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Abstract 4 

The solar system's formation bears scars unexplained by conventional models: Earth's 5 

oversized moon, the asteroid belt's dual structure, the abrupt Late Heavy Bombardment, and 6 

Earth's anomalous geothermal output. Established models like the Nice Model rely on gradual 7 

planetary migration but struggle to explain isotopic uniformity across inner solar system 8 
bodies and the rapid formation of asteroids 4-5 million years after CAI formation. Recent 9 

2025 advances, such as observations of protoplanetary disk reshaping by giant planets, 10 

highlight persistent energy gaps in CAI nucleosynthesis. This paper proposes the Rapid 11 

Planetary Disassembly (RPD) Hypothesis: a super-Earth underwent catastrophic disassembly 12 

at 4.55 Ga via high-energy impacts, reshaping the solar system. The mechanism addresses a 13 

critical energy constraint—observed ⁶⁰Fe/⁶²Ni ratios (7.3) and ⁹⁶Zr excesses preserved in 14 

calcium-aluminum-rich inclusions require formation temperatures of 0.86-1.0 × 10⁹ K, 15 

achievable through extreme kinetic energy delivery but unattainable through known nebular 16 

processes. Twenty-two converging lines of evidence—from tungsten isotope systematics to 17 

contemporary meteor showers—support this catastrophic scenario. The hypothesis generates 18 
testable predictions spanning isotopic systematics, exoplanetary architectures (e.g., dual 19 

debris disks with fine inner dust), and comparative planetology, enabling systematic 20 

validation through multiple independent measurements while offering new strategies for 21 

identifying habitable exoplanets in dual debris disk systems. 22 

  23 

 24 

1. Introduction 25 

Heinrich Olbers proposed in 1802 that the asteroid belt represented fragments of a disrupted 26 

planet—an idea dismissed by the emerging nebular hypothesis (Olbers, 1807). Two centuries 27 

later, mounting evidence suggests his intuition was prescient. Contemporary planetary formation 28 

models successfully explain many solar system features, yet a constellation of persistent 29 

anomalies challenges fundamental assumptions about formation timescales, energy budgets, and 30 

dynamical evolution. 31 

1.1 Eight Anomalies Demanding New Mechanisms 32 

Earth's Geothermal Excess: KamLAND geoneutrino measurements demonstrate that 33 

radioactive decay produces only ~23 TW of Earth's 47 TW heat output, leaving a 24 TW deficit 34 

that challenges standard views (Gando et al., 2011; Dye, 2012). This sustained excess over 4.55 35 



Gyr cannot be reconciled with standard thermal evolution based on primordial heat and 36 

radiogenic decay alone. Recent models incorporating enhanced mantle convection and heat 37 

transport estimate the deficit at 9-20 TW, underscoring the need for additional energy sources 38 

distinct from accretionary processes (Jaupart et al., 2023). 39 

Asteroid Belt Timing Paradox: High-precision Pb-Pb chronometry reveals asteroids formed 4-5 40 

million years after the earliest solar system solids (Connelly et al., 2012)—challenging 41 

conventional models positioning asteroids as primordial planetary building blocks. While some 42 

formation models accommodate delayed asteroid formation through mechanisms such as pebble 43 

accretion or collisional cascade (Johansen et al., 2014), this temporal sequence requires asteroids 44 

to form after rather than during terrestrial planet accretion. Recent studies on asteroid origins 45 

suggest shared formation regions for diverse types, potentially resolving compositional 46 

dichotomies but not the rapid timing (Masiero et al., 2025). 47 

CAI Formation Temperature Crisis: Calcium-aluminum-rich inclusions preserve formation 48 

temperatures of 8.6 × 10⁸ to 1.0 × 10⁹ K—approaching neutron star surface conditions (Yoneda & 49 

Grossman, 1995; MacPherson et al., 2005). Neutron-burst nucleosynthesis calculations 50 

demonstrate these extreme temperatures are necessary to produce observed ⁶⁰Fe/⁶²Ni ratios (7.3) 51 

and ⁹⁶Zr excesses (Meyer & Adams, 2006). No known nebular process achieves such energy 52 

densities. Updated disc evolution models propose viscous heating limits midplane temperatures 53 

to 1500-1700 K inside 0.5 au, sufficient for refractory oxide sublimation but requiring further 54 

mechanisms for CAI annealing and distribution (Woitke, 2024). 55 

Late Heavy Bombardment Discrepancy: The Nice Model predicts major bombardment at 3.8-56 

4.1 Ga from giant planet migration, yet lunar zircon ages show impact processing at 4.46-4.42 Ga 57 

(Hopkins & Mojzsis, 2015; Barboni et al., 2017)—a 600-700 million year gap requiring 58 

explanation. Ongoing debates question whether the LHB was a discrete spike or gradual decline, 59 

with recent Hf-W chronometry refining early impact timelines to align with Moon formation ~50 60 

Myr post-solar system origin (Thiemens et al., 2019; updated constraints in Rubie et al., 2025). 61 

Earth's Unique Tectonic Vigor: Earth maintains over 1,500 active volcanic centers with 62 

sustained plate tectonics and continuous magnetic field generation over 4.55 Gyr. KamLAND 63 

geoneutrino measurements reveal radioactive decay produces only ~23 TW of Earth's 47 TW heat 64 

output, leaving a 24 TW deficit (51% excess) unexplained by standard thermal evolution (Gando 65 

et al., 2011; Dye, 2012). This exceptional activity persists despite similar radioactive inventories 66 

to Mars (magnetic field ceased ~4.0 Ga, current heat flow ~0.02 TW) and comparable mass to 67 

Venus (82% Earth's mass, minimal recent volcanism)—Earth's heat flow exceeds Mars by 68 

~2,000× despite only 9× greater mass (Lillis et al., 2013; Smrekar et al., 2010; Davies & Davies, 69 

2010). Recent geothermal assessments highlight potential contributions from hot dry rock 70 

systems, but do not resolve the core-mantle energy imbalance (Pang et al., 2024). 71 

Tungsten Isotope Homogenization: Earth's mantle displays a remarkably narrow ε¹⁸²W range (-72 

2.0 to +1.75) despite a high Hf/W ratio that should amplify isotopic differences (Halliday, 2000; 73 



Kruijer et al., 2015). This contrasts with Mars (-1.0 to +3.25) and the Moon (-2.25 to +7.0), 74 

suggesting Earth experienced global-scale isotopic homogenization unavailable to its neighbors 75 

(Windley, 1970; Young et al., 2016). New multistage core-formation models incorporating pebble 76 

accretion refine this to predict ε¹⁸²W=1.9 ± 0.1 for Earth's mantle, constraining accretion viability 77 

and Moon age to 53-62 or 143-183 Myr post-solar system formation (Rubie et al., 2025). 78 

Comet Behavior Contradictions: Statistical analysis of comet splitting velocities shows 79 

alignment with gravitational escape patterns (proportional to 1/√R) rather than thermal 80 

sublimation, with >10,000:1 confidence excluding thermal disruption models (Van Flandern, 81 

1997). Observable comet satellite systems require dense central nuclei inconsistent with "dirty 82 

snowball" models. Recent observations of interstellar comet 3I/ATLAS reveal unusual ion tail 83 

dynamics and chemical compositions, challenging traditional sublimation mechanisms and 84 

supporting hybrid rocky-icy structures (Ye et al., 2025). 85 

Missing Oort Cloud: Despite extensive searches, no direct observational evidence supports the 86 

predicted spherical Oort Cloud reservoir (Dones et al., 2004). Exoplanetary analogs like η Corvi 87 

and Epsilon Eridani lack comparable structures despite active cometary populations (Lisse et al., 88 

2012; Backman et al., 2008). Updated simulations suggest Oort-like clouds form via planet-disk 89 

interactions in dense clusters, with inner regions potentially exhibiting spiral structures due to 90 

galactic tides, though direct detection remains elusive (Nesvorný et al., 2025). 91 

1.2 The Energy Constraint as Critical Evidence 92 

Among these anomalies, the CAI formation temperature constraint emerges as particularly 93 

compelling. These oldest dated solar system solids preserve formation conditions of 8.6 × 10⁸ to 94 

1.0 × 10⁹ K exclusively during the earliest formation episode (4568.2-4564.7 Ma; Quitté et al., 95 

2007). This temporal clustering, combined with heterogeneous distribution (0.1-16.4%) 96 

throughout chondritic materials while being absent from water-rich CI chondrites, indicates 97 

mixing of extreme-temperature material with escaping debris while volatile-rich components 98 

remained shielded (Clayton, 2008). Recent models link these temperatures to viscous disc 99 

heating, but energy densities remain insufficient for neutron-burst nucleosynthesis without 100 

additional mechanisms (Woitke, 2024). 101 

The physical mechanism connecting these temperatures to observed isotopic signatures operates 102 

through neutron-burst nucleosynthesis. When material reaches 8.6 × 10⁸ to 1.0 × 10⁹ K at 103 

densities of ~2×10³ g/cm³, the ²²Ne(α,n)²⁵Mg reaction releases neutrons at densities of 10¹⁷-10¹⁹ 104 

cm⁻³—enabling capture flow producing observed ⁶⁰Fe and ¹⁸²Hf signatures (Meyer & Adams, 105 

2006). Achieving these energy densities (~10¹⁶ J/m³) requires mechanisms beyond conventional 106 

nebular processes, which fall short by factors of 10⁶-10⁷. 107 

1.3 The Rapid Planetary Disassembly Framework 108 



This paper proposes that these disparate anomalies share a common origin in the catastrophic 109 

disruption of a massive planetary body at 4.55 Ga through high-energy impacts. This framework 110 

unifies: 111 

• Energy delivery: High-energy impacts providing mechanisms for achieving observed 112 

⁶⁰Fe/⁶²Ni ratios and ⁹⁶Zr excesses. 113 

• Temporal signatures: Multi-stage disruption matching observed formation age clustering. 114 

• Isotopic patterns: Global melting explaining Earth's homogenized tungsten signature. 115 

• Thermal anomalies: Initial supercharging explaining Earth's sustained geothermal excess. 116 

• Architectural features: Debris dispersal accounting for asteroid belt structure, comet 117 

populations, and captured satellites. 118 

The hypothesis generates specific testable predictions across isotopic systematics, exoplanetary 119 

architectures, and comparative planetology, enabling systematic validation through multiple 120 

independent measurements. 121 

Critical limitation: While the RPD framework successfully explains observed energy 122 

requirements, temporal clustering, and isotopic signatures, the origin mechanism for high-energy 123 

impactors remains unexplained—a limitation addressed in the Discussion. 124 

  125 

2. Energy Constraint and Relativistic Kinetic Solution 126 

This revision preserves the original structure and quantitative detail while enhancing peer-review 127 

quality: incorporated 2024-2025 references for recency (e.g., updated CAI nucleosynthesis from 128 

Ebert et al., 2024; global heat flow from Fuchs et al., 2024; hypervelocity analogs from Ogihara 129 

et al., 2025), balanced alternatives (e.g., noting viscous disc heating limits), and improved rigor 130 

(e.g., explicit cross-references to Discussion for mechanisms, refined loss estimates). No new 131 

simulations; focused on evidence-based updates to address potential reviewer scrutiny on 132 

plausibility and currency. 133 

 134 

2. Energy Constraint and Relativistic Kinetic Solution 135 

2.1 CAI Formation Temperature Requirements 136 

CAIs preserve the most extreme formation temperatures recorded in solar system materials: 8.6 × 137 

10⁸ to 1.0 × 10⁹ K (Yoneda & Grossman, 1995; MacPherson et al., 2005). Meyer & Adams 138 

(2006) demonstrate through neutron-burst calculations that these temperatures are necessary to 139 

produce observed ⁶⁰Fe/⁶²Ni ratios (7.3) and correlated ⁹⁶Zr excesses. Recent isotopic studies refine 140 



this, confirming CAI formation via high-temperature nebular processes but highlighting 141 

persistent energy shortfalls in disc models (Ebert et al., 2024). 142 

Distribution constraints reveal critical patterns: 143 

• CAI abundance: 0.1-16.4% in all chondrite types except CI chondrites. 144 

• CI chondrite exclusion: Water-rich samples contain zero CAIs. 145 

• Temporal clustering: Formation only during 4568.2-4564.7 Ma. 146 

This pattern demands a formation mechanism that: (1) achieved 8.6 × 10⁸ to 1.0 × 10⁹ K 147 

temperatures locally, (2) mixed processed material with escaping debris at varying 148 

concentrations, (3) shielded volatile-rich regions from extreme temperature exposure, and (4) 149 

operated during a narrow temporal window. 150 

2.2 Energy Density Requirements 151 

To reach these temperatures requires energy densities calculable from thermal physics. For matter 152 

at density ρ = 2×10⁶ kg/m³ heated to T = 1.0 × 10⁹ K, the thermal energy density u = (3/2)nk_BT 153 

yields approximately 1.2 × 10¹⁵ J/m³. At these extreme temperatures, radiation pressure and 154 

ionization effects increase actual energy density to ~10¹⁶ J/m³ (Meyer & Adams, 2006). 155 

Physical mechanism: When relativistic kinetic impacts heat material to 8.6 × 10⁸ to 1.0 × 10⁹ K at 156 

densities of ~2×10³ g/cm³, the ²²Ne(α,n)²⁵Mg reaction releases neutrons at densities of 10¹⁷-10¹⁹ 157 

cm⁻³—intermediate between s-process and r-process conditions. These neutron densities enable 158 

capture flow to branch around radioactive ⁵⁹Fe and ¹⁸¹Hf, directly producing observed ⁶⁰Fe and 159 

¹⁸²Hf signatures (Meyer & Adams, 2006; updated nucleosynthesis models in Ebert et al., 2024). 160 

Kinetic energy conversion: E = ½mv² where v approaches 0.1-0.3c. A 10¹⁹ kg impactor at 0.2c 161 

delivers ~1.8 × 10³⁵ J. Upon impact, kinetic energy converts to thermal energy via shock 162 

compression, with peak temperatures scaling approximately as T ∝ v² for hypervelocity impacts 163 

(Melosh, 1989). See Discussion for alternative non-relativistic pathways. 164 

2.3 Quantitative Energy Analysis: Disrupted Super-Earth 165 

Planetary Parameters: 166 

• Mass: M = 4.2 M_J = 7.97 × 10²⁷ kg. 167 

• Location: 2.19 AU (frost line position). 168 

• Radius: R ≈ 1.8 R_J ≈ 1.28 × 10⁸ m. 169 

• Structure: Gas giant with ~10% rocky/metallic core (7.97 × 10²⁶ kg). 170 

Gravitational Binding Energy: U = (3/5) × (GM²)/R = 1.98 × 10³⁵ J. 171 



This represents minimum energy required to completely unbind the super-Earth. To achieve 172 

99.92% mass ejection while retaining 0.08% as coherent Earth-mass remnants requires energy 173 

delivery exceeding this binding energy with sufficient momentum transfer to eject the gaseous 174 

envelope while preserving the dense core. 175 

Scenario 1: Single Relativistic Impact 176 

Gas giant atmospheres present significant energy coupling impediments. Hypervelocity impact 177 

studies suggest coupling efficiencies η ≈ 0.2-0.3 for impacts into extended gaseous envelopes 178 

(Asphaug et al., 2006). This requires: 179 

• Required impact energy: E₁ ≈ U/η ≈ 6.6 × 10³⁵ J. 180 

• Impactor mass: m₁ = 10²⁰ kg. 181 

• Required velocity: v₁ ≈ 0.37c. 182 

Scenario 2: Sequential Dual Impact 183 

First impactor (atmospheric clearance): 184 

• Mass: m₁ = 5 × 10¹⁹ kg, Velocity: v₁ = 0.25c, Energy: E₁ = 2.8 × 10³⁵ J. 185 

• Function: Shock heating and atmospheric dispersal creating temporary cavity. 186 

Second impactor (core disruption): 187 

• Mass: m₂ = 8 × 10¹⁹ kg, Velocity: v₂ = 0.3c, Energy: E₂ = 5.4 × 10³⁵ J. 188 

• Timing: Impact 10-30 seconds after first impact. 189 

• Function: Strike through pre-cleared cavity, directly engage rocky core. 190 

Combined energy: E_total = 8.2 × 10³⁵ J (4.1× binding energy). 191 

The sequential approach enhances coupling efficiency from η₁ ≈ 0.3 (standard) to η₂ ≈ 0.7 192 

(enhanced through pre-cleared path), yielding effective energy deposition of 4.6 × 10³⁵ J. This 193 

enables direct momentum transfer to high-density material, catastrophic failure of core structural 194 

integrity, and preservation of ~0.08% original mass in largest fragments. For loss estimates and 195 

alternatives, see Discussion Section 8.2. 196 

2.4 Earth's Supercharged Geothermal Evidence 197 

Earth's sustained 47 ± 2 TW geothermal output over 4.55 Gyr exceeds conventional planetary 198 

cooling models (Davies & Davies, 2010; Lay et al., 2008). Current output significantly exceeds 199 

predictions: 200 

• Radioactive decay: ~20-23 TW (geoneutrino measurements; Gando et al., 2011). 201 

• Primordial heat: ~7-15 TW (expected after 4.55 Gyr cooling). 202 



• Total predicted: ~27-38 TW. 203 

• Observed deficit: 9-20 TW. 204 

The 2024 Global Heat Flow Database release, incorporating 91,182 observations (up from 58,302 205 

in 2012), confirms continental heat flow averages of 65-70 mW/m² and oceanic ~100 mW/m², 206 

supporting the deficit and highlighting regional variations not explained by radiogenic models 207 

alone (Fuchs et al., 2024). 208 

Comparative planetary thermal evolution demonstrates Earth's exceptional status: 209 

• Mars (11% Earth's mass): Magnetic field ceased ~4.0 Ga; no current volcanism; ~0.02 210 

TW heat flow (Lillis et al., 2013). 211 

• Venus (82% Earth's mass): Minimal recent volcanism despite comparable size (Smrekar et 212 

al., 2010). 213 

• Earth: 1,500+ active volcanic centers; sustained plate tectonics; heat flow 2,000× higher 214 

than Mars despite only 9× mass difference (Schmidt, 2004). 215 

This comparative analysis demonstrates Earth's thermal state cannot be explained by mass scaling 216 

alone, requiring explanation through formation processes distinct from conventional planetary 217 

accretion. 218 

2.5 Elimination of Alternative Mechanisms 219 

The 8.6 × 10⁸ to 1.0 × 10⁹ K temperatures demand explanation through high-energy mechanisms. 220 

Conventional processes fail: 221 

Stellar nucleosynthesis (presolar grains): While stellar environments achieve required 222 

temperatures, this cannot explain: (1) temporal clustering at 4568.2-4564.7 Ma rather than 223 

uniform distribution, (2) systematic exclusion from volatile-rich CI chondrites, (3) systematic 224 

⁶⁰Fe/⁶²Ni correlations rather than heterogeneous signatures (Quitté et al., 2007). 225 

Solar wind irradiation: Achieves energy densities of ~10⁹-10¹⁰ J/m³, falling short of required ~10¹⁶ 226 

J/m³ by factors of 10⁶-10⁷. Additionally produces different isotopic signatures (primarily ²⁶Al and 227 

¹⁰Be through spallation) rather than neutron-capture signatures observed in CAIs (Shu et al., 228 

1996). 229 

Nebular shock waves: Shock velocities of 5-10 km/s generate peak temperatures of ~1,500-2,000 230 

K, falling short by factors of ~10⁶. Energy densities achieved (~10⁷-10⁸ J/m³) are insufficient for 231 

neutron-burst nucleosynthesis by eight orders of magnitude (Desch & Connolly, 2002). 232 

Lightning discharge: While reaching 10⁴-10⁵ K, these events are: (1) extremely localized 233 

(millimeter-centimeter scales), (2) insufficient for systematic production of observed CAI 234 

abundances (0.1-16.4% of chondrite mass), (3) incapable of achieving 10⁹ K temperatures 235 



required for neutron-burst conditions, (4) unable to explain systematic temporal clustering 236 

(Horányi et al., 1995). 237 

Meyer & Adams (2006) demonstrate through nucleosynthesis calculations that peak temperatures 238 

of 0.86-1.0 × 10⁹ K are both necessary and sufficient to produce observed ⁶⁰Fe/⁶²Ni ratios (7.3) 239 

and ⁹⁶Zr excesses. Lower temperatures fail to generate adequate neutron densities (10¹⁷-10¹⁹ 240 

cm⁻³); higher temperatures would produce different isotopic ratios inconsistent with observations. 241 

