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Protoplanets growing within ~1 Ma of the Solar System’s formation underwent large-scale melting due
to heat released by the decay of 26Al. When the extent of protoplanetary melting approached magma
ocean (MO)-like conditions, alloy melts efficiently segregated from the silicates to form metallic cores.
The nature of the MO of a differentiating protoplanet, i.e., internal or external MO (IMO or EMO), not
only determines the abundances of life-essential volatiles like nitrogen (N) and carbon (C) in its core
and mantle reservoirs but also the timing and mechanism of volatile loss. Whether the earliest formed
protoplanets had IMOs or EMOs is, however, poorly understood. Here we model equilibrium N and C
partitioning between alloy and silicate melts in the absence (IMO) or presence (EMO) of vapor degassed
atmospheres. Bulk N and C inventories of the protoplanets during core formation are constrained for
IMOs and EMOs by comparing the predicted N and C abundances in the alloy melts from both scenarios
with N and C concentrations in the parent cores of magmatic iron meteorites. Our results show that
in comparison to EMOs, protoplanets having IMOs satisfy N and C contents of the parent cores with
substantially lower amounts of bulk N and C present in the parent body during core formation. As the
required bulk N and C contents for IMOs and EMOs are in the sub-chondritic and chondritic range,
respectively, N and C fractionation models alone cannot be used to distinguish the prevalence of these
two end-member differentiation regimes. A comparison of N and C abundances in chondrites with their
peak metamorphic temperatures suggests that protoplanetary interiors could lose a substantial portion
of their N and C inventories with increasing degrees of thermal metamorphism. Provided the thermal
metamorphism induced-loss of N and C from the protoplanetary interiors prior to the onset of core
formation was efficient, the earliest formed protoplanets, as predicted by previous thermo-chemical
models, are more likely to have undergone IMO differentiation resulting in the formation of N- and
C-poor cores and mantles overlain by N- and C-rich undifferentiated crusts.
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almost contemporaneous with that of Calcium-Aluminum-rich In-
clusions (CAls - the oldest solids which date ‘time zero’ in Solar
System history) (Kruijer et al, 2017). Heat released by the de-
cay of 26Al (t12 ~ 0.7 Myr) was the primary cause of melting
and differentiation of their interiors (Hevey and Sanders, 2006;
Sahijpal et al., 2007). Thermochemical models predict that proto-
planets with radii greater than ~20 km accreting within ~1 Ma
after CAls approached MO-like conditions (i.e., surpassed ~50 vol.%
silicate melting) before undergoing complete metal-silicate sepa-
ration (Kaminski et al.,, 2020; Neumann et al., 2012). This mode
of differentiation is in contrast with incomplete/complete metal-
silicate separation in unmolten or partially molten silicates (e.g.,
non-magmatic irons and achondrites likes ureilites, acapulcoites-

1. Introduction

The physical and chemical make-up of protoplanets that formed
within ~1 Ma of the formation of the Solar System dictates the
chemical compositions of present-day rocky planets (Elkins-Tanton
et al, 2011; Grewal et al., 2021b; Hirschmann et al., 2021). In-
vestigations of iron meteorites provide key insights into the for-
mation and evolution of these earliest formed protoplanets that
underwent at least one large-scale melting event (Goldstein et al.,
2009). The accretion ages of the parent bodies of a few magmatic
irons (originating from cores which were once fully molten) are
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lodranites, winonaites, and brachinites (McSween, 1989)) of parent
bodies which accreted rather late, were of smaller sizes, and/or
experienced an early loss of 26Al by explosive volcanism (Neu-
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Fig. 1. lllustrations depicting A) internal and B) external magma ocean differentiation regimes. A) Fractionation of N and C between alloy melt and silicate melt in an IMO.
B) Fractionation of N and C between atmosphere, silicate melt, and alloy melt in an EMO. Figure modified from Elkins-Tanton et al. (2011).

mann et al., 2012; Sugiura and Fujiya, 2014). In this study, we
focus on the earliest accreted protoplanets with relatively large
sizes which likely underwent complete metal-silicate separation in
largely molten silicates.

An interior outward melting in these protoplanets resulted in
the formation of either internal or external MOs (IMOs or EMOs)
- depending on whether MOs were overlain by unmolten shells or
not (Elkins-Tanton et al., 2011; Grewal et al., 2021b; Hirschmann
et al,, 2021) (Fig. 1). EMOs and IMOs are alternately postulated to
explain several aspects of the meteorite record. For instance, se-
vere depletion of moderately volatile elements (MVEs; e.g., Cr and
Cl) and highly volatile elements (HVEs; e.g., C and N) coupled with
their isotopic fractionation trends in howardite-eucrite-diogenites
(HEDs) and angrites was explained via vapor-silicate melt ex-
change at the surface of EMOs (e.g., Abernethy et al., 2013; Zhu et
al,, 2019). Similarly, atmosphere-MO-core exchange in EMOs was
posited to explain N depletion in the silicate reservoirs of rocky
protoplanets (Grewal et al., 2021b) as well as the low C/S ratios in
the parent cores of magmatic iron meteorites (Hirschmann et al.,
2021). Vapor-silicate melt exchange at the surface of MOs was also
used to explain the heavy isotope signatures of refractory elements
(e.g., Si and Mg) in HEDs and angrites relative to chondrites (Hin
et al,, 2017; Young et al., 2019). On the other hand, the strongest
evidence for IMOs emanates from the combined paleomagnetic
data for CV, CM, and Rumuruti chondrite parent bodies as well as
IIE iron meteorite parent body (IMPB hereafter) where chondritic
shells were underlain by convective MOs and molten cores (e.g.,
Carporzen et al., 2011; Maurel et al., 2020). Numerical models sim-
ulating the thermal evolution of protoplanetary interiors heated by
the decay of 26Al also call for MO differentiation underneath solid,
conductive shells (Elkins-Tanton et al., 2011; Hevey and Sanders,
2006; Kaminski et al., 2020; Neumann et al., 2012; Sahijpal et al.,
2007).

