THE ASTROPHYSICAL JOURNAL, 913:116 (8pp), 2021 June 1

© 2021. The American Astronomical Society. All rights reserved.

https://doi.org/10.3847/1538-4357 /abf839

CrossMark

Hydration of Nebular Minerals through the Implantation-Diffusion Process

Ziliang Ji in"

and Maitrayee Bose'

!'School of Earth and Space Exploration, Arizona State University, Tempe, AZ 85287, USA,; ziliang.jin @asu.edu
2 State Key Laboratory of Lunar and Planetary Sciences, Macau University of Science and Technology, Taipa, Macau, People’s Republic of China
Received 2020 October 26; revised 2021 April 13; accepted 2021 April 13; published 2021 June 2

Abstract

Recent studies have detected structurally bound water in the refractory silicate minerals present in ordinary and
enstatite chondrite meteorites. The mechanism for the incorporation of the hydrogen is not well defined. In this
paper we quantitatively examine a two-fold process involving the implantation and diffusion of nebular hydrogen
ions that is responsible for the hydration of the chondritic minerals. Our simulations show that depending on
critical parameters, including the flux of the protons in nebular plasma, retention coefficient, temperature of the
silicate minerals, and desorption rate of implanted hydrogen, the implantation of low-energy hydrogen ions can
result in equ1valent water contents of ~0.1 wt% in chondritic silicates within 10 years. Thus, this novel mechanism
operating in the nebula at 107> bar pressure and <650 K temperatures can efficiently hydrate the free-floating
chondritic minerals prior to the rapid formation of planetesimals inside the snow line, and agree well with the wet

accretion scenario for the inner solar system objects.

Unified Astronomy Thesaurus concepts: Solar system planets (1260); Chondrules (229); Silicate grains (1456)

1. Introduction

The quest to understand the origin of water in the inner solar
system bodies has been ongoing for several decades. Recently,
the hydrogen isotopic compositions measured in minerals from
Itokawa regolith and ordinary chondrites provided evidence
that nominally anhydrous minerals (NAMs), i.e., pyroxene,
from undifferentiated inner solar system bodies contain
abundant structurally bound water (200—1000 ppm by weight;
Jin & Bose 2019, 2020). A wide range (80-2000 ppm) of water
content in bulk ordinary chondrites has also been reported, after
correcting for terrestrial contamination (Vacher et al. 2020).
Chondrule mesostases in enstatite chondrites exhibit high water
contents (2700-12,300 ppm; Piani et al. 2020). The detected
water represented by the hydrogen in the O-H defects in the
crystal structure of silicate minerals agrees with the “wet”
accretion scenario for the inner solar system objects
(Drake 2005). However, the mechanism responsible for the
incorporation of hydrogen into these silicate minerals is not
well understood.

In previous studies, several mechanisms have been proposed
to explain the incorporation of hydrogen into the silicate
minerals. The first mechanism is the formation of O-H bonds
in the silicate minerals by directly dissolving hydrous species
(H,, H,0, and OH) into the melts, resulting in the substitution
of hydrogen for other species (e.g., Mg or Al; Hauri et al.
2006). This process has been regarded as the gas—melt
interaction and is dependent on several important parameters,
such as the oxygen fugacity and the pressure of the melts. It has
been shown that nitrogen has a high solubility in reduced
basaltic melts, where oxygen fugacity is lower than the iron-
wiistite buffer IW; e.g., Libourel et al. 2003; Boulliung et al.
2020). However the solubility of hydrogen in silicate melts is
weakly dependent on the oxygen fugacity (e.g., Kadik et al.
2015). More importantly, relative to oxygen fugacity, the
pressure of the melt seems to be a more critical parameter (e.g.,
Hirschmann et al. 2012). Petrological experiments on terrestrial
samples revealed that high pressures (on the order of tens of
gigapascal) are required for the incorporation of a large amount

of hydrogen (e.g., Mierdel et al. 2007; Ferot & Bolfan-
Casanova 2012). The NAMs from the undifferentiated small
bodies are likely derived via an igneous process including
melting of their precursors and recrystallizing in the nebular
environment, characterized by extremely low pressure (<10’
GPa; Galy et al. 2000). At such low nebular pressures, <2 ppm
H can be dissolved in the melts at oxygen fugacities close to the
IW buffer (IW-2 to IW; Hirschmann et al. 2012). Furthermore,
according to the shock wave model that is most likely
responsible for chondrule formation, high temperatures of the
precursor melts lasted for only 10s of seconds to several
minutes (Connolly & Love 1998), thus the gas—melt interaction
ought to be limited. Overall, gas—melt interaction is not an
efficient mechanism responsible for the high hydrogen contents
in chondrule minerals, a different process for the incorporation
of hydrogen into chondritic minerals is necessary.