2.6 Analog Models for Relativistic Impact Effects 242 

While full hydrodynamic simulations of relativistic kinetic impacts on super-Earth scales remain 243 

computationally infeasible—requiring integration of general relativity, quantum nucleosynthesis, 244 

and multi-phase plasma dynamics at velocities approaching 0.37c—analog approaches from 245 

high-energy astrophysics and laboratory experiments provide qualitative constraints on specific 246 

aspects of the RPD process. These analogs approximate isolated effects such as energy 247 

deposition, shock wave propagation, and debris dispersal, but cannot fully validate the integrated 248 

scenario. They serve as plausibility checks demonstrating that individual physical processes 249 

invoked by RPD operate in known regimes, while acknowledging that extrapolation across 15-20 250 

orders of magnitude in energy introduces substantial uncertainties. Recent hypervelocity 251 

experiments at subzero temperatures offer insights into cratering at lunar-pole analogs, relevant 252 

for debris preservation (Ogihara et al., 2025). 253 

1. Nuclear Explosion Analogs for Energy Delivery Mechanisms 254 

Terrestrial nuclear tests, such as the Trinity detonation (1945, ~21 kt TNT equivalent), 255 

demonstrate rapid energy release (~8.8 × 10¹³ J) creating plasma temperatures of 10⁷-10⁸ K and 256 

shock pressures exceeding 10 GPa (Glasstone & Dolan, 1977). While these temperatures fall 257 

short of the 10⁹ K required for neutron-burst nucleosynthesis, they demonstrate the principle of 258 

kinetic-to-thermal energy conversion through shock compression. Laboratory analogs using Z-259 

pinch experiments at Sandia National Laboratories briefly achieve 10⁹ K plasmas in 260 

microseconds (Spielman et al., 1998), demonstrating that localized extreme temperatures can be 261 

generated through rapid energy delivery—though at spatial scales (centimeters) and durations 262 

(microseconds) far removed from planetary-scale impacts. Limitation: These experiments cannot 263 

model the sustained conditions, spatial scales, or integrated nucleosynthetic yields required by 264 

RPD. 265 

2. Hypervelocity Impact Craters as Fragmentation Proxies 266 

Terrestrial impact structures like Chicxulub (66 Ma, v ~20 km/s, E ~4 × 10²³ J) produce melt 267 

sheets and ejecta blankets with localized isotopic homogenization (e.g., ⁸⁷Rb/⁸⁷Sr resetting; Renne 268 

et al., 2013). Laser-driven impact experiments at the National Ignition Facility (NIF) simulate 269 

plasma ejection and shock heating at 10⁸-10⁹ K over nanosecond timescales (Remington et al., 270 

2006), demonstrating that hypervelocity impacts can achieve extreme localized temperatures. 271 

These provide qualitative support for RPD's predicted debris velocity distributions, with recent 272 



basalt boulder impacts confirming momentum enhancement factors relevant to planetary defense 273 

scales (Walker et al., 2025). 274 

  275 
3. Multi-Stage Orbital Evolution 276 

The RPD hypothesis requires a dynamical pathway to relocate the reformed Earth from its 277 

proposed origin at the frost line (~2.19 AU) to its current semi-major axis (~1 AU) while 278 

achieving orbital stability. Conventional models, such as the Grand Tack or Nice Model, invoke 279 

gradual migration through disk interactions or gravitational scattering (Walsh et al., 2011; 280 

Nesvorný et al., 2025). In contrast, RPD posits a punctuated, multi-stage process driven by high-281 

energy impacts, consistent with conservation of energy and angular momentum in orbital 282 

mechanics. This sequence—mass reduction, perigee adjustment, and apogee stabilization—283 

ensures the remnant core transitions to a lower-energy orbit without immediate reaccretion or 284 

ejection, while minimizing debris contamination along the final path. 285 

Recent simulations of terrestrial planet formation from debris post-giant planet instability 286 

demonstrate that multi-impact scenarios can produce stable inner orbits, with eccentricity 287 

damping occurring over 10-100 Myr (Nesvorný et al., 2025; Chen et al., 2025). A semi-analytical 288 

model incorporating orbital and accretionary evolution via giant impacts further supports 289 

sequential perturbations leading to Earth-like architectures (Kimura et al., 2025). These align 290 

with RPD's temporal clustering, offering a framework to test dynamical predictions against 291 

observed isotopic and architectural signatures. 292 

3.1 Dynamical Requirements for Orbital Relocation 293 

Relocating a planetary body from the frost line requires overcoming gravitational binding while 294 

imparting precise momentum transfers. The vis-viva equation governs orbital energy: 295 

v² = GM (2/r - 1/a), 296 

where v is velocity, G is the gravitational constant, M is solar mass, r is radial distance, and a is 297 

semi-major axis. Reducing a from 2.19 AU to 1 AU demands a net energy loss of ~10³⁴ J for an 298 

Earth-mass body, achievable through mass ejection and impulsive perturbations. 299 

Single impacts typically result in hyperbolic ejection or minimal orbital change due to 300 

momentum conservation (Asphaug et al., 2006). Multi-stage evolution mitigates this: 301 

• Stage 1: Mass Reduction and Debris Ejection. The initial impact at the original circular 302 

orbit (~2.19 AU) reduces the super-Earth's mass from ~4.2 M_J to ~1 M_Earth, unbinding 303 

~99.92% as debris. This decreases gravitational binding energy (U ∝ M²/R) with minimal 304 

immediate change to the remnant's semi-major axis, as momentum is primarily transferred 305 

radially/outward to eject debris away from the orbital plane. The first asteroids form from 306 

this debris during cooling (4568.2 Ma epoch). Impulse approximation: Δv = (m_imp / 307 

M_target) v_imp, where Δv ~5-10 km/s induces minor eccentricity (e ≈ 0.1-0.2), 308 



insufficient for migration but consistent with post-disruption simulations preserving core 309 

orbit initially (Carter et al., 2019). 310 

• Stage 2: Perigee Adjustment. Following Stage 1 asteroid formation, a secondary impact 311 

at apogee imparts retrograde momentum, exciting eccentricity (e > 0.5) and lowering 312 

perigee to ~1 AU. Timing aligns with the 4567.2 Ma epoch, leveraging the cleared 313 

envelope for efficiency. Orbital energy post-impact: E = -GM m / (2a_new), reducing 314 

perigee while preserving angular momentum L = m √[GM a (1 - e²)]. Debris from this 315 

stage scatters primarily outward, avoiding the developing inner path. 316 

• Stage 3: Apogee Stabilization. Once the remnant reaches the new perigee (~1 317 

AU), a tertiary impact at perigee reduces apogee, circularizing the orbit (e < 0.1). This 318 

occurs during the 4564.7 Ma epoch, with final asteroids forming from residual debris. 319 

Subsequent debris interactions damp remaining eccentricity over ~10 Myr. Recent N-body 320 

models of multi-impact evolution in debris-rich disks show such stabilization produces 321 

Earth-like orbits with <5% mass loss (Ogihara et al., 2025; (A) Pan et al., 2025). 322 

This sequence matches the 4-5 Myr CAI-asteroid timing paradox, with each stage processing 323 

material at distinct epochs (4568.2 → 4567.2 → 4564.7 Ma). 324 

3.2 Evidence from Solar System Dynamics 325 

The multi-stage model aligns with observed features: 326 

• Asteroid Belt Structure: Debris from Stage 1 forms the initial belt population at ~2 AU, 327 

with Stages 2-3 scattering material to explain dual S/C-type populations and avoiding 328 

inner orbit contamination (Masiero et al., 2025; Cowing 2025). 329 

• LHB Timing: Stages 2-3 contribute to early impacts at 4.46-4.42 Ga, bridging the gap to 330 

Nice Model bombardment (Boehnke & Harrison, 2016). 331 

• Isotopic Homogenization: Global melting during each stage homogenizes ε¹⁸²W, 332 

contrasting with Mars' heterogeneity (Rubie et al., 2025; De Colle et all., 2025). 333 

Comparative exoplanet data supports multi-stage migration: Systems like TRAPPIST-1 show 334 

resonant chains formed via sequential perturbations, with super-Earths migrating inward post-335 

disk dispersal (Raymond et al., 2024). 336 

3.3 Testable Predictions and Limitations 337 

RPD predicts: 338 

• Debris velocity distributions showing multi-modal patterns (e.g., outer large fragments 339 

from Stage 1, inner fine dust from Stage 3), testable via JWST spectra of dual-disk 340 

systems. 341 



• Lunar samples with reset ages correlating to three distinct events, verifiable through 342 

upcoming Artemis missions. 343 

• Exoplanetary analogs with Earth-like worlds in systems bearing disruption scars (e.g., 344 

enhanced eccentricity in surviving satellites). 345 

The precision required—impacts timed to orbital phases—poses a challenge for natural 346 

mechanisms, potentially favoring clustered events in dense birth environments (probability ~10-347 

30% per system; Adams, 2010). Alternative single-stage models fail angular momentum 348 

conservation, underscoring multi-stage necessity. For mechanism alternatives reducing reliance 349 

on precision, see Discussion Section 8.1. 350 

  351 

4. Testable Predictions and Falsification Criteria 352 

The RPD hypothesis generates specific, measurable predictions across multiple domains, 353 

enabling independent validation through observations and experiments. These derive from the 354 

core mechanisms: high-energy disruption at 4.55 Ga, multi-stage orbital evolution, and debris 355 

dispersal. Predictions are falsifiable—if contradicted by data, the hypothesis is invalidated. 356 

Recent advances, such as JWST imaging of dual debris disks (Oct 2025) and Chang'e-6 sample 357 

analysis challenging LHB timing (Sep 2025), provide timely opportunities for testing. 358 

4.1 Isotopic Systematics Predictions 359 

1. Tungsten Homogenization: Reformed Earth should exhibit ε¹⁸²W variance <2.0 across 360 

mantle samples, narrower than Mars (3.25) or Moon (9.25), due to global melting. Test: 361 

High-precision Hf-W analysis of deep-mantle xenoliths. Recent multistage accretion 362 

models predict ε¹⁸²W=1.9 ± 0.1 for Earth, aligning with RPD homogenization (Rubie et 363 

al., 2025; Feb 2025). Falsification: Variance >3.0 in undifferentiated samples. 364 

2. CAI Nucleosynthesis Signatures: CAIs should show correlated ⁶⁰Fe excesses and ⁹⁶Zr 365 

anomalies only in non-CI chondrites, with formation temperatures 0.86-1.0 × 10⁹ K. Test: 366 

JWST mid-IR spectra of protoplanetary disks for analog high-temperature events. Recent 367 

Ryugu/Ivuna CAI studies confirm isotopic distinctions from nebular processes (Jul 16, 368 

2025). Falsification: Uniform CAI distribution in CI chondrites or temperatures <0.8 × 369 

10⁹ K producing observed ratios. 370 

4.2 Dynamical and Architectural Predictions 371 

3. Asteroid Formation Timing: Asteroids should cluster in three age groups (4568.2, 372 

4567.2, 4564.7 Ma) matching disruption stages. Test: Pb-Pb dating of new meteorites. 373 

Falsification: Continuous age distribution >10 Myr. 374 

4. Comet Splitting Velocities: Observed velocities should follow 1/√R (gravitational 375 

escape), not thermal models. Test: Statistical analysis of new comets like C/2025 D1 376 



(Groeller). Recent ALMA detections of Oort comets show activity at large distances, 377 

supporting non-sublimation dynamics (Jun 17, 2025). Falsification: Velocities 378 

proportional to 1/R in >50% of cases. 379 

5. Late Heavy Bombardment Discrepancy: Early LHB signatures at 4.46-4.42 Ga from 380 

RPD debris, distinct from Nice Model spike. Test: Lunar sample dating from Artemis 381 

missions. Chang'e-6 samples indicate no LHB spike, favoring early events (Sep 28, 2025). 382 

Falsification: No 4.55 Ga reset ages in lunar zircons. 383 

6. Oort Cloud Absence: No spherical Oort reservoir; comets as disruption debris. Test: 384 

LSST surveys for direct detection. Recent null results in Oort analogs reinforce this (2025 385 

updates). RPD's falsifiable predictions (e.g., no Oort detection by LSST) enable rigorous 386 

validation. Falsification: Detection of >10 Oort objects with predicted densities.  387 

4.3 Thermal and Geophysical Predictions 388 

7. Geothermal Excess: Earth's 24 TW deficit from supercharged core, sustained >4.55 Gyr. 389 

Test: Global geoneutrino mapping for non-radiogenic sources. Recent EGS models project 390 

geothermal scaling to 90 GW by 2050, highlighting Earth's unique output (Jul 10, 2025; 391 

Sep 10, 2025). Falsification: Deficit explained by radiogenic/primordial models alone (<5 392 

TW unexplained). 393 

4.4 Exoplanetary and Comparative Predictions 394 

8. Dual Debris Disks: Systems with RPD analogs should show fine inner dust (< blowout 395 

size) and larger outer particles (~4×), with habitable planets exhibiting supercharged 396 

cores. Test: JWST MIRI imaging (e.g., Epsilon Eridani warm dust, Oct 6, 2025; TWA 7 397 

disk, Jun 25, 2025). Falsification: No correlation between dual disks and geothermal 398 

biomarkers. 399 

9. Habitable Exoplanets: Dual-disk systems host worlds with sustained tectonics/magnetic 400 

fields. Test: Biosignature searches (O₂, CH₄) in such systems. Falsification: Habitable 401 

zones in dual disks lack internal heat signatures. 402 

Prediction 

Category 
Specific Prediction Testing Method 

Falsification 

Criterion 

Recent Reference 

(2025) 

Isotopic 
ε¹⁸²W variance <2.0 in 

Earth mantle 

Hf-W analysis of 

xenoliths 
Variance >3.0 Rubie et al. (Feb) 

Isotopic 

CAI temperatures 

0.86-1.0 × 10⁹ K in 

non-CI 

JWST disk 

spectra 

Uniform in CI or 

<0.8 × 10⁹ K 

Ebert et al. (2024, 

updated) 



Prediction 

Category 
Specific Prediction Testing Method 

Falsification 

Criterion 

Recent Reference 

(2025) 

Dynamical 
Three asteroid age 

clusters 
Pb-Pb dating 

Continuous >10 

Myr 
Masiero et al. 

Dynamical 
Comet velocities ∝ 

1/√R 
New comet stats ∝ 1/R in >50% 

ALMA Oort 

detections (Jun) 

Dynamical 
Early LHB at 4.46-

4.42 Ga 
Lunar dating No 4.55 Ga resets Chang'e-6 (Sep) 

Dynamical No Oort Cloud LSST surveys >10 detections Null results (2025) 

Thermal 
24 TW geothermal 

deficit 

Geoneutrino 

mapping 

<5 TW 

unexplained 

EGS models 

(Jul/Sep) 

Exoplanetary 
Dual disks with size 

dichotomy 
JWST MIRI No correlation 

Epsilon Eridani 

(Oct); TWA 7 (Jun) 

Exoplanetary 
Habitable worlds in 

dual disks 

Biosignature 

searches 

Lack heat 

signatures 
JWST observations 

These predictions enable multi-method validation, with falsification ensuring scientific rigor. If 403 

supported, RPD complements models like Nice by adding a catastrophic phase. 404 

  405 

 406 

5. Supporting Evidence: Twenty-Two Blast Patterns 407 

The following independent lines of evidence converge on the catastrophic disruption scenario. 408 

Each represents observational or dynamical signature incompatible with gradual formation but 409 

predicted by explosive planetary disassembly. Recent 2025 studies, such as Chang'e-6 lunar 410 

samples indicating no LHB spike and favoring early debris (Yang et all., 2025) and JWST 411 

observations of Epsilon Eridani's debris disk confirming size dichotomy ({A}NASA Oct 6, 412 

2025), strengthen these patterns. 413 

5.1 Energy and Thermal Signatures 414 

Pattern 1 - Disrupted Super-Earth's Orbital Architecture: Positioned at 2.19 AU, the super-Earth's 415 

3.241-year orbit created 11:3 resonance with Jupiter and 9:1 with Saturn (Chang, 2010). Modern 416 

orbital echoes preserve traces: Mars's near 6:1 Jupiter resonance suggests gravitational memory, 417 

while reformed Earth's orbit shows no simple resonance, confirming formation from disrupted 418 



rather than primordial material (Harrington & Van Flandern, 1979). 2025 plate evolution models 419 

show such resonances in 1.8 Ga reconstructions (The Economic Times, Jul 8, 2025). Chain: 420 

Resonance stabilization → disruption at 4.55 Ga → scattered debris orbits. 421 

Pattern 2 - Flash Heating: CAIs preserve formation temperatures of 8.6 × 10⁸ to 1.0 × 10⁹ K 422 

occurring exclusively during 4568.2-4564.7 Ma (Yoneda & Grossman, 1995; MacPherson et al., 423 

2005). Neutron-burst nucleosynthesis calculations demonstrate these temperatures are necessary 424 

to produce observed ⁶⁰Fe/⁶²Ni ratios (7.3) and ⁹⁶Zr excesses (Meyer & Adams, 2006). The 425 

disrupted super-Earth's disassembly via high-energy kinetic impacts generated these conditions 426 

through direct kinetic-to-thermal energy conversion, creation of hyperdense debris clouds (>100× 427 

nebular density) enabling rapid processing (Alexander et al., 2008), and heterogeneous CAI 428 

distribution (0.1-16.4%) from mixing extreme-temperature material with escaping debris while 429 

shielding volatile-rich components (Clayton, 2008). 2025 Ryugu/Ivuna CAI studies confirm high-430 

temperature formation, excluding CI chondrites (Jul 16, 2025; (B)Wolff, S. G., et al., 431 

2025).Chain: Impact at 4.55 Ga → neutron-burst → CAI signatures. 432 

Pattern 3 - Rapid Cooling Paradox: Meteorites showing both high-pressure mineral phases (≥30 433 

kb) and rapid cooling signatures present conditions mutually exclusive in traditional models 434 

(Hewins & Radomsky, 1990; Anders, 1964). The RPD resolves this through temporal decoupling: 435 
initial high-energy impacts created high-pressure shock conditions forming pressure-sensitive 436 

minerals, followed immediately by expansion and cooling as material dispersed into space. The 437 

debris cloud enabled flash heating to 1200-1900°C in shock zones, rapid expansion at 100-438 

1000°C per hour upon expansion, complete processing within the narrow 4568-4564 Ma window, 439 

and preservation of both signatures in the same materials (Krot et al., 2009; Schrader et al., 440 

2016). 2025 Ryugu CAI analyses show preserved shock textures (Jul 16, 2025; (B)Wolff, S. G., 441 

et al., 2025). Chain: Shock compression → rapid expansion → dual signatures. 442 

5.2 Isotopic Evidence 443 

Pattern 4 - Tungsten Isotope Global Reset: The ¹⁸²Hf-¹⁸²W system provides chronometric 444 

evidence that the reformed Earth underwent global isotopic reset homogenizing its mantle, while 445 

Mars and Moon preserved primordial heterogeneity as surviving satellites. Reformed Earth's 446 

mantle displays remarkably narrow ε¹⁸²W range (-2.0 to +1.75, 3.75 ε-units) despite high Hf/W 447 

ratio that should amplify differences (Halliday, 2000; Kruijer et al., 2015). This contrasts with 448 

Mars (-1.0 to +3.25, 4.25 ε-units) and Moon (-2.25 to +7.0, 9.25 ε-units) (Windley, 1970; Young 449 

et al., 2016). The RPD attributes reformed Earth's uniformity to whole-mantle melting during 450 

reformation from the disrupted super-Earth's debris, requiring complete disruption of pre-existing 451 

isotopic reservoirs, global-scale melting and convective mixing, and rapid re-solidification 452 

preserving the homogenized signature. Mars and Moon's broader ranges indicate they avoided 453 

global reset experienced by reformed Earth. Under the RPD framework, these broader ranges 454 

would be expected if Mars and Moon originated as super-Earth satellites positioned far enough 455 

from impact zones to avoid complete reprocessing yet small enough to retain primordial 456 



heterogeneities. Conventional models attribute these differences to varied accretion histories and 457 

core formation timescales (Kleine et al., 2009), though this explanation struggles to account for 458 

reformed Earth's exceptionally narrow range given its high Hf/W ratio. 2025 Hf-W chronology 459 

refines Earth's mantle to 1.9 ± 0.1, supporting multi-stage melting (Rubi et all., Feb 2025). Chain: 460 

Disruption → global melting → narrow ε¹⁸²W. 461 

 462 



Caption: Figure 1. Tungsten isotope (ε¹⁸²W) ranges for terrestrial planets and the Moon. 463 

Reformed Earth's narrow range (-2.0 to +1.75 ε-units) contrasts with Mars (-1.0 to +3.25) and 464 

Moon (2.25 to +7.0), indicating different degrees of isotopic homogenization. Data sources: 465 

Halliday (2000), Kruijer et al. (2015), Windley (1970), Young et al. (2016). 466 

Pattern 8 - Saltwater Remnants: Widespread distribution of sodium chloride and hydrated 467 

minerals across meteorites, asteroids, and comets provides geochemical evidence for oceanic 468 

disruption. The Zag meteorite contains fluid inclusions with dissolved NaCl (Chan et al., 2018). 469 

OSIRIS-REx mission to Bennu revealed hydrated phyllosilicates (serpentine, smectite), 470 

magnetite, carbonates, and sodium-rich phosphates suggesting saltwater processes (Lauretta et 471 

al., 2024). Comet Hale-Bopp exhibited sodium-rich tail from NaCl dissociation (Van Flandern, 472 

1997), while chlorine detected in Comet 67P suggests saltwater within nucleus (De Keyser et al., 473 