Whether rocky protoplanets had IMOs or EMOs during their dif-
ferentiation has important implications for HVE abundances in the
resulting core and mantle reservoirs. In an IMO, elemental abun-
dances in the metallic and silicate reservoirs are set by alloy melt-
silicate melt equilibration (Fig. 1A). Whereas an EMO interacts with
the overlying atmosphere such that vapor-silicate melt exchange
at its surface sets up elemental abundances in the MO (provided
the rate of atmospheric loss is slow enough to allow vapor-silicate
melt equilibration). This exchange subsequently determines the
proportion of an element partitioned into the core during alloy

melt-silicate melt equilibration (Fig. 1B). In other words, elemental
abundances in the resulting core and mantle reservoirs of a proto-
planet undergoing EMO differentiation are set by coupled exchange
between vapor, silicate melt, and alloy melt (Grewal et al., 2021b;
Hirschmann et al., 2021). The re-distribution of highly volatile el-
ements like nitrogen (N) and carbon (C), which efficiently frac-
tionate between vapor, silicate melt, and alloy melt, is especially
sensitive to these end-member MO differentiation regimes. In ad-
dition to having common origins in primitive organic matter, N and
C show comparable chemical characteristics during protoplanetary
and planetary processing (e.g., Alexander et al., 1998, 2007; Grewal
et al., 2019b; Sephton et al., 2003). Importantly, there is sufficient
data on the thermodynamic relationships of these elements, i.e.,
their vapor pressure induced solubilities in surficial silicate melts
as well as their alloy melt-silicate melt partition coefficients at low
to moderate pressures, to constrain their partitioning between va-
por, silicate melt, and alloy melt (e.g., Dasgupta and Grewal, 2019;
Grewal et al,, 2019a; Libourel et al,, 2003; Ni and Keppler, 2013;
Tsuno et al., 2018; Yoshioka et al., 2019).

Comparisons of the predictions of N and C abundances in MOs
and cores (based on atmosphere-MO-core and MO-core equilibra-
tion models for EMOs and IMOs, respectively) with their estimated
abundances in primitive silicate or alloy melts (based on the me-
teoritic record) can be used to compare the relative prevalence of
these end-member differentiation regimes. Iron meteorites provide
direct estimates of N and C abundances in protoplanetary cores
(Grewal et al., 2021c; Hirschmann et al., 2021). Therefore, the cores
of IMPBs which did not suffer extensive evaporation related losses
post-disruption of their parent bodies can provide reliable esti-
mates on N and C abundances in the protoplanetary cores. Using
iron meteorites to compare the relative prevalence of IMOs and
EMOs in their earliest formed protoplanets provides additional ad-
vantages: 1) Grouped irons sample multiple parent bodies; there-
fore, they are statistically the largest representation of the earliest
formed protoplanets in the Solar System (magmatic irons - groups
IC, IIAB, IIC, 1ID, IIF, IIG, IIIAB, IIIE, IIIF, IVA, and IVB and non-
magmatic irons - groups IAB (MG, sL) and IIE (Goldstein et al.,
2009)). 2) Hf-W chronometry combined with thermal modeling
predicts the accretion of magmatic IMPBs ~0.3-1 Ma after CAI for-
mation - thereby recording the compositions of the earliest formed
protoplanets in the Solar System (Kruijer et al., 2017). 3) Based on
the nucleosynthetic anomalies of Mo, it has been determined that
IMPBs record the growth of protoplanets both in the inner and
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the outer regions of the solar protoplanetary disk - which makes
them a more generalized archive of protoplanetary growth (groups
IAB (MG, sL), IC, 1IAB, IIE, IIIAB, IIIE, and IVA belonging to the non-
carbonaceous (NC) cluster purportedly had an inner Solar System
origin, and groups IIC, IID, IIF, IIIF, and IVB belonging to the car-
bonaceous (CC) cluster had an outer Solar System origin (Kruijer
et al,, 2017)). Because inner and outer Solar System protoplanets
have different physical and chemical characteristics based on the
differences in the chemical compositions of the accreting material
in different regions of the disk (Worsham et al., 2019), iron mete-
orites potentially capture variable modes of N and C incorporation
in the metallic cores of their parent bodies. Consequently, in this
study we use N and C abundances in magmatic iron meteorites in
conjunction with atmosphere-MO-core and MO-core equilibration
partitioning models of N and C to study the MO environments of
the earliest formed protoplanets.

2. Nitrogen and carbon contents in the parent cores of iron
meteorites

Carbon is present in iron meteorites not only as a dissolved
component in kamacite, taenite, and plessite, but also in acces-
sory phases like graphite, cohenite ((Fe, Ni, Co)3C), and haxonite
((Fe, Ni)23Cg) in some groups of iron meteorites (Goldstein et al.,
2017). Accounting, or lack thereof, of C in the accessory phases re-
sults in the discrepancies between the reported C abundances in
iron meteorites (Goldstein et al., 2017; Lewis and Moore, 1971).
As samples within a given group of magmatic iron meteorites
record different stages of fractional crystallization (Goldstein et al.,
2009), their C contents may not be representative of C abundances
of their parent cores if there was a significant partitioning of C
between solid and liquid metal during cooling of the core. The ef-
fect of fractional crystallization on the partitioning of an element
between solid and liquid metal in magmatic irons is generally con-
strained by comparing its abundances with Ni and Ir contents of
similar samples within a given group - early crystallizing alloys are
Ni-poor/Ir-rich (Goldstein et al., 2009). Unlike other trace elements
like Ge, Ga, As, etc., C does not show any correlations with indices
of fractional crystallization in magmatic iron groups (Goldstein et
al., 2017). Therefore, individual samples for a given group roughly
capture the C concentrations in their parent core. Hirschmann et al.
(2021) reported upper bounds for C contents of the parent cores of
several groups of iron meteorites by matching the activity of C in
solid Fe-Ni-C metal with that of the equilibrating Fe-Ni-C-S liquid
(Table 1). Combining all previous data with the thermodynamic
models, Hirschmann et al. (2021) estimated the representative C
contents of the parent cores of magmatic iron meteorite groups IC,
IIAB, IIC, IID, and IIIAB to be within the range of 100-1100 ppm.
We have used this range of C contents to constrain our numeri-
cal models. Carbon contents of the extremely volatile depleted IVA
and IVB groups - likely a result of vapor-metal melt exchange at
the surface of stripped metallic cores post-disruption of their par-
ent bodies (Yang et al., 2010, 2008) - were not included in our
model calculations.