An alternate mechanism, chemi-adsorption, where the water
molecules from the solar nebular gas get adsorbed on the
surface of silicate minerals, can lead to subsurface hydroxyla-
tion prior to their accretion into planetesimals (Muralidharan
et al. 2008). However, the efficiency of this process, although
unexplored for most silicate mineral compositions, has to be
low, because adsorption preferably occurs at specific planes of
silicates, e.g., {100} for olivine. Besides, the presence of
abundant hydrogen gas in the solar nebula would decrease the
coverage of water molecules on the silicate surface. Addition-
ally, the adsorption mechanism could only result in the surface
enrichment of water components under low temperatures,
unlike conditions existing in the inner solar system. Thus, this
mechanism is not responsible for the high water content in
silicate minerals.

A third mechanism that has been invoked is hydrogen
implantation during an irradiation process leading to the
formation of the hydroxyl radicals in the interstellar medium
(Bradley 1994; Djouadi et al. 2011). However, the efficiency of
this mechanism during the first 4 Ma of our solar system
history is unknown and is explored in this study. We present a
model that systematically quantifies the implantation of
protons, and subsequent desorption and diffusion of hydrogen
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Figure 1. A schematic showing the proton implantation—diffusion processes.
Ionized H' ions in the solar nebular gas are implanted into the top area
(<100 nm) of the target silicate grain (Process 1). A fraction of the ionized
hydrogen is never implanted but is backscattered to the nebular gas. Due to a
concentration gradient in the implanted area of the silicate grain, a portion of
the hydrogen recombines with other hydrogen atoms, diffuses outward, and
desorbs from the surface of the target (Process 2). The inward diffusion of the
rest of the projectile hydrogen leads to a homogeneous distribution of hydrogen
in the silicate grain (Process 3).

Interior

into the silicate minerals. By simulating these processes and
evaluating the key parameters affecting these processes, we
explore how fast hydrogen can be incorporated in the early
formed silicates prior to their accretion and how much water
that corresponds to. The results of the model imply a quick
accretion of small bodies in our solar system.

2. Implantation-Diffusion Model
2.1. Model Overview

Figure 1 depicts the implantation—diffusion model that
includes three processes experienced by the protons in the
nebular plasma, namely, implantation (Process 1), outward
diffusion (Process 2), and inward diffusion (Process 3). In
Process 1 abundant protons in the ionized protosolar nebula are
implanted into the early condensed silicate minerals. The
implantation of the nebular plasma protons is first concentrated
in the surface area of the floating silicate minerals. A fraction of
the implanted hydrogen subsequently diffuses outward and
desorbs from the grain surface as hydrogen molecules (Process
2). The remaining fraction of the implanted hydrogen diffuses
inward and distributes homogeneously in the interior of the
silicate minerals (Process 3). In this model, we define the
uppermost interface of the silicate exposed in the solar nebular
gas as the surface, the area under the surface where H™ gets
implanted as the implanted area (<100nm thick), and the
remaining silicate grain as the interior.

Jin & Bose

2.2. Process 1: Implantation

Three types of protons with various origins, i.e., the protons
from the ionized solar nebular gas, the solar wind (SW), and
the galactic cosmic rays (GCRs), can be potentially implanted
into solid materials. The unidirectional flux of protons in the
observed SW  (Fgw) and GCRs (Fgcr)  are
(2-3.8) x 10%cm2s ! and ~4cm s, respectively (Dio-
dato et al. 1974; Gosling 2014; Prettyman 2014). We estimated
the flux of the protons in random flow directions in the nebular
plasma (Fyp) via the equation

FNP:ﬁoanpH’ (H

where fi,, is the ionization fraction of nebular plasma
hydrogen, v, (cm~?s™") is the gas—grain velocity, and Pu
(cm73) denotes the atomic density of H atoms, which can be
approximated by the empirical relationship (Consolmagno &
Jokipii 1978)

py = 145 x 1022% 2)

where P (bar) is the solar nebular pressure in the chondrule-
forming region and T (K) is the ambient nebular temperature in
that region.

