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Abstract

Context. Knowing the carbon, hydrogen, nitrogen, oxygen, and sulfur (CHNOS) elemental budgets of rocky planets is crucial for determining their structure, evolution, and potential chemical habitability. It is unclear how the nonlocal disk processes affecting dust in planet-forming disks impact the CHNOS elemental budgets of nascent planets both inside and outside the Solar System.

Aims. We aim to quantify the coupled effect of dynamical and collisional processes on the initial refractory CHNOS budgets of planetesimals that form interior to the water ice line for a solar and non-solar composition consistent with the star HIP 43393.

Methods. We utilized the SHAMPOO code to track the effects of dynamical and collisional processes on 16 000 individual dust monomers. Each monomer was assigned a refractory chemical composition and mineralogy informed by the equilibrium condensation code GGCHEM given the Pressure-Temperature conditions at the initial position of the monomer. Monomers travel embedded in aggregates through a young class I disk, whose structure is calculated with the ProDiMo code. Furthermore, monomers are allowed to undergo dehydration and de-sulfurization.

Results. We find that solid material becomes well mixed both radially and vertically. For both the solar and HIP 43393 compositions, the solid phase in the disk midplane regions interior to r ≂ 0.7 AU can become enriched in hydrogen and sulfur by up to 10 at.% relative to predictions from purely local calculations. This originates from the inward radial transport of hydrated and sulfur-bearing minerals such as lizardite and iron sulfide.

