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PLANETARY SCIENCE

Earth’s carbon deficit caused by early loss through

irreversible sublimation

J. Li'*, E. A. Bergin?, G. A. Blake?, F. J. Ciesla*, M. M. Hirschmann®

Carbon is an essential element for life, but its behavior during Earth’s accretion is not well understood. Carbonaceous
grains in meteoritic and cometary materials suggest that irreversible sublimation, and not condensation, governs
carbon acquisition by terrestrial worlds. Through astronomical observations and modeling, we show that the
sublimation front of carbon carriers in the solar nebula, or the soot line, moved inward quickly so that carbon-rich
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ingredients would be available for accretion at 1 astronomical unit after the first million years. On the other hand,
geological constraints firmly establish a severe carbon deficit in Earth, requiring the destruction of inherited car-
bonaceous organics in the majority of its building blocks. The carbon-poor nature of Earth thus implies carbon
loss in its precursor material through sublimation within the first million years.

INTRODUCTION

Carbon provides an essential constituent of terrestrial life and plays
a critical role in maintaining Earth’s habitable environment. Elucidating
the processes of carbon acquisition by rocky planetary bodies is there-
fore crucial for understanding planetary habitability. Conventional
condensation models for Earth formation typically assume chemical
equilibrium and posit that elements were initially present in nebular
gas and became available for accretion into solid bodies when the
gases were sufficiently cool to precipitate (1, 2). As seen in Fig. 1, for
refractory and moderately volatile lithophile elements (such as Mg,
Si, Na, and K), the degree of depletion in the bulk silicate Earth (BSE)
correlates with the element’s half-mass condensation temperature
(1), consistent with the condensation model. However, equilibrium
condensation cannot explain the quantities and forms of carbon found
in primitive chondrites and comets. At 10~ bar pressure, major carbon
carriers (CO, CO,, and CHy) in the nebular gas do not condense at
temperatures above 80 K and, therefore, remain gaseous within tens
of astronomical units (AU) from the forming Sun (I, 3, 4). Conse-
quently, chondrites and terrestrial worlds would have received no
carbon. The presence of notable, although depleted, carbon in chon-
dritic meteorites thus requires the creation or preservation of more
refractory carbon-rich solids within the solar nebula than predicted
by equilibrium condensation models.

Clear evidence for the survival of unprocessed prestellar grains
has been found in the meteoritic record (5). These carbonaceous
organics are not products of condensation from a hot atomized
nebula, and, therefore, some or all must have been inherited from
the interstellar medium (ISM) without ever being sublimated. How-
ever, the amount of carbon locked away as refractory solids in the
ISM is far greater than carried by the most primitive and least pro-
cessed meteorites (CI chondrites) that otherwise reflect solar com-
position (6, 7). The presence of inherited carbon-rich solids at
sub-ISM levels thus suggests that interstellar carbonaceous grains
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are partially destroyed in the inner solar system. Here, we model the
sublimation sequence and loss of carbon in the solar nebula. These
results are then combined with derived upper bounds on the carbon
content of the bulk Earth to investigate how nebular processes in-
fluence the acquisition of carbon by rocky planetary bodies.

RESULTS

The carbon content of solid aggregates in a protoplanetary disk
depends on the extent of heating they experience; hence, the sub-
limation sequence of carbon carriers as a function of nebular tem-
perature rises to prominence as the governing process for carbon
acquisition by terrestrial worlds. Astronomical observations show
that approximately half of the cosmically available carbon entered
the protoplanetary disk as volatile ices and the other half as carbona-
ceous organic solids (6). As the disk warms up from 20 K, all the
volatile carbon carriers sublimate by 120 K, followed by the conver-
sion of major refractory carbon carriers into CO and other gases
near a characteristic temperature of ~500 K (table S1 and fig. S1).
The sublimation sequence of carbon exhibits a “cliff” where dust
grains in an accreting disk lose most of their carbon to gas within a
narrow temperature range near 500 K (Fig. 1).