Because the projectile H" ions have the lightest mass, they
can either enter the crystal lattice of the target silicate or
undergo elastic collisions with atoms of the target and
eventually be reflected (Amano & Seidman 1981). The
retention coefficient (Ng) is employed to denote the fraction
of the ions that are implanted in the target. Accordingly, the
effective flux (Feg) that is implanted is indicated by

Fer = (Fnp + Fsw + FGer) Nr. 3)

2.3. Process 2: Outward Diffusion

The implantation of the protons is coupled with the diffusion
processes, namely, the outward and inward diffusion within the
silicate grain. Once the H ions are implanted in the top surface
layer of the silicate, they will react with other atoms and will be
physically trapped in the lattice defects. The concentration
gradient of hydrogen within the implanted area then leads to
the outward release of the implanted hydrogen. On the silicate
surface, the released H atom can recombine with other H
atoms, form H, molecules, and desorb from the surface via the
reactions =Si-OH = =Si-O + H° and 2H° — H, (Gris-
com 1984), where H° denotes the atomic H. The flux of the
outward diffusion (F,,) of the implanted H' after a certain
time (¢) is approximated by

Fou (1) 7~ Dy S — Cou, )
h
where & is the thickness of the implanted area, which is
assumed as 107> cm based on SRIM simulations (Ziegler et al.
2010). Dy, is the average diffusivity of the implanted H in
minerals and can be obtained by

—AH
Dim = Dyex s 5
0 P( R,T ) %)
where Dy (cm?® s~ ") is the diffusive coefficient for H in minerals
and AH (J mol™ ") is the activation enthalpy. R, is the gas

constant (8.314 J mol ! K_l). In Equation (4), C;,(¢?) is the
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Figure 2. Simulated concentration profiles of water in the interior of the silicates. Spherical silicates with radii of 50 ym (a)—(c) and 500 pm (d)—(f) are assumed to be
implanted with nebular plasma hydrogen for 1 day, 1 month (30 days), 1 year (365 days), and 10 years (3650 days). Three retention coefficients (Ng), i.e., 0.01, 0.1,
and 0.5, are applied for the implantation. With the same retention coefficient (e.g., Nz = 0.01), it takes a longer time for 500 um sized silicate (d) to evenly distribute
the projectile ions than the 50 pm sized silicate (a). The higher retention coefficient leads to the larger production of water. For instance, implantation with a retention
coefficient of 0.5 can produce more than 1000 ppm water in one year in the 50 pm sized silicate (c), whereas when the retention coefficient is 0.01, the production is
less than 200 ppm (b). The gray shaded area indicates the range of previously reported water contents (200-1000 ppm) of the ordinary chondritic minerals, which can
be well produced by the implantation—diffusion processes with Nz > 0.1 ((b), (c), (e), (f)). Boundary conditions for the simulations are listed in Table 1.

average atomic concentration of the projectile H' in the
implanted area after the accumulated implantation within a
duration of ¢ and can be obtained by

t
(Fetr — Four — 1))81
T

Cim(1) = ; (6)
where S (cm?) is the surface area of target silicate and Vi, (cm®)
is the volume of the implanted area. C,, is the atomic
concentration of the free H atoms in the outside reservoir, right
above the surface of the silicate, which can be obtained by

Cout = PV, )

where Ny is the sticking coefficient of hydrogen atoms on the
surface of one specific material.

2.4. Process 3: Inward Diffusion

By contrast, inward diffusion plays an important role to
evenly distribute the implanted H and hydrate the interior of the
silicate grain. The converted concentration profile of water

(ppm) present between the deeper interior and the H-implanted
area near the surface is simulated based on the corresponding
solution to Fick’s second law for spherical geometry (Ingrin &
Blanchard 2006):

Mm]Cim(t) 6 X1 —Diml’lzﬂ'zl‘
C(t,r) = =071 — =Yy —exp| ———— 1|,
) = ( 52 p( "
(®)

n=1

where M, is the molar mass of water (M, =18 g molfl);
N4 is Avogadro’s constant (6.02 x 10% molfl); p, is the
density of the implanted silicate, which is assumed as that of
pyroxene (3.52 g cm>); and r is the distance from one specific
location in the silicate’s interior to its surface.