Conclusions. Nonlocal disk processing in a young turbulent, massive disk can lead to a significant compositional homogenization of the midplane dust and, by extension, the initial composition of planetesimals. Planetesimals forming at r < 0.7 AU may become enriched in hydrated minerals and sulfur, which could result in more widespread aqueous alteration interior to the water ice line compared to planetesimals that emerge from more locally processed dust.
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1 Introduction
The past few years have seen significant progress in the observational and numerical characterization of the diversity in rocky exoplanets in terms of their size, mass, and surface and interior composition. Of particular interest are the planetary elemental budgets of carbon, hydrogen, nitrogen, oxygen, and sulfur (CHNOS) due to their importance in determining the chemical habitability of rocky exoplanets. This stems from their prevalence in bio-essential molecules and their effects on the structure and mineralogy of planetary interiors (Hakim et al. 2019; Hoehler et al. 2020; Krijt et al. 2023; Jorge et al. 2022).
The amounts of CHNOS in rocky planets are closely connected to the elemental abundances of the host star since they form from the same molecular cloud. Rocky planets form from the dust grains present in the inner regions of the protoplanetary disk surrounding the young host star (e.g., Armitage 2010; Raymond & Morbidelli 2022; Drążkowska et al. 2023). Evidence from white dwarfs that are polluted from accreting exoplanetary material suggests that exoplanetary compositions are similar to stellar abundances (Bonsor et al. 2021). At least some of these rocky exoplanets may have a bulk composition and mineralogy similar to Earth’s (Doyle et al. 2019).
Spectroscopic surveys of stellar photospheric elemental abundances have demonstrated that the elemental abundances in stars in the solar neighborhood vary considerably (Hinkel et al. 2014; Buder et al. 2018). In particular, peculiar mineralogies could emerge in planets forming around stars with a super-solar C/O or S/Fe ratio (Hakim et al. 2019; Jorge et al. 2022; Oosterloo et al. in prep.). A commonly used method for exploring the implications of a given stellar elemental abundance for planetary mineralogies involves equilibrium condensation models such as CONDOR (Lodders & Fegley 1993), GGCHEM (Woitke et al. 2018), and FASTCHEM (Stock et al. 2018; Kitzmann et al. 2024). These models have provided valuable insights into the range of bulk rocky exoplanet compositions in the solar neighborhood (Jorge et al. 2022; Spaargaren et al. 2023). Also, bulk Earth elemental abundances of Mg, Si, Fe, O, and S (McDonough & Yoshizaki 2021) have been reproduced with equilibrium condensation models surprisingly well (Jorge et al. 2022).
Despite these results, converting stellar elemental abundances into planetary elemental abundances is a highly nontrivial endeavor. Observational evidence suggests that planets readily start to form in class I disks (e.g., Sheehan & Eisner 2018; Segura-Cox et al. 2020), which are dynamically active environments where stellar outbursts due to accretion can result in significant re-condensation of dust in the inner disk regions (e.g., Fischer et al. 2023) and ongoing infall can contribute fresh material to disks in class 0/I stages (e.g., Hueso & Guillot 2005; Gieser et al. 2024). In this environment, the first planetesimals are thought to form over periods of 105 yr from the dust grains undergoing collisional and dynamical processing (e.g., Kleine et al. 2009; Drążkowska et al. 2023). This growth is by no means smooth, with dust aggregate fragmentation, bouncing, and radial drift providing various barriers against the formation of planetesimals through collisional growth (Weidenschilling 1977; Nakagawa et al. 1986; Blum & Münch 1993; Zsom et al. 2010; Birnstiel et al. 2012; Drążkowska et al. 2023). Moreover, transport processes such as drift, settling, and turbulent diffusion can result in the significant displacement and redistribution of planetesimal-forming dust throughout the protoplanetary disk in a 105 yr time frame (e.g., Armitage 2010; Ciesla 2010, 2011; Piso et al. 2015; Oosterloo et al. 2023, 2024).
An important limitation of equilibrium condensation models arises in this context since condensation sequences are generated for a specific pressure–temperature (P–T) profile. In reality, the dust populations in protoplanetary disks that ultimately give rise to planetesimals and planets possess a significant nonlocal component, in particular in the inner disk regions (r < 10 AU; Raymond & Morbidelli 2022; Timmermann et al. 2023; Oosterloo et al. 2024). This component originates from diffusion and drift processes that can transport individual dust grains that have condensed under certain P–T conditions over vast distances in the disk (Ciesla 2010, 2011; Raymond & Morbidelli 2022). Which of these transport processes dominates the dynamical behavior of individual dust grains depends on the grain size, which is a product of the collisional history of the dust grain. The coupling between dynamical, collisional, and ice processing for the volatile CHNOS budgets in the outer disk sparked the development of the SHAMPOO code (Oosterloo et al. 2023, 2024). However, significant amounts of the total CHNOS elemental budgets are incorporated in a more refractory reservoir (e.g., Kama et al. 2019; Öberg & Bergin 2021; Jorge et al. 2022).
In this work, we focus on the evolutionary phase just predating the formation of planetesimals, so a young massive disk. For simplicity, we neglected the potential infall of fresh material. The goal of our work is to quantify the coupled effects of dynamical processes (turbulence-driven diffusion, radial drift, and vertical settling) and collisional processes (coagulation, fragmentation, and erosion) on the refractory CHNOS elemental budgets of refractories interior to the water ice line. To cover a range of potential mineralogies identified in earlier works (see above), we explored solar and super-solar sulfur abundances. We used the SHAMPOO1 code (Oosterloo et al. 2023), a stochastic model that tracks the effects of dynamical, collisional, and ice processing on individual dust monomers traveling throughout a static disk environment. This disk environment was calculated using the thermochemical disk code ProDiMo (Woitke et al. 2009; Kamp et al. 2010; Thi et al. 2011, 2013), while dust was assigned refractory compositions assuming equilibrium condensation conditions at the local temperature and pressure with the GGCHEM code (Woitke et al. 2018).
In Sect. 2, we explain our methodology and assumptions regarding the protoplanetary disk environment and equilibrium condensation and briefly review the ProDiMo, GGCHEM, and SHAMPOO codes. In Sect. 3, we explore the nonlocal behavior of dust in the inner disk and its effects on the refractory CHNOS budget of local dust populations, and we discuss their implications for planet composition in Sect. 4.
2 Methods
2.1 Disk structure
To model the behavior of dust monomers in SHAMPOO, we required the gas and dust mass densities, ρg and ρd, and temperatures, Tg and Td, as a function of radial and vertical position r, z throughout the protoplanetary disk. These disk density and temperature structures are calculated on a pre-specified grid of radial and vertical positions ri, zj using the thermo-chemical disk code ProDiMo (Woitke et al. 2009; Kamp et al. 2010; Thi et al. 2011, 2013). To obtain these quantities at any position r, z, we utilized linear interpolation.
This work considers the vFrag1 background disk model from Oosterloo et al. (2023), which comprises a smooth, axisymmetric 0.1 M⊙ disk around a 0.7 M⊙ T Tauri star, with disk parameters consistent with a young class I disk. The disk dust-to-gas mass ratio is 0.01 and the inner and outer disk radii are 0.07 AU and 600 AU, respectively. The maximum grain size amax is assumed to be limited by fragmentation (Birnstiel et al. 2012), with amax(r) being consistent with a fragmentation velocity of vfrag = 1 m s−1. A full table of model parameters and visual overviews of ρg, ρd, Tg, and Td are provided in Oosterloo et al. (2023). In addition to these quantities, the background disk model also provides the size distribution for dust grains of size a, f(r, z, a) ∝ a−apow, with apow = 3.5. The background dust size distribution is vertically distributed according to settling effects using the methodology outlined in Woitke et al. (2016) and Oosterloo et al. (2023). For the radial disk density structure, we used a power law profile for the disk column density. The power law index was set equal to unity such that the column density as a function of radial distance, r, decreases as Σ(r) ∝ r−1. An exponential tapering applies for radii larger than 100 AU (see also Woitke et al. 2016; Oosterloo et al. 2023). The vertical gas density structure is described by a Gaussian. The dust scale height for dust grains, which can differ for larger dust grains that are dynamically decoupled from the gas is calculated according to Dubrulle et al. (1995). Turbulence is described with a single value α = 10−3, parameterizing the turbulence strength (Shakura & Sunyaev 1973). It was found in Oosterloo et al. (2024) that for the specific background model considered in this work, the Stokes number for the aggregates that contain most dust mass never exceeds St = 10−3 interior to r = 10 AU. Therefore, diffusion driven by turbulence is the dominant transport process for r < 1.5 AU. Our disk setup hence corresponds more closely to an evolutionary stage just predating the efficient formation of planetesimals. The temperature structures for the gas and dust, Tg and Td are obtained from the local radiation field Jν, which results from solving the local continuum radiative transfer. More elaborate discussions on specific heating and cooling processes considered in ProDiMo are presented in Woitke et al. (2009, 2016), Thi et al. (2011), Aresu et al. (2011), and Oberg et al. (2022). In this particular disk model, the ice line of water is located at r = 2 AU in the disk midplane, with the mass of water adsorbed on dust becoming negligible compared to the total dust mass between r = 1.5 AU and r = 2 AU (Oosterloo et al. 2024). We defined the ice line of water as the location where more than 50% of the total amount of water becomes incorporated in dust grains as ice.
2.2 Dust dynamics
SHAMPOO is a stochastic model that tracks the effects of dynamical, collisional, and ice processing on individual dust monomers that represent units of dust mass (Oosterloo et al. 2023). For this study, we focused on the dynamical and collisional processing of dust. Individual dust monomers have a fixed radius sm = 5 · 10−8 m, while collisional growth usually results in dust monomers being incorporated in larger aggregates. In this study we focused on the disk region inside r = 1.5 AU, where the contribution of volatile CHNOS-bearing ices to the total solid-phase CHNOS elemental budgets is small compared to refractories (Oosterloo et al. 2024), and thus ice processing and the depth zm at which dust monomers are incorporated inside an aggregate can be ignored (Oosterloo et al. 2023). For dynamical transport, SHAMPOO calculates the vertical settling and radial drift for the monomer inside its aggregate of radius sa, while turbulent diffusion is calculated using a random-walk approach akin to Ciesla (2010, 2011). Collisions are treated in a stochastic, collision-by-collision fashion, following the approach of Krijt & Ciesla (2016), with collisional outcomes comprising coagulation, fragmentation and erosion. These result in temporal variations in the aggregate size sa and thus the dynamical behavior of the dust monomer. Furthermore, dynamical transport can affect collisional processing due to its effects on the collision rates via the position-dependence of the local dust size distribution f(r, z, a). An example of a resulting evolutionary monomer trajectory is shown in Appendix A, while more comprehensive interpretations of monomer trajectories that include the evolution of volatiles are provided in Oosterloo et al. (2023).
We performed a similar analysis as outlined in Oosterloo et al. (2024). We considered the evolutionary trajectories of 16 000 dust monomers over 100 kyr with the parameter set presented in Oosterloo et al. (2023). Trajectories of individual monomers are treated separately to allow for both parallel and sequential computational evaluation. The initial positions of the monomers are chosen randomly from a log uniform and uniform distribution in r ∈ [0.08, 5] AU and z/r ∈ [−0.1, 0.1], respectively. The initial aggregate sizes sa were determined from the mass-weighted local dust size distribution. The trajectories of individual monomers comprise many timesteps rn, zn, with n ∈ [0, Nt] and Nt being the total number of timesteps in the evolutionary trajectory of a monomer. To derive the properties of local dust populations at fixed positions in the protoplanetary disk, we utilized the discrete coordinate grid in the background model ri, zj, and assigned different monomer timesteps to their nearest background model coordinate. Via this method, properties of local dust can be derived at each background model grid point ri, zj via the average properties of many (typically more than 105) monomer timesteps. We also weighed each monomer timestep utilizing the scheme outlined in Oosterloo et al. (2024). Each monomer was labeled with a static refractory composition representative for the temperature and pressure conditions under which it formed.
2.3 Monomer composition
Class I disks are dynamic environments, with the central star undergoing regular accretion outbursts (e.g., Fischer et al. 2023). These outbursts give rise to evaporation and re-condensation of refractory material under local disk equilibrium conditions and could help explain differences between the elemental compositions of interstellar grains and rocky inner Solar System bodies (e.g., Bergin et al. 2015; Anderson et al. 2017; Jorge et al. 2022). From these considerations, we assumed that dust monomers have formed under local equilibrium conditions and calculate monomer compositions using the GGCHEM code.
The GGCHEM code was originally developed by Gail & Sedlmayr (1986) and completely rewritten by Woitke et al. (2018). It determines the chemical composition of gases in thermo-chemical equilibrium along with the formation of equilibrium condensates down to a temperature of 100 K via Gibbs free energy minimalization (e.g., White et al. 1958; Eriksson et al. 1971). Thermodynamical data are taken from the NIST-JANAF (Chase et al. 1982; Chase 1986) and the SUPRCRTBL databases (Johnson et al. 1992; Zimmer et al. 2016). For a full summary of the numerical methodology and the calculation of condensate phases in the GGCHEM code, we refer the interested reader to Woitke et al. (2018). In GGCHEM, 24 elements can be included in the calculation of the condensation sequence (see Table 1). These elements can form 552 different chemical species, including many charged species. Furthermore, 245 different condensates can form in GGCHEM. For this study, the condensate set in GGCHEM was expanded to include several sulfate molecules (CoSO4, CuSO4, Fe2 (SO4)3, FeSO4, and MgSO4). Thermodynamic data for these species were taken from the NIST-JANAF database; we utilized the fitting coefficients reported by Kitzmann et al. (2024).
In this work, we used GGCHEM to determine the composition of monomers based on the position r, z where the monomers are initialized in SHAMPOO. Each monomer was labeled with a unique composition obtained from a condensation sequence calculated in GGCHEM, down to the ambient gas temperature and pressure (Tg and P) at r, z. During the calculation of each condensation sequence, the temperature is gradually decreased from 2500 K to the local gas temperature Tg, while the pressure is kept fixed at the local gas pressure. This leads to an inconsistency between the dust composition used in the opacities of the background disk model and the one from GGCHEM (see Woitke et al. 2024, for a more consistent treatment in the context of calcium-aluminum inclusion formation), but it enables a clean assessment of the importance of the dynamical and collisional processing of dust aggregates.
We considered condensation sequences for solar composition and for a sulfur-rich stellar composition. The latter was found to have implications for the mineralogy of condensates and potentially planet structure (Jorge et al. 2022; Oosterloo et al., in prep.). The photospheric composition of HIP 43393 was chosen based on the mineralogy of condensates previously derived for protoplanetary disk conditions around this star by Jorge et al. (2022) and the previous exploration of this composition in laboratory experiments under P–T conditions typical for planetary interiors (Oosterloo et al., in prep.). The elemental abundances for GGCHEM are shown for both the Sun and HIP 43393 in Table 1.
Table 1 
Elemental atomic abundances used in GGCHEM for solar composition and the sulfur-rich composition associated with HIP 43393.