The division between the stability fields of solid and gas carbon
carriers corresponds to the “soot line,” a term coined to describe the
location where the irreversible destruction of presolar polycyclic
hydrocarbons via thermally driven reactions in the planet-forming
region of disks occurred (8). In the earliest phases of star formation,
the soot line migrates with time as the pressure and temperature
of the disk evolve (Fig. 2). Disk observations suggest an order-of-
magnitude variation in the accretion rate at a given time, but there
is a clear general decline of accretion rate with age (9). Very early
after the Sun’s birth, when high accretion rates from the solar neb-
ula onto the Sun provided a source of disk heating, Ts,0c of 500 K
may have been reached out to tens of astronomical units near the
disk midplane. As the accretion rate diminished and stellar irradia-
tion became the dominant source of heating in the disk, the soot
line then migrated inward to eventually cross 1 AU and reside inte-
rior to Earth’s current orbit.

A key proviso in the sublimation model is that the carbon-
depleted precursor material of the inner solar system must have re-
sided within the soot line. Our calculated thermal structures of disks
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Fig. 1. The sublimation sequence of carbon in the solar nebula. An element’s
relative abundance to Mg and Cl is the ratio of its relative abundance to Mg to that
in Cl, calculated as (C/Mg in Earth or solar)/(C/Mg in Cl) in wt %. On the high-
temperature side, the volatility trend (blue-shaded band) describes the relative
abundances of lithophile elements (rock loving, blue circles) in the bulk silicate
Earth (mantle and crust) as a function of their half-mass condensation tempera-
tures (7). Siderophile elements (iron loving, red circles) plot below the volatility
trend, presumably due to preferential incorporation into the core. On the low-
temperature side, the sublimation sequence of carbon (gray thick line) traces the
falling relative abundance of condensed carbon in the solar nebula (excluding H
and He) as the disk warms up (tables S4 and S5). The abundance (relative to Mg and
Cl) of condensed carbon starts at 9.48 (long dashed line) and is reduced to 4.74
after carbon-carrying ices transform into gases. It falls precipitously by more than
one order of magnitude when the nebular temperature reaches ~500 K. The maxi-
mum amount of carbon in the bulk Earth (large dark blue box), represented by a
generous upper bound of 1.7 + 0.2 wt % carbon (0.30 + 0.03 relative to Mg and Cl)
and a probable bound of 0.4 + 0.2 wt % carbon (0.07 + 0.04 relative to Mg and Cl),
corresponds to a maximum fraction of 1 to 7% carbon-rich source material that
survived sublimation (table S6). The bulk silicate Earth (BSE; small dark blue
box) with 140 + 40 ppm (parts per million) carbon by weight (1.7 + 0.5 x 107> relative
to Mg and Cl) plots well below the upper bounds, possibly due to sequestration of
carbon by the core.

illustrate that at accretion rates higher than 1077 Mg (solar mass)/
year, the soot line resides beyond 1 AU and potentially as far away
as the asteroid belt (fig. S3). If the primary materials accreted by Earth
are assembled during this phase, they would be carbon poor, as the
carbon grains would be destroyed while silicate grains could remain
intact. For systems with accretion rates below ~107" Mg/year, the
soot line lies within the current Earth orbit. Hence, preplanetary solids
that exist at 1 AU during this phase are likely to be carbon rich,
similar to other objects known to form at low temperatures, such as
comets Halley and 67/P. Observations show that the accretion rate
in forming disk systems decreases so rapidly with time that the soot
line would move inward to cross 1 AU within 1 Ma (9); thus, the
carbon-poor objects in Earth’s chief feeding zone near 1 AU are likely
present only during the first million years of solar system history in
the phase associated with high mass accretion rates. If the bulk car-
bon content of Earth is low, then most of its source materials must
have lost carbon through sublimation early in the nebula’s history
or by additional processes such as planetesimal differentiation.
Constraining the fraction of carbon-depleted source material accreted
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Fig. 2. Schematicillustration of the soot line in a protoplanetary disk. The soot
line (red parabola) delineates the phase boundary between solid and gaseous car-
bon carriers. In the accretion-dominated disk phase, it is located far from the proto-
Sun and divides carbon-poor dust and pebbles (green dots) from carbon-rich ones
(dark blue dots). Within 1 Ma, as a result of the transition to a radiation-dominated,
or passive, disk phase, the soot line migrates inside Earth’s current orbit. Note that
the Si-rich and C-rich solids do not represent distinct reservoirs because carbona-
ceous material is likely associated with silicates. They are provided for ease in
illustration.

by Earth requires us to constrain the maximum amount of carbon
in the bulk Earth.