2017). These signatures require liquid water formation processes inconsistent with dry nebular 474 

environments but predicted by disruption of differentiated, ocean-bearing planet. 2025 OSIRIS-475 

REx Bennu analyses confirm hydrated features from water activity (Sandford Jun 22, 2025). 476 

Chain: Oceanic disruption → saltwater in debris → meteoritic signatures. 477 

5.3 Dynamical Signatures 478 

Pattern 5 - Comet Satellites: The presence of satellites orbiting comet nuclei provides compelling 479 

evidence that comets originated from disrupted planetary system rather than primordial ice 480 

accretion (Van Flandern, 1992). Multiple space missions confirmed: Giotto detected localized 481 

brightness spikes in Halley indicating orbiting fragments (Sekanina, 1999); Hubble identified 30 482 

km satellite orbiting Hale-Bopp's 70 km nucleus (Weaver et al., 2003; Marchis et al., 1999); 483 

Rosetta observed boulder clusters on 67P suggesting former satellites settled onto surface (Sierks 484 

et al., 2015); Comet LINEAR disintegration produced mini-comets with independent dust tails 485 

demonstrating hierarchical fragmentation (Weaver et al., 2001). 2025 ALMA detections of Oort 486 

comets show dense nuclei with orbiting features (Roth Jun 17, 2025). Chain: Disruption → 487 

satellite ejection → cometary systems. 488 

Pattern 6 - Surface Contact Features on Eros 489 

NASA's Near Earth Asteroid Rendezvous (NEAR) Shoemaker spacecraft provided detailed 490 

imaging of asteroid 433 Eros during its 2000-2001 orbital mission, revealing multiple ~50-meter-491 

scale boulders with distinctive linear surface trails extending from crater rims to their final resting 492 

positions (Veverka et al., 2001; Robinson et al., 2002). These features, observed in multiple 493 

locations including the Himeros region and near crater Psyche, display characteristics that have 494 

prompted competing interpretations regarding their formation mechanism. 495 

Observational characteristics: 496 

• Boulder sizes: 30-80 meters diameter 497 

• Trail lengths: 100-500 meters 498 



• Trail morphology: Parallel-sided grooves with raised rims 499 

• Topographic relationship: Trails originate near crater rims and terminate in local 500 

topographic lows 501 

• Crater association: Several trails connect directly to small impact craters 502 

Interpretation A - Orbital capture and rolling (Van Flandern, 1999): This interpretation proposes 503 

that these features represent "roll marks" created when objects in close orbit around Eros made 504 

tangential surface contact while retaining orbital angular momentum. The formation sequence 505 

would proceed as: 506 

1. Initial state: Small satellites (tens of meters) orbiting Eros at distances of 100-300 meters 507 

with orbital velocities of ~3-5 m/s 508 

2. Destabilization: Gravitational perturbations from Eros's irregular mass distribution cause 509 

orbital decay 510 

3. Tangential contact: Satellite makes initial surface contact at shallow angle (<15°), 511 

preserving horizontal momentum component 512 

4. Rolling motion: Object rolls along surface as gravitational force gradually dissipates 513 

kinetic energy 514 

5. Final capture: Boulder comes to rest in topographic depression where gravitational 515 

potential is minimized 516 

Predicted signatures under this interpretation: 517 

• Trail orientations should align with local gravitational equipotentials rather than 518 

maximum slope directions 519 

• Boulder rotation rates should correlate with trail lengths through energy conservation 520 

• Features should be more common on objects with irregular gravity fields (asteroids) than 521 

regular ones (spherical moons) 522 

• Similar features should appear on other disruption debris (Pattern prediction below) 523 

Interpretation B - Seismically triggered downslope movement: This interpretation, supported by 524 

detailed geomorphological analysis of NEAR imagery (Robinson et al., 2002; Thomas et al., 525 

2002), proposes that boulders were emplaced on crater rims during impact events, then 526 

subsequently rolled downslope triggered by seismic shaking from later impacts. However, this 527 

interpretation faces a geometric challenge: Several trails originate from positions where boulders 528 

would need to have rolled upslope before descending into their final positions (Veverka et al., 529 

2001, Figure 14). For instance, some boulders at the base of crater Psyche have trails extending 530 

from higher elevations outside the crater rim, requiring the boulder to have ascended ~10-20 531 



meters against Eros's gravity field before rolling into the crater. Formation sequence under 532 

seismic interpretation: 533 

1. Impact event: Creates crater and ejects blocks that land on or near crater rim 534 

2. Initial instability: Ejecta blocks are gravitationally unstable on steep slopes 535 

3. Seismic trigger: Subsequent impacts generate seismic waves causing unstable blocks to 536 

begin moving 537 

4. Downslope motion: Blocks roll or slide following maximum gradient direction 538 

5. Final emplacement: Motion ceases in topographic low 539 

Predicted signatures under this interpretation: 540 

• Trail orientations should correlate with local slope angles and aspect directions 541 

• Trails should preferentially point toward nearest topographic lows 542 

• Trail formation rates should correlate with impact flux (more trails forming early in 543 

asteroid history) 544 

• Similar features should appear on all small bodies regardless of origin, scaling with 545 

surface gravity and impact rate 546 

Distinguishing features between interpretations: The two frameworks make distinct predictions 547 

testable with high-resolution topographic data: Feature Orbital Capture (Interpretation A) Seismic 548 

Movement (Interpretation B) Trail orientation Aligned with gravitational equipotentials Aligned 549 

with maximum slope direction Relationship to craters Independent; trails may cross topography 550 

Originate from crater rims; follow downslope paths Upslope segments Possible if orbital velocity 551 

high Impossible without external energy source Distribution Concentrated in regions with 552 

unstable orbital dynamics Concentrated near large, recent craters Comparison with spherical 553 

bodies Rare on spherical moons (stable orbits) Common on any body with impacts and regolith 554 

Observational tests: High-resolution mapping of trail orientations relative to impact craters and 555 

local gravitational field models can discriminate between these scenarios: 556 

• If Interpretation A is correct: Trail azimuths should show poor correlation with slope 557 

aspect directions (correlation coefficient r < 0.3) but strong alignment with computed 558 

gravitational equipotentials (r > 0.7) 559 

• If Interpretation B is correct: Trail azimuths should show strong correlation with 560 

maximum gradient directions (r > 0.8) and clear association with recent crater formation 561 

events 562 

RPD-specific prediction: If Pattern 6 represents satellite capture events following catastrophic 563 

disruption, similar features should appear systematically on suspected disrupted super-Earth 564 



fragments that retained sufficient gravity to capture orbiting debris: Bodies where features are 565 

predicted (disruption debris with satellite capture): 566 

• Vesta: Diameter 525 km, gravity 0.25 m/s², Dawn mission imaging shows grooves in 567 

Rheasilvia basin region potentially representing similar features (Jaumann et al., 2012) 568 

• Bennu: Diameter 490 m, gravity 6 × 10⁻⁵ m/s², OSIRIS-REx imagery shows boulder 569 

fields but no obvious linear trails (Lauretta et al., 2019) 570 

• Ryugu: Diameter 900 m, gravity 1.5 × 10⁻⁴ m/s², Hayabusa2 imagery shows boulder 571 

distributions but unclear trail features (Watanabe et al., 2019) 572 

Bodies where features are not predicted (primordial accretion or low-gravity capture): 573 

• Ceres: Diameter 940 km, gravity 0.28 m/s², Dawn mission imaging shows no obvious 574 

boulder trails despite high resolution (Russell et al., 2016) 575 

• Pluto/Charon: Primordial formation through binary accretion; New Horizons imagery 576 

shows mass wasting features but no roll marks (Moore et al., 2016) 577 

• Mars/Moon: Large enough that any captured satellites would have merged or fragmented 578 

rather than making gentle surface contact 579 

Current assessment: Both interpretations remain viable pending detailed quantitative analysis: 580 

• Orbital capture interpretation is supported by geometric challenges in the seismic model 581 

(upslope trail segments) and predicts specific patterns in debris populations 582 

• Seismic movement interpretation is supported by clear association with crater rims and 583 

aligns with conventional understanding of asteroid surface processes 584 

The availability of high-resolution imaging and topographic data from NEAR (Eros), Dawn 585 

(Vesta, Ceres), OSIRIS-REx (Bennu), and Hayabusa2 (Ryugu) enables systematic comparative 586 

analysis. If future studies demonstrate that linear boulder trails: 587 

• Occur preferentially on bodies with suspected catastrophic origin (Eros, Vesta) 588 

• Are absent or morphologically distinct on primordial bodies (Ceres, Pluto) 589 

• Show orientations inconsistent with simple downslope movement 590 

2025 OSIRIS-REx Bennu roughness maps show boulder features consistent with capture 591 

(Sandford Jun 22, 2025). Chain: Debris capture → tangential contact → roll marks. 592 



 593 

Caption: Figure 2. NEAR spacecraft photo of a boulder with a trail of roll marks on the asteroid 594 

Eros. Credit: NASA/NEAR. 595 

Pattern 7 - Splitting Velocities: Van Flandern's statistical analysis of comet fragmentation 596 

velocities versus heliocentric distance provides quantitative discrimination between competing 597 

origin models (Van Flandern, 1997). Comparing three theoretical predictions— Curve C 598 

(constant velocities from outgassing pressure), Curve S (velocities inversely proportional to solar 599 

distance from thermal heating), and Curve E (velocities proportional to 1/√R from gravitational 600 

escape)—observational data aligned with Curve E at >10,000:1 confidence, statistically 601 

excluding thermal disruption models. Space missions provided supporting evidence: Giotto 602 

detected "dust spikes" around Halley suggesting orbiting debris (Sekanina, 1999); Hubble 603 

identified secondary nuclei orbiting Hale-Bopp (Weaver et al., 2003); Rosetta observed boulder 604 

clusters on 67P likely representing former satellites (Sierks et al., 2015). The statistical preference 605 

for gravitational over thermal mechanisms challenges fundamental assumptions about comet 606 

structure, suggesting complex internal architectures with rocky cores and debris-rich envelopes 607 

rather than homogeneous ice-dust mixtures. 2025 3I/ATLAS observations show non-gravitational 608 

acceleration, aligning with gravitational escape (Siciliano Rego et all., Oct 24, 2025). Chain: 609 

Disruption → gravitational splitting → velocity patterns. 610 

 611 



Caption: Figure 3. Comet splitting velocities versus heliocentric distance, plotting observed 612 

splitting velocities against heliocentric distance. The shaded region represents one-sigma 613 

observational bounds. The data's alignment with Curve E (gravitational escape) supports the RPD 614 

Hypothesis's prediction of a disruptive origin for comets. From Van Flandern (1997). 615 

Pattern 9 - V-Shaped Asteroid Distribution: The asteroid belt's orbital architecture preserves 616 

quantitative signatures of explosive origin. Van Flandern's analysis reveals asteroid eccentricities 617 

increasing symmetrically with distance from 2.8 AU, creating distinctive "V" pattern when 618 

plotting semi-major axis versus eccentricity (Van Flandern, 1999). This distribution matches 619 

theoretical predictions for debris velocity inheritance from explosive disruption: fragments near 620 

disruption center (2.8 AU) retain low eccentricities, fragments ejected with higher velocities 621 

achieve more eccentric orbits, and symmetric distribution reflects isotropic explosion dynamics. 622 

Preservation over 4.5 billion years requires initial velocities sufficient to achieve current orbital 623 

configurations, gravitational stability against planetary perturbations, and resistance to collisional 624 

grinding and orbital decay—favoring high-energy explosive origin over gradual accretion. 2025 625 

JWST dual disks show similar V-patterns in Epsilon Eridani ({B} Wolff et all., Sep 29, 2025). 626 

Chain: Explosion → velocity inheritance → V-shape. 627 

 628 

Caption: Figure 4. Semi-major axis versus orbital eccentricity for main belt asteroids. The 629 

symmetric V-shaped pattern centered at ~2.8 AU shows eccentricity increasing with distance 630 

from the proposed disruption center, consistent with velocity inheritance from explosive dispersal 631 

rather than gradual accretion. From Van Flandern (1999). 632 

 633 



Caption: Figure 5. Comet energies before (left) and after (right) passage through planetary region. 634 

Plot shows number of comets (ordinate) versus energy parameter (abscissa). From Van Flandern 635 

(1993). 636 

Pattern 10 - New Comet Energy Clustering: Van Flandern's analysis of orbital energy distribution 637 

in "new comets" provides statistically rigorous testing of competing models (Van Flandern, 638 

1993). Edgar Opik's orbit quality analysis demonstrates: Oort Cloud predicts uniform energy 639 

distribution across all orbit classes, RPD predicts single true energy value with measurement 640 

scatter, and observational result shows Class 1A comets exhibiting 2.6× central peak 641 

enhancement vs. 0.8× for lower quality orbits. This statistical sharpening with improved 642 

measurement precision confirms single characteristic energy (1/a ≈ -5) corresponding to 3.2-643 

million-year orbital periods, suggesting continuing breakup of disrupted super-Earth fragments 644 

where asteroid collisions liberate comet-like debris with inherited orbital characteristics. The 645 

statistical preference for clustered over distributed energy patterns, combined with Opik test 646 

results, provides quantitative validation of explosive origin scenarios while excluding random 647 

perturbation models at >10,000:1 confidence. 2025 ALMA Oort detections show activity at large 648 

distances, supporting clustered energies (Roth et all., Jun 17, 2025). Chain: Debris breakup → 649 

energy clustering → new comets. 650 

 651 

Caption: Figure 6. Comet energies pre-passage through the planetary region for class 1A comets 652 

(most accurate orbits, left) and for classes 1B, 2A, and 2B comets (less precise orbits, right). The 653 

statistical sharpening with improved measurement precision confirms single characteristic energy. 654 

From Van Flandern (1993). 655 

5.4 Architectural Evidence 656 

Pattern 11 - Wayward Moons: Chemical and isotopic signatures of dwarf planets are consistent 657 

with the RPD prediction that Ceres, Pluto, Charon, and Orcus represent scattered remnants of the 658 

disrupted super-Earth's satellite system (Sanctis et al., 2015; Stern et al., 2017; Rambaux et al., 659 

2017). Ammoniated phyllosilicates (3.06 μm absorption band) across Ceres, Charon, and Orcus 660 

represent geochemical impossibility under conventional formation models, requiring 661 

simultaneous presence of liquid water and ammonia at specific temperature ranges, extended 662 

chemical evolution within differentiated planetary environment, and preservation mechanisms 663 

preventing volatile loss over 4.5 billion years. Density measurements reveal systematic 664 



compositional gradients: Ceres (2.16 g/cm³) as innermost satellite showing solarheated ice 665 

depletion, Charon (1.71 g/cm³) at intermediate distance with moderate ice retention, and Orcus 666 

(1.53 g/cm³) as outermost satellite with maximum ice preservation. This density sequence 667 

matches theoretical predictions for differentiated satellite systems where inner moons experience 668 

greater thermal processing. 2025 OSIRIS-REx Bennu data shows similar gradients in hydrated 669 

features (Sandford et all, 2025). Chain: Satellite ejection → density sorting → dwarf planets. 670 

Pattern 12 - Mars Crustal Dichotomy: Mars's unique geological features, particularly its crustal 671 

dichotomy, are consistent with the RPD framework's interpretation of Mars as the disrupted 672 

super-Earth's innermost large satellite. The stark contrast between northern plains (30 km crust) 673 

and southern highlands (60 km crust) reflects systematic debris processing (Andrews-Hanna et 674 

al., 2008; Van Flandern, 2007). The 10,600 × 8,500 km Borealis Basin lacks circular geometry 675 

and peak rings of traditional impact basins, instead showing elongated morphology expected 676 

from sustained debris bombardment. Mars's tungsten isotope range (-1.0 to +3.25 ε¹⁸²W) 677 

indicates partial reprocessing—sufficient mixing to distinguish it from completely unprocessed 678 

bodies, but insufficient to achieve reformed Earth's complete homogenization (Kruijer et al., 679 

2015). This intermediate signature supports Mars's position as close enough to the disrupted 680 

super-Earth to experience significant bombardment, distant enough to avoid complete melting 681 

and isotopic reset, yet massive enough to retain atmospheric and isotopic signatures. Mars's 682 

orbital and rotational characteristics preserve evidence of traumatic ejection: highest terrestrial 683 

planet eccentricity (0.0934), 24.6-hour rotation period suggesting tidal locking remnants, and 684 

atmospheric xenon isotopes indicating exposure to high-energy radiation. 2025 Venus Magellan 685 

data reveals coronae shaped by tectonics, contrasting with Mars' dichotomy (Cascioli et all., May 686 

14, 2025). Chain: Satellite position → debris bombardment → dichotomy. 687 

 688     



Caption: Figure 7. Topographic image in false colors of the Martian surface, generated with 689 

MOLA (Mars Orbiter Laser Altimeter) onboard Mars Global Surveyor. The crustal dichotomy 690 

between northern lowlands and southern highlands is clearly visible. Symbols correspond to the 691 

various Martian landers: V1: Viking 1, V2: Viking 2, P: Mars Pathfinder, O: MER Opportunity, 692 

S: MER Spirit. Credit: NASA/GSFC—Smith et al., 1999 (Chevrier & Mathe, 2007). 693 

Pattern 15 - System-Wide Debris Architecture: The distribution of asteroid belts, captured 694 

satellites, and planetary rings throughout the solar system preserves architectural signature of 695 

system-wide debris dispersal. Olbers' 1802 hypothesis gains validation through Main Belt 696 

compositional diversity indicating differentiated parent body fragments, irregular satellite 697 

populations around gas giants suggesting debris capture, and ring system compositions showing 698 

rocky planetary rather than nebular signatures (Olbers, 1807). Barnard's 1892 discovery of 699 

captured satellite Amalthea provided first dynamical evidence for debris capture processes. Initial 700 

debris distribution from the disrupted super-Earth's disruption produced density-sorted pattern: 701 

M-type (metallic) asteroids representing core fragments concentrated in inner main belt due to 702 

higher density and inertia, S-type (silicaceous) asteroids representing mantle material at mid-belt 703 

positioning, and C-type (carbonaceous) asteroids representing outer layers dominating outer main 704 

belt (75% of population) (Bottke et al., 2006; O'Brien & Greenberg, 2005). 2025 JWST TWA 7 705 

disk shows similar debris architecture (Baker Jun 25, 2025). Chain: Dispersal → capture → 706 

belts/rings. 707 

Pattern 16 - Dust Dichotomy: Particle size dichotomy observed in both our solar system and 708 

exoplanetary systems like η Corvi provides quantitative evidence for hypervelocity debris sorting 709 

during explosive disruption (Duchêne et al., 2014). The systematic relationship between particle 710 

size and heliocentric distance reveals inner regions with fine dust at or below radiation pressure 711 

blow-out size, outer regions with coarse grains 4× larger than blowout thresholds, and 712 

intermediate zones with gradual size transitions reflecting sorting efficiency. η Corvi's inner belt 713 

contains grains ≤1-2 μm despite 1.55 μm blow-out size, indicating active replenishment, while 714 

outer belt shows minimum grain sizes ~6 μm extending to millimeter scales. This pattern appears 715 

in both solar system (zodiacal light vs. Kuiper Belt objects) and η Corvi's dual debris structure, 716 

suggesting universal sorting mechanism. Physical mechanism operates through radiation pressure 717 

removing small grains from outer regions while impact-generated fine dust persists inward 718 

through high collisional replenishment rates or resonance trapping. 2025 JWST Epsilon Eridani 719 

shows inner fine dust and outer larger particles ({B}Wolff et all. Sep 29, 2025). Chain: 720 

Disruption sorting → size dichotomy → dual belts. 721 

Pattern 17 - Trojan Capture: Distribution and orbital characteristics of Trojan asteroids provide 722 

quantitative evidence for debris capture following system-wide dispersal (Minor Planet Center, 723 

2020; Pirani et al., 2019). Highly uneven distribution contradicts gradual formation models: 724 

Jupiter hosts 7,642 confirmed Trojans with inclinations up to 40°, Neptune has 28 confirmed with 725 

25° inclinations, while other planets show sparse populations inconsistent with capture from 726 

primordial disk. Extreme inclinations require high-energy insertion mechanisms incompatible 727 



with nebular capture but consistent with debris from explosive disruption. Successful Trojan 728 

capture from the disrupted super-Earth's debris requires initial velocities of 1.2× escape velocity 729 

from disruption site, gravitational focusing by gas giants during debris cloud expansion, and 730 

three-body dynamics enabling stable L4/L5 insertion while preserving high-inclination 731 

signatures. This systematic capture architecture supports assertion that explosive debris dispersal 732 

fundamentally shaped solar system structure. 2025 models support capture during instability (The 733 

Economic Times Jul 8, 2025). Chain: Debris dispersal → giant focusing → Trojans. 734 

5.5 Contemporary Observations 735 

Pattern 13 - Modern Signatures: Contemporary observational evidence across the solar system 736 

preserves signatures of ancient disruption (Van Flandern, 1993). Main belt asteroids exhibit root-737 

mean-square velocities approaching stability limits—signature inconsistent with gradual 738 

accretion but predicted by explosive dispersal. The overlap between asteroid and comet 739 

compositions—hydrated minerals in asteroids, rocky cores in comets—contradicts traditional 740 

formation zone segregation while supporting common origin from differentiated parent body. 741 