	[image: thumbnail]	Fig. 1 Overview of the distribution, P(r0|r), of the monomer positions of origin r0 as a function of radial position r. The 1:1 axis is shown with black dashes, while the colored dashed lines indicate the radial locations r = 0.1, 1 AU of the slices shown in Fig. 2.



3 Results
3.1 Nonlocal dust in the inner disk
As already found in Oosterloo et al. (2023), diffusion driven by turbulence is the dominant transport process in young, massive disks. This is even more the case for the inner regions of these disks, r ≲ 1.5 AU, where gas densities are high. In Fig. 1 we explore the distributions P(r0|r) of radial origin r0 of each monomer that has visited the radial position r. P(r0|r) is the probability of encountering a unit of mass originating from r0 in the dust at position r. Note that this means that individual monomers contribute to the distributions at different radial positions at different times in their trajectories. It is clear from Fig. 1 that dust in the inner disk is even better mixed than at the larger radial positions explored in Oosterloo et al. (2024). At r ≲ 2 AU, the distribution of r0 becomes increasingly more skewed toward positions of origin farther out than r as the inner boundary of the monomer sampling interval at 0.08 AU is approached. At larger radial positions r, the distribution in r0 becomes more evenly spread out toward locations both farther in and out. Figure 2 shows that over the period of 105 yr, material from 1 AU can diffuse inward toward 0.1 AU, close to the inner disk edge, while the reverse is also true. Altogether dust in the inner disk can become significantly mixed via turbulent diffusion on timescales comparable to or shorter than the typically derived planetesimal formation timescale, ~105 yr (e.g., Kleine et al. 2009; Drążkowska et al. 2023).
3.2 Effects on mineralogy
As a next step, we compared the solid phase mineralogy in the disk midplane under the influence of dynamical and collisional processes (after 100 kyr) to fully local equilibrium condensation (initial conditions). Figure 3 compares the results for a solar composition of a fully local GGCHEM condensation sequence under the local P-T conditions in the disk midplane as a function of radial position r to the average composition derived from all monomer timesteps at the same radial position. We focused on the region between 0.1 and 1.5 AU, where no significant amounts of water ice form in either the background model or GGCHEM.
From Fig. 3, it becomes clear that turbulent mixing has a significant effect on the mineralogy of dust in the disk midplane. For silicon (left panels in Fig. 3), the dominant carrier molecules are contained in magnesium-bearing minerals, such as forsterite (Mg2SiO4) and enstatite (MgSiO3), while lizardite (Mg3Si2O5 (OH4) becomes the dominant silicate mineral at larger radial positions. In the local model, the transition from forsterite and enstatite toward lizardite occurs abruptly around r = 0.7 AU, while the transition is very gradual in the nonlocal case. Here, more than 10% of the dust consists of lizardite at r = 0.4 AU, while forsterite and enstatite also coexist with lizardite exterior to r = 0.7 AU. Lizardite overtakes the former two as the main silicate mineral between r = 0.42 and r = 0.55 AU. A similar behavior occurs for potassium, calcium and aluminumbearing condensates at lower molecular abundances. Individual species containing these elements usually comprise no more than a few mol % of the solid phase.
For the iron-bearing phases (right panels in Fig. 3), elemental iron constitutes the main reservoir for iron in the inner regions, with a gradual transition toward iron sulfide and abrupt change to fayalite (Fe2SiO4) at r = 0.3 AU and another transition of fayalite into magnetite (Fe3O4) at r = 0.5 AU as the main iron-bearing species. Again, when considering nonlocal disk processing, transitions in condensate compositions for iron-bearing phases are gradual instead of abrupt. The transition from metallic iron to iron sulfide as the main iron-bearing species occurs at r = 0.3 AU in the local case. This shifts outward in the nonlocal case toward r = 0.4 AU. Striking in the nonlocal scenario is the generally lower percentage of fayalite and magnetite at any given radius. Both minerals are encountered at lower abundances and spread over a larger range of radial positions in the nonlocal case.
For a nebular elemental composition akin to the abundances in HIP 43393’s photosphere, which is more sulfur-rich than the Sun (Table 1), Fig. 4 shows that the mineralogy of the condensates changes considerably. This is particularly true for the nature and abundance of iron-bearing species, where iron is almost exclusively incorporated in iron sulfide and pyrite (FeS2), while fayalite and magnetite are not formed. In the local case, the transition from metallic iron into iron sulfide is more abrupt than for the solar composition and is located at approximately r ≂ 0.13 AU. In addition, a transition from iron sulfide to pyrite occurs at r = 0.6 AU due to the higher availability of sulfur. For the silicates, the transition from olivine and pyroxene toward lizardite occurs at the same location as for the solar composition, whereas the lack of fayalite results in more pyroxene compared to the local condensation sequence with solar composition. In the nonlocal scenario, mineralogical transitions are again smoothed by turbulent diffusion, allowing for the coexistence of significant amounts of metallic iron, iron sulfide, and pyrite at almost every radial distance interior to 1.5 AU.
Despite the inclusion of several sulfates in GGCHEM, no appreciable amounts of these sulfates were found to form in any of the condensation sequences for both compositions considered in this work. Furthermore, additional tests revealed no compositional trends as a function of the size of aggregates in which monomers were embedded, suggesting that dust is collisionally well mixed.
	[image: thumbnail]	Fig. 2 Slices of P(r0|r) from Fig. 1 as a function of monomer position of origin r0 at r = 0.1 and r = 1 AU.