3. Results
3.1. Boundary Conditions

In the standard case, we assumed spherical orthopyroxene
minerals with radii of 50 um (Figures 2(a)—(c)) and 500 ym
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Table 1
Boundary Conditions Applied for the Standard Case

Parameter Symbol Adopted Value Unit Reference
Gas—grain velocity Vg 10° cms™! (1)
Nebular temperature in the chondrule-forming region T 650 K 2)
Ionization fraction of the nebular hydrogen fion 107! 3), @
Diffusion coefficient Dy 1.8 x 107 cm? 57! )
Activation energy for hydrogen diffusion AH 213 kJ mol ™! )
Sticking coefficient N, 107 6)

References. (1) Wu & Judge (1979), (2) Lewis (1972), (3) Fromang et al. (2002), (4) Oberg et al. (2011), (5) Stalder & Skogby (2003), (6) Diirr & Héfer (2006).

(Figures 2(d)—(f)) condense in a region with a heliocentric
distance of 1 au from the proto-Sun. The minerals are
implanted by the protons in the solar nebula for 1day, 1
month (30 days), 1 year (365 days), and 10 years (3650 days).
For both silicates, the simulations were run with retention
coefficients (NVg) of 0.01, 0.1, and 0.5. Other critical boundary
conditions applied for our standard case are listed in Table 1.

We first adopt a high nebular gas pressure (P = 10~ bar) for
the chondrule formation (Galy et al. 2000). The ambient
temperature when chondrule minerals formed was character-
ized by a range of temperatures, from <600 K to >900 K
(Rubin 2000). The presence of a primary trolite in type 3
ordinary chondrites indicates an ambient nebular temperature
of <650 K (Rubin et al. 1999). Accordingly, we select this
value as the background temperature for the implantation and
diffusion. In previous studies, the ionization fraction (f,,) of
protoplanetar?/ disks have been reported to be with orders
between 1072 and 10~ ' (Fromang et al. 2002; Oberg et al.
2011) and we adopt a median value of 107",

Due to the lack of the parameters applicable to the low-
temperature (650 + 100 K) diffusion of hydrogen in nominally
anhydrous silicate minerals, here we use the diffusion
coefficient (Dy) and activation energy (AH) obtained from
the experiments conducted on orthopyroxene in a temperature
range of 973-1173 K (Stalder & Skogby 2003).

3.2. Standard Case

The profiles of water concentration in the orthopyroxene
minerals, computed by the simulations, are indicated in
Figure 2. Overall, larger-sized minerals require a longer
duration of implantation and diffusion to get homogeneously
distributed water profiles. For instance, with a retention
coefficient of 0.01, in 10 years the implanted hydrogen could
be almost homogeneously distributed in the 50 pum sized grain
(Figure 2(a)), whereas the core of the 500 um sized grain has
much less water than the area close to the surface (Figure 2(d)).
On the other hand, the retention coefficient of the projectile
ions can significantly affect the water-incorporation process.
With low retention coefficients (e.g., Ng = 0.01), the addition
of water is less than 200 ppm for both the 50 um (Figure 2(a))
and 500 um (Figure 2(d)) silicates in 10 years. In contrast,
high-Ng implantation (e.g., Ng = 0.5) can produce up to 1000 s
ppm water (Figures 2(c) and (f)).

4. Discussion

The critical parameters dominating the amount of implanted
hydrogen include the total flux of the protons (Fnp + Fsw +
Fscr), the energy of the protons, the retention coefficient (Ng),
the desorption rate of the implanted hydrogen (F,,), the

temperature of the silicate minerals, and the duration of the
implantation—diffusion process (7). Below we discuss how each
of these affect the results.

4.1. Total Flux of Protons in the Nebula Plasma

Among the protons from various sources in the solar nebula,
the GCR protons are characterized by the smallest flux (Fgcr
= ~4cm 2 s L Prettyman 2014). As a result, in 10 Ma, <1
ppm water can be made via implantation of GCR protons in a
50 pm sized silicate mineral, assuming a Nk value of 1. This
amount of water is negligible relative to that produced by the
SW protons and the ionized nebular gas.

The implantation of SW protons has been proposed as the
source of the hydroxyl components detected in the regolith
grains in airless bodies, e.g., the Moon (Starukhina 2006;
Tucker et al. 2019). Our calculation shows that the flux of
hydrogen particles from the nebular plasma (Fyp) is up to ~3
orders of magnitude higher than the flux of the SW protons
(Fsw). Hence, in a gaseous, plasma environment, the protons
from the ionized solar nebula gas are the major components of
the total implanted particles.