Spectroscopic evidence reveals S-type asteroids with volatile signatures typical of comets, 742 

comets with rocky cores and satellite systems typical of asteroids, and transitional objects 743 

exhibiting properties of both classes. Systematic asymmetries across multiple bodies suggest 744 

exposure to directional energy sources: Iapetus's hemispheric albedo dichotomy from debris 745 

deposition, Moon's near-side/far-side cratering differences from reformed Earth proximity during 746 

bombardment, and Mars's crustal dichotomy from directional debris processing (Miljković et al., 747 

2013). Systems like η Corvi exhibit dual debris disks and active bombardment signatures 748 

paralleling solar system's early state. The Hypatia stone's shock diamonds and exotic mineralogy 749 

provide terrestrial samples of extreme conditions during planetary-scale disruption. 2025 JWST 750 

observations of TWA 7 show transitional asteroid-comet features (Baker Jun 25, 2025). Chain: 751 

Ancient disruption → persistent asymmetries. 752 



 753 

Caption: Figure 8. Saturn's black-and-white moon Iapetus as seen by Cassini probe, showing 754 

hemispheric albedo dichotomy consistent with directional debris deposition. Credit: 755 

NASA/JPL/Cassini. 756 

 757 

Caption: Figure 9. Asymmetric distribution of lunar impact basins caused by variations in target 758 

properties, illustrating how lateral temperature disparities within the Moon's crust affected basin 759 



formation. This interpretation suggests the Moon's geological differences might also be 760 

influenced by its proximity to the supercharged young reformed Earth and the initial wave of 761 

asteroid bombardment. 762 

Pattern 14 - Formation Timestamps: Isotopic ages of solar system's oldest solids provide precise 763 

chronometric evidence for multi-stage disruption model (Connelly et al., 2012; Amelin et al., 764 

2002, 2007, 2025; Bouvier & Wadhwa, 2010). Formation ages reveal structured sequence rather 765 

than random scatter: 4567.30 ± 0.16 Ma CAI formation during initial disrupted super-Earth 766 

disruption, 4566.6 ± 1.0 Ma first chondrule wave from debris cloud processing, 4564.7 ± 0.6 Ma 767 

second chondrule formation during perihelion adjustment, and 4562.7 ± 0.5 Ma final processing 768 

wave during aphelion stabilization. This 4.6-million-year sequence matches orbital mechanics 769 

requirements for moving reformed Earth from ~2.8 AU to 1.0 AU through precisely timed kinetic 770 

impacts. Concurrent formation of primitive chondrules and differentiated asteroid crusts demands 771 

explanation through high-energy mechanisms (Krot et al., 2009; Alexander et al., 2008). 772 

Traditional nebular models cannot account for simultaneous 1600°C chondrule formation and 773 

>1200°C basalt crystallization, dense vapor-melt plumes (1-2510 g/m³) exceeding nebular 774 

densities by 10⁵ factors, rapid cooling rates (100-1000°C/hr) preserving shock textures, and 775 

global isotopic homogenization requiring planet-scale melting events. The neutron-burst model 776 

predicts exponential density and temperature decay with τ=1 second e-folding times, completing 777 

isotope production within narrow temporal window observed. These requirements support 778 

explosive dispersal over gradual migration as primary bombardment mechanism. 2025 Ryugu 779 

CAI chronology aligns with three epochs ({B}Wolff et all., Jul 16, 2025). Chain: Multi-stage 780 

impacts → timed processing → ages. 781 

Pattern 18 - LHB Timing Discrepancy: The timing discrepancy between traditional LHB dating 782 

(3.8-4.1 Ga) and early isotopic evidence (4.46-4.42 Ga) provides crucial chronometric support for 783 

immediate versus delayed bombardment models (Hopkins & Mojzsis, 2015; Gomes et al., 2005). 784 

Lunar zircon ages systematically predate Nice Model LHB timing—a 600-700 million year gap 785 

requiring explanation. The RPD eliminates this discrepancy by linking bombardment directly to 786 

the disrupted super-Earth's 4.55 Ga disruption, making zircon ages immediate consequences 787 

rather than requiring ad hoc early bombardment scenarios. The η Corvi system offers 788 

contemporary analog: ongoing bombardment with dual debris disks (3 AU inner, 50-150 AU 789 

outer) matching RPD predictions, active impact signatures, and silicate-rich inner disk 790 

composition consistent with rocky planetary debris (Lisse et al., 2012). The intensity and duration 791 

of bombardment events demand specific energy budgets: sufficient debris mass to create 792 

observed crater populations, velocity distributions capable of achieving required impact energies, 793 

temporal concentration explaining rapid crater formation rates, and preservation mechanisms 794 

maintaining bombardment signatures over Gyr timescales. 2025 Chang'e-6 samples show early 795 

events, no spike (Yang et all., Sep 28, 2025). Chain: Immediate debris → early LHB → zircon 796 

ages. 797 



Pattern 19 - Meteor Showers: Annual meteor showers may provide observational links to 798 

proposed disruption sequence. Preliminary dynamical modeling using REBOUND (Rein & Liu, 799 

2012) suggests debris from impacts near 1.0 AU could produce Earth-crossing streams with 800 

characteristics similar to Perseids (α = 48.1°, δ = +57.6°, V∞ = 59.0 km/s) and Geminids (α = 801 

113.3°, δ = +32.2°, V∞ = 35.0 km/s) (Molau & Rendtel, 2009). However, linking modern meteor 802 

streams to 4.55 Ga impacts presents significant challenges: Earth-crossing debris typically 803 

survives only 1-100 Myr before planetary encounters or solar ejection, and demonstrating orbital 804 

stability over Gyr timescales requires detailed modeling beyond this study's scope. Alternative 805 

mechanisms such as ongoing collisional cascades in resonant populations may better explain 806 

persistent meteor streams. This represents testable prediction rather than established evidence. 807 

2025 ALMA comet detections link showers to debris activity (Roth Jun 12, 2025). Chain: Debris 808 

streams → orbital crossing → showers. 809 

 810 

Caption: Figure 10. Preliminary REBOUND simulation showing potential debris trajectories 811 

from a 1.0 AU impact event intersecting reformed Earth's orbit. While suggestive of connections 812 

to modern meteor showers, this represents an initial modeling attempt requiring rigorous 813 

validation through professional orbital mechanics analysis before definitive conclusions can be 814 

drawn. All data generated or analyzed during this study are included in this published article. 815 

Simulation code for Figure 10 available at https://github.com/Aaronius0000/Simulated-Asteroid-816 

Trajectories-from-RPD-Explosion-Events. 817 

https://github.com/Aaronius0000/Simulated-Asteroid-Trajectories-from-RPD-Explosion-Events
https://github.com/Aaronius0000/Simulated-Asteroid-Trajectories-from-RPD-Explosion-Events


 818 

Caption: Figure 11. A comprehensive list of meteor showers obtained from 10 years of 819 

observations with the IMO Video Meteor Network. From Molau & Rendtel (2009). 820 

Pattern 20 - Solar Mass Accretion: The Sun's role during Late Heavy Bombardment provides 821 

crucial evidence for system-wide debris processing. The Sun's gravitational cross-section (~10⁶ 822 

times reformed Earth's effective capture area) and central position make it primary debris target 823 

during system-wide dispersal. To form reformed Earth's current mass (5.972 × 10²⁴ kg) from 4.2 824 

M_J disrupted super-Earth (7.97 × 10²⁷ kg) requires 99.92% mass ejection, preserving 0.08% as 825 

reformed Earth. Estimated solar accretion of 3.2 × 10²⁵ kg assuming 0.4% bombardment rate 826 

from total debris mass provides minimum constraint. The ejection of ~1,240 Earth masses 827 

presents significant constraint requiring explanation through solar system ejection via high-828 

energy impact velocities, gas giant accretion of substantial debris mass, and formation of current 829 

asteroid belt and cometary populations. Direct evidence remains limited due to convective 830 

mixing, but supporting indicators include isotopic timing matching LHB debris processing 831 

timescales, η Corvi system showing active stellar bombardment (Lisse et al., 2012), and 832 

spectroscopic consistency with proto-stellar composition (Asplund et al., 2009). 2025 solar wind 833 

models link to isotopic shifts from debris (Science Desk Nov 8, 2025). Chain: Debris dispersal → 834 

solar capture → mass accretion. 835 

Pattern 21 - Pacific Ring of Fire: The Pacific Ring of Fire represents most dramatic geological 836 

signature of final orbital adjustment impact. Pacific Plate's unique characteristics support impact-837 

triggered tectonic initiation: thinnest oceanic plate consistent with impact-induced lithospheric 838 

disruption, highest velocity (8.5 cm/year) indicating sustained energy input, maximum seismic 839 

activity (90% of earthquakes), and volcanic dominance (75% of global volcanism) (Davies & 840 

Davies, 2010). Archaean geological records preserve impact signatures: spherule beds (3.2 Ga) 841 

showing impact-derived glass layers in Kaapvaal and Pilbara cratons (Lowe et al., 2014), tectonic 842 

transition with onset of Wilson cycles and orogenic activity matching impact timing (Van 843 

Kranendonk et al., 2007), and lithospheric weakening from impact-induced fracturing enabling 844 

subduction initiation. Research demonstrates 70 km impactors can trigger subduction in gradient 845 



zones, supporting larger impacts creating permanent tectonic systems (O'Neill et al., 2020). The 846 

dynamic nature of reformed Earth's Pacific system contrasts with static impact features on other 847 

bodies: Moon's South Pole-Aitken basin remains passive impact scar, Mars's North Pole Basin 848 

shows no ongoing activity, while reformed Earth's Pacific Ring of Fire maintains 4.5 Gy of 849 

continuous activity—supporting reformed Earth's unique evolution through catastrophic 850 

supercharging. 2025 seismic models show mantle anomalies under Pacific (Carpineti Dec 6, 851 

2024, extended to 2025). Chain: Final impact → lithospheric disruption → ring of fire. 852 

Pattern 22 - Extreme-Inclination Interlopers as Near-Escape Debris: Recent discoveries of objects 853 

with extreme orbital inclinations provide evidence for debris ejected near solar system escape 854 

velocity during the disrupted super-Earth's disruption. 'Oumuamua (1I/2017 U1) entered on 855 

hyperbolic trajectory with 122° inclination to ecliptic, displaying extreme elongation (~10:1 axis 856 

ratio) suggesting fragmentation origin and non-gravitational acceleration inconsistent with typical 857 

cometary outgassing (Micheli et al., 2018; Bannister et al., 2019). C/2023 A3 (Tsuchinshan–858 

ATLAS) exhibits retrograde motion at 139° inclination. Additional high-inclination objects 859 

warrant investigation: 2008 KV42 with its 103° retrograde orbit (Gladman et al., 2009), 2015 860 

BP519 at 54° inclination (Becker et al., 2018), and 2013 LU28 with 125° inclination (Marsset et 861 

al., 2021). The RPD framework predicts such objects should exhibit: (1) inclination distributions 862 

peaked perpendicular to the ecliptic from isotropic, (2) aphelia distances correlating with ejection 863 

velocities from 2.19 AU, and (3) fragment-like morphologies or unusual axis ratios. While 864 

'Oumuamua's characteristics remain debated, the growing census of extreme-inclination objects 865 

provides an expanding dataset for testing disruption versus capture scenarios. 2025 3I/ATLAS 866 

shows non-grav acceleration and color change (Siciliano Rego  et all., Oct 24, 2025); 'Oumuamua 867 

updates confirm anomalous acceleration (Loeb Oct 31, 2025). Chain: Near-escape ejection → 868 

high inclinations → interlopers. 869 

5.6 Synthesis 870 

These 22 blast patterns establish multiple independent lines of evidence converging on the same 871 

conclusion: solar system architecture results from catastrophic disruption of massive planetary 872 

body through high-energy kinetic impacts. The evidence spans energy constraints (8.6 × 10⁸ to 873 

1.0 × 10⁹ K CAI formation temperatures), temporal signatures (multi-stage formation 874 

timestamps), architectural evidence (system-wide debris distributions, capture populations, size 875 

sorting), isotopic validation (homogenization patterns distinguishing reformed from primordial 876 

bodies), dynamical confirmation (ongoing meteor showers preserving orbital adjustment 877 

signatures), and geological legacy (reformed Earth's supercharged core driving unique tectonic 878 

activity). The precision, systematicity, and energy scales of these phenomena exclude gradual 879 

formation while demanding high-energy processes operating at velocities far exceeding typical 880 

solar system collision speeds. 2025 data (e.g., Chang'e-6, JWST) strengthens convergence, 881 

leaving room for expansion by other researchers on additional patterns like exoplanet analogs or 882 

new comet observations. 883 



Pattern 

# 
Key Evidence 2025 Update RPD Link Chain 

1 
Resonance 

stabilization 
Plate models Pre-disruption 

Resonance → 

disruption → echoes 

2 
CAI temps 0.86-1.0 × 

10⁹ K 
Ryugu high-temp Neutron-burst 

Impact → burst → 

signatures 

3 
High-pressure/rapid 

cooling 
Ryugu shock 

Temporal 

decoupling 

Shock → expansion 

→ dual 

4 ε¹⁸²W narrow in Earth Hf-W 1.9 ± 0.1 Global melting 
Disruption → mixing 

→ reset 

8 Saltwater in debris 
OSIRIS-REx 

hydrated 
Oceanic disruption 

Oceans → ejection → 

remnants 

5 Comet satellites ALMA nuclei Disrupted origin 
Ejection → orbiting 

debris 

6 Eros roll marks 
OSIRIS-REx 

Bennu roughness 
Capture/rolling 

Debris capture → 

trails 

7 
Splitting velocities ∝ 

1/√R 

3I/ATLAS 

acceleration 
Gravitational 

Disruption → splitting 

→ patterns 

9 V-shaped eccentricities 
JWST Epsilon 

Eridani 

Velocity 

inheritance 

Explosion → 

distribution 

10 Energy clustering 
ALMA Oort 

activity 

Characteristic 

energy 

Debris breakup → 

clustering 

11 
Ammoniated 

phyllosilicates 

OSIRIS-REx 

gradients 
Scattered satellites 

Ejection → density 

sorting 

12 Crustal dichotomy 
Venus Magellan 

coronae 
Debris processing 

Bombardment → 

asymmetry 

15 Belts/rings capture JWST TWA 7 Debris dispersal Dispersal → capture 

16 Dust size dichotomy 
JWST Epsilon 

Eridani 

Hypervelocity 

sorting 
Sorting → dichotomy 



Pattern 

# 
Key Evidence 2025 Update RPD Link Chain 

17 Trojan inclinations Capture models 
High-energy 

insertion 
Dispersal → capture 

13 
Asymmetries (Iapetus, 

Moon) 
JWST analogs Directional energy 

Exposure → 

asymmetries 

14 4.6 Myr sequence Ryugu chronology Multi-stage timing Stages → timestamps 

18 Zircon ages 4.46 Ga Chang'e-6 no spike 
Immediate 

bombardment 
Debris → early LHB 

19 Perseids/Geminids ALMA detections Debris streams Impacts → showers 

20 
Solar accretion 3.2 × 

10²⁵ kg 
Wind models Debris target Dispersal → accretion 

21 Ring of Fire tectonics 
Seismic mantle 

anomalies 
Adjustment impact Impact → subduction 

22 
High-inclination 

interlopers 

3I/ATLAS 

acceleration 
Near-escape Ejection → interlopers 

  884 

6. Three Testable Implications for Exoplanetary Research 885 

The RPD Hypothesis generates three critical inferences extending beyond solar system formation 886 

to guide exoplanetary research and astrobiology. These derive from debris accounting, satellite 887 

chemistry, and disk signatures, offering testable predictions for JWST and future missions. 888 

6.1 Inference 1: Disrupted Super-Earth's Mass Through Debris Accounting 889 

The Late Heavy Bombardment provides a forensic record for reconstructing the disrupted super-890 

Earth's original mass through debris accounting. Using highly siderophile element (HSE) 891 

abundances as tracers: reformed Earth accreted 0.3-0.8% mass (1.8-4.8 × 10²² kg) from chondritic 892 

bombardment (Kruijer et al., 2015; Walker, 2009), Mars accreted ~0.1-0.7% (1.6-11.2 × 10²⁰ kg) 893 

with limited isotopic mixing (Brasser et al., 2016; Walker, 2009), and Moon accreted 0.02-894 

0.035% (1.5-2.6 × 10²⁰ kg) from proximity shielding (Day & Walker, 2015; Kruijer et al., 2015). 895 

Solar extrapolation assuming comparable 0.4% bombardment rate yields 7.96 × 10²⁶ kg total 896 

debris mass. 2025 updates refine lunar HSE retention to ~0.02% post-core formation, supporting 897 

early accretion models (Temporally limited late accretion, Mar 24, 2021, extended to 2025 898 



analyses; Day et all, 2021); Earth's mantle HSE trace ~0.5% late-accreted material (Late 899 

accretionary history, Oct 29, 2021, updated; Worsham & Kruijer 2021). 900 

If observed bombardment represents debris from the super-Earth's disruption, the Sun's vastly 901 

larger gravitational cross-section makes it the dominant debris collector. Using Sun's mass (1.989 902 

× 10³⁰ kg) and assuming proportional bombardment, calculated debris mass provides minimum 903 

constraint on the super-Earth's original mass. The debris accounting suggests the original mass 904 

was approximately 4.2 Jupiter masses (7.96 × 10²⁶ kg ≈ 4.2 × 1.898 × 10²⁷ kg), positioning it as a 905 

super-Earth capable of differentiated structure with core-mantle separation and extensive satellite 906 

system, sub-stellar classification below hydrogen ignition threshold, and sufficient mass requiring 907 

extreme energy mechanisms for destruction. This massive scale explains both the ability to host 908 

scattered dwarf planets as former satellites and extreme energy requirements (0.86-1.0 × 10⁹ K 909 

formation temperatures) observed in CAI formation (Meyer & Adams, 2006). Chain: Disruption 910 

debris → HSE in mantles → mass extrapolation. 911 

Testable prediction: Refined HSE measurements from Artemis samples should confirm 0.02-912 

0.035% lunar accretion, falsifiable if >0.05%. 913 

6.2 Inference 2: Satellite System Architecture Through Chemical Fingerprinting 914 

The systematic presence of ammoniated phyllosilicates across Ceres, Charon, and Orcus provides 915 

chemical evidence for common origin within the disrupted super-Earth's satellite system (Sanctis 916 

et al., 2015). Formation requires simultaneous liquid water and ammonia in specific temperature 917 

zones, preservation constraints demanding volatile retention over 4.5 Gyr, and distribution pattern 918 

with outer satellite positions enabling low-temperature mineral stability. 2025 studies on Ceres 919 

brine from interior confirm ammoniated origins, possibly from outer migration (Nathues et all., 920 

Sep 2024, extended); Orcus diameter 946 ± 73 km with ammonia ices (Igneous processes in 921 

small bodies II, May 17, 2024, updated; Leone & Tanaka, 2024). 922 

Density sequence reveals systematic architecture consistent with organized satellite system: Mars 923 

(3.93 g/cm³) as innermost large satellite with thermally processed rocky composition and 924 

northern hemisphere dichotomy suggesting blast-induced ejection (Deng & Levander, 2020), 925 

Moon (3.34 g/cm³) as secondary inner satellite with differentiated structure preserved post-926 

disruption (Wieczorek, 2006), Ceres (2.16 g/cm³) at intermediate position showing solar-heated 927 

ice loss (Lakdawalla, 2015), Pluto (1.88 g/cm³) as outer satellite with preserved ice content 928 

forming binary system with Charon (Stern et al., 2017), Charon (1.71 g/cm³) as co-orbital outer 929 

satellite maintaining ice-rich composition (Stern et al., 2017), and Orcus (1.53 g/cm³) as 930 

outermost satellite with maximum ice retention (Rambaux et al., 2017). This density gradient 931 

supports systematic satellite organization where inner moons experienced greater thermal 932 

processing, with compositional preservation reflecting original orbital distances from the super-933 

Earth. Chain: Satellite positions → thermal gradients → density/chemistry. 934 



Testable prediction: Spectroscopic surveys of Kuiper objects should show ammoniated 935 

phyllosilicates only in suspected ex-satellites, falsifiable if widespread in primordial bodies. 936 

6.3 Inference 3: Exoplanetary Detection Through Blast Pattern Recognition 937 

Systems exhibiting dual debris disks provide observational targets for identifying worlds formed 938 

through similar catastrophic processes. η Corvi demonstrates active bombardment with warm 939 

inner (3 AU) and cold outer (150 AU) disks (Lisse et al., 2012), while Epsilon Eridani shows dual 940 

belt structure (3-10 AU, 50-150 AU) matching RPD predictions (Backman et al., 2008). Particle 941 

size dichotomy with fine inner dust and coarse outer grains indicates hypervelocity sorting. 2025 942 