	[image: thumbnail]	Fig. 3 Condensate composition as a function of the radial position of silicate (left column) and metallic (right column) minerals for a solar nebular composition. Top row: mineralogy expected from equilibrium condensation under the local temperature and pressure conditions (initial conditions). Bottom row: nonlocal composition obtained from monomers undergoing radial and vertical transport and collisional processing after 100 kyr.



3.3 Effects of de-volatilization
Nonlocal disk processes result in significant redistribution and mixing of material throughout the inner 1.5 AU of the disk midplane. This efficient radial and vertical mixing of monomers subjects monomers to a wide range of temperatures and pressures. This can result in dust monomers experiencing temperatures significantly above the temperatures at which they formed, which may result in chemical alteration (e.g., annealing or aqueous alteration) or even evaporation of minerals that constitute the refractory component of monomers. This may result in the loss of CHNOS from the planetesimal-forming dust. Figure 5 depicts the maximum temperatures experienced by dust mass, probed by the local monomers at different radial positions. It becomes clear that extreme temperatures are experienced by a fraction of the local dust population at any radial position. The fraction of dust mass that is subjected to extreme temperatures decreases as a function of radial position. For example, temperatures above 1000 K have been experienced by only ~1% of the dust monomers visiting r = 1 AU, whereas at r = 0.1 AU, ~65% of the monomers have experienced temperatures above 1000 K.
Many condensates in GGCHEM that are assigned to individual monomers are refractory. For example, silicates such as enstatite and forsterite and iron-rich condensates such as iron sulfide, magnetite or iron remain stable as a condensate at temperatures well beyond 1000 K. However, some condensates are not chemically inert when subjected to temperatures significantly higher than the temperatures at which the condensate originally formed under equilibrium conditions. Some of these condensates, such as hydrated silicates and sulfides can contain a significant fraction of the solid-phase CHNOS budget. We aimed to estimate an upper limit to the loss of CHNOS from the solid phase upon heating. Since no appreciable amounts of carbon- or nitrogen-bearing condensates have formed for both compositions (Figs. 3 and 4), we focused on dehydration and de-sulfurization of minerals through thermal decomposition.
The main mineral undergoing dehydration is lizardite, which starts undergoing thermal decomposition when subjected to temperatures above 773 K (e.g., Akai 1992; Nakamura 2006). Although the thermal decomposition of lizardite is a multistage process as a function of temperature, we considered the following reaction, which comprises the full dehydration of lizardite (Akai 1992),
[image: equation](1)
We assumed reaction (1) occurs proportionally to the fraction of monomers that have experienced a temperature above 773 K. This approach provides an upper limit on the dehydration of lizardite.
Under low-pressure conditions, it has been found that pyrite also remains stable up to 773 K, after which it decomposes into pyrrhotite (Fe1–x S) and gaseous sulfur (S2), with x gradually decreasing toward zero for temperatures above ~1000 K, where iron sulfide is formed (Xu et al. 2019). To provide an upper limit for de-sulfurization, we assumed that all pyrite decomposes into iron sulfide via
[image: equation](2)
at a temperature of 773 K. The calculations shown in Fig. 5 can be performed at any grid cell in the background disk to calculate the fraction of the solid phase material in the disk midplane that has been exposed to temperatures higher than required to trigger the reactions shown in Eqs. (1) and (2). We assumed that the reactions occur instantaneously and no additional new condensates form except through the above reactions. This allows the effects of dehydration and de-sulfurization to be calculated via a combination of the mineral abundances from Figs. 3 and 4 and temperature data calculated as in Fig. 5.
The effects of thermal decomposition on the radial elemental abundances of hydrogen and sulfur are shown in Fig. 6. For both elemental compositions, the effects of dehydration on the elemental abundance of hydrogen are significant. Between r = 2 and r = 0.15 AU, hydrogen is gradually removed from the condensates as an increasing fraction of monomers have been exposed to temperatures higher than 773 K at smaller radial positions. For sulfur, the effects of de-sulfurization appear to be limited. This can mainly be attributed to the absence of pyrite in the disk regions where a significant fraction of monomers has been exposed to temperatures in excess of 773 K. For solar elemental abundances, no pyrite was found to form as a condensate, while for the non-solar composition, sulfur is primarily incorporated in iron sulfide in the warmer disk regions, with only small amounts of pyrite being present (Fig. 4).
	[image: thumbnail]	Fig. 4 Condensate composition as a function of the radial position of silicon-bearing (left column) and iron-bearing (right column) minerals for a nebular composition consistent with the photosphere of HIP 43393. As in Fig. 3, the top and bottom rows denote the local initial conditions and nonlocal compositions after 100 kyr, respectively.



	[image: thumbnail]	Fig. 5 Fraction of the dust mass in the disk midplane at r = 0.1, 0.2, 0.5, and 1 AU that has been subjected to at least the given temperature due to dynamical transport toward warmer regions. The dashed lines indicate the dust temperature at the position of the local dust population.



	[image: thumbnail]	Fig. 6 Radial elemental abundance of hydrogen and sulfur with (solid line) and without de-volatilization (dotted line) for the models with solar (left panel) and non-solar composition (right panel).