As indicated by Equations (1) and (2), the flux of the protons
from the nebular plasma is a function of the temperature (7),
pressure (P), and ionization fraction (fi,,) of the solar nebula.
Lewis (1972) assumed an adiabatic relationship between T and
P in the nebula, which rationalized the mean mass densities of
the planets that formed at different radial distances. Using this
model, we estimated the total flux of the nebular plasma
protons as a function of the heliocentric distances and plotted
them in Figure 3. The profiles show that in the chondrule
formation region (1-3 au; Morris et al. 2012; Desch et al.
2018), the total flux of the nebular protons can be up to a value
in an order of 10'2cm 2 s_l, which corresponds to the water
content at a level of the weight percent based on our
standard case.

4.2. Energy of the Implanted Protons

Early evolution of low-mass stars (0.2-2 M) is character-
ized by active emission of X-rays (Feigelson & Mon-
tmerle 1999). The emitted X-ray photons can penetrate and
ionize the nebular gas in the protosolar disk (Igea &
Glassgold 1999). The energy spectrum of the ionized hydrogen
in the nebular plasma is unknown. However, observations of
young stellar objects show that the X-rays are characterized by
photons accelerated to 0.5-10keV (Stiduber et al. 2005). We
thus speculate that the ionized hydrogen particles with energies
of a few kiloelectronvolts were dominant in the nebular plasma.
Because these hydrogen ions from the nebular plasma are the
major particles implanted into the silicate minerals, we
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Figure 3. Flux of protons from the nebular plasma (Fnp) and SW (Fsw) as a function of the distance from the proto-Sun. The three curves indicate the Fyp values that
were calculated with ionization fraction ( fio,) values of 107'°, 107!, and 10712, based on Equations (1) and (2), and the proposed relationship between 7 and P in the
nebula by Lewis (1972). For comparison, the flux of SW protons (Fsw) is indicated by the light blue bar, which is at least 2 orders of magnitude lower than Fyp. The
gray area indicates the region where chondrules generally formed (1-3 au from the proto-Sun; Morris et al. 2012; Desch et al. 2018).

assumed their energies to be 10keV in the standard case
(Table 1 and Figure 2).

4.3. Retention Coefficient (Ng)

A high retention coefficient guarantees sufficient implanted
ions to accumulate and diffuse inward into the interior of
silicates. The hydrogen retention coefficient (Ng) in silicate
minerals, e.g., olivine and pyroxene, has only been reported in
a few studies. According to the ion irradiation experiments of
hydrogen on amorphous SiO, by Schaible & Baragiola (2014),
the implantation of 10 keV protons produces a higher column
density of OH than that produced by 2-5keV protons.
Therefore, protons with high energy ought to be characterized
by high Ng.

On the other hand, in the experiment by Lord (1968),
retention coefficients of the He implantation were observed as
0.2 for enstatite, 0.2 for forsterite, and 0.4 for dunite, under the
same performing conditions. Thus, Np values of hydrogen
implantation vary according to the type of minerals. In
addition, the 2 keV irradiation experiment conducted on the
forsterite revealed a hydrogen retention coefficient of up to 0.9
(Lord 1968). Based on these reported experimental results, we
expect that the implantation of protons in the energy order of
kiloelectronvolts can easily attain Ng values of >0.1, and under
such a condition the production of the OH bond in silicates can
reach a level of 10° ppm.

4.4. Desorption of Hydrogen

As indicated by Equations (4), (6), and (7), the accumulation
of the implanted H ions continuously increases the concentra-
tion gradient going from the implanted area to the outmost
surface as well as the flux of outward-diffused hydrogen (F ).
Previous studies on the lunar regolith have suggested that
outward diffusion plays a significant role in reducing the
retention of implanted hydrogen in the airless bodies

(Starukhina 2006). However, in our model, the target silicates
implanted with H ions are immersed in abundant H, gas. Under
such conditions, the reaction =Si-O + H, — = Si-OH + H°
is likely to take place. Therefore, the presence of hydrogen gas
surrounding the silicate grain would suppress the recombina-
tion of hydrogen atoms.

As the implantation continues, at one time the desorption
rate will increase to an equal level to the effective flux of
implanted hydrogen (Fetr= Foy) and lead to the equilibrium
between the implantation and desorption in a short time. On the
other hand, once the equilibrium is reached, the concentration
of hydrogen in the implanted area stays at a constant value
(Figures 2(a)—(c)). Subsequently the implanted hydrogen ions
will compensate those diffused inward to the interior. As a
result, the desorption process dominates the upper limit of the
water concentration that is produced in the minerals via the
implantation—diffusion process.