Unlike C, almost all N (could be up to ~98%) in iron meteorites
resides in kamacite and taenite (Prombo and Clayton, 1993). To
constrain the effect of fractional crystallization, we plotted the N
contents against Ir contents for samples within a given group (e.g.,
IIIAB and IVA groups in Supplementary Fig. 1). N and Ir contents
in both IIIAB and IVA groups are uncorrelated. The cause behind
the observed scatter in the data (analogous to the observations of
Goldstein et al. (2017) in C vs Ni plots for IIIAB and IVA groups)
requires further investigation but simply could be a result of rapid
diffusion of N in the solid metal post crystallization of the core.
Importantly, the lack of correlation in N vs Ir plots suggests that
the iron meteorites do not record any fractionation of N between
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Fig. 2. Nitrogen and carbon solubility in alloy melts as a function of total pressure.
Due to extremely low partial pressures of N and C in the nebular gas, only ~0.1
ppm N and ~ 1 ppm C can be incorporated via nebular ingassing into the primor-
dial alloy which condensed out of the nebular gas. These values are substantially
lower than N and C contents of iron meteorites. Due to core-mantle differentiation
in asteroid-sized bodies taking place at significantly higher pressures, N and C sol-
ubility in core forming alloy melts is ~1000-10,000 ppm and 20,0000-50,000 ppm,
respectively. Data sources: Pressure — Nebular gas (Palme et al., 2014); Core-mantle
differentiation in asteroid-sized bodies (Steenstra et al., 2017, 2016). Solubility in pri-
mordial alloy via nebular ingassing - N (Grewal et al., 2021c); C (Lewis et al., 1979).
Solubility in core forming alloy melt - N (Speelmanns et al., 2018); C (Dasgupta and
Walker, 2008). Abundances in iron meteorites - N (Data compilation in Grewal et al.,
2021b); C (Goldstein et al., 2017).

solid and liquid metal during cooling of the parent cores. There-
fore, similar to C, the N contents in the parent cores for a given
group of magmatic iron meteorites can also be directly inferred
from the samples of that group without placing them in the frac-
tional crystallization sequence. Average N contents are highest in
IAB and IC groups and lowest in IVA and IVB groups (Table 1). IIE
group also shows a similar N depletion as IVA and IVB groups. As
a result, IIE, IVA and IVB irons likely do not record the primitive
N contents of their parent cores. Therefore, we did not use N con-
tents of these anomalously volatile-depleted groups as constraints
for our models. Based on the interquartile range of other magmatic
irons, i.e., IC, IIAB, IIC, IID, IIF, and IIIAB groups, we used 5-50 ppm
N as a representative range for the N contents of the parent cores.

3. Contribution of nebular ingassing and dissolution into core
forming alloy melts towards nitrogen and carbon contents in
iron meteorites

The primary goal of this study is to decipher the amount of
N and C that was partitioned into protoplanetary cores based on
the two end-member regimes of MO differentiation. Therefore, it is
critical to differentiate between the amount of N and C present in
the primordial metal (formed during nebular condensation) prior
to the accretion of rocky bodies and the amount of N and C incor-
porated into the metallic melts exclusively during core formation.
Thermodynamic calculations predict that equilibration of nebular
gas with the condensing y -Fe metal can ingas ~0.01 ppm (Grewal
et al, 2021c) and ~1 ppm C (Lewis et al., 1979) (Fig. 2). These val-
ues are distinctly lower than N and C contents of even the most
volatile-depleted irons. Hence, nebular ingassing into the primor-
dial metal did not contribute significantly to the eventual N and C
budgets of protoplanetary cores. On the other hand, melting and
segregation of alloy melts in the interiors of protoplanets takes
place at significantly higher pressures (~10* bar) and can poten-
tially enrich the alloy melts with significant amounts of N and C.
For instance, at pressures relevant for core-mantle differentiation
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Table 1
Parameters relevant for iron meteorite parent bodies and other protoplanets.
Parent body Measured N PEstimated C Core-mantle Core mass Radius S in core T log fO,
(ppm) (ppm) mass ratio fraction (km) (wt.%) (°0) (IW)
IAB (MG) 15-64 - - - - - - —25t0 —15
IC 21-62 260 - - - - - -
[IAB 8-17 170 - - - 17 1325 -
1c 4-11 230 0.20 017 - - - -
1ID 24-32 190-1100 - - - 7 1445 -
IIE 0.4-2 - - - - - - —2.5to —15
IF 16 - 0.11-0.28 0.1-0.22 - - - -
IIAB 15-36 64-230 - - - 12 1400 -
IVA 0.5-5 4-610 0.20 017 483 6 1445 -
IVB 0.6-1 11-210 0.09 0.08 277 0 1615 -1
“SBT - 87 0.11 0.1 - - - -
Vesta - - - 0.05-0.21 260 - - —24to —2.2
dAPB - - - 0.07-0.29 >260 - - —19 to —0.9

4 Interquartile range of measured N contents in iron meteorites. Data source: Compilation in Grewal et al. (2021b).

b

¢ SBT = South Bryon Trio.
d APB = Angrite Parent Body.

in planetesimal-sized rocky bodies (Steenstra et al., 2017, 2016),
the limits for N and C incorporation into molten metals - as given
by N solubility in the alloy melts at vapor saturation for Ni-free
alloys (Speelmanns et al., 2018; Dasgupta et al., 2022) and C solu-
bility in the alloy melts at graphite saturation (e.g., Dasgupta and
Walker, 2008) - lie within the range of 0.1-5 wt.% and 5-8 wt.%, re-
spectively (Fig. 2). This means that almost entire N and C inventory
of protoplanetary cores was incorporated into the alloy melts dur-
ing core formation. It should be noted that alloy melts efficiently
segregate to the center of a protoplanet via interconnected net-
works only when the silicate matrix has undergone a significant
amount of melting (Taylor, 1992). This should have also resulted in
efficient elemental exchange between alloy and silicate melts. Con-
sequently, alloy melt-silicate melt equilibration during core-mantle
differentiation must have set N and C abundances in the parent
cores of iron meteorites.