3.4 Planetesimal elemental abundances
Considering the mineralogies from Sect. 2.2, accounting for the de-volatilization of lizardite and de-sulfurization of pyrite gives rise to the elemental compositions shown in Fig. 7. It becomes clear that turbulent mixing efficiently transports solidphase hydrogen and sulfur into disk regions previously depleted in these elements in the solid phase, enhancing the hydrogen and sulfur budget. Furthermore, we note that no carbon or nitrogen is present in the solid phase at any radial position for both compositions, suggesting that both elements are likely entirely incorporated in volatile molecules for the combinations of compositions, pressures and temperatures considered. Moreover, turbulent mixing results in the smoothing of the rather abrupt changes in elemental composition in the local models, which are typically associated with mineralogical transitions. An example is the formation of lizardite, resulting in a sudden increase in the amount of hydrogen at r ≂ 0.7 AU. A similar behavior can also be seen for sulfur for the transition of metallic iron into iron sulfide for both compositions and iron sulfide into pyrite for HIP 43393.
For both the solar and HIP 43393 composition, the inward transport of hydrogen can be attributed to lizardite remaining stable to higher temperatures than the temperatures in the disk region where the lizardite forms from equilibrium condensation. Specifically, lizardite does not form under equilibrium condensation conditions interior to r = 0.7 AU. However, the midplane gas and dust temperatures are approximately 250 K at this location, while lizardite remains stable to 773 K, a temperature that is only reached in the disk midplane inside r = 0.12 AU. The gradual decrease in hydrogen percentage between r = 0.7 and r = 0.12 AU can be attributed to the gradually decreasing number of monomers containing lizardite toward smaller r (see Figs. 3 and 4), and the increasing number of monomers having experienced higher temperatures due to excursions toward regions that are warmer than 773 K. The latter can be due to either radial excursions to smaller r or vertical excursions toward the disk surface.
Similar mechanisms apply to the inward transport of sulfur, where the inward transport of iron sulfide results in a significantly higher atomic percentage of sulfur in the innermost disk regions. For a solar composition, the sulfur percentage at r = 0.1 AU increased from 0.1 to 2.0 at.%2, while for the composition of HIP 43393, the sulfur percentage was enriched from 0.1 to 3.1 at.%. The presence of sulfur at these small radial positions can be attributed to the presence of iron sulfide, while in the local models, almost no sulfur is present since iron forms as a metal at r = 0.1 AU. For HIP 43394, pyrite also contributes to the inward transport of sulfur. However, pyrite decomposes into iron sulfide at r = 0.12, exacerbating the gradual decrease in sulfur percentage toward smaller radial positions.
In Fig. 8, we explore the difference between the local and nonlocal compositions by radially calculating the difference of the elemental atomic percentage in both cases for the solar composition and composition of HIP 43394 shown in Fig. 7. This comparison reveals that the transport of hydrogen and sulfur not only enriches the regions where less hydrogen- and sulfurbearing minerals form in the local case but also depletes the disk regions where hydrogen- and sulfur-bearing minerals were readily forming locally. This originates from the fact that these regions act as source regions for hydrogen- and sulfur-rich material in the nonlocal case. The depletion is therefore the largest at locations where large gradients in elemental composition are present. For the solar composition, this results in a sulfur depletion up to 29% at r = 0.2 AU for the local composition, and up to 41% at r = 0.65 AU for the HIP 43393 composition. This is expected since these positions correspond to the location of the transition from metallic iron to iron sulfide in the solar mineralogy, and the transition from iron sulfide to pyrite in the HIP 43393 composition (Figs. 3 and 4). A similar argument applies to hydrogen and the transition from enstatite and forsterite into lizardite, with a hydrogen depletion of ~20% around r = 0.7 AU being reached for both the solar and HIP 43393 composition.
Surprisingly, the effects of nonlocal processing on the amounts of magnesium, silicon and iron fully coincide in Fig. 8. This can be attributed to the fact that the effects of devolatilization processes on these elements are small compared to hydrogen and sulfur, which means that the changes in the atomic percentage of these species are driven by the influx of hydrogen and sulfur. Due to the higher percentage of hydrogen and sulfur at smaller radial positions, the percentages of the solid phase components containing magnesium, silicon, and iron become smaller, resulting in up to 10 at.% less of these species at r ≲ 0.7 AU. At r ≳ 0.7 AU, these elements tend to become enriched due to the depletion of hydrogen and sulfur in these regions. Therefore, the enrichment of magnesium, silicon and iron in this region is also larger for HIP 43393 due to the depletion of pyrite in addition to lizardite. For oxygen, the most abundant element for both compositions, this effect also applies due to its presence in minerals. However, the transport of lizardite can offset this loss since hydrogen is incorporated as hydroxyl groups, such as between r = 0.15 AU and r = 0.3 AU for the solar composition. Due to the outflux of lizardite from the region exterior to r = 0.7 AU, oxygen does not follow the enrichment in magnesium, silicon and iron in the nonlocal scenarios, but remains rather close to the oxygen atomic percentage of the local scenarios for both stellar compositions. This combined effect results in oxygen being the element least affected by nonlocal processes.
	[image: thumbnail]	Fig. 7 Radial behavior of the elemental composition of dust for local equilibrium condensation (top row, initial conditions) and averaged over nonlocal dust monomers (bottom row, after 100 kyr), for condensation from a nebula with a solar and HIP 43393 composition (left and right column, respectively). Since we focus on the disk inside ~1.5 au, the minerals do not contain notable amounts of C or N.



	[image: thumbnail]	Fig. 8 Comparison of the nonlocal and local radial behavior of elemental atomic percentages, ni (in at.%) for elemental species i. The left and right panels show this comparison for the solar and HIP 43393 composition, respectively. Since we focus on the disk inside ~1.5 au, the minerals do not contain notable amounts of C or N.