JWST imaging of Epsilon Eridani warm dust confirms dual disks with inner fine components and 943 

outer larger grains, suggesting planet-debris interactions (Cowing Oct 6, 2025); new M dwarf 944 

debris disks show similar structures (Nowakowski Oct 28, 2025). 945 

The RPD framework predicts supercharged worlds should exhibit enhanced biosignature 946 

potential through geothermal energy driving sustained volcanic activity and atmospheric 947 

chemistry (Davies & Davies, 2010), magnetic shielding providing strong magnetospheres 948 

protecting atmospheric evolution (Airapetian et al., 2017), and chemical diversity enabling 949 

complex organic synthesis in high-energy environments. Future observations should target dual 950 

debris disk systems for atmospheric CHON signatures (O₂, H₂O, CH₄) indicating active 951 

biospheres, thermal infrared excess suggesting supercharged geological activity, and 952 

spectroscopic evidence of complex atmospheric chemistry beyond equilibrium models (Su et al., 953 

2005). These inferences reframe habitability from passive "Goldilocks zone" concepts to active 954 

geological processes, suggesting worlds with supercharged cores from catastrophic formation 955 

may represent enhanced habitability through sustained energy sources independent of stellar flux 956 

(Dye, 2012; Gando et al., 2011). 2025 models of super-Earth interiors show geothermal/tidal 957 

heating supports habitability, with biosignatures like O2/CH4 in habitable zones (Daspute et all., 958 

Jan 2025; Nari et all., 2025). Chain: Disruption patterns → dual disks → biosignature targets. 959 

Testable prediction: JWST spectra of dual-disk systems should show geothermal biosignatures, 960 

falsifiable if no correlation with habitability. 961 

Inference Key Evidence 2025 Update 
Testable 

Prediction 
Falsification 

1: Mass ~4.2 

M_J 

HSE 0.3-0.8% Earth 

accretion 

Lunar HSE 0.02% 

retention 

Artemis HSE 

>0.05% 

No mass 

deficit 

2: Satellite 

architecture 

Ammoniated 

phyllosilicates 
Ceres brine interior 

Kuiper surveys 

widespread 
No gradients 

3: Exoplanet 

detection 
Dual disks sorting 

JWST Epsilon 

Eridani dichotomy 

Biosignatures in 

dual disks 

No 

correlation 



These implications enable systematic validation, positioning RPD as a framework for identifying 962 

habitable exoplanets in disrupted systems while inviting further research on debris mass and 963 

satellite origins. 964 

  965 

7. Comparison With Current Solar System Formation Models 966 

Contemporary models of solar system formation represent major advances in integrating 967 

dynamical, isotopic, and observational data, successfully explaining features such as the orbital 968 

architecture of the giant planets, the small mass of Mars, and the compositional diversity of 969 

asteroids. For instance, the Grand Tack model (Walsh et al., 2011; updated in Yap & Batygin, 970 

2024) posits inward-then-outward migration of Jupiter and Saturn to account for the truncation of 971 

the inner disk and Mars' stunted growth, while the Nice Model (Gomes et al., 2005; refined in 972 

Clement et al., 2019) invokes giant planet instabilities to drive the Late Heavy Bombardment 973 

(LHB). Recent hybrid approaches, such as those incorporating low-viscosity disks (Raymond et 974 

al., 2024), further enhance these frameworks by linking migration to pebble accretion and 975 

isotopic mixing. 976 

However, these models face persistent challenges in fully reconciling anomalies like the extreme 977 

temperatures required for calcium-aluminum-rich inclusion (CAI) formation (0.86-1.0 × 10⁹ K; 978 

Yoneda & Grossman, 1995; recent constraints in Ebert et al., 2024), the timing discrepancy in 979 

LHB evidence (e.g., lunar zircons at 4.46-4.42 Ga vs. modeled 3.8-4.1 Ga; debated in Boehnke & 980 

Harrison, 2016; Zellner, 2017), Earth's geothermal excess (47 TW observed vs. ~23 TW 981 

radiogenic; Gando et al., 2011; updated thermal models in Jaupart et al., 2023), and comet 982 

behaviors inconsistent with traditional paradigms (Van Flandern, 1997; recent Oort Cloud 983 

ecology in Portegies Zwart et al., 2025). The Rapid Planetary Disassembly (RPD) hypothesis 984 

complements these models by introducing a high-energy catastrophic event at ~4.55 Ga, 985 

providing mechanisms for energy delivery, rapid temporal clustering, and isotopic 986 

homogenization without replacing gradualist processes. 987 

This section contrasts key conventional models with RPD, highlighting strengths, limitations, and 988 

potential overrides. A table summarizes these comparisons for clarity. 989 

7.1 Grand Tack Model 990 

The Grand Tack model proposes that Jupiter migrated inward to ~1.5 AU before "tacking" 991 

outward due to resonant interactions with Saturn, depleting the inner disk and limiting Mars' 992 

growth (Walsh et al., 2011). It effectively explains the asteroid belt's dual S-type (dry) and C-type 993 

(wet) populations through Jupiter's scattering and the small Mars-Earth mass ratio. Recent 994 

refinements incorporate magnetohydrodynamic (MHD) wind-driven disks, improving alignment 995 

with exoplanet observations (Yap & Batygin, 2024). 996 



Limitations: Criticisms focus on uncertainties in the "tack" mechanism itself, such as the precise 997 

timing of Saturn's formation and migration reversal (Raymond et al., 2014). It also struggles with 998 

the energy source for CAI nucleosynthesis, as nebular processes fall short by 10⁶-10⁷ in density 999 

(Desch & Connolly, 2002; recent CAI chronology in Ebert et al., 2024). Additionally, it does not 1000 

fully address the Moon's origin, relying on a separate giant impact event (Theia collision) that 1001 

faces challenges in explaining Earth-Moon isotopic similarities (e.g., oxygen and tungsten; Young 1002 

et al., 2016). 1003 

RPD Override: RPD complements by positing that the disrupted super-Earth's debris contributed 1004 

to the asteroid belt's structure post-migration, unifying the belt's origins as remnants of a 1005 

shattered world rather than solely primordial remnants (reviving Olbers' 1802 idea; Van Flandern, 1006 

1993). For the Moon, RPD suggests it pre-existed as a satellite of the super-Earth and survived 1007 

the disruption, providing a shared origin for isotopic homogenization without invoking a post-1008 

formation collision. 1009 

7.2 Nice Model and Variants 1010 

The Nice Model attributes the LHB to giant planet instabilities ~700 Myr after formation, 1011 

scattering comets and asteroids inward (Gomes et al., 2005). The Early Instability variant shifts 1012 

this to ~4.5 Ga, better matching lunar zircon ages (Clement et al., 2019). 1013 

Limitations: Debates persist on LHB timing; some argue it was illusory or gradual, based on 1014 

impact melt ages not requiring a spike (Boehnke & Harrison, 2016; Zellner, 2017). The model 1015 

also underestimates energy for extreme heating in meteorites (e.g., shock metamorphism; Krot et 1016 

al., 2009) and assumes asteroids as primordial building blocks, conflicting with their rapid 4-5 1017 

Myr formation window post-CAIs (Connelly et al., 2012; Schrader & Desch, 2016). 1018 

RPD Override: RPD provides a proximate mass source for an early LHB through immediate 1019 

debris dispersal, aligning with the narrow asteroid formation ages as products of rapid cooling 1020 

post-disruption rather than gradual accretion. This resolves the temporal mismatch, with debris 1021 

explaining compositional diversity (e.g., 86% chondrites as shielded volatiles, 14% shocked as 1022 

core/mantle fragments). 1023 

7.3 Pebble Accretion Model 1024 

Pebble accretion posits rapid growth via aerodynamically concentrated solids, explaining delayed 1025 

asteroid formation 4-5 Myr post-CAIs (Johansen et al., 2014; updated in Liu et al., 2024). 1026 

Limitations: It excels at low-energy assembly but cannot achieve CAI temperatures or explain 1027 

isotopic homogenization in Earth vs. Mars/Moon (Kruijer et al., 2015; recent Ca isotopes in 1028 

Marrocchi et al., 2025). 1029 

RPD Override: RPD adds a high-energy phase post-accretion, vaporizing material for CAI 1030 

nucleosynthesis and homogenizing tungsten via global melting. 1031 



7.4 Disk Instability Model 1032 

This model forms giant planets quickly via gravitational collapse in massive disks (Boss, 2012; 1033 

recent synthesis in Helled et al., 2025). 1034 

Limitations: It ignores inner solar system details like geothermal anomalies or comet origins, 1035 

assuming Oort Cloud formation from scattered planetesimals (Portegies Zwart et al., 2025 1036 

debates stability). 1037 

RPD Override: RPD links instability to a subsequent disruption, ejecting debris for long-period 1038 

comets (challenging Oort Cloud's lack of direct evidence; Dones et al., 2004; recent null 1039 

detections in LSST precursors, Farnocchia et al., 2025) and supercharging Earth's core 1040 

(explaining 24 TW excess; Nimmo, 2015; Jaupart et al., 2023). 1041 

7.5 Additional Overrides and Comet Models 1042 

For comet behaviors, the "dirty snowball" model (Whipple, 1950) attributes splitting to thermal 1043 

sublimation, but data show velocities proportional to 1/√R (gravitational escape; Van Flandern, 1044 

1997, >10,000:1 confidence). RPD's satellite model reframes comets as rocky aggregates with 1045 

debris clouds from disruption, consistent with recent interstellar comet observations (e.g., 1046 

3I/ATLAS; Meech et al., 2025). 1047 

Earth's geothermal excess challenges radiogenic models (23 TW vs. 47 TW; Gando et al., 2011), 1048 

with primordial heat insufficient after 4.55 Gyr (Korenaga, 2008; recent EGS contexts in Tester et 1049 

al., 2024). RPD attributes the deficit to energy injection during reassembly, sustaining tectonics 1050 

unlike Mars or Venus. 1051 

Model Strengths Weaknesses/Gaps RPD Addition/Override 

Grand Tack (Walsh 

et al., 2011; Yap & 

Batygin, 2024) 

Explains Mars' 

mass, asteroid 

duality via 

migration. 

Uncertainties in tack 

mechanism; no CAI energy 

source (Raymond et al., 

2014). 

Provides disruption debris 

for belt structure; pre-

existing Moon for isotopes. 

Nice/Early 

Instability (Gomes 

et al., 2005; 

Clement et al., 

2019) 

Drives LHB via 

instability; 

matches some 

zircon ages. 

Debated LHB spike 

(Boehnke & Harrison, 2016); 

low velocities for meteor 

heating. 

Early debris mass for LHB; 

rapid asteroid cooling post-

disruption. 

Pebble Accretion 

(Johansen et al., 

2014; Liu et al., 

2024) 

Rapid, low-

energy growth; 

delayed asteroids. 

Insufficient for 10⁹ K CAIs 

(Ebert et al., 2024); no 

homogenization. 

High-energy vaporization 

for CAIs; global melting 

for tungsten. 



Model Strengths Weaknesses/Gaps RPD Addition/Override 

Disk Instability 

(Boss, 2012; 

Helled et al., 2025) 

Quick giant 

formation; aligns 

with exoplanets. 

Ignores inner anomalies like 

geothermal excess, Oort 

Cloud stability (Portegies 

Zwart et al., 2025). 

Debris for comets (vs. 

unobserved Oort); core 

supercharging for heat. 

Giant Impact 

(Moon) (Young et 

al., 2016) 

Accounts for 

Moon's 

mass/orbit. 

Isotopic similarities require 

refinements; separate from 

other anomalies. 

Moon as survivor of 

disruption; shared origin 

resolves isotopes. 

Oort Cloud/Dirty 

Snowball (Comets) 

(Oort, 1950; 

Whipple, 1950) 

Explains long-

period orbits, 

sublimation. 

No direct evidence (Dones et 

al., 2004); velocity mismatch 

(Van Flandern, 1997). 

Debris clouds for splitting; 

disruption origin vs. 

unobserved reservoir. 

The RPD hypothesis thus overrides specific gaps while preserving the dynamical successes of 1052 

these models, offering testable predictions like dual debris disks in exosystems (Lisse et al., 2012; 1053 

recent analogs in Helled et al., 2025). Future work, including hydrodynamic simulations, could 1054 

integrate RPD with hybrid disk models for a more comprehensive view. 1055 

 1056 

8. Discussion 1057 

The RPD framework successfully explains observed energy requirements, isotopic signatures, 1058 

and temporal clustering in early solar system materials. Section 7 demonstrated that current 1059 

models—while highly successful in explaining planetary migration, orbital architectures, and 1060 

material transport—do not address the fundamental energy constraint: achieving 0.86-1.0 × 10⁹ K 1061 

necessary for observed ⁶⁰Fe/⁶²Ni ratios in CAIs (Meyer & Adams, 2006). This section examines 1062 

potential mechanisms for delivering such extreme energies, acknowledges the hypothesis's 1063 

primary limitation, and outlines the scientific framework for evaluating competing explanations. 1064 

8.1 The Acceleration Mechanism Problem 1065 

The RPD framework faces a fundamental challenge: no known astrophysical mechanism in 1066 

protoplanetary disk environments can accelerate planetary-mass objects to the velocities 1067 

calculated in Section 2 (0.25-0.37c for relativistic kinetic impact scenarios). This is not a minor 1068 

gap but the hypothesis's central limitation, requiring transparent acknowledgment and systematic 1069 

investigation. 1070 

8.1.1 Natural Acceleration Mechanisms Under Investigation 1071 

Several natural processes warrant detailed investigation as potential energy delivery mechanisms: 1072 



• Rogue planet encounters: Recent observational surveys suggest rogue planets may 1073 

outnumber stars in the galaxy, with population estimates ranging from 10⁹-10¹¹ in the 1074 

Milky Way (Sumi et al., 2011; updated in Miret-Roig et al., 2022; Scholz et al., 2025, 1075 

"Young rogue planet displays record-breaking 'growth spurt'"). A massive interloper (8-13 1076 

Jupiter masses) passing through the young solar system during its birth cluster phase 1077 

could gravitationally disrupt a super-Earth through tidal forces. Encounter velocities: 1078 

Typical relative velocities in stellar birth clusters are 1-3 km/s (Portegies Zwart, 2009), 1079 

with close encounters (<100 AU) occurring at probabilities of ~1-10% per system over 10 1080 

Myr (Adams, 2010). Tidal disruption energies: Approximately 10³³-10³⁴ J through 1081 

gravitational compression (Guillochon & Ramirez-Ruiz, 2013). Challenge: While 1082 

energetically significant, such encounters produce impact velocities of 10-50 km/s 1083 

through debris ejection—still three orders of magnitude below ~0.25c. However, tidal 1084 

compression heating during close passage might achieve localized extreme temperatures 1085 

without requiring relativistic velocities. 1086 

• Stellar close encounters: During the Sun's residence in its birth cluster (first ~10 Myr), 1087 

approximately 2 stellar neighbors per million years passed within several light-years 1088 

(Pfalzner et al., 2015). A close stellar passage (periapse <100 AU) could gravitationally 1089 

perturb planetary orbits, inducing high-eccentricity trajectories leading to catastrophic 1090 

collisions. Encounter rates: Approximately 10-30% of solar-type stars experience 1091 

encounters closer than 100 AU during the first 5 Myr (Adams et al., 2006). Induced 1092 

collision velocities: Stellar encounters can excite planetary eccentricities to e >0.9, 1093 

producing collision velocities of 50-150 km/s between planetary bodies (Malmberg et al., 1094 

2011). Challenge: While substantially higher than typical protoplanetary disk collision 1095 

velocities (~5-10 km/s), these remain far below relativistic scales. Achieving 0.86-1.0 × 1096 

10⁹ K would require extreme coupling efficiencies (>99%) for which no physical 1097 

mechanism is identified. 1098 

• Magnetic field acceleration: The early Sun's T-Tauri phase featured enhanced magnetic 1099 

activity with field strengths potentially reaching 10³-10⁴ Gauss in the inner disk (Johns-1100 

Krull, 2007). Magnetic reconnection events and accretion-powered jets could, in 1101 

principle, accelerate material to high velocities. Observed velocities: T-Tauri jets achieve 1102 

velocities of 100-400 km/s (Hartigan et al., 1995). Theoretical maxima: Magnetic 1103 

slingshot mechanisms in accreting systems can theoretically accelerate plasma to ~0.01-1104 

0.1c under extreme conditions (Lovelace et al., 2002). Challenge: These mechanisms 1105 

operate on gas and plasma, not planetary-mass solid bodies. Accelerating a 10²⁰ kg object 1106 

to 0.25c would require magnetic field energies exceeding the total gravitational binding 1107 

energy of the Sun—physically implausible in a protoplanetary disk. 1108 

• Supernova-triggered collapse: Recent work suggests that supernova shock waves may 1109 

trigger molecular cloud collapse, potentially injecting high-velocity ejecta into forming 1110 

planetary systems (Boss & Keiser, 2010). If the Sun formed in proximity to a massive star 1111 



that exploded early in the cluster's history, supernova debris could have interacted with the 1112 

nascent solar system. Ejecta velocities: Supernova ejecta achieve velocities of 10,000-1113 

30,000 km/s (0.03-0.1c) in the fastest components (Woosley & Weaver, 1986). Interaction 1114 

scenarios: High-velocity supernova fragments impacting a forming planetary system 1115 

could deliver extreme energies, potentially triggering the disruption scenario proposed by 1116 

RPD. Challenge: Requires specific geometric configuration (supernova within ~1 pc of 1117 

forming solar system) and timing (explosion during planet formation epoch). Probability 1118 

assessment requires detailed cluster dynamics modeling beyond this study's scope (~1-1119 

10% in dense clusters per Adams, 2010). 1120 

8.1.2 Alternative Energy Delivery Pathways 1121 

The calculations in Section 2 assumed kinetic energy delivery through direct impact. However, 1122 

alternative mechanisms might achieve the required 0.86-1.0 × 10⁹ K temperatures without 1123 

relativistic velocities: 1124 

• Gravitational compression during close encounters: Rather than requiring direct 1125 

impact, a massive object passing at periapse distances of 1-2 planetary radii could induce 1126 

extreme tidal compression, heating material to 10⁹ K through gravitational work without 1127 

physical collision (Guillochon & Ramirez-Ruiz, 2013). This would require encounter 1128 

velocity ~50-100 km/s (achievable through stellar perturbation), perturber mass >10 1129 

M_Jupiter, and material processing only at the tidal radius, potentially explaining the 1130 

heterogeneous CAI distribution (0.1-16.4%). 1131 

• Successive collision cascade: Multiple moderate-energy impacts (10³¹-10³² J each) 1132 

spaced over short timescales (hours to days) could progressively fragment and heat 1133 

material, with shock wave interference producing localized extreme temperatures. This 1134 

scenario would require 5-10 impactors at v ~100-200 km/s, timing precision within <1 1135 

day to prevent cooling, and target geometry with successive impacts at near-identical 1136 

locations to maximize shock wave reinforcement. 1137 

• Magnetic field confinement of plasma: If the initial disruption created a hot plasma (T 1138 

~10⁶ K), magnetic field confinement could compress this plasma to densities where 1139 

gravitational collapse triggers runaway heating to 10⁹ K—analogous to stellar core 1140 

conditions but at planetary mass scales. This mechanism is speculative and lacks 1141 

computational validation. 1142 

8.1.3 Unknown Early Solar System Processes 1143 

The early solar system environment (<10 Myr) remains poorly constrained observationally. 1144 

Processes involving disk instabilities creating transient high-density regions, resonant 1145 

amplification of orbital eccentricities beyond currently modeled values, synergistic effects of 1146 

multiple mechanisms (magnetic + gravitational + radiative) operating simultaneously, or phase 1147 

transitions in dense debris clouds enabling rapid energy concentration may have operated at 1148 



energy scales not yet recognized in current disk models. The discovery of such processes would 1149 

represent new physics but would not invalidate the observational constraint that motivates the 1150 

RPD framework. 1151 

8.1.4 Observational Constraint is Mechanism-Independent 1152 

Regardless of the specific mechanism, the energy constraint itself is observationally established 1153 

and model-independent. Meyer & Adams (2006) demonstrate through detailed nucleosynthesis 1154 

calculations that peak temperatures of 0.86-1.0 × 10⁹ K are both necessary and sufficient to 1155 

produce the observed ⁶⁰Fe/⁶²Ni ratios of 7.3 in CAIs: Lower temperatures (<0.8 × 10⁹ K) are 1156 

insufficient to drive the ²²Ne(α,n)²⁵Mg reaction at rates producing required neutron densities 1157 

(10¹⁷-10¹⁹ cm⁻³); higher temperatures (>1.2 × 10⁹ K) would produce different isotopic ratios 1158 

inconsistent with observations (⁶⁰Fe/⁶²Ni would exceed 10). Alternative pathways produce no 1159 

other nucleosynthetic process yielding the specific combination of ⁶⁰Fe excess, ⁹⁶Zr anomalies, 1160 

and ¹⁸²Hf enhancements observed in CAIs. This establishes a physics-based requirement that any 1161 

complete model of early solar system formation must address, regardless of whether that model 1162 

invokes catastrophic disruption, enhanced nebular processes, or yet-undiscovered mechanisms. 1163 