In the near-surface reservoirs, carbon occurs in trace quantities
at the level of hundreds of parts per million (ppm) by weight (10).
The carbon content of the BSE is more than three orders of magni-
tude below the solar composition (Fig. 1). The severe carbon deficit
in the accessible part of Earth has been attributed to its volatility and
possible sequestration by the iron-rich core. The strong affinity of
carbon for iron-rich alloys at low to moderate pressures suggests
that the core could be Earth’s largest carbon reservoir (10-12). As
such, it is helpful to seek geochemical and geophysical constraints
on the carbon content of the core, which then places limits on car-
bon in the bulk Earth. Carbon is considered a candidate lighter ele-
ment for Earth’s core because it may partially account for important
physical properties, including density, sound speeds, elastic anisotropy,
and the partially solidified state (11). A generous upper bound on
core carbon content is obtained from density considerations (Fig. 3).
The liquid outer core and solid inner core are less dense than pure
iron at the relevant P-T (pressure-temperature) conditions by 5 to
8% and 2 to 5%, respectively (11), and carbon could reduce or eliminate
this density difference. With the equations of state of liquid iron and
relevant iron-carbon alloys (13-15), we estimate that 5.0 + 0.6 and
4.5+ 0.5 wt % carbon could account for the entire density deficits in
both the liquid outer and solid inner core (16). Hence, the amount
of carbon in the core from the density constraints must be less than
5.0 £ 0.5 wt %. This estimate is undoubtedly generous because the
outer core contains notable amounts of sulfur, silicon, and oxygen
(11) and possibly hydrogen (17).

More probable upper bounds may be obtained by comparing the
sound velocities of Fe—C alloys with the values observed for the core.
Existing data suggest that the presence of 1.0 + 0.6 wt % carbon in
liquid iron would match the compressional wave velocity (V) of the
outer core (fig. S5). Because this composition falls on the iron-rich
side of the eutectic point of the Fe—C binary (fig. $6), the solid inner
core would contain less carbon and, therefore, is limited to <1.0 + 0.6 wt %.
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Fig. 3. Generous upper bounds on carbon in Earth’s core, from density con-
straints. The density of Fe—C alloy at the inner core boundary (ICB) or the
core-mantle boundary (CMB) as a function of carbon content is estimated from that
of iron and Fe—C alloys at 330 GPa and 5500 + 1500 K [red squares (13)] and that at
136 GPa and 4500 + 1500 K [red-filled circles (14-15)], respectively. The thick trends
are linear fits through experimental data on solid Fe—C alloys and compounds (top)
and liquid Fe—C alloys (bottom). The horizontal black lines are the inferred densi-
ties at the ICB and CMB based on the Preliminary Reference Earth Model (PREM)
(76). The horizontal arrows denote the ranges of carbon concentrations in iron-carbon
alloys to match the core densities, considering uncertainties in core temperatures
and mineral physics measurements. The maximum estimated carbon in the liquid
outer and the solid inner core are 5.0 £ 0.6 and 4.5 £ 0.5 wt %, assuming that carbon
is the sole light element in the core to account for the observed densities (76).

The maximum amount of carbon in the bulk Earth can then be
calculated from estimated upper bounds on that of the BSE and core.
The BSE probably contains 140 + 40 ppm carbon by weight and
most likely no more than 0.1 wt % (18). With the core account-
ing for 32% of Earth’s mass, we arrive at a generous upper bound
of 1.7 £ 0.2 wt % carbon, and a more probable upper bound of
0.4 + 0.2 wt % (4000 = 2000 ppm by weight) carbon in the bulk
Earth. We emphasize that these are robust upper bounds and
they are higher than the 530 + 210 ppm by weight estimate from
geochemical constraints (19) and the recent estimate of 370 to
740 ppm from a multistage model of core formation using partition
coefficients determined at relevant pressure and temperature condi-
tions (12).