4 Discussion
4.1 Solar System context
Overall, efficient nonlocal disk processing dominated by turbulent diffusion results in the homogenization of planetesimalforming dust in the disk midplane. In the Solar System context, planetesimals in the inner Solar System are thought to have formed in the first 1 · 105 yr to 3 · 105 yr after the formation of calcium-aluminum inclusions (e.g., Kruijer et al. 2014; Lichtenberg et al. 2021). This timescale is comparable to the timescale considered in the simulations in this work. Thus, nonlocal disk processing can result in considerable compositional homogenization of refractory material in the inner Solar System, also with the inclusion of collisional processing. Radial mixing of dust in the protosolar nebula is thought to be necessary to explain the presence of high-temperature products such as crystalline silicates and calcium-aluminum inclusions in asteroids and comets (e.g., Ciesla 2011; Aguichine et al. 2020; Jang et al. 2024; Woitke et al. 2024) and the inheritance of interstellar ices by asteroids and comets (e.g., Bockelée-Morvan et al. 2002; Bergner & Ciesla 2021). This homogenization is also consistent with, the observed variations in the water content of chondrites, which exhibit a gradual increase as a function of heliocentric distance from water-poor ordinary chondrites (≲1 wt% H2O) to water-rich CI chondrites (~14 wt% H2O; Piani et al. 2021; Jones 2024). Carbonaceous chondrites typically also contain significant amounts of carbon (up to ~4 wt%), whereas our model depicts no solid-phase carbon. However, carbon found in primitive chondrites suggests that carbon can be inherited from pre-solar grains (e.g., Huss & Lewis 1995; Huss et al. 2003; Christ et al. 2024). In addition, the parent bodies of carbonaceous chondrites are thought to have accreted much further out than the region studied here (beyond Jupiter; e.g., Kruijer et al. 2017). Altogether these lines of Solar System evidence support large-scale nonlocal disk processing before the formation of planetesimals. It is also clear that the equilibrium condensation assumed in this study neglects the inheritance of pre-solar material, which can have significant effects on the estimates obtained for specific element abundances, such as carbon. We also note that for the silicates, our results are in line with the abundances of fayalite in olivine and the olivine to pyroxene ratio derived for near-infrared spectra of near-Earth ordinary chondrite asteroids (Sanchez et al. 2024).
4.2 Implications for planetesimal composition
Assuming planetesimal formation through a nonviolent mechanism, such as gravitational collapse over a few orbital timescales triggered by, for example, the streaming instability (Youdin & Goodman 2005; Blum et al. 2017; Nesvorný et al. 2019; Visser et al. 2021), the resulting initial planetesimal mineralogy could be fully inherited from the mineralogy of the constituent dust. This means that the predicted dust mineralogy in this work can be projected directly onto the initial compositions of planetesimals that would form from this dust. Based on this notion, nonlocal disk processing tends to homogenize refractory dust composition in the inner disk. This implies that the initial compositions and elemental budgets of planetesimals forming at different radial positions interior to the water ice line become more homogenized as time progresses.
We also note that the extent of this effect depends on the turbulence strength, which was assumed to be characterized by a single value α = 10−3. This value is consistent with values required to explain turbulence-driven accretion (e.g., Delage et al. 2022; Trapman et al. 2020; Rosotti 2023). Turbulence originating from the magneto-rotational instability (Balbus & Hawley 1991) has been widely studied as the driver of accretion, although large regions of the disk may be dynamically “dead zones” where this mechanism is ineffective (e.g., Trapman et al. 2020; Lesur et al. 2023). These values of α are also high when compared with values derived from millimeter continuum observations of dust settling, which can range from α ~ 10−3 down to values below α ~ 10−5 (e.g., Pinte et al. 2016; Ueda et al. 2021; Doi & Kataoka 2021). However, we also note that these studies primarily focus on the outer regions of Class II disks, while settling in the inner regions of Class I disks is less well studied (e.g., Rosotti 2023). Thus, various lines of evidence suggest that the inner protoplanetary disks may in reality be less turbulent than assumed in this work, which would limit the transport of dust via turbulent diffusion. Since the Stokes numbers of dust grains are well below St≂ 10−3 in the inner disk of our disk model (Oosterloo et al. 2024), aerodynamic processes are likely even less efficient in affecting dust grain composition through the transport of dust on the planetesimal formation timescale. Altogether, we would expect compositional gradients in the dust and planetesimal composition of a less turbulent disk to be steeper.
The subsequent evolution of planetesimals involves heating of the planetesimal interior by the decay of the radioactive isotopes 26Al and 56Fe, which can result in the de-volatilization, melting, and differentiation of planetesimals (e.g., MacPherson et al. 1995; Hevey & Sanders 2006). These processes can result in the loss of the volatile material, such as water, from the planetesimal, depending on planetesimal mass and abundance of radioactive isotopes (e.g., Lichtenberg et al. 2019). This suggests that part of the hydrogen transported toward smaller radial positions can still be lost from the planetesimal interior during thermal metamorphism. However, considering that most of the additional hydrogen is present as water, any water molecules liberated from the hydrated minerals could oxidize surrounding material while escaping (McSween & Labotka 1992; Lewis & Jones 2016). From the results from Fig. 8 we expect that the effects on overall redox conditions in the inner disk solids remain limited since the gain in solid-phase oxygen due to the influx of hydrated minerals comes at the loss of other oxygen-bearing minerals.
In none of the 32 000 condensation sequences run in this work (16 000 monomers of each composition) sulfates have formed, despite their implementation in the GGCHEM code. Evidently, sulfates do not form under equilibrium conditions at r < 1.5 AU for a solar composition at these pressures and are also not expected to have formed in this region around HIP 43393. This is to some extent expected since sulfate minerals on Earth generally form under redox conditions that are considerably more oxidizing (e.g., Jugo et al. 2004) than those thought to have prevailed during planet formation in the inner Solar System (e.g., Rubie et al. 2011; Steenstra et al. 2016; Doyle et al. 2019). Nevertheless, sulfate minerals (predominantly gypsum) have been found in CC and K3 chondrite and enstatite achondrite meteorites, and are commonly thought to be associated with either terrestrial or localized planetesimal aqueous alteration (Zolensky & McSween 1988; Brearley & Prinz 1992; Buseck & Hua 1993; Brearley 1989; Izawa et al. 2011; Airieau et al. 2005; Suttle et al. 2021). Isotopic signatures in CC bodies suggest that they could have formed from a separate dust reservoir in the outer Solar System, where water ice is more prevalent (e.g., Kruijer et al. 2020). We do note that the GGCHEM code currently does not take into account the formation of gypsum (CaSO4) as a condensate. However, Table 1 shows that calcium is considerably less abundant than iron and magnesium, elements that have been included as sulfates. Also, the abundance of calcium is approximately 6 and 21 times lower than the abundance of sulfur for the solar and HIP 43393 compositions, respectively. Therefore, even if efficient formation of gypsum would consume the entire calcium elemental budget, sulfates would only comprise a limited fraction of the sulfur elemental budget. Altogether our results do not support the formation of sulfate minerals before planetesimal formation.
4.3 Model limitations
Although our model provides a fully coupled description of the effects of dynamical and collisional processing on individual units of dust mass, the composition of dust is derived from equilibrium condensation conditions, based on the minimization of the total Gibbs free energy. This means that all chemical processes that give rise to the thermodynamically most favorable solid phase state are assumed to happen on timescales much shorter than the simulation timescale of 100 kyr. This is likely not the case toward lower temperatures and would require the incorporation of non-equilibrium chemistry. Although adsorption and condensation timescales become shorter toward lower temperature, this is not true for the chemisorption and annealing processes that give rise to the formation of, for example, phyllosilicates or crystalline silicates (D’Angelo et al. 2019; Herbort et al. 2020; Oosterloo et al. 2023; Jang et al. 2024; Woitke et al. 2024). Although the rearrangement of minerals in the solid phase does not directly affect their CHNOS budgets, newly formed species could incorporate certain elements in mineral phases that are more or less refractory, which could affect the loss of these elements through decomposition and evaporation processes. We expect the elemental budgets of hydrogen and oxygen to be most affected by these additional chemical processes due to the incorporation of water in hydrated minerals. For example, these effects could result in lower amounts of hydrogen and oxygen in regions where our current model labels monomers with compositions where silicates exist in the form of lizardite (mostly outside r = 0.7 AU as this lizardite likely results from the gradual hydration of enstatite and forsterite). However, more hydrogen and oxygen could be present in the disk regions where enstatite and forsterite are present as minerals, where gas-phase water could result in the gradual hydration of these minerals within the 100 kyr timescale considered in this work (e.g., D’Angelo et al. 2019).
A similar argument on chemical equilibrium timescales applies to our approach to de-volatilization. We accounted for the effects of the thermal decomposition of lizardite and pyrite by assuming instantaneous, complete decomposition above a certain critical temperature. This approach leads to a lower limit on the amounts of sulfur and hydrogen retained in these mineral phases. However, due to the sensitivity of chemical timescales on temperature and irradiation and thus location in the disk (e.g., Woitke et al. 2009; Cuppen et al. 2017), to improve estimates for the behavior of de-volatilization it is desirable to include an adsorption and desorption model for the net gain and loss of molecules akin to the framework for volatile molecules included in Oosterloo et al. (2023), coupled to an internal chemical evolution model for monomer compositions.