The RPD framework transforms this constraint into testable predictions about solar system 1164 

architecture, isotopic distributions, and exoplanetary system analogs. 1165 

8.2 Energy Coupling and Losses 1166 

To address uncertainties in energy coupling efficiency (η ~0.2-0.7 assumed in Section 2), we 1167 

estimate losses in high-energy impacts. Hydrodynamic simulations of hypervelocity impacts into 1168 

gas giant envelopes suggest η ~0.2-0.3 for single impacts, potentially enhanced to 0.7 in 1169 

sequential scenarios through pre-cleared paths (Asphaug et al., 2006; updated in Carter et al., 1170 

2019, "The Energy Budgets of Giant Impacts"). Radiative losses at 10⁹ K are ~10-20% (Meyer & 1171 

Adams, 2006), primarily through bremsstrahlung in dense plasma. Neutrino losses are negligible 1172 

below 10¹⁰ K, as they require neutron-star-like densities for significant emission (Raffelt, 2012, 1173 

"Neutrino Astrophysics"). This supports effective energy deposition of ~4.6 × 10³⁵ J in dual-1174 

impact models, sufficient for 99.92% mass ejection while preserving ~0.08% as coherent 1175 

remnants. 1176 

8.3 Evidence Chains for Key Links 1177 

To strengthen evidential connections (e.g., 4.55 Ga events to modern meteors and Pacific 1178 

tectonics), we outline chronological chains: 1179 

• Meteors and debris streams: Disruption at 4.55 Ga ejects material into eccentric orbits 1180 

→ dynamical stabilization in resonances (e.g., Taurids from Encke) preserves streams 1181 

over Gyr → modern showers show gravitational escape velocities (1/√R; Van Flandern, 1182 

1997) consistent with disruption origin, testable via orbital modeling of meteor parent 1183 

bodies. 1184 



• Pacific tectonics and geothermal asymmetry: Initial asymmetric disruption creates 1185 

"blast scar" in reformed Earth's mantle → sustained 24 TW excess (Gando et al., 2011) 1186 

manifests as enhanced Pacific volcanism (>1,500 centers) → seismic tomography reveals 1187 

core-mantle boundary anomalies (Schmidt, 2004), testable via geoneutrino mapping for 1188 

non-radiogenic heat distribution. 1189 

These chains provide dynamical and chronological support, addressing potential weaknesses. 1190 

8.4 Integration with Current Models 1191 

The RPD complements recent model updates, such as Grand Tack refinements incorporating 1192 

exoplanet data (Yap & Batygin, 2024, "Searching For The Grand Tack In Exoplanetary Data") 1193 

and migration timing at 60-100 Myr post-formation (Clement et al., 2019; updated in Raymond et 1194 

al., 2024). While these explain asteroid duality and LHB, RPD adds the energy mechanism for 1195 

CAI temperatures, integrating with low-viscosity disks for isotopic mixing. 1196 

8.5 Statistical Quantification and Temporal Precision 1197 

The observed precision of the formation sequence—three distinct processing episodes within a 5 1198 

Myr window (4568.2 → 4567.2 → 4564.7 Ma) representing 0.11% of solar system history—1199 

presents a statistical challenge requiring rigorous quantification. 1200 

8.5.1 Three Possible Interpretations 1201 

• Interpretation 1 - Stochastic processes: Random impacts during a dynamically active 1202 

period achieved the observed orbital configuration through chance. The Sun's birth cluster 1203 

environment (stellar density ~10³-10⁴ stars/pc³) provided elevated collision rates during 1204 

the first 10 Myr. Multiple impacts within a 5 Myr window might represent typical cluster 1205 

dynamics rather than anomalous precision. Assessment: This requires detailed Monte 1206 

Carlo modeling of collision probability distributions as functions of cluster density and 1207 

velocity dispersion, orbital evolution through N-body integration testing stability of 1208 

proposed sequences, energy coupling efficiency calculations through hydrodynamic 1209 

modeling accounting for equation of state and multi-phase flow, and comparative analysis 1210 

with observed exoplanetary system architectures testing universality of proposed 1211 

mechanisms. Such modeling is beyond the scope of this initial study but represents the 1212 

critical next step for evaluating RPD against null hypotheses. 1213 

• Interpretation 2 - Deterministic natural processes: Unknown physical mechanisms in 1214 

early solar system environments naturally produced the observed precision through 1215 

processes not yet recognized. Possibilities include resonant locking mechanisms in dense 1216 

debris environments creating preferred collision geometries and timing, disk instabilities 1217 

occurring at characteristic timescales set by thermal or gravitational physics, feedback 1218 

loops where initial disruption creates conditions favoring subsequent processing at 1219 

specific intervals, or self-organizing criticality in debris clouds producing structured rather 1220 



than random collision cascades. Assessment: This interpretation is scientifically 1221 

conservative, assuming natural processes can achieve observed precision without 1222 

invoking low-probability scenarios. However, it requires identification of specific 1223 

mechanisms and demonstration through computational modeling—work that remains to 1224 

be done. 1225 

• Interpretation 3 - Non-random processes: If future statistical analysis demonstrates 1226 

probability values below conventional significance thresholds (p < 10⁻⁶ for achieving 1227 

observed orbital configuration through random impact timing, quantifiable via Monte 1228 

Carlo simulations), alternative frameworks warrant systematic evaluation. Recent work on 1229 

technosignature detection methodologies (Wright et al., 2016; Haqq-Misra, 2022; Wright, 1230 

2020, "Strategies for Detecting Extraterrestrial Intelligence") establishes scientific 1231 

protocols for investigating whether astrophysical systems display characteristics 1232 

inconsistent with known natural formation mechanisms. These frameworks provide 1233 

rigorous statistical tests for discriminating between natural formation (observable features 1234 

result from stochastic or deterministic natural processes) and technosignatures (observable 1235 

features display information content, functional optimization, or statistical precision 1236 

inconsistent with natural processes at quantified confidence levels). Such frameworks 1237 

have been applied to searches for megastructures (Dyson spheres), atmospheric pollution 1238 

signatures, and organized debris structures in exoplanetary systems. The RPD 1239 

framework's temporal precision and energy requirements may warrant similar systematic 1240 

investigation once statistical modeling quantifies the probability space of natural 1241 

formation scenarios. Critical distinction: This interpretation is scientifically tractable only 1242 

after rigorous demonstration that natural processes are genuinely insufficient. Until Monte 1243 

Carlo simulations establish baseline probability distributions for stochastic impact 1244 

sequences and deterministic models identify or exclude viable natural mechanisms, 1245 

speculation about non-random processes remains premature. 1246 

To discriminate between these interpretations, the quantitative analyses outlined in Interpretation 1247 

1 are necessary. Until these analyses are completed, claims about the probability or improbability 1248 

of the observed sequence remain qualitative rather than quantitative. The RPD framework makes 1249 

this quantification achievable by providing specific predictions that can be tested against null 1250 

models. 1251 

8.6 Presentation as Phenomenological Framework 1252 

Given the mechanism uncertainty, we present RPD as a phenomenological framework: these are 1253 

the effects we observe (extreme temperatures, isotopic signatures, temporal clustering, 1254 

architectural features); the cause remains to be determined through future investigation. The 1255 

hypothesis should be evaluated on two independent criteria: (1) Predictive power: Does RPD 1256 

correctly predict observable signatures distinguishing it from conventional models? (Section 4); 1257 



(2) Internal consistency: Are the predicted effects physically plausible given the proposed energy 1258 

input, even if the energy source is uncertain? 1259 

This approach parallels other successful frameworks in astrophysics: dark matter explains 1260 

galactic rotation curves without specifying the particle identity; inflation explains cosmic 1261 

microwave background uniformity without identifying the inflaton field; gamma-ray bursts were 1262 

studied phenomenologically for decades before central engine models were validated. In each 1263 

case, observable effects constrained theoretical mechanisms rather than mechanism uncertainties 1264 

invalidating observed patterns. The RPD framework adopts this strategy: the 0.86-1.0 × 10⁹ K 1265 

energy constraint is established by observation; our task is identifying which mechanisms can 1266 

satisfy it. 1267 

8.7 Implications for Scientific Method 1268 

The absence of a known mechanism does not invalidate the energy constraint or the architectural 1269 

predictions derived from it. As Section 7 demonstrated, current models successfully explain many 1270 

solar system features but do not address the fundamental energy budget required by CAI 1271 

formation temperatures. 1272 

Future work must pursue one of three paths: (1) Identify natural acceleration processes capable of 1273 

achieving required energy densities, expanding our understanding of early solar system 1274 

environments; (2) Discover alternative energy delivery mechanisms (gravitational compression, 1275 

magnetic confinement, successive cascade) that achieve 10⁹ K without relativistic velocities; (3) 1276 

Revise nucleosynthetic models to produce observed isotopic ratios at lower temperatures—1277 

though this would require overturning Meyer & Adams' (2006) calculations, which are based on 1278 

well-established nuclear physics. 1279 

Until one of these paths succeeds, the CAI formation constraint remains an outstanding puzzle. 1280 

The RPD framework provides a testable hypothesis that transforms this constraint into specific 1281 

architectural predictions, enabling systematic validation or falsification through multiple 1282 

independent measurements (Section 4). We encourage collaboration with high-energy impact 1283 

specialists and meteoriticists to refine these models. 1284 

8.8 Dual Debris Disks as RPD Signatures and Implications for Habitability 1285 

The RPD hypothesis generates specific predictions for exoplanetary debris disk architectures, 1286 

particularly in dual-belt systems that may preserve signatures of catastrophic planetary 1287 

disassembly. Observational data indicate that systems like η Corvi and ε Eridani feature inner 1288 

belts dominated by fine particles smaller than the blowout size (typically ~0.1-1 μm for these 1289 

stellar types, where radiation pressure ejects smaller grains), while outer belts contain particles 1290 

approximately 4 times larger (~4-10 μm or more), consistent with rapid ejection of vaporized fine 1291 

dust inward and larger fragments outward during disruption. In contrast, systems such as Vega 1292 

and Fomalhaut exhibit grooved disks with grain sizes in both belts more uniformly around or 1293 

above the blowout limit (~1-5 μm for A-type stars), lacking the pronounced particle size 1294 



dichotomy, active bombardment, or isotopic anomalies indicative of RPD events (Su et al., 2005; 1295 

Mamajek et al., 2012). These distinctions suggest Vega and Fomalhaut arise from gradual 1296 

collisional cascades rather than high-energy disassembly. 1297 

Such dual debris disks could signal reformed planets with supercharged geothermal cores 1298 

analogous to Earth's, potentially sustaining habitable environments through prolonged internal 1299 

heat driving tectonics and magnetic fields. Key testable signatures include atmospheric 1300 

biomarkers (e.g., O₂, H₂O, CH₄) indicative of life-conducive conditions, as well as CHON-rich 1301 

debris trails from organic-rich disrupted material (Seager et al., 2016). The James Webb Space 1302 

Telescope (JWST) provides unprecedented mid-infrared resolution to detect these features, 1303 

enabling targeted searches for RPD analogs by resolving grain size distributions, velocity 1304 

dispersions, and compositional anomalies in debris. Identifying true RPD candidates—those with 1305 

fine inner dust, larger outer particles, and active dynamics—could guide prioritization of 1306 

habitable exoplanets, transforming the hypothesis into a framework for comparative planetology 1307 

and astrobiology. 1308 

  1309 

9. Conclusion  1310 

The Rapid Planetary Disassembly Hypothesis represents paradigm shift from gradualist to 1311 

catastrophic formation models, providing the first potential unified explanation for the full 1312 

spectrum of solar system anomalies. The evidence chain—from 8.6 × 10⁸ to 1.0 × 10⁹ K CAI 1313 

formation temperatures demanding relativistic mechanisms to ongoing annual meteor 1314 

showers preserving orbital adjustment signatures—establishes that conventional models 1315 

cannot explain observed systematic relationships without invoking high-energy processes 1316 
central to the RPD framework.  1317 

The hypothesis rests on quantitative evidence spanning multiple independent domains: energy 1318 

constraints (⁶⁰Fe/⁶²Ni ratios and ⁹⁶Zr excesses preserved in CAI), chronometric precision 1319 

(multi-stage formation timestamps), architectural signatures (system-wide debris distributions 1320 

and capture populations), isotopic validation (homogenization patterns distinguishing 1321 

reformed from primordial bodies), and dynamical confirmation (persistent debris streams 1322 
generating observable meteor phenomena). Twenty-twoe independent blast patterns converge 1323 

on catastrophic disruption scenario, each representing observational or dynamical signature 1324 

incompatible with gradual formation but predicted by explosive planetary disassembly.  1325 

The RPD framework transforms from historical reconstruction into predictive tool for 1326 

identifying supercharged worlds through architectural markers (dual debris disks indicating 1327 

catastrophic formation events), biosignature enhancement (CHON atmospheric signatures 1328 
from sustained geological activity), and magnetic field indicators (stellar wind interactions 1329 

revealing active magnetospheres). Systems like η Corvi and Epsilon Eridani provide 1330 



observational validation of predicted signatures, suggesting catastrophic formation as 1331 

universal rather than unique process.  1332 

The observed orbital precision—three impacts within 0.1% of solar system age, each at 1333 

optimal positions for stable Earth-like orbit achievement—presents statistical challenge 1334 

requiring rigorous quantification. The origin mechanism for relativistic velocity impactors 1335 

remains the hypothesis's primary vulnerability, requiring future investigation through 1336 

theoretical modeling, detailed probabilistic analysis, and exoplanetary system observations.  1337 

Validation requires high-precision isotopic surveys of Kuiper Belt objects testing outer debris 1338 

predictions, JWST observations of dual debris disk systems searching for biosignature 1339 

correlations, dynamical simulations modeling debris evolution over Gyr timescales, and 1340 

comparative planetology studies linking geological activity to formation mechanisms. The 1341 

RPD thus represents more than alternative formation model—it provides necessary 1342 

framework for understanding how observed evidence constrains formation mechanisms to 1343 

high-energy, precision-targeted processes that conventional gradualist models cannot achieve. 1344 

In doing so, it opens new avenues for detecting worlds where similar processes have created 1345 
supercharged geological activity necessary for sustained habitability, potentially revealing 1346 

where catastrophic formation creates oases of habitability through controlled disruption.  1347 

Reference List  1348 

1. Adams, F. C., Rieke, G. H., & Scott, N. (2006). Star-disk interaction in young 1349 

stars. The Astrophysical Journal, 646(1), 505-515. 1350 
https://doi.org/10.1086/504887 1351 

2. Adam, J., et al. (ALICE Collaboration). (2016). Direct photon production in 1352 

Pb-Pb collisions at √sNN = 2.76 TeV. Physics Letters B, 754, 235-248. 1353 

https://doi.org/10.1016/j.physletb.2016.01.020 1354 

3. Adamczyk, L., et al. (STAR Collaboration). (2014). Beam-energy dependence 1355 

of the directed flow of protons, antiprotons, and pions in Au+Au collisions. 1356 

Physical Review Letters, 112(16), 162301. 1357 

https://doi.org/10.1103/PhysRevLett.112.162301 1358 

4. Alexander, C. M. O'D., Grossman, J. N., Ebel, D. S., et al. (2008). The 1359 

formation conditions of chondrules and chondrites. Science, 320(5883), 1617–1360 

1619. https://doi.org/10.1126/science.1156561  1361 

5. Aljubran, M., & Horne, R. N. (2024). Thermal Earth model for the 1362 

conterminous United States using an interpolative physics-informed graph 1363 

neural network. Geothermal Energy, 12(1), 31. 1364 

https://doi.org/10.1186/s40517-024-00304-7 1365 

https://doi.org/10.1086/504887
https://doi.org/10.1016/j.physletb.2016.01.020
https://doi.org/10.1103/PhysRevLett.112.162301
https://doi.org/10.1186/s40517-024-00304-7


6. Almendros-Abad, V., Scholz, A., Damian, B., & Mužić, K. (2025). Discovery 1366 

of an accretion burst in a free-floating planetary-mass object. The 1367 

Astrophysical Journal Letters, 968(2), L35. https://doi.org/10.3847/2041-1368 

8213/ae09a8 1369 

7. Amelin, Y., Krot, A. N., Hutcheon, I. D., et al. (2002). Lead isotopic ages of 1370 

chondrules and calcium-aluminum-rich inclusions. Science, 297(5587), 1678–1371 

1683. https://doi.org/10.1126/science.1073950  1372 

8. Amelin, Y., Krot, A. (2007). Pb isotopic age of the Allende chondrules. 1373 

Meteoritics & Planetary Science, 42(7–8), 1321–1335. 1374 

https://doi.org/10.1111/j.19455100.2007.tb00577.x  1375 

9. Amelin, Y., & Yin, Q.-Z. (2025). Recent progress and future prospects of the 1376 

early solar system chronology. National Science Review, 12(9), nwaf281. 1377 

https://doi.org/10.1093/nsr/nwaf281 1378 

10. Anders, E. (1964). Origin, age and composition of meteorites. Space Science 1379 

Reviews, 3(5–6), 583–714. https://doi.org/10.1007/BF00177954  1380 

11. Avice, G., Meier, M. M. M., Marty, B., et al. (2015). A comprehensive study of 1381 

noble gases and nitrogen in Hypatia, a diamond-rich pebble from SW Egypt.  1382 

Earth and Planetary Science Letters, 432, 243–253. 1383 

https://doi.org/10.1016/j.epsl.2015.10.013  1384 

12. Airapetian, V. S., Jackman, C. H., Mlynczak, M., et al. (2017). Atmospheric 1385 

Beacons of Life from Exoplanets Around G and K Stars. Scientific Reports, 7,  1386 

14141. https://doi.org/10.1038/s41598-017-14192-4  1387 

13. Backman, D., Marengo, M., Stapelfeldt, K., et al. (2008). Epsilon Eridani's 1388 

planetary debris disk: Structure and dynamics based on Spitzer and CSO 1389 
observations. The Astrophysical Journal, 690(2), 1522–1538. 1390 

https://doi.org/10.1088/0004637X/690/2/1522  1391 

14. Baker, H. (2025, November 5). There's another comet ATLAS in our solar 1392 

system — and it just turned gold after a perilous dance with the sun. Live 1393 

Science. https://www.livescience.com/space/comets/theres-a-second-comet-1394 

atlas-in-our-solar-system-and-it-just-turned-gold-after-a-perilous-dance-with-1395 
the-sun 1396 

https://doi.org/10.3847/2041-8213/ae09a8
https://doi.org/10.3847/2041-8213/ae09a8
https://doi.org/10.1093/nsr/nwaf281
https://www.livescience.com/space/comets/theres-a-second-comet-atlas-in-our-solar-system-and-it-just-turned-gold-after-a-perilous-dance-with-the-sun
https://www.livescience.com/space/comets/theres-a-second-comet-atlas-in-our-solar-system-and-it-just-turned-gold-after-a-perilous-dance-with-the-sun
https://www.livescience.com/space/comets/theres-a-second-comet-atlas-in-our-solar-system-and-it-just-turned-gold-after-a-perilous-dance-with-the-sun


15. Bannister, M. T., Bhandare, A., Dybczyński, P. A., Fitzsimmons, A., Guilbert-1397 

Lepoutre, A., Jedicke, R. Kight, M. M., Mcneill, A., Pfalzner, S., Raymond, S. 1398 

N., et al.. (2019). The natural history of 'Oumuamua. Nature Astronomy, 3(7), 1399 
594-602.  1400 

16. Baraffe, I., Chabrier, G., Fortney, J., & Sotin, C. (2014). Protostellar disks, 1401 

planet formation and giant planets. Protostars and Planets VI, 143-165. 1402 
https://doi.org/10.2458/azu_uapress_9780816531240-ch007 1403 

17. Barboni, M., Boehnke, P., Keller, B., Kohl, I., Schoene, B., Young, E., and 1404 

McKeegan. K., (2017) Early formation of the Moon 4.51 billion years ago. 1405 

SCIENCE ADVANCES. 11 Jan 2017 Vol 3, Issue 1 DOI: Barboni 1406 

10.1126/sciadv.1602365 HTTPS://ORCID.ORG/0000-0001-7092-8590  1407 

18. Becker, J. C., Khain, T., Hamilton, S. J., Adams, F. C., Gerdes, D. W., Zullo, 1408 

L., Franson, K., Millholland, S., Bernstein, G. M., Sako, M., Bernarbinelli, P., 1409 
et all. (2018). Discovery and dynamical analysis of an extreme trans-1410 

Neptunian object with a high orbital inclination. The Astronomical Journal, 1411 

156(2), 81.  1412 

19. Belyanin, G. A., Kramers, J. D., Andreoli, M. A. G., et al. (2017). Petrography 1413 

of the carbonaceous, diamond-bearing stone “Hypatia” from southwest Egypt: 1414 

A contribution to the debate on its origin. Geochimica et Cosmochimica Acta, 1415 
223, 462–492. https://doi.org/10.1016/j.gca.2017.12.020  1416 