One special circumstance is that the flux of the outward
diffusion reaches its upper limit (F.5,) when the implanted
hydrogen ions occupy all vacancies (Starukhina 2006). The
saturated outward diffusion flux (F.%,) is estimated based on the
Polanyi-Wigner rate equation (Petermann 1972)

Fr. = vlexp —AL ,
kgT

€))

where v is the frequency factor, / denotes the instantaneous
coverage of H atoms on the surface, and AE, is the desorption
activation energy of H in minerals. kp is the Boltzmann
constant (8.617 x 10 5eV K_l). Using the reported values of v
(1012 sfl), 1 (107 cmfz), and AE; (0.75 eV) from previous
literature (Biham & Lipshtat 2002; Lemaire et al. 2010; Poston
et al. 2015), we calculated the saturation value of the outward
flux and found it to be ~3 orders higher than Fg. In our
implantation—diffusion model, this value cannot be reached,
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Figure 4. Concentration profiles of water in the 50 xm sized pyroxene at temperatures of 650—-800 K. Implantation was simulated in the 1 month (30 days) and 10 year
(3650 days) durations and with a retention coefficient (Ng) of 0.1. The nebular pressure is set as 10> bar. The higher temperatures lead to the larger outward-diffusion
rates and the smaller amounts of the remaining hydrogen ions in the silicate interior. Silicate minerals cannot receive more than 10 ppm water when the temperature is

higher than 750 K.

because the F,, can only increase to a number equal to the Fe¢
and then the implantation remains at the equilibrium state.

4.5. Temperature of the Silicate Minerals

Generally, the silicate minerals in chondrules experience a
cooling process once crystallized from their precursor melts at a
peak temperature of >1800 K (Krot et al. 2001), thus how high
temperatures affect the implantation process needs to be
evaluated. In Figure 4, we plotted the concentration profiles
of implanted water in a 50 um sized chondrule mineral at
different temperatures (600—800 K). The results show that at an
elevated temperature, chondrule minerals receive a vanishingly
small amount of water via implantation, e.g., when the
temperature of the silicate is higher than 800 K, the amount
of water produced by implantation is less than 10 ppm in a
year. Because the outward-diffusion rate of hydrogen highly
depends on the temperature of the mineral, more implanted
hydrogen ions would desorb from the mineral surface at a
higher temperature. As a result, the net amount of hydrogen in
the interior of the silicate mineral is small. However, due to the
rapid cooling rate (10-1000 K hr " Desch & Connolly 2002),
cooling down of chondrule minerals to ambient temperature
usually takes several hours to a few days. Besides, the
temperatures of both the gas and dust in protoplanetary disks
around T Tauri stars are roughly uniform (Heinzeller et al.
2011) and show a range between 350 and 700 K for distances
of 0.3-1au from the star (being considerably cooler in the
midplane; Lesniak & Desch 2011). Therefore, chondrule
minerals embedded in the cool solar nebula (<650 K) can
receive a significant amount of water during their long
residence time, despite the implantation process being
inefficient for the first few hours or days after their formation.

4.6. Duration of the Implantation—Diffusion Process

Nebular gases disperse along with the evolution of the solar
system in the first 3.8 million years after the formation of Ca—