If the disk undergoes continuous accretion in the class I phase (<0.2 Myr), fresh material could be delivered interior to the centrifugal radius and participate in the collisional and dynamical mixing of dust inside ~5 au (Hueso & Guillot 2005). Such infall – along with outward transport – could also affect the calculation of our initial equilibrium composition. Min et al. (2011) and Woitke et al. (2024) show that the inner disk thermostat mechanism (dust stability) is by itself capable of altering and equilibrating the mineralogy of the accreted material and we may not even require outbursts to sublimate the solids in the inner disk. The efficient collisional recycling of monomers inside a few au (e.g., Oosterloo et al. 2023) can ensure that the annealing process occurs on timescales much shorter than 100 kyr. So, while we neglected the infall of fresh material, the effect on our initial conditions may be limited.
5 Conclusions and outlook
In this work, we explored the effects of nonlocal disk processing coupled with collisional processing and equilibrium condensation in a young, massive, static class I disk on the refractory CHNOS budgets of dust inside r = 1.5 AU. We considered elemental abundances consistent with the photospheric abundances of the Sun and HIP 43393, a star with a super-solar S/Fe ratio. Moreover, we considered a simple de-volatilization scheme for hydrated minerals and pyrite.
Efficient turbulence-driven diffusion was found to result in the entire inner disk becoming well mixed within 105 yr (Figs. 1 and 2). This gives rise to mineralogies of midplane dust that are radially considerably more mixed than predicted from local condensation under equilibrium conditions. For both compositions studied, mineralogical transitions are considerably smeared out with respect to fully local dust that formed under equilibrium condensation conditions. The elements whose midplane abundances are affected the most are hydrogen and sulfur. For hydrogen, this is a consequence of the inward transport of hydrated minerals such as lizardite, while for sulfur, this originates from the inward diffusion of iron sulfide and pyrite.
Due to the efficient radial and vertical turbulent mixing of dust monomers, reflecting individual units of dust mass, dust in the disk midplane at a given radial position constitutes material that has been subjected to a wide range of maximum temperatures (Fig. 5). For example, at r = 1 AU, ~1% of the dust mass has experienced a temperature above 1000 K, increasing to ~65% of the dust mass at r = 0.1 AU. This thermal processing can result in significant loss of elemental hydrogen inside r ≲ 0.3 AU (Fig. 6), transported in the form of hydrated minerals from larger radial distances. Radially transported sulfur appears to be more resistant to higher temperatures, with no significant sulfur loss resulting from the thermal decomposition of pyrite for the composition of HIP 43393.
Altogether, nonlocal disk processing could lead to significant compositional homogenization in the dust situated in the disk midplane interior to r = 1.5 AU. This mineralogy is more enriched in hydrogen at closer radial positions due to the transport of hydrated minerals (Fig. 8), which may result in more aqueous alteration during planetesimal evolution. Future studies are recommended to implement a more comprehensive model for the time-dependent chemical evolution of the mineralogy of dust prior to planetesimal formation.
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Appendix A  Interpreting individual monomer trajectories
In this work we utilized the average behavior of 16 000 individual dust monomers to make inferences about the average dust refractory composition at various locations in the disk. In this appendix we provide a short overview of the dynamical and collisional evolution of an individual dust monomer in SHAMPOO. We emphasize that the stochastic nature of individual monomer trajectories means that to study the implications of the behavior of monomers for local dust populations, averaging over the behavior of many monomers is necessary. In this work we focused on the dynamical behavior of monomers interior to r = 1.5 AU. The average amount of ice on dust monomers was found to become negligible compared to the total dust monomer mass between r = 1.5 to r = 2.0 AU, which is why ice processing was ignored in this study. For evolutionary trajectories of individual monomers at larger radial distances including ice processing, we refer the interested reader to Oosterloo et al. (2023), while the implications of nonlocal behavior on ice processing have been studied in Oosterloo et al. (2024).
Figure A.1 shows the trajectory of one of the monomers utilized in this work. For clarity, only the first 10 kyr of the full 100 kyr trajectory are shown. In Sect. 2.1 we noted that turbulence-driven diffusion is the dominant transport process, which makes the spatial trajectories of individual monomers highly stochastic. Vertically, this behavior allows the monomer to make a single excursion to |z/r| ≂ 0.2, and many excursions to |z/r| ≂ 0.1. Radially, the monomer initially remains between r = 0.8 and r = 1.0 AU, until it undergoes an episode of inward diffusion between 4 kyr and 6 kyr, where it ends up at radial positions between r = 0.4 and r = 0.6 AU from 6 kyr to 10 kyr. This vertical and radial transport has significant effects on the monomer temperature, the local UV radiation field and the aggregate size in which the monomer is located. The effects of vertical excursions on the monomer temperature appear to be limited, while the vertical excursion between 3 and 4 kyr appears to result in the only occasion where the monomer is exposed to notable amounts of UV radiation. The monomer temperature appears to follow changes in the radial distance, with the monomer temperature steadily increasing from 240 K at 4.0 kyr to 540 K around 8.2 kyr as a consequence of the gradual radial diffusion from r ≂ 0.8 AU to r ≂ 0.2 AU.
Although the effects of the monomer aggregate size on transport are negligible interior to r = 1.5 AU, the reverse is far from true. Figure A.1 shows that within the first 10 kyr of its evolution, the monomer has undergone many (more than 15 000) collisions, with the aggregate in which the monomer is embedded (the home aggregate) changing size during each collision. Here, we distinguish between coagulation and impact, which are the collision outcomes that result in a net growth of the home aggregate, and fragmentation, erosion and ejection, which result in a decrease in home aggregate size. The vertical excursions around 2 kyr and between 3 and 4 kyr are also visible in the collisional history, with the monomer becoming embedded in smaller aggregates on average and less coagulation taking place during these excursions, which can be explained by the lower number of available collision partners at higher |z/r|. The radial diffusion inward after 4 kyr also has significant effects on the collisional history. Due to the higher gas and dust density at smaller r, collisions occur more frequently, with the monomer becoming mixed more frequently between small and large aggregates. Furthermore, aggregates appear to be able to approximately grow a factor of 2 larger before a destructive collision outcome (fragmentation, erosion or ejection) results in a decrease in home aggregate size.
	[image: thumbnail]	Fig. A.1 Example of the first 104 years of a monomer trajectory calculated with SHAMPOO in this work. This monomer originates from r0 ≈ 0.8 AU and z0/r0 ≈ 0.1 and is undergoing dynamical and collisional processing. All quantities are shown as a function of time. The upper left and right panels show the vertical and radial monomer positions and the center left and right the resulting monomer temperature and UV radiation field in the local environment. The bottom panel displays the size of the aggregate in which the monomer is embedded, with each dot indicating an individual collision event. The black dashed line in the upper left panel indicates the disk midplane, while the black dashed line in the center right indicates the radiation field strength of 1FDraine.
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	[image: thumbnail]	Fig. 1 Overview of the distribution, P(r0|r), of the monomer positions of origin r0 as a function of radial position r. The 1:1 axis is shown with black dashes, while the colored dashed lines indicate the radial locations r = 0.1, 1 AU of the slices shown in Fig. 2.
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	[image: thumbnail]	Fig. 3 Condensate composition as a function of the radial position of silicate (left column) and metallic (right column) minerals for a solar nebular composition. Top row: mineralogy expected from equilibrium condensation under the local temperature and pressure conditions (initial conditions). Bottom row: nonlocal composition obtained from monomers undergoing radial and vertical transport and collisional processing after 100 kyr.
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	[image: thumbnail]	Fig. 4 Condensate composition as a function of the radial position of silicon-bearing (left column) and iron-bearing (right column) minerals for a nebular composition consistent with the photosphere of HIP 43393. As in Fig. 3, the top and bottom rows denote the local initial conditions and nonlocal compositions after 100 kyr, respectively.
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	[image: thumbnail]	Fig. 5 Fraction of the dust mass in the disk midplane at r = 0.1, 0.2, 0.5, and 1 AU that has been subjected to at least the given temperature due to dynamical transport toward warmer regions. The dashed lines indicate the dust temperature at the position of the local dust population.
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	[image: thumbnail]	Fig. 7 Radial behavior of the elemental composition of dust for local equilibrium condensation (top row, initial conditions) and averaged over nonlocal dust monomers (bottom row, after 100 kyr), for condensation from a nebula with a solar and HIP 43393 composition (left and right column, respectively). Since we focus on the disk inside ~1.5 au, the minerals do not contain notable amounts of C or N.
In the text



