particular, two early-disk processes that could
substantially alter refractory carbon reservoirs in young disks are accretion
outbursts and early giant-planet formation.

Although observed in a small number of stars, FU Ori-like accretion outbursts
are thought to be common processes and important for providing the bulk of
mass from which young stars grow. Over ∼1–10 years the optical luminosity
of the star increases by ∼5 mag and then decays over 10s–100s of years. As
a result of the outburst, the bulk disk material will reach significantly higher
temperatures than modeled in Chapter 2. Stars, including our early Sun,
are thought to undergo multiple bursts with a frequency of ∼103–104 years
(Audard et al. 2014). Potential volatile loss and/or destruction of planetary
building blocks caused by such outbursts is therefore highly relevant to the
evolution and habitability of the resulting planetary systems.

Evidence of radial drift of solids in protoplanetary disks presents a challenge
for maintaining carbon-poor solids in the inner disk. Continued disk evolution
could draw carbon from outer regions of the disk inward, leading to replen-
ishment over time. However, early giant-planet formation in the disk may be
crucial to stopping this process, maintaining a refractory-carbon-poor inner
disk. In fact, the timing of Jupiter formation has been used to explain trends
in the chemical and isotopic compositions of asteroid classes (Kruijer et al.
2017). Gaps seen in the disk of 0.1 Myr-old HL Tau that may be caused
by forming planets clearing surrounding material (ALMA Partnership et al.
2015) and recently detected proto-planets embedded in the disk of HD 163296
(Pinte et al. 2018; Teague et al. 2018) provide further evidence that planet
formation starts early. If Jupiter formation during a specific time period is
key to producing carbon-poor planetesimals in the inner disk and determining
the Earth’s carbon content, Earth-like planets may be limited in number to
systems with gas-giant planets exterior to terrestrial planets. Including these
early-disk phenomena in our models may provide a more realistic approxima-
tion of refractory carbon destruction throughout the lifetime of protoplanetary
disks.
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7.4 Connecting Protoplanetary Disk Models to Observational Con-
straints

High-resolution ALMA observations currently reveal depleted volatile abun-
dances that likely depend on a combination of dynamical and chemical pro-
cesses (Krijt et al. 2018). Considering these highly-coupled processes in iso-
lation will no longer be sufficient to address the new questions derived from
ALMA and future revelations from JWST regarding the planet-forming regions
of disks. Mass transport is critical when estimating the extent of alteration
experienced by both the bulk refractory (Chapter 2) and volatile (Chapter 5)
carbon reservoirs. Further development of computationally-feasible methods
for modeling chemistry and dynamics together is a crucial next step in under-
standing disk evolution and predicting planetary compositions.

A great deal of uncertainty remains regarding the physical conditions and mass
transport in protoplanetary disks. How the solar nebula compares to observ-
able protoplanetary disks and which disks may be the best analogs are also
largely unknown. From a modeling perspective, exploring parameter space
with grid-like approaches (as used Chapters 3 and 4) can provide the likeli-
hood of producing certain outcomes, such as carbon-poor solids in the inner
disk, for a given range of initial conditions and modeled processes. When
combined with planet formation models, such efforts could help constrain the
parameters required to form rocky planets with Earth-like compositions and
the probability of these outcomes.
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