Al-enriched inclusions (CAls; Wang et al. 2017), which results
in a reduced flux of the nebular protons. We then calculated the
concentrations of water in a 50 pum sized pyroxene after 30 day
and 10 year of implantation at nebular pressures (P) of 107>
bar, 10* bar, and 10" bar, and plotted the profiles in Figure 5.
The results show that in a low-pressure nebular environment
(P =107 bar), silicate minerals can only receive 10s ppm
water via implantation, which is 2 orders of magnitude lower
than that produced at a pressure of 10> bar. Besides, the
implantation of protons into the silicate minerals will stop when
the minerals accrete to form decimeter-sized bodies and finally
planetesimals. Hence, to produce a high content of water in
silicate minerals floating around in the gas, the duration of the
implantation—diffusion process cannot be long. Previous
models suggest that planetesimals with a maximum size of
~100 km can form within 1 Ma (Johansen & Lam-
brechts 2017). Our work here suggests the incorporation of
hydrogen into silicate minerals, followed by the growth of
planetesimals in the inner solar system, can ideally occur in an
even smaller timescale of tens of years. Accordingly, we
propose that the best window of time for the hydration of
silicate minerals is the first 1 Ma after their condensation at an
ambient pressure of 10> bar, as suggested to occur in the
chondrule-forming region. Besides, chondrules in ordinary
chondrites (OCs) and carbonaceous chondrites (CCs), except
Renazzo-type carbonaceous chondrites (CRs), are considered
to form almost contemporaneously (2—-3 Ma after the formation
of CAIs) in two separated reservoirs (Pape et al. 2019).
Therefore, chondrules from these classes can accumulate
abundant hydrogen through ion implantation. CR chondrites
are shown to be younger (2.5-4 Ma after the formation of
CAlIs; Desch et al. 2018; Pape et al. 2019); we predict based on
our model that chondrules belonging to the CR class would
contain a smaller amount of implanted hydrogen.
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Figure 5. Concentration profiles of water in the 50 um sized pyroxene at various nebular pressures. Implantation was simulated at 650 K in the 1 month (30 days) and
10 year (3650 days) durations and with a retention coefficient (Ng) of 0.1. Gaseous pressure decreases along with the dissipation of nebular gases, which results in
reduced fluxes of ionized hydrogen and contents of water incorporated in silicate minerals via H implantation. The formation of chondrules is expected to occur at high

gas pressures (up to 107> bar) in the solar nebula (Galy et al. 2000).

4.7. Additional Considerations

The ratio between deuterium and hydrogen (D/H) has been
widely employed as a tracer for the source of water in inner
solar system bodies (e.g., Robert 2006). Based on our
implantation—diffusion model, if hydrogen and deuterium have
comparable physiochemical properties, the D/H ratio of the
implanted ions in silicate minerals should be similar to that of
the nebular gas, of which the best estimated D/H ratio is
~0.2 x 107* (Geiss & Reeves 1981). It has been shown that,
however, among the reported D/H values for solid extra-
terrestrial samples, even the lowest number detected from the
ordinary chondrite Benenitra (0.86 x 10™%) is >4 times higher
than that of nebular gas (Jin & Bose 2020). Because D/H ratios
measured in bulk OCs do not drastically change with
increasing degrees of thermal metamorphism (Vacher et al.
2020), the reason responsible for the high D/H ratios in
chondrule minerals can be the nonidentical kinetic behaviors of
hydrogen and deuterium during ionization and implantation—
diffusion processes, which unfortunately has not been well
studied. Hence, comprehensive laboratory experiments that
determine the ionization rate, implantation efficiency, and
diffusion rate of deuterium in a variety of silicate minerals are
needed.

The implantation of SW ions has been considered as a
significant mechanism for introducing noble gas components
into meteoritic phases as well as shaping the noble gas isotopic
ratios (e.g., Ott 2014; Moreira & Charnoz 2016; Péron et al.
2017). Analogously, we suspect that the solar nebular plasma
contained noble gas components that were characterized by
distinct properties from the SW. Implantation of the noble gas
ions in the nebular plasma can be an alternative source of the
noble gas components in the meteoritic phase. The evaluation
of the behavior of the noble gas ions in the nebular plasma
requires well-determined parameters, such as fluxes and
retention coefficients of the noble gas particles; these

parameters are unknown and their discussion is beyond the
scope of this work.

5. Summary

We have quantitatively evaluated the implantation and
diffusion process of the nebular plasma hydrogen ions and
propose that this two-fold process is responsible for the quick
hydration of chondritic silicate minerals at nebular pressures of
up to 102 bar, prior to the accretion of planetesimals. Apart
from the individual minerals or chondrules, various objects
soaked in the solar nebular plasma, such as the regolith of
planetesimals and free-floating particles produced by impacts,
can also be efficiently hydrogenated as a result of this
implantation—diffusion process. Accordingly, the incorporated
hydrogen in the silicate minerals floating in the cool gaseous
nebula at <650 K could be a critical source of hydrogen/water
in the objects that formed in the first 4 Ma after the formation of
CAlIs in our solar system.

We thank Rolf Jansen, Peter Williams, and Richard Hervig
for their helpful discussions and comments to improve the
original manuscript. We would also like to thank the
anonymous reviewer for the constructive comments that
significantly improved this manuscript. M.B. was funded by
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