4. Incorporation of nitrogen and carbon into the protoplanetary
cores via IMOs and EMOs

4.1. Model setup

In EMOs, vapor pressure induced solubility dictates N and C
abundances in the silicate melts, and consequently the amount
of N and C available for partitioning between alloy and silicate
melts (Fig. 1B). Therefore, in EMOs the amount of N and C parti-
tioned into protoplanetary cores was calculated based on coupled
atmosphere-silicate melt-alloy melt equilibration models. Whereas
in IMOs, silicate melt-alloy melt equilibration alone controls the
incorporation of N and C into protoplanetary cores (Fig. 1A).

The calculations on coupled atmosphere-silicate melt-alloy melt
equilibration models followed the thermodynamic framework used
in several previous studies (e.g., Grewal et al., 2021a; Hirschmann
et al, 2021; details are reported in the supplementary section).
Nitrogen and carbon exchange between atmosphere and silicate
melts was calculated based on their vapor pressure based solu-
bilities (refer to Supplementary Section for details). Following the
template of Keppler and Golabek (2019), C dissolution solely as
anhydrous CO%’ or CO was calculated using the Henry’s law con-
stants from Ni and Keppler (2013) (Kco = 0.016 ppm/MPa) and
Yoshioka et al. (2019) (Kco2 = 0.155 ppm/MPa), respectively.

CMO = Kco - fCO+ Kcoa - fCOz (1)

Estimated C contents in parent cores of iron meteorites. Data source: Hirschmann et al. (2021).

where CCMO represents concentration of C in the MO and fCO and
fCO, represent fugacities of CO and CO,, respectively, in the vapor
phase.

fCO and fCO, were calculated based on the equilibrium reac-
tion:

CO¢g) + 1/202(g) = COz(g) (2)

where relations of equilibrium thermodynamic parameters can be
calculated from:

AGTP = GI1P (€0,) — GI1*™(CO) + RTIn £CO,
—1/2RTIn fO; — RTIn fCO =0 3)

where AGT-? is the change in Gibbs free energy at any P and T
and is equal to zero at equilibrium; Gf“bar (CO,) and GfT'lbar(CO)
are the standard Gibbs free energy of formation of CO, and CO,
respectively. NIST-JANAF thermochemical tables were used to esti-
mate the relevant values.

We used the two-species model of Libourel et al. (2003) (disso-
lution as N, and N3~ in oxidized and reduced conditions, respec-
tively (Grewal et al., 2020)) to determine N solubility in the silicate
melts as a function of pN and fO;:

1/2

CNO = 0.06py +5.97py* 0, >* (4)

where C}E,"o represents concentration of N in the MO and py is the
partial pressure of N in the overlying atmosphere.

Nitrogen and carbon exchange between alloy and silicate melts
was calculated based on their alloy and silicate melt partition co-
efficients. Almost all experimental data on the partitioning of N
(Di,”oy/ silicatey and ¢ (Dé”oy/ silicate) hatween alloy and silicate melts
till date has been obtained at high activities of N and C, i.e., al-
loy and/or silicate melts containing wt.% N and C. The N and C
contents of protoplanetary cores are, however, 1-4 orders of mag-
nitude lower (Grewal et al., 2021c; Hirschmann et al., 2021). This

raises an important question — can the experimental D;“Oy/ silicate
and DE“OY/ silicate | lues obtained at high activities of N and C be

applied to numerical models simulating alloy melt-silicate melt
equilibration in systems containing ppm level N and C? For the ap-
plicability, N and C dissolution in alloy and silicate melts must fol-
low Henrian behavior, i.e., activity coefficients of N and C in alloy
and silicate melts must not change with variations in bulk N and
C contents of the system. Although the validity of Henry’s law has
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not been tested for N-bearing systems, recent studies have exam-
ined its validity for C partitioning between alloy and silicate melts.
Using thermodynamically modeled activity-composition relation-
ships, Gaillard et al. (2022) showed that the activity coefficient of C
in the alloy melts (yéllloy melty can increase by a factor of 4-5 with
increasing activity of C from 0.001 (C-poor system) to 1 (graphite-
saturated system). Correcting for ycalloy melt - Gaillard et al. (2022)

predicted that DZ'®/*"*'® values for C-poor systems could be an

order of magnitude higher relative to those determined for C-rich
systems in previous experimental studies. Using high pressure (P)-
temperature (T) experiments, Grewal et al. (2021a) confirmed the
increase in yé'“oy melt with increasing activity of C. However, con-

trary to the predictions of Gaillard et al. (2022), a strong effect
of J/alloy melt alloy/silicate
d

is not directly reflected in the D¢ values of
Grewal et al. (2021a). Even though the experimentally determined
DE“DY/ silicate \alues of Grewal et al. (2021a) increase with increas-
ing activity of C, those values were still well within the range of
the predictions for C-rich systems. Similar observations were also
made in the experimental studies of Kuwahara et al. (2021, 2019)
(note that the silicate melt compositions of Kuwahara et al. (2019)
were anomalously B;Os-rich due to the utility of BN capsules).
Therefore, it is possible that the effect of change in the activity of
C on DY'V/SNA s complex and is not captured by accounting for