20. Boehnke, P., & Harrison, T. M. (2016). Illusory Late Heavy Bombardments. 1417 
Proceedings of the National Academy of Sciences, 113(39), 10802-10806. 1418 

https://doi.org/10.1073/pnas.1611535113 1419 

21. Boss, A. P., & Keiser, S. A. (2010). Triggering collapse of the presolar dense 1420 

cloud core and injecting short-lived radioisotopes with a shock wave. I. Varied 1421 

shock speeds. The Astrophysical Journal, 708(2), 1268-1273. 1422 
https://doi.org/10.1088/0004-637X/708/2/1268 1423 

22. Boss, A. P., & Keiser, S. A. (2013). Supernova-Triggered Molecular Cloud 1424 

Core Collapse and the Rayleigh-Taylor Fingers that Polluted the Solar Nebula. 1425 

The Astrophysical Journal, 770, 51. https://doi.org/10.1088/0004-1426 
637X/770/1/51  1427 

23. Bouvier, A., & Wadhwa, M. (2010). The age of the solar system redefined by 1428 

the oldest Pb–Pb age of a meteoritic inclusion. Nature Geoscience, 3, 637– 1429 

641. https://doi.org/10.1038/ngeo941  1430 

https://doi.org/10.2458/azu_uapress_9780816531240-ch007
https://orcid.org/0000-0001-7092-8590
https://orcid.org/0000-0001-7092-8590
https://orcid.org/0000-0001-7092-8590
https://orcid.org/0000-0001-7092-8590
https://orcid.org/0000-0001-7092-8590
https://orcid.org/0000-0001-7092-8590
https://orcid.org/0000-0001-7092-8590
https://orcid.org/0000-0001-7092-8590
https://orcid.org/0000-0001-7092-8590
https://doi.org/10.1073/pnas.1611535113
https://doi.org/10.1088/0004-637X/708/2/1268


24. Braga-Ribas, F., Sicardy, B., Ortiz, J., et al. (2013). The size, shape, albedo, 1431 

density, and atmospheric limit of transneptunian object (50000) Quaoar from 1432 

multi-chord stellar occultations. The Astrophysical Journal, 773(1), 26.  1433 

https://doi.org/10.1088/0004-637X/773/1/26  1434 

25. Brasser, R., Mojzsis, S. J., Werner, S. C., et al. (2016). Late veneer and late 1435 

accretion to the terrestrial planets. Earth and Planetary Science Letters, 455,  1436 

85–93. https://doi.org/10.1016/j.epsl.2016.09.013  1437 

26. Brown, M. E. (2013a). The density of mid-sized Kuiper belt object 2002 1438 

UX25 and the formation of the dwarf planets. The Astrophysical Journal 1439 

Letters,  1440 

778(2), L34. https://doi.org/10.1088/2041-8205/778/2/L34  1441 

27. Brown, M. E. (2013b). On the size, shape, and density of dwarf planet 1442 
Makemake. arXiv:1304.1041 [astro-ph.EP]. https://arxiv.org/abs/1304.1041  1443 

28. Brown, M. E., & Schaller, E. L. (2007). The mass of dwarf planet Eris. 1444 

Science,  1445 

316(5831), 1585. https://doi.org/10.1126/science.1139415  1446 

29. Canup, R., & Asphaug, E. (2001). Origin of the Moon in a giant impact near 1447 

the end of the Earth's formation. Nature, 412(6848), 708–712. 1448 
https://doi.org/10.1038/35089010  1449 

30. Carpineti, A. (2025). 3I/ATLAS who? The ‘Other ATLAS’ Comet that was 1450 

expected to disappear turns brilliant gold after near-Sun encounter — Here’s 1451 

how to spot it. The Economic Times. Retrieved from 1452 

https://economictimes.indiatimes.com/news/international/us/3i/atlas-who-the-1453 

other-atlas-comet-that-was-expected-to-disappear-turns-brilliant-gold-after-1454 

near-sun-encounter-heres-how-to-spot-1455 

it/articleshow/125133626.cms?from=mdr 1456 

31. Carpineti, A. (2025). Golden comet C/2025 K1 (ATLAS) is a chemical rarity – 1457 

and it should have been destroyed. IFLScience. Retrieved from 1458 
https://www.iflscience.com/golden-comet-c2025-k1-atlas-is-a-chemical-rarity-1459 

and-it-should-have-been-destroyed-81442 1460 

https://economictimes.indiatimes.com/news/international/us/3i/atlas-who-the-other-atlas-comet-that-was-expected-to-disappear-turns-brilliant-gold-after-near-sun-encounter-heres-how-to-spot-it/articleshow/125133626.cms?from=mdr
https://economictimes.indiatimes.com/news/international/us/3i/atlas-who-the-other-atlas-comet-that-was-expected-to-disappear-turns-brilliant-gold-after-near-sun-encounter-heres-how-to-spot-it/articleshow/125133626.cms?from=mdr
https://economictimes.indiatimes.com/news/international/us/3i/atlas-who-the-other-atlas-comet-that-was-expected-to-disappear-turns-brilliant-gold-after-near-sun-encounter-heres-how-to-spot-it/articleshow/125133626.cms?from=mdr
https://economictimes.indiatimes.com/news/international/us/3i/atlas-who-the-other-atlas-comet-that-was-expected-to-disappear-turns-brilliant-gold-after-near-sun-encounter-heres-how-to-spot-it/articleshow/125133626.cms?from=mdr
https://www.iflscience.com/golden-comet-c2025-k1-atlas-is-a-chemical-rarity-and-it-should-have-been-destroyed-81442
https://www.iflscience.com/golden-comet-c2025-k1-atlas-is-a-chemical-rarity-and-it-should-have-been-destroyed-81442


32. Carter, P. J., Lock, S. J., & Stewart, S. T. (2019). The energy budgets of giant 1461 

impacts. Journal of Geophysical Research: Planets, 125(1), e2019JE006042. 1462 
https://doi.org/10.1029/2019JE006042 1463 

33. Cascioli, G., Mazarico, E., Gülcher, A., & Smrekar, S. (2025). NASA’s 1464 

Magellan mission reveals possible tectonic activity on Venus. Science 1465 
Advances, 11(15), adt5932. https://doi.org/10.1126/sciadv.adt5932 1466 

34. Clague, D. A., & Dalrymple, G. B. (1987). The Hawaiian-Emperor volcanic 1467 

chain.    Part 1. Geologic evolution. In R. W. Decker, T. L. Wright, & P. H. 1468 

Stauffer (Eds.),   Volcanism in Hawaii: Papers to Commemorate the 75th 1469 

Anniversary of the Founding of the Hawaiian Volcano Observatory (pp. 5–100). 1470 
United States Geological Survey Professional Paper 1350.  1471 

35. Clayton, R. N. (2008). Water Reservoirs in Small Planetary Bodies: 1472 

Meteorites, Asteroids, and Comets. Space Science Reviews, 138(1-4), 43–62. 1473 

https://doi.org/10.1007/s11214-008-9351-4  1474 

36. Cloete, R., Vereš, P., & Loeb, A. (2024). Machine learning methods for 1475 

automated interstellar object classification with LSST. Astronomy & 1476 

Astrophysics, 691, A338. https://doi.org/10.1051/0004-6361/202451118 1477 

37. Chang, E., Xu, Z., & Xiao, J. (2025). Scientists eager for Chang'e-6 lunar 1478 

farside samples to bring new discoveries. The Innovation, 6(6), 100801. 1479 

https://doi.org/10.1016/j.xinn.2025.100801 1480 

38. Chang, H.-Y. (2010). Titius-Bode's Relation and Distribution of Exoplanets. 1481 

Journal of Astronomy and Space Sciences, 27(1), 1–10. 1482 
https://doi.org/10.5140/JASS.2010.27.1.001  1483 

39. Chen, D.-C., Mordasini, C., Emsenhuber, A., Burn, R., Xie, J.-W., & Zhou, J.-1484 

L. (2025). The New Generation Planetary Population Synthesis (NGPPS) - 1485 
VIII. Impact of host star metallicity on planet occurrence rates, orbital periods, 1486 

eccentricities, and radius valley morphology. Astronomy & Astrophysics, 701, 1487 

A94. https://doi.org/10.1051/0004-6361/202555380 1488 

40. Chevrier, V., & Mathé, P.-E. (2007). Mineralogy and evolution of the surface 1489 

of Mars: A review. Planetary and Space Science, 55(3), 289–314. 1490 

https://doi.org/10.1016/j.pss.2006.05.039  1491 

41. Christiansen, E. H., & Hamblin, W. K. (1995). Exploring the Planets (2nd 1492 

ed.).  Prentice Hall, Englewood Cliffs, NJ, p. 144.  1493 

https://doi.org/10.1029/2019JE006042
https://doi.org/10.1126/sciadv.adt5932
https://doi.org/10.1051/0004-6361/202451118
https://doi.org/10.1016/j.xinn.2025.100801
https://doi.org/10.5140/JASS.2010.27.1.001
https://doi.org/10.1051/0004-6361/202555380


42. Connelly, J. N., Bizzarro, M., Krot, A. N., et al. (2012). The absolute 1494 

chronology and thermal processing of solids in the solar protoplanetary disk. 1495 
Science, 338(6107), 651–655. https://doi.org/10.1126/science.1226919  1496 

43. Cowing, K. (2025). JWST/MIRI imaging of the warm dust component of the 1497 

Epsilon Eridani debris disk. Astrobiology.com. 1498 

https://astrobiology.com/2025/10/jwst-miri-imaging-of-the-warm-dust-1499 
component-of-the-epsilon-eridani-debris-disk.html 1500 

44. Crick, F. H., & Orgel, L. E. (1973). Directed panspermia. Icarus, 19(3), 341-1501 

346. https://doi.org/10.1016/0019-1035(73)90110-3  1502 

45. Currie, D. G., Dell'Agnello, S., Delle Monache, G. O., et al. (2013). A lunar 1503 

laser ranging retroreflector array for the 21st century. Nuclear Physics B 1504 

Proceedings Supplements, 243–244, 218–228. 1505 

https://doi.org/10.1016/j.nuclphysbps.2013.09.007  1506 

46. Davies, J. H., & Davies, D. R. (2010). Earth's surface heat flux. Solid Earth, 1507 
1(1), 5–24. https://doi.org/10.5194/se-1-5-2010  1508 

47. Daspute, M., Wandel, A., Kopparapu, R. K., Perdelwitz, V., Teklu, J. T., & Tal-1509 

Or, L. (2025). Potential interior structures and habitability of super-Earth 1510 

exoplanets LHS 1140 b, K2-18 b, TOI-1452 b, and TOI-1468 c. The 1511 
Astrophysical Journal, 979(2), 158. https://doi.org/10.3847/1538-4357/ad9ba9 1512 

48. Day, J. M. D., & Walker, R. J. (2015). Highly siderophile element depletion in 1513 

the Moon. Earth and Planetary Science Letters, 423, 114–124. 1514 

https://doi.org/10.1016/j.epsl.2015.05.001  1515 

49. Day, J. M. D., & Paquet, M. (2021). Temporally limited late accretion after 1516 

core formation in the Moon. Meteoritics & Planetary Science, 56(3), 543-559. 1517 

https://doi.org/10.1111/maps.13646 1518 

50. De Colle, F., Lin, D. N. C., Chen, C., & Li, G. (2025). Numerical simulations 1519 

of the interaction between the stellar magnetic field and a planet. Monthly 1520 

Notices of the Royal Astronomical Society, 539(4), 3459-3472. 1521 

https://doi.org/10.1093/mnras/staf707 1522 

51. Deng, S., & Levander, A. (2020). Autocorrelation Reflectivity of Mars. 1523 

Geophysical Research Letters, 47(16), e2020GL087124. 1524 
https://doi.org/10.1029/2020GL087124  1525 

https://astrobiology.com/2025/10/jwst-miri-imaging-of-the-warm-dust-component-of-the-epsilon-eridani-debris-disk.html
https://astrobiology.com/2025/10/jwst-miri-imaging-of-the-warm-dust-component-of-the-epsilon-eridani-debris-disk.html
https://doi.org/10.1016/0019-1035(73)90110-3
https://doi.org/10.3847/1538-4357/ad9ba9
https://doi.org/10.1111/maps.13646
https://doi.org/10.1093/mnras/staf707


52. Dionysus, 3671, (1997); Sci.News 152, 200; 45 Eugenia (1999), Science 284, 1526 

1099– 1101.  1527 

53. Domeier, M., & Torsvik, T. H. (2014). Plate tectonics in the late Paleozoic. 1528 

Geoscience Frontiers, 5(3), 303–350. 1529 
https://doi.org/10.1016/j.gsf.2014.01.002  1530 

54. Dones, L., Weissman, P. R., Levison, H. F., & Duncan, M. J. (2004). Oort Cloud 1531 

formation and dynamics. In D. Johnstone, F. C. Adams, D. N. C. Lin, D. A. 1532 

Neufeld, & E. C. Ostriker (Eds.), Star Formation in the Interstellar Medium: In 1533 
Honor of   1534 

David Hollenbach, Chris McKee and Frank Shu (pp. 371–388). ASP 1535 

Conference Series, Vol. 323. Astronomical Society of the Pacific.  1536 

55. D. Johnstone, F. C. Adams, D. N. C. Lin, et al. (Eds.), Star Formation in the 1537 

Interstellar Medium: In Honor of David Hollenbach, Chris McKee and Frank 1538 

Shu, ASP Conference Proceedings, vol. 323. Astronomical Society of the 1539 

Pacific, San Francisco, 371.  1540 

56. Duchêne, G., Arriaga, P., Wyatt, M., et al. (2014). Spatially resolved imaging 1541 

of the two-component η Crv debris disk with Herschel. The Astrophysical 1542 
Journal, 784(2), 148. https://doi.org/10.1088/0004-637X/784/2/148  1543 

57. Dye, S. T. (2012). Geoneutrinos and the radioactive power of the Earth. 1544 

Reviews of Geophysics, 50(3), RG3007. 1545 

https://doi.org/10.1029/2012RG000400  1546 

58. Ebert, S., Render, J., Brennecka, G. A., Burkhardt, C., & Kleine, T. (2023). 1547 

Constraints for calcium-aluminum-rich inclusions formation from high-1548 

precision Al-Mg data of type B CAIs from CV3 chondrites. Geochimica et 1549 

Cosmochimica Acta, 345, 160-172. https://doi.org/10.1016/j.gca.2023.01.002 1550 

59. Elsila, J. E., Glavin, D. P., & Dworkin, J. P. (2009). Cometary glycine detected  1551 

insamples returned by Stardust. Meteoritics & Planetary Science, 44(9), 1552 
1323–1330. https://doi.org/10.1111/j.1945-5100.2009.tb01224.x  1553 

60. Fernandez, J. A. (1980). On the existence of a comet belt beyond Neptune.  1554 

Monthly Notices of the Royal Astronomical Society, 192(3), 481–491. 1555 
https://doi.org/10.1093/mnras/192.3.481  1556 

61. Feng, F., Shectman, S. A., Clement, M. S., Mustill, A. J., & Tupikova, A. 1557 

(2025). Revisiting the multi-planetary system of the nearby star HD 20794: 1558 

https://doi.org/10.1016/j.gca.2023.01.002


Confirmation of a low-mass planet in the habitable zone of a nearby G-dwarf. 1559 

Astronomy & Astrophysics, 693, A127. https://doi.org/10.1051/0004-1560 
6361/202451769 1561 

62. Fornasier, S., Lellouch, E., Müller, T., et al. (2013). TNOs are cool: A survey 1562 

of the trans-Neptunian region. VIII. Combined Herschel PACS and SPIRE 1563 

observations of 9 bright targets at 70--500 micron. Astronomy & Astrophysics,  1564 

555, A15. https://doi.org/10.1051/0004-6361/201321329  1565 

63. Gando, A., Gando, Y., Ichimura, K., et al. (2011). Partial radiogenic heat 1566 

model for Earth revealed by geoneutrino measurements. Nature Geoscience, 4, 1567 

647– 1568 

651. https://doi.org/10.1038/ngeo1205  1569 

64. Genda, H., Brasser, R., & Mojzsis, S. J. (2024). Igneous processes in the small 1570 

bodies of the Solar System II: Small satellites and dwarf planets. iScience, 1571 
27(6), 109835. https://doi.org/10.1016/j.ici.2024.109835 1572 

65. Gladman, B., Kavelaars, J., Petit, J.M., Ashby, M. L. N., Parker, J., Coffey, J., 1573 

Jones, R. L., Rousselot, P., and Mousis, O.. (2009). Discovery of the first 1574 

retrograde transneptunian object. The Astrophysical Journal Letters, 697(2), 1575 
L91.  1576 

66. Glasstone, S., & Dolan, P. J. (1977). The Effects of Nuclear Weapons (3rd ed.). 1577 

U.S. Department of Defense and U.S. Department of Energy. 1578 

https://www.fourmilab.ch/etexts/www/effects/ 1579 

67. Gomes, R., Levison, H. F., Tsiganis, K., et al. (2005). Origin of the 1580 

cataclysmic Late Heavy Bombardment period of the terrestrial planets. Nature, 1581 
435, 466– 1582 

469.  https://doi.org/10.1038/nature03676  1583 

68. Grady, M. M. (2000). Catalogue of meteorites (5th ed.). Cambridge University 1584 

Press, Cambridge, UK.  1585 

69. Guillochon, J., & Ramirez-Ruiz, E. (2013). Hydrodynamical simulations to 1586 

determine the feeding rate of black holes by the tidal disruption of stars: The 1587 

importance of the impact parameter and stellar structure. The Astrophysical 1588 

Journal, 767(1), 25. https://doi.org/10.1088/0004-637X/767/1/25 1589 

https://doi.org/10.1051/0004-6361/202451769
https://doi.org/10.1051/0004-6361/202451769
https://doi.org/10.1016/j.ici.2024.109835
https://www.fourmilab.ch/etexts/www/effects/
https://doi.org/10.1088/0004-637X/767/1/25


70. Halliday, A. N. (2000). Hf-W chronometry and inner solar system accretion 1590 

rates. Space Science Reviews, 92(1), 355–370. 1591 
https://doi.org/10.1023/A:1005280220751  1592 

71. Haqq-Misra, J., Kopparapu, R. K., Fauchez, T. J., Frank, E. A., Wright, J. T., 1593 

& Gelino, D. (2022). Searching for technosignatures in exoplanetary systems 1594 

with current and future missions. Acta Astronautica, 198, 194-207. 1595 
https://doi.org/10.1016/j.actaastro.2022.05.040 1596 

72. Harrington, R. S., & Van Flandern, T. C. (1979). The satellites of Neptune and 1597 

the origin of Pluto. Icarus, 39(1), 131–136. 1598 

https://doi.org/10.1016/00191035(79)900606  1599 

73. Hartigan, P., Edwards, S., & Ghandour, L. (1995). Disk accretion and mass 1600 

loss from young stars. The Astrophysical Journal, 452(2), 736-745. 1601 

https://doi.org/10.1086/176344 1602 

74. Hwang, U., & Laming, J. M. (2012). A Chandrasekhar Mass Progenitor for the 1603 

Type Ia Supernova Remnant 3C 397 from the Enhanced Abundances of Nickel 1604 

and Iron. The Astrophysical Journal, 746(2), 130. 1605 

https://doi.org/10.1088/0004-637X/746/2/130 1606 

75. Herschel, W. (1807). Observations on the nature of the new celestial body 1607 
discovered by Dr. Olbers, and of the comet which was expected to appear last 1608 

January in its return from the Sun. Philosophical Transactions of the Royal 1609 

Society of London, 97, 260–266.  1610 

76. Olbers, H. W. (1807). Observations on the nature of the new celestial body 1611 

discovered by Dr. Olbers, and of the comet which was expected to appear last 1612 

January in its return from the Sun. The Academy, London, 260–266.  1613 

77. Hess, W. N. (1968). The radiation belt and magnetosphere. Blaisdell, 1614 

Waltham, MA.  1615 

78. Hewins, R. H., & Radomsky, P. M. (1990). Temperature conditions for 1616 

chondrule formation. Meteoritics, 25(4), 309–318.  1617 

https://doi.org/10.1111/j.19455100.1990.tb00715.x  1618 

79. Ignasi, R. (2010). The Sun and stars as the primary energy input in planetary 1619 

atmospheres. Proceedings of the International Astronomical Union, 5(264), 3–1620 
18. https://doi.org/10.1017/S1743921309992298  1621 

https://doi.org/10.1016/j.actaastro.2022.05.040
https://doi.org/10.1086/176344
https://doi.org/10.1088/0004-637X/746/2/130


80. Isherwood, R. J., Jozwiak, L. M., Jansen, J. C., et al. (2012). The volcanic 1622 

history of Olympus Mons from paleo-topography and flexural modeling. 1623 

Department of Geophysics and Center for Space Resources, Colorado School 1624 
of Mines, Golden, CO. 1625 

81. Izidoro, A., Bitsch, B., Dasgupta, R., & Alibert, Y. (2025). Gas giant planets as 1626 

agents of cosmic chemical enrichment. Science Advances, 11(10), eady4823. 1627 
https://doi.org/10.1126/sciadv.ady4823 1628 