According to the sublimation sequence (Fig. 1), carbon-rich
source material is stable outside the soot line, but the abundance of
carbon relative to Mg and CI falls precipitously from 4.74 to <0.47
because of sublimation of organic carbon carriers inside the soot
line (table S6). The estimated upper bound for the bulk Earth car-
bon at 0.2 to 1.9 wt % corresponds to a maximum fraction of 1 to
7% carbon-rich source material in Earth’s building blocks. The
carbon-poor nature of Earth implies that most of its precursor ma-
terials lost carbon. Because the soot line was already located inside
1 AU by ~1 Ma, carbon loss from Earth’s building blocks must
occur very early in the solar history. If the sublimation temperature
were higher than 500 K, then at a given disk cooling rate, the soot
line would reach 1 AU sooner. Consequently, the accretion of
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carbon-poor building blocks to the proto-Earth would have to take
place earlier.

DISCUSSION

Earth’s severe carbon deficit is consistent with the expectation of
limited contribution of carbon-rich solids via pebble drift. The latest
model for planet formation suggests that centimeter- to meter-sized
objects known as pebbles played a major role in delivering mass to
growing bodies. Pebbles form via coagulation and settle to the dust-
rich midplane where they are subject to forces leading toward an
inward drift (20). These pebbles would thus carry both water and
carbon from the outer solar system, beyond the soot line, to the in-
ner solar system (21). Dynamic simulations show that pebbles drift
inwards to the local pressure maximum (pressure bump) in the disk
(22, 23), which would nominally be the inner edge, marking the de-
struction of the silicate dust (Fig. 2). However, a multi-Earth-sized
planet or giant planet core in the disk would carve out a gap in the
gaseous disk, with the outer edge representing a local pressure bump.
Drifting pebbles would pile up there, thus diminishing the supply
of carbon-rich precursors (24). Analysis of molybdenum and
tungsten isotopes find evidence for two distinct reservoirs of mete-
orite parent bodies within the solar nebula that formed as early as
1 Ma and remained separate thereafter, presumably as a result of
the formation of Jupiter’s core (25). This scenario would reduce the
supply of carbon to the inner solar system. It is worth noting that
pressure bumps are pervasive in million-year-old disks (22, 26), and
they may be induced via other means (27). Furthermore, in pebble
accretion models, rapid formation of ~100-km-sized bodies is fur-
ther accelerated. If such bodies formed early in solar system history,
especially within the first 0.1 to 0.2 Ma, radiogenic heating by short-
lived %Al can cause degassing (28). Thus, there are additional
mechanisms of volatile loss through planetesimal degassing, also
active in the first million years of evolution, aside from the subli-
mation sequence discussed here that have caused Earth’s car-
bon deficit.

Very early carbon depletion in Earth’s source material is supported
by the carbon-poor nature of iron meteorites (29), which also formed
in less than 1 Ma after CAls (calcium- and aluminum-rich inclu-
sions) (30). The notion of extensive carbon loss is also consistent
with the composition of moderately or slightly volatile elements in
Earth (e.g., Na, K, Li, and Si). The correlation between the bulk
Earth abundance of an element and its half-mass condensation tem-
perature (Fig. 1) implies thermally activated volatile loss, which requires
that most of Earth’s precursor materials were heated at least above
the sublimation temperature of carbon-rich presolar grains. Sublimation
is likely important for other life-essential elements such as nitrogen and
hydrogen. At some point, the sequences of condensation and sublima-
tion must merge (Fig. 1), and in the intermediate stages, both processes
could contribute to the creation and destruction of nebular solids,
thereby setting the stage for the formation of habitable worlds.

MATERIALS AND METHODS

Modeling soot line location as a function of time

We calculated sublimation temperatures of refractory carbon carri-
ers using a kinetic rate law and experimentally constrained param-
eters (fig. S1 and table S1). To determine the location of the soot line
as a function of time, we calculated the thermal structure within a
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protoplanetary disk that is heated by internal viscous dissipation
and irradiation from the central star (fig. S3).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/14/eabd3632/DC1
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