ycalloy melt term alone. Importantly, all the above-mentioned stud-

ies dealt with S-free systems. Whereas the S contents of the parent
cores of IMPBs vary between 0 and 17 wt.% (Chabot, 2004). Align-
ing with the experimental data of Grewal et al. (2021a) and Kuwa-
hara et al. (2021, 2019), which show that Daclloy/“l“te values for
C-poor systems are within the predicted range for C-rich systems,
we used the recent parametrized Dacuoy/ silicate o quation from Fis-
cher et al. (2020) (based on experimental data for C-rich systems)
as it accounts for the effect of S content in the alloy melt. We also
compared the results with the parametrized DEHOY/ silicate equation
by Grewal et al. (2021a) for C-poor systems (see Supplementary
for the equations). In the absence of D3'®/*"“data at N-poor
conditions and following the lead from C, we assumed Henrian
behavior for N partitioning between alloy and silicate melts and
used the recent parametrized Di,”oy/ silicate o quation from Grewal et
al. (2021b) (see Supplementary for the equation). We would like
to caution the readers that a lack of D';Inoy/ silicate and DaCHOW silicate
values for N-poor and C-poor systems, respectively, in the relevant
P-T-X space can potentially present limitations to the results of
this study. Future experimental work on this front is necessary to
test the validity of the model calculations and predictions of this
study.

Vapor pressure-based solubilities and alloy melt-silicate melt
partition coefficients depend on several independent and depen-
dent parameters that define the physical and chemical architecture
of protoplanets during atmosphere-MO-core differentiation. These
include extent of alloy melt-silicate melt equilibration, core-mantle
mass ratio, P-T of alloy melt-silicate melt equilibration, alloy melt
composition, and oxygen fugacity (f0,). Based on the available
data for IMPBs, we varied the relevant thermodynamic parameters
as follows: core-mantle mass ratio = 0.09-0.28; S content of al-
loy melt = 0-17 wt.%; T of alloy melt-silicate melt equilibration =
1325-1615°C; fO, of core-mantle differentiation = IW-3 to IW-1;
radius of parent body = 250-500 km (Fig. 3; Table 1; see sup-
plementary section for details). Given DaNlloy/ silicate 5nd Dglloy/ silicate
vary little between ambient pressure to shallow MO conditions
(Dasgupta et al., 2013; Grewal et al., 2019a; Dasgupta et al., 2022),
P of alloy melt-silicate melt equilibration was fixed at 0.1 GPa
(based on the predicted values for Vesta and angrite parent body).
As liquidus temperatures of the parent cores are directly depen-
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dent on S content of the cores (Kruijer et al., 2014), T of alloy
melt-silicate melt equilibration in our models was determined by
S content of the alloy melt.

Bulk N and C contents involved during core-mantle differentia-
tion were varied within 2-2000 ppm and 50-50,000 ppm, respec-
tively. The upper limits are based on the N and C contents of the
most volatile-rich carbonaceous chondrites (e.g., Alexander et al.
(2012, 2007) and lower limits are set at 0.1% of the upper lim-
its to account for N and C loss from the parent bodies prior to
the formation of alloy and silicate melts). To explore the entire pa-
rameter space that reproduces N and C contents of the primitive
cores of IMPBs via IMOs and EMOs, we performed inverse Monte
Carlo simulations for our thermodynamic models. Six independent
parameters were used in the thermodynamic framework of the
inverse Monte Carlo simulations - bulk N and C content, core-
mantle mass ratio, S content of the alloy melt, fO, of core-mantle
differentiation, and size of the parent body. The simulations that
matched the N and C content of the primitive cores of magmatic
IMPBs (5-50 ppm and 100-1100 ppm, respectively) were deemed
to be successful. The values of the six independent parameters that
yielded successful solutions were recorded. To yield a statistically
significant solution space, the simulations were iterated to output
10,000 successful solutions.

4.2. Results

The distribution of N and C between atmosphere, silicate melts,
and alloy melts is controlled by the interplay between vapor-based
solubilities and alloy melt-silicate melt partition coefficients within
the explored parameter space. Our simulations for EMO differen-
tiation regime show that more than ~97% of the bulk N and C
inventory in the protoplanets during core formation resides in their
atmospheres (Fig. 4A, B). The cores and MOs respectively contain
only ~0.1-3% and ~0.003-0.4% of the bulk N inventory (Fig. 4A, 5)
and ~0.3-3% and ~0.003-0.01% of the bulk C inventory (Fig. 4B,

5). The solution space using the parametrized DaCHOW slicate & 1ua-

tion from Grewal et al. (2021a) based on data for C-poor systems

suggests slightly higher bulk C values owing to lower Dg“oy/ silicate

values in C-poor systems relative to C-rich ones (Fig. 5B). For a
given bulk N and C content, the total partial pressures of all N and
C bearing species (pN and pC) in the atmosphere scales as a func-
tion of the gravitational constant and radius of the protoplanet. A
relatively small radii of protoplanets explored in our models re-
sults in lower pN and pC ensuing in lower dissolution of N and C
in MOs, limiting the amount of N and C available for fractionation
between alloy and silicate melts. Because N and C are siderophile
elements for core-mantle differentiation conditions applicable for
IMPBs, the cores contain proportionally higher amounts of N and
C relative to MOs. At a fixed bulk N and C content, the wide range
of N and C abundances in the cores and MOs for both EMOs _and
IMOs are caused by the variations in Di}loy/ silicate and Dgnoy/ silicate
values within the parameter space explored for core-mantle mass
ratio, S content of the alloy melt, fO, of core-mantle differentia-
tion, and radius of the body.