	[image: thumbnail]	Fig. 8 Comparison of the nonlocal and local radial behavior of elemental atomic percentages, ni (in at.%) for elemental species i. The left and right panels show this comparison for the solar and HIP 43393 composition, respectively. Since we focus on the disk inside ~1.5 au, the minerals do not contain notable amounts of C or N.
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	[image: thumbnail]	Fig. A.1 Example of the first 104 years of a monomer trajectory calculated with SHAMPOO in this work. This monomer originates from r0 ≈ 0.8 AU and z0/r0 ≈ 0.1 and is undergoing dynamical and collisional processing. All quantities are shown as a function of time. The upper left and right panels show the vertical and radial monomer positions and the center left and right the resulting monomer temperature and UV radiation field in the local environment. The bottom panel displays the size of the aggregate in which the monomer is embedded, with each dot indicating an individual collision event. The black dashed line in the upper left panel indicates the disk midplane, while the black dashed line in the center right indicates the radiation field strength of 1FDraine.
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      Table 1 

      Elemental atomic abundances used in GGCHEM for solar composition and the sulfur-rich composition associated with HIP 43393.

      
        


	Elem.
	Solar
	HIP 43393
	Elem.
	Solar
	HIP 43393





	H
	13.49
	13.82
	He
	12.42
	12.75



	Fe
	8.99
	8.75
	C
	9.92
	9.94



	O
	10.18
	10.54
	Mg
	9.09
	9.13



	Si
	9.00
	9.00
	Ca
	7.83
	7.72



	Ti
	6.44
	6.56
	Li
	2.54
	2.56



	N
	9.32
	9.34
	F
	6.05
	6.07



	Na
	7.73
	7.60
	Al
	7.94
	8.01



	P
	6.90
	6.92
	Cl
	6.99
	7.01



	K
	6.52
	6.54
	V
	5.42
	5.48



	Cr
	7.13
	6.97
	Mn
	6.92
	6.52



	Ni
	7.71
	7.48
	Zr
	4.07
	4.20



	S
	8.61
	9.04
	W
	2.34
	2.36





      

      
Notes. Abundances are given in log units and are normalized to silicon (log nSi = 9). Solar abundances are taken from Asplund et al. (2009), while the abundances of HIP 43393 are from the Hypatia catalog (Hinkel et al. 2014).




    

  
    
      Fig. 1 
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        Overview of the distribution, P(r0|r), of the monomer positions of origin r0 as a function of radial position r. The 1:1 axis is shown with black dashes, while the colored dashed lines indicate the radial locations r = 0.1, 1 AU of the slices shown in Fig. 2.

      

    

  
    
      Fig. 2 
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        Slices of P(r0|r) from Fig. 1 as a function of monomer position of origin r0 at r = 0.1 and r = 1 AU.

      

    

  
    
      Fig. 3 
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        Condensate composition as a function of the radial position of silicate (left column) and metallic (right column) minerals for a solar nebular composition. Top row: mineralogy expected from equilibrium condensation under the local temperature and pressure conditions (initial conditions). Bottom row: nonlocal composition obtained from monomers undergoing radial and vertical transport and collisional processing after 100 kyr.

      

    

  
    
      Fig. 4 
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        Condensate composition as a function of the radial position of silicon-bearing (left column) and iron-bearing (right column) minerals for a nebular composition consistent with the photosphere of HIP 43393. As in Fig. 3, the top and bottom rows denote the local initial conditions and nonlocal compositions after 100 kyr, respectively.

      

    

  
    
      Fig. 5 
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        Fraction of the dust mass in the disk midplane at r = 0.1, 0.2, 0.5, and 1 AU that has been subjected to at least the given temperature due to dynamical transport toward warmer regions. The dashed lines indicate the dust temperature at the position of the local dust population.

      

    

  
    
      Fig. 6 
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        Radial elemental abundance of hydrogen and sulfur with (solid line) and without de-volatilization (dotted line) for the models with solar (left panel) and non-solar composition (right panel).

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Radial behavior of the elemental composition of dust for local equilibrium condensation (top row, initial conditions) and averaged over nonlocal dust monomers (bottom row, after 100 kyr), for condensation from a nebula with a solar and HIP 43393 composition (left and right column, respectively). Since we focus on the disk inside ~1.5 au, the minerals do not contain notable amounts of C or N.

      

    

  
    
      Fig. 8 
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        Comparison of the nonlocal and local radial behavior of elemental atomic percentages, ni (in at.%) for elemental species i. The left and right panels show this comparison for the solar and HIP 43393 composition, respectively. Since we focus on the disk inside ~1.5 au, the minerals do not contain notable amounts of C or N.

      

    

  
    
      Fig. A.1 
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        Example of the first 104 years of a monomer trajectory calculated with SHAMPOO in this work. This monomer originates from r0 ≈ 0.8 AU and z0/r0 ≈ 0.1 and is undergoing dynamical and collisional processing. All quantities are shown as a function of time. The upper left and right panels show the vertical and radial monomer positions and the center left and right the resulting monomer temperature and UV radiation field in the local environment. The bottom panel displays the size of the aggregate in which the monomer is embedded, with each dot indicating an individual collision event. The black dashed line in the upper left panel indicates the disk midplane, while the black dashed line in the center right indicates the radiation field strength of 1FDraine.
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