As the IMOs do not have overlying atmospheres, C and N are re-

distributed only between the cores and MOs based on D:;Illoy/ silicate

and Dacuow silicate \2lues. The cores contain more than 80% of the

bulk N inventory, and 0.8-20% of the bulk N resides in the MOs
(Fig. 4C). For C, more than 99% of bulk C resides in the cores while
the MOs contain 0.1-1% of the bulk C inventory (Fig. 4D). Analo-
gous to EMOs, the solution space for Dg”oy/ silicate equation based
on C-poor data requires slightly higher bulk C contents relative to
C-rich systems (Fig. 5B). A higher proportion of C than N in the

cores is a direct result of Dé“oWSlhcate values being higher than

Dﬁ}low silicat® 5 the explored parameter space. It is important to
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note that even though the absolute proportions of C and N in cores
and MOs are different for EMO and IMO differentiation regimes,
the relative proportions of N and C in cores and MOs (controlled

alloy/silicate alloy/silicate
by Dy and D¢

and IMOs.

values) is similar for both EMOs

Due to the overwhelming partitioning of N and C into the at-
mospheres during EMO differentiation, our simulations show that
EMO differentiation regime satisfies N and C contents of the parent
cores for distinctly higher bulk N and C contents involved during
core formation relative to IMO differentiation (Fig. 4, 5). N contents
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Fig. 4. Results of inverse Monte Carlo simulations depicting the re-distribution of N and C between constituent reservoirs of protoplanets during core formation by A, B)
EMO and C, D) IMO differentiation. For EMO differentiation, almost all A) N and B) C resides in the atmosphere of protoplanets. Therefore, higher bulk N and C contents are
required in an EMO relative to an IMO to explain N and C abundances in the parent cores of IMPBs. As N and C are siderophile elements for the parameter space explored
for IMPBs, metallic cores contain proportionally higher N and C relative to silicate melts for both EMOs and IMOs.

of the primitive cores can be explained via IMO differentiation if
683 ppm of N (8, 6, and 4 are the median, third interquartile
(Q3), and first interquartile values (Q1), respectively), and EMO
differentiation if 4188??35 ppm of N was available to participate
in core formation (Fig. 5B). Similarly, reproducing C contents of
primitive cores via IMO differentiation requires lower bulk C con-

tents (1248?%26 ppm) to be involved during core formation than
EMO differentiation (4549%?§§g§ppm) (Fig. 5B). The gap between
IMO and EMO differentiation regimes in terms of both bulk N and
C contents (Fig. 5A) likely represents a solution space of proto-
planetary differentiation that is a hybrid of end-member IMO-EMO
differentiation regimes. Such a scenario would entail alloy melt-
silicate melt equilibration in an IMO within a crust that was either
permeable or had localized surficial magma ponds (Hirschmann et
al., 2021). Unlike bulk N and C contents, the other four indepen-
dent parameters, i.e., core-mantle mass ratio, S content of the alloy
melt, fO, of core-mantle differentiation, and size of the parent
body, yield solutions across the entire parameter space for both
IMO and EMO differentiation regimes (Fig. 6). These four parame-
ters only change the relative distribution between MOs and cores
at a fixed bulk N and C content for both EMOs and IMOs. The over-
all solution space for IMO and EMO differentiation is controlled by

the amount of N and C that is present in the protoplanet during
its core formation.

5. Magma ocean differentiation in the parent bodies of iron
meteorites - internal or external?

To satisfy the N and C contents of the parent cores of magmatic
iron meteorites, the interquartile ranges of bulk N and C involved
during core formation need to be significantly higher for EMOs (N
= 192-898 ppm and C = 2425-8626 ppm) than IMOs (N = 4-8
ppm and C = 86-166 ppm). N and C contents of several groups
of volatile-depleted chondrites lie within the range of values re-
quired for EMO differentiation. Whereas, N and C contents required
for IMO differentiation are sub-chondritic. Therefore, based on the
chondritic abundances of N and C alone, both EMOs and IMOs
present viable solutions for core formation in IMPBs. Chondrites,
depending upon their metamorphic grade, sample surface to near-
surface reservoirs of the protoplanets (Elkins-Tanton et al., 2011).
Protoplanetary interiors experienced significantly higher tempera-
tures than the surface layers during core formation (Neumann et
al,, 2012). The N and C inventories of the protoplanetary interiors
during core formation may differ substantially from the chondritic
abundances if N- and C-bearing hosts underwent significant alter-
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Fig. 5. Statistical distribution of the amounts of N and C that present in a pro-
toplanet during core formation to explain their contents in the parent cores of
magmatic IMPBs via IMO and EMO differentiation. Thermodynamic models com-
bined with inverse Monte Carlo simulations predict that in comparison with EMOs,
distinctly lower N and C contents involved in core formation can satisfy their con-
tents in parent cores of IMOs. In A) the entire solution space is shown for both
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dashed box and whisker plots are calculations based on the D%/ equation
from Grewal et al. (2021a) (based on the experimental data for C-poor systems).
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ation and decomposition before the onset of large-scale melting. A
substantial drop in bulk N and C contents with increasing degree
of thermal metamorphism and hydrothermal alteration has indeed
been reported in CCs and OCs of varying petrologic grade (Alexan-
der et al., 1998; Pearson et al., 2006).

Can a comparison of the N and C contents of chondritic sam-
ples as a function of their peak metamorphic temperatures provide

Earth and Planetary Science Letters 598 (2022) 117847

insights into the N and C inventories of protoplanetary interiors at
temperatures relevant for core formation? In Fig. 7 we have plotted
the literature data of N and C contents of bulk chondrites (Alexan-
der et al., 2012; Pearson et al., 2006) against their effective tem-
peratures (Tefr) based on organic thermometry (Cody et al., 2008).
The bulk N and C contents of chondrites exhibit a sharp drop at
Teff ~ 400-500°C losing ~65-99% of their primitive N and C in-
ventories. Therefore, primitive materials lost a substantial portion
of their N and C inventory during low-T thermal metamorphism.
The extremely reduced Indarch (an enstatite chondrite (EC)) with
the highest recorded Tess (~950°C) contains a higher amount of
N (~19% of the N inventory of the most volatile-rich chondrites)
than ordinary chondrites and CVs recording a Teg of ~500°C. But
its C content follows the C-depletion trend traced by other groups
of chondrites. It must be noted that ECs underwent thermal meta-
morphism under anomalously reduced conditions and a significant
proportion of their N and C inventory resides in refractory phases
like osbornite (TiN), nierite (Si3zN4), sinoite (SiN20), graphite, and
carbides (Grady et al., 1986). A substantially higher fO, of core-
mantle differentiation in IMPBs (Righter et al., 2016) would not
allow for the formation of these reduced phases, thereby suppress-
ing the amount of N and C retained at larger extents of thermal
metamorphism.

Based on higher temperatures during the onset of alloy and
silicate melting relative to parent body metamorphism, protoplan-
etary interiors could have experienced more N and C loss than
the surface layers (sampled by chondrites) during core forma-
tion (Fig. 7). It has been shown previously on the basis of per-
meability, porosity, and thermal state of protoplanetary interiors
that positively buoyant N- and C-bearing fluids can percolate to-
wards the surface of the protoplanets within hundreds of years
(Hashizume and Sugiura, 1998; Sugiura et al., 1986). This period
- much shorter than the time required for the formation of alloy
and silicate melts (Kaminski et al., 2020) - can result in the effi-
cient removal of the N- and C-bearing fluids from protoplanetary
interiors before the onset of core formation. This would favor IMO
differentiation in IMPBs because it allows for additional loss of N
and C from their interiors at high temperatures relevant for core
formation. However, it must be noted that inferring IMO differen-
tiation as the dominant regime in IMPBs from the above evidence
is contingent on several factors: 1) N and C inventories of pro-
toplanetary interiors exhibiting a continuous drop with increasing
temperatures (similar to the observations of chondrites in the low
temperature regime (T <~ 500°C)). 2) The permeability of proto-
planetary interiors is sufficient to allow for the positively buoyant
N- and C-bearing fluids to freely percolate towards the surface.
3) The effect of pressure on N and C loss during thermal meta-
morphism should not be significant, i.e., the interior layers of a
protoplanet, at a given temperature, must exhibit N and C loss
comparable to chondritic samples even though they experienced
thermal metamorphism at higher pressures. Whether some or all
of these conditions are satisfied during thermal metamorphism of
protoplanetary interiors is not well understood. Future work based
on experiments and thermochemical modeling is necessary to test
the validity of these factors. As a result, evidence for IMO differen-
tiation based solely on N and C fractionation during protoplanetary
differentiation is premature at this stage and cannot be used to
definitively constrain the MO differentiation regime of the earliest
formed protoplanets in the Solar System.

There are additional lines of evidence which present a more
convincing case for the prevalence of IMOs during core formation
in the earliest formed protoplanets. Accounting for the conductive
and/or convective thermal evolution of the interiors of magmatic
IMPBs, these models posit that molten silicates must be overlain
by crusts composed of layers of undifferentiated, cold lids span-
ning a few kilometers (Hevey and Sanders, 2006; Kaminski et al.,
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2020; Sahijpal et al., 2007). The spread in chondrule ages (~0-3
Myrs after CAls) of CV chondrites also suggests that the surfaces
of protoplanets continued to accrete cold, primitive material as
the interiors were undergoing differentiation (Elkins-Tanton et al.,
2011). This continual accretion and a subsequent increase in the
thickness of undifferentiated crusts (which act as a thermal bound-
ary layer) further diminishes the possibility of the formation of
EMOs. Additionally, the low gravitational force of asteroid-sized
bodies makes it improbable for the earliest formed protoplanets
to sustain MO degassed atmospheres for a period long enough to
facilitate efficient atmosphere-MO-core equilibration (Young et al.,
2019). Therefore, even if the these formed protoplanets had EMOs,
a lack of vapor pressure build up should have caused a rapid loss
of MO degassed HVEs to space resulting in the formation of almost
N- and C-free cores and mantles (Grewal et al., 2021b). This is in
disagreement with the available iron meteorite data which allude
to a N- and C-bearing character of the parent cores of the earliest
formed protoplanets.

Hirschmann et al. (2021) postulated EMO differentiation as a
possible mechanism to explain the observed C/S ratios in the par-

ent cores of magmatic iron meteorites because their IMO differ-
entiation models predicted substantially higher amounts of C in
the parent cores than what is observed in the iron meteorite data.
The difference between the conclusions drawn in this study and
those of Hirschmann et al. (2021) is tied to the C concentrations
in the protoplanetary interiors during core formation. Hirschmann
et al. (2021) estimated these values based on C abundances in dif-
ferent classes of chondrites ranging from least to most thermally
altered (20,000, 8000 and 320 ppm C; 320 ppm value was based
on the C content of LL6 chondrites). However, the peak tempera-
tures experienced by even their most C-depleted end-member -
LL6 chondrites - was only in the range of 900-960°C (Huss et
al., 2006). As core formation in protoplanetary interiors took place
at significantly higher temperatures, even the most C-poor end-
member of Hirschmann et al. (2021) could be an overestimate for
the amount of C available during core formation. Correspondingly,
an involvement of lower than LL6 chondrite-derived C abundances
(<165 ppm (Fig. 7B), i.e., lower than half of the lowest estimate
used by Hirschmann et al. (2021), during core formation in IMPBs
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would result in no discrepancy between the findings of this study
and those of Hirschmann et al. (2021).

6. Implications for volatile depletion in the earliest formed
protoplanets

The presence of IMOs in IMPBs has important implications for
the cause behind MVE depletion in other early forming protoplan-
ets like Vesta and angrite parent body (APB). Vapor loss from the
surface of an EMO has been postulated as a possible explana-
tion for the depletion and associated isotope fractionation of MVEs
like Cl and Cr in HEDs (Sarafian et al., 2017; Zhu et al., 2019).
Lack of EMOs in contemporaneously accreting IMPBs means that
alternate mechanisms are required to explain these observations.
Accretion of MVE depleted precursors (Tian et al., 2019), impact
induced-evaporation (O’Neill and Palme, 2008; Pringle et al., 2014),
and surface volcanism (Abernethy et al.,, 2018) are other mecha-
nisms postulated as explanations for the MVE depletion recorded
by HEDs and angrites. Akin to EMO differentiation, the latter two
processes also result in surficial vapor-silicate melt exchange albeit
post MO differentiation and crystallization. As HEDs are basaltic
rocks or cumulates, their MVE depletion can be biased towards the
effect of these two processes. Therefore, if all protoplanets accreted
materials with similar MVE abundances, a possible IMO differenti-
ation regime in Vesta and APB suggests that localized processes
like impact induced erosion and surface volcanism post-MO differ-
entiation were the primary cause of MVE depletion recorded by
basaltic rocks/cumulates like HEDs and angrites.

IMO differentiation in magmatic IMPBs suggests that metamor-
phic devolatilization followed by percolative flow of free fluids to
the surface resulted in N- and C-poor interiors (relative to prim-
itive chondritic materials) prior to the onset of core formation
(Fig. 8). Equilibration of alloy and silicate melts in extremely N-
and C-poor conditions resulted in N- and C-poor cores and mantles
overlain by relatively N- and C-enriched undifferentiated crusts.
This physical architecture resembles that of the parent bodies of
several groups of chondrites like CV, CM, and Rumuriti where
chondritic shells encased convective MOs and cores (e.g., Car-
porzen et al., 2011; Elkins-Tanton et al., 2011). The unmelted chon-
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dritic shells would comprise variably thermally and hydrothermally
altered stratigraphy analogous to those sampled by carbonaceous,
ordinary, and enstatite chondrites. The prevalence of IMOs with
a stratified physical architecture in the earliest formed protoplan-
ets implies that some groups of iron meteorites and chondrites
were potentially genetically linked, i.e., they originated from same
parent bodies. This has indeed been suggested for IIE irons-H chon-
drites and IVA irons-L/LL chondrites based on the similarity of their
oxygen isotopic compositions and textural and mineralogical fea-
tures (Goldstein et al., 2009).

Akin to magmatic IMPBs, if IMO differentiation was the dom-
inant differentiation mechanism in the earliest formed protoplan-
ets across the Solar System, then the formation of differentiated
cores and mantles overlain by solid undifferentiated shells must
have been the norm. Metamorphic devolatilization, rather than ir-
reversible sublimation of organics in the solar nebula (Li et al,
2021) and loss of MO degassed atmospheres from EMOs (Grewal et
al.,, 2021b; Hirschmann et al., 2021), was likely the primary cause
of N and C depletion within protoplanetary interiors. Water loss in
protoplanets accreting at various heliocentric distances as well as
C loss from protoplanets that specifically accreted CO ice-bearing
dust (>20 AU) has also been explained by similar devolatilization
processes powered by radiogenic heating (Lichtenberg et al., 2019;
Lichtenberg and Krijt, 2021). Siderophile HVEs like N and C pre-
dominantly resided either in the metallic cores of differentiated
interiors or within undifferentiated surficial layers. N and C iso-
topic compositions of the cores of inner and outer Solar System
protoplanets could also be imprinted by the effects of parent body
processing on N- and C- bearing primitive materials. Crustal layers,
depending upon the extent of parent body processing, could retain
the isotopic compositions of primitive materials.

7. Concluding remarks

In this study, we used two end-member core formation scenar-
ios — IMO and EMO - to explain the N and C abundances in the
parent cores of magmatic IMPBs. EMO differentiation necessitates
the involvement of ~10-45% and ~5-17% of chondritic N and C
inventories, respectively, during core formation to explain N and C
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Fig. 8. An illustration showing the temporal evolution of the parent bodies of iron meteorites undergoing IMO differentiation. During progressive heating of a parent body,
N and C are extensively lost from its interior prior to the onset of alloy and silicate melting. Alloy melts equilibrate with silicate melts followed by their migration towards
the center of the protoplanet. The MO is overlain by an undifferentiated crust, which is sintered and metamorphosed in its deeper layers and unsintered and primitive in
its surface layers. Also, the surface may continue to accrete primitive material onto its surface increasing the crustal thickness. Post-differentiation, the protoplanet would
compose of a differentiated mantle that is overlain by an undifferentiated crust and underlain by a metallic core.

contents in the parent cores of these protoplanets. Whereas, IMO
differentiation requires the involvement of ~0.2-0.4% and ~0.2-
0.3% of chondritic N and C inventories. N and C contents required
for EMO differentiation lie within the range of several groups of
volatile-depleted chondrites. Whereas N and C contents required
for IMO differentiation are sub-chondritic. Evidence from the chon-
drite record suggests that radiogenic heating led to significant par-
ent body processing in protoplanetary interiors prior to the onset
of core formation. Provided substantial loss of primitive N and C
inventories before the formation of alloy and silicate melts, N and
C contents of the parent cores of magmatic irons can be satisfied
more easily by IMO differentiation. This suggests that the earliest
formed protoplanets across the Solar System consisted of differ-
entiated mantles overlain by undifferentiated crusts (which were
primitive, unsintered on the surface and metamorphosed, sintered
in the deeper layers) and underlain by metallic cores. Also, the
prevalence of IMO differentiation regime in the earliest formed
protoplanets suggests that metamorphic devolatilization prior to
the formation of alloy and silicate melts was the primary cause
of N and C depletion in the differentiated rocky bodies of the
Solar System. The findings of this study hinge on two important
assumptions - 1) D?\IHOY/ silicate 3nd Dé“ow silicate qotermined for Sys-
tems containing wt.% N and C are applicable to natural systems
containing ppm level N and C. 2) N- and C-loss as a function of
thermal metamorphism observed in surficial layers (as sampled by
chondrites) is also applicable to protoplanetary interiors at higher
pressures. Future experimental and numerical work on these fronts
would test the validity of these assumptions.
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