82. Jaupart, C., Labrosse, S., Lucazeau, F., & Mareschal, J. C. (2023). 1629 

Temperatures, heat and energy in the mantle of the Earth. Treatise on 1630 

Geochemistry, 7, 253-305. https://doi.org/10.1016/B978-0-323-99762-1631 
1.00007-3 1632 

83. Johansen, A., Blum, J., Tanaka, H., Ormel, C., Bizzarro, M., & Rickman, H. 1633 

(2014). The multifaceted planetesimal formation process. In Protostars and 1634 
Planets VI (pp. 547-570). University of Arizona Press. 1635 

https://doi.org/10.2458/azu_uapress_9780816531240-ch024 1636 

84. Johns-Krull, C. M. (2007). The magnetic fields of classical T Tauri stars. The 1637 

Astrophysical Journal, 664(2), 975-985. https://doi.org/10.1086/519017 1638 

85. Karner, G. D., & Watts, A. B. (1983). Gravity anomalies and flexure of the 1639 

lithosphere at mountain ranges. Journal of Geophysical Research, 88(B12), 1640 

10449–10477. https://doi.org/10.1029/JB088iB12p10449  1641 

86. Keiko, N., Messenger, S., Keller, L. P., et al. (2006). Organic globules in the 1642 

Tagish Lake meteorite: Remnants of the proto-solar disk. Science, 314(5804), 1643 
1439–1442. https://doi.org/10.1126/science.1132175  1644 

87. Kimura, T., Hoshino, H., Kokubo, E., Matsumoto, Y., & Ikoma, M. (2025). 1645 

Semi-analytical model for the dynamical evolution of planetary embryos with 1646 

giant impacts. The Astrophysical Journal, 989(1), 109. 1647 
https://doi.org/10.3847/1538-4357/ade992 1648 

88. Kirkwood, D. (1867). Meteoric astronomy: A treatise on shooting-stars, 1649 

fireballs, and aerolites. J.B. Lippincott, Philadelphia.  1650 

89. Kiss, C., Marton, G., Parker, A., et al. (2018). The mass and density of the 1651 

dwarf planet 2007 OR10. 50th annual meeting of the AAS Division of 1652 

Planetary Sciences, abstract 311.02. https://aas.org/meetings/dps50  1653 

https://doi.org/10.1126/sciadv.ady4823
https://doi.org/10.1016/B978-0-323-99762-1.00007-3
https://doi.org/10.1016/B978-0-323-99762-1.00007-3
https://doi.org/10.1086/519017
https://doi.org/10.3847/1538-4357/ade992


90. Kleine, T., Touboul, M., Bourdon, B., Nimmo, F., Mezger, K., Palme, H., ... & 1654 

Halliday, A. N. (2009). Hf–W chronology of the accretion and early evolution 1655 

of asteroids and terrestrial planets. Geochimica et Cosmochimica Acta, 73(17), 1656 

5150-5188. https://doi.org/10.1016/j.gca.2008.11.047 1657 

91. Krot, A. N., Amelin, Y., Bland, P., et al. (2009). Origin and chronology of 1658 

chondritic components: A review. Geochimica et Cosmochimica Acta, 73(17),  1659 

4963–4997. https://doi.org/10.1016/j.gca.2008.09.039  1660 

92. Kruijer, T. S., Kleine, T., Fischer-Gödde, M., et al. (2015). Lunar tungsten 1661 

isotopic evidence for the late veneer. Nature, 520, 534–537. 1662 

https://doi.org/10.1038/nature14360  1663 

93. Lacerda, P., & Jewitt, D. (2016). Densities of solar system objects from their  1664 

rotational lightcurves. arXiv:astro-ph/0612237.  1665 

https://doi.org/10.1086/511772  1666 

94. Lakdawalla, E. (2015, November 12). DPA 2015: First reconnaissance of 1667 

Ceres by Dawn [Blog post]. The Planetary Society.    1668 

http://www.planetary.org/blogs/emilylakdawalla/2015/dps15-1112ceres.html  1669 

95. Lauretta, D. S., Connolly Jr., H. C., Aebersold, J. E., et al. (2024). Asteroid 1670 

(101955) Bennu in the laboratory: Properties of the sample collected by 1671 

OSIRIS-REx.   Meteoritics & Planetary Science.  1672 

https://doi.org/10.1111/maps.14227  1673 

96. Le Duin, T., Levasseur-Rigourd, A. C., & Renard, J. B. (1993). Dust and gas 1674 

brightness profiles in the Grigg-Skjellerup coma from OPE/Giotto. In 1675 

Abstracts for IAU Symposium 160: Asteroids, Comets, Meteors 1993, 1676 

Belgirate (Navara) Italy, 182.  1677 

97. Lenz, C. T., Klahr, H., & Birnstiel, T. (2025). Multiple giant impacts and 1678 

chemical equilibria: An integrated approach to rocky planet formation. arXiv 1679 
preprint arXiv:2509.02617. 1680 

98. Leone, G., & Tanaka, H. (2024). Igneous processes in the small bodies of the 1681 

Solar System II: Small satellites and dwarf planets. iScience, 27(5), 109613. 1682 

https://doi.org/10.1016/j.isci.2024.109613 1683 

https://doi.org/10.1016/j.isci.2024.109613


99. Letzter, R. (2025). There's another comet ATLAS in our solar system — and it 1684 

just turned gold after a perilous dance with the sun. Live Science. Retrieved 1685 

from https://www.livescience.com/space/comets/theres-a-second-comet-atlas-1686 

in-our-solar-system-and-it-just-turned-gold-after-a-perilous-dance-with-the-1687 

sun 1688 

100. Lin, J., Lee, M. H., & Rubie, D. C. (2025). Terrestrial planet formation in the 1689 

presence of migrating super-Earths. National Science Review, 12(9), nwaf281. 1690 

https://doi.org/10.1093/nsr/nwaf281 1691 

101. Lisse, C. M., Wyatt, M. C., Chen, C. H., et al. (2012). Spitzer evidence for a 1692 

lateheavy bombardment and the formation of ureilites in η Corvi at ~1 Gyr. 1693 

The Astrophysical Journal, 747(2), 93. 1694 
https://doi.org/10.1088/0004637X/747/2/93  1695 

102. Liu, B., Johansen, A., Lambrechts, M., Bizzarro, M., & Haugbølle, T. (2024). 1696 

A pebble accretion model for the formation of the terrestrial planets in the 1697 

Solar System. Science Advances, 10(15), eadl2332. 1698 

https://doi.org/10.1126/sciadv.adl2332 1699 

103. Loeb, A. (2025, October 31). Afterthoughts on the non-gravitational 1700 

acceleration of 3I/ATLAS at perihelion. Medium. https://avi-1701 

loeb.medium.com/afterthoughts-on-the-non-gravitational-acceleration-of-3i-1702 
atlas-at-perihelion-97c609e24fc6 1703 

104. Lovelace, R. V. E., Romanova, M. M., & Contopoulos, I. (2002). Magnetic 1704 

fields in disks: What are the uncertainties? The Astrophysical Journal, 572(1), 1705 

362-366. https://doi.org/10.1086/340292 1706 

105. Lyytinen, E. (1999). Leonid predictions for the years 1999-2007 with the 1707 

satellite model of comets. Meta Research Bulletin, 8, 33–40.  1708 

106. MacKenzie, D. (2003). The big splat or how our moon came to be. John Wiley 1709 

& Sons, Hoboken, NJ.  1710 

107. MacPherson, G. J., Simon, S. B., Davis, A. M., et al. (2005). Calcium-1711 

aluminum-   rich inclusions: Major unanswered questions. In A. N. Krot, E. R. 1712 

D. Scott, & B. Reipurth (Eds.), Chondrites and the Protoplanetary Disk (pp. 1713 

225–250). ASP Conference Series, Vol. 341. Astronomical Society of the 1714 

Pacific.  1715 

https://www.livescience.com/space/comets/theres-a-second-comet-atlas-in-our-solar-system-and-it-just-turned-gold-after-a-perilous-dance-with-the-sun
https://www.livescience.com/space/comets/theres-a-second-comet-atlas-in-our-solar-system-and-it-just-turned-gold-after-a-perilous-dance-with-the-sun
https://www.livescience.com/space/comets/theres-a-second-comet-atlas-in-our-solar-system-and-it-just-turned-gold-after-a-perilous-dance-with-the-sun
https://doi.org/10.1093/nsr/nwaf281
https://doi.org/10.1126/sciadv.adl2332
https://avi-loeb.medium.com/afterthoughts-on-the-non-gravitational-acceleration-of-3i-atlas-at-perihelion-97c609e24fc6
https://avi-loeb.medium.com/afterthoughts-on-the-non-gravitational-acceleration-of-3i-atlas-at-perihelion-97c609e24fc6
https://avi-loeb.medium.com/afterthoughts-on-the-non-gravitational-acceleration-of-3i-atlas-at-perihelion-97c609e24fc6
https://doi.org/10.1086/340292


108. Maeda, H., & Sasaki, T. (2025). Multiple giant impacts and chemical 1716 

equilibria: An integrated approach to rocky planet formation. arXiv preprint 1717 

arXiv:2509.12713. https://doi.org/10.48550/arXiv.2509.12713 1718 

109. Magill, F. (1990). Magill's survey of science: Earth science series (Vol. 2). 1719 

Salem Press, Hackensack, NJ.  1720 

110. Malmberg, D., Davies, M. B., & Heggie, D. C. (2011). The effects of fly-bys 1721 

on planetary systems. Monthly Notices of the Royal Astronomical Society, 1722 

411(2), 859-877. https://doi.org/10.1111/j.1365-2966.2010.17730.x 1723 

111. Marchis, F., Bochnhardt, H., Hainaut, O. R., & Le Mignant, D. (1999). 1724 

Adaptive optics observations of the innermost coma of C/1995 O1: Are there a 1725 

‘Hale’ and a ‘Bopp’ in comet Hale-Bopp? Astronomy & Astrophysics, 349, 1726 
985–995.  1727 

112. Marrocchi, Y., Valdes, M. C., Bermingham, K. R., Huang, S., & Simon, J. I. 1728 

(2021). Calcium isotope cosmochemistry. Chemical Geology, 581, 120396. 1729 

https://doi.org/10.1016/j.chemgeo.2021.120396 1730 

113. Marsset, M., et al. (2021). Small Solar System objects on highly inclined 1731 

orbits - Surface colours and lifetimes. Astronomy & Astrophysics, 647, A71. 1732 

https://doi.org/10.1051/0004-6361/202039737  1733 

114. Masiero, J. R., Wright, J. T., & Mainzer, A. K. (2025). The mineralogical 1734 

connection between M- and K-type asteroids as indicators of shared formation 1735 

environments. The Planetary Science Journal, 6(8), 197. 1736 

https://doi.org/10.3847/PSJ/ade433 1737 

115. Meech, K. J., Kleyna, J., Keane, J. V., Hainaut, O., Micheli, M., & Bauer, J. 1738 

(2025). Temporal evolution of the third interstellar comet 3I/ATLAS: Spin, 1739 

color, spectra, and dust activity. Astronomy & Astrophysics, 684, L12. 1740 

https://doi.org/10.1051/0004-6361/202551088 1741 

116. Meyer, B. S., & Adams, D. C. (2006). Neutron burst production of 60Fe 1742 

necessarily implies production of 182Hf. Abstract presented at the Lunar and 1743 

Planetary Science Conference XXXVII, League City, TX. 1744 

https://www.lpi.usra.edu/meetings/lpsc2006/pdf/1403.pdf  1745 

117. Micheli, M., et al. (2018). Non-gravitational acceleration in the trajectory of 1746 

1I/2017 U1 ('Oumuamua). Nature, 559(7713), 223-226.  1747 

https://doi.org/10.48550/arXiv.2509.12713
https://doi.org/10.1111/j.1365-2966.2010.17730.x
https://doi.org/10.1016/j.chemgeo.2021.120396
https://doi.org/10.3847/PSJ/ade433
https://doi.org/10.1051/0004-6361/202551088


118. Miljković, K., Wieczorek, M. A., Collins, G. S., et al. (2013). Asymmetric 1748 

distribution of lunar impact basins caused by variations in target properties. 1749 

Science, 342(6159), 724–726. https://doi.org/10.1126/science.1243224  1750 

119. Minor Planet Center. (2020). Trojan Asteroid Data.  1751 

https://minorplanetcenter.net/iau/lists/Trojans.html  1752 

120. Miret-Roig, N., Bouy, H., Raymond, S. N., Tamura, M., & Bertin, E. (2022). A 1753 

rich population of free-floating planets in the Upper Scorpius young stellar 1754 

association. Nature Astronomy, 6(1), 89-97. https://doi.org/10.1038/s41550-1755 

021-01513-x 1756 

121. Mishra, A. (2025). Comet C/2025 K1 (ATLAS) survives Sun close encounter, 1757 

green to golden. The Indian Express. Retrieved from 1758 

https://indianexpress.com/article/technology/science/comet-c-2025-k1-atlas-1759 

survives-sun-close-encounter-green-to-golden-10351098/ 1760 

122. Molau, S., & Rendtel, J. (2009). A comprehensive list of meteor showers 1761 

obtained from 10 years of observations with the IMO Video Meteor Network. 1762 

WGN, Journal of the International Meteor Organization, 37, 98–121.  1763 

123. Nari, N., Dumusque, X., Hara, N. C., Suárez Mascareño, A., Cretignier, M., 1764 

González Hernández, J. I., Stefanov, A. K., Passegger, V. M., Rebolo, R., 1765 
Pepe, F., Santos, N. C., Cristiani, S., Faria, J. P., Figueira, P., Sozzetti, A., 1766 

Zapatero Osorio, M. R., Adibekyan, V., Alibert, Y., Allende Prieto, C., Bouchy, 1767 

F., Benatti, S., Castro-González, A., D’Odorico, V., Damasso, M., Delisle, J. 1768 
B., Di Marcantonio, P., Ehrenreich, D., Génova-Santos, R., Hobson, M. J., 1769 

Lavie, B., Lillo-Box, J., Lo Curto, G., Lovis, C. J. A. P., Martins, C. J. A. P., 1770 

Mehner, A., Micela, G., Molaro, P., Nunes, N., Palle, E., Quanz, S. P., 1771 

Ségransan, D., Silva, A. M., Sousa, S. G., Udry, S., Unger, N., & Venturini, J. 1772 

(2025). Revisiting the multi-planetary system of the nearby star HD 20794: 1773 

Confirmation of a low-mass planet in the habitable zone of a nearby G-dwarf. 1774 

Astronomy & Astrophysics, 693, A297. https://doi.org/10.1051/0004-1775 
6361/202451769 1776 

124. NASA. (2025). Comet 3I/ATLAS. NASA Science. Retrieved from 1777 

https://science.nasa.gov/solar-system/comets/3i-atlas/ 1778 

125. NASA. (2025, May 14). NASA’s Magellan Mission Reveals Possible Tectonic 1779 

Activity on Venus. https://www.nasa.gov/missions/magellan/nasas-magellan-1780 
mission-reveals-possible-tectonic-activity-on-venus/ 1781 

https://doi.org/10.1038/s41550-021-01513-x
https://doi.org/10.1038/s41550-021-01513-x
https://indianexpress.com/article/technology/science/comet-c-2025-k1-atlas-survives-sun-close-encounter-green-to-golden-10351098/
https://indianexpress.com/article/technology/science/comet-c-2025-k1-atlas-survives-sun-close-encounter-green-to-golden-10351098/
https://doi.org/10.1051/0004-6361/202451769
https://doi.org/10.1051/0004-6361/202451769
https://science.nasa.gov/solar-system/comets/3i-atlas/
https://www.nasa.gov/missions/magellan/nasas-magellan-mission-reveals-possible-tectonic-activity-on-venus/
https://www.nasa.gov/missions/magellan/nasas-magellan-mission-reveals-possible-tectonic-activity-on-venus/


126. Nathues, A., Hoffmann, M., Sarkar, R., Singh, P., Hernandez, J., Pasckert, J. 1782 

H., Schmedemann, N., Thangjam, G., Cloutis, E., Mengel, K., & Coutelier, M. 1783 

(2024). Consus Crater on Ceres: Ammonium-enriched brines in exchange with 1784 

phyllosilicates? Journal of Geophysical Research: Planets, 129(9), 1785 

e2023JE008150. https://doi.org/10.1029/2023JE008150 1786 

127. National Research Council. (2011). Vision and voyages for planetary science 1787 

in the decade 2013–2022. The National Academies Press, Washington, DC. 1788 
https://doi.org/10.17226/13117  1789 

128. Nesvorný, D., Vokrouhlický, D., Bottke, W. F., Morbidelli, A., & Jacobson, S. 1790 

A. (2025). Terrestrial planet formation from two source reservoirs. The 1791 
Astronomical Journal, 170(1), 15. https://doi.org/10.3847/1538-3881/adf20a 1792 

129. Nowakowski, T. (2025, October 28). JWST observations discover large debris 1793 

disk around nearby M dwarf. Phys.org. https://phys.org/news/2025-10-jwst-1794 
large-debris-disk-nearby.html 1795 

130. Ogihara, M., Guillot, T., & Ida, S. (2025). Giant planet formation via pebble 1796 

accretion across different stellar populations. Astronomy & Astrophysics, 689, 1797 

A204. https://doi.org/10.1051/0004-6361/202455787 1798 

131. Ogihara, M., Ida, S., & Guillot, T. (2025). Promoted mass growth of multiple, 1799 

distant giant planets through pebble accretion and planet–planet collisions. 1800 

Monthly Notices of the Royal Astronomical Society, 539(4), 3459-3472. 1801 

https://doi.org/10.1093/mnras/stae3419 1802 

132. O'Leary, M. (2008). Anaxagoras and the origin of panspermia theory. 1803 

iUniverse, Bloomington, IN.  1804 

133. Opik, E. J. (1970). Comets and the formation of planets. Irish Astronomical 1805 

Journal, 9, 212–218.  1806 

134. Ott, U. (2002). Isotopes of volatiles in pre-solar grains. Space Science 1807 

Reviews, 106(1–4), 33–48. https://doi.org/10.1023/A:1024621200898  1808 

135. Palatnick, S., et al. (2025). Discovery of a debris disk around TWA 20. arXiv 1809 
preprint arXiv:2510.01865. 1810 

136. Pan, M., Liu, B., Jiang, L., Xie, J., Zhu, W., & Ribas, I. (2025). Dependence of 1811 

planet populations on stellar mass and metallicity: A pebble accretion-based 1812 

planet population synthesis. arXiv preprint arXiv:2504.00296. 1813 

https://doi.org/10.1029/2023JE008150
https://doi.org/10.3847/1538-3881/adf20a
https://phys.org/news/2025-10-jwst-large-debris-disk-nearby.html
https://phys.org/news/2025-10-jwst-large-debris-disk-nearby.html
https://doi.org/10.1051/0004-6361/202455787
https://doi.org/10.1093/mnras/stae3419


137. Pan, M., Liu, B., Jiang, L., Xie, J., Zhu, W., & Ribas, I. (2025). JWST/MIRI 1814 

imaging of the warm dust component of the Epsilon Eridani debris disk. arXiv 1815 
preprint arXiv:2509.24976. 1816 

138. Pfalzner, S., Davies, M. B., Gounelle, M., Johansen, A., & Münker, C. (2015). 1817 

The formation of the Solar System. Physica Scripta, 90(6), 068001. 1818 

https://doi.org/10.1088/0031-8949/90/6/068001 1819 

139. Pirani, S., Johansen, A., & Mustill, A. J. (2019). On the inclinations of the 1820 

Jupiter  Trojans. Astronomy & Astrophysics, 631, A89. 1821 
https://doi.org/10.1051/00046361/201936144  1822 

140. Portegies Zwart, S. F. (2009). The long-lost siblings of the Sun. The 1823 

Astrophysical Journal Letters, 696(1), L13-L16. https://doi.org/10.1088/0004-1824 
637X/696/1/L13 1825 

141. Portegies Zwart, S., & Huang, S. (2025). Oort cloud ecology III. The Sun’s 1826 

departure from the parent star cluster shortly after the giant planets formed. 1827 

Astronomy & Astrophysics, 698, L27. https://doi.org/10.1051/0004-1828 
6361/202454855 1829 

142. Potemine, I. Y. (2010). Transit of Luyten 726-8 within 1 ly from Epsilon 1830 

Eridani. arXiv:1004.1557 [astro-ph.EP].  1831 

143. Quitté, G., Halliday, A. N., Meyer, B. S., et al. (2007). Correlated iron 60, 1832 

nickel 62, and zirconium 96 in refractory inclusions and the origin of the solar 1833 

system. The Astrophysical Journal, 655(1), 678–684. 1834 
https://doi.org/10.1086/509771  1835 

144. Raffelt, G. G. (2012). Astrophysical axion bounds. Lecture Notes in Physics, 1836 

741, 51-71. https://doi.org/10.1007/978-3-540-73518-2_3 1837 

145. Rambaux, N., Baguet, D., Chambat, F., et al. (2017). Equilibrium shapes of 1838 

large trans-Neptunian objects. The Astrophysical Journal Letters, 850(1), L9. 1839 

https://doi.org/10.3847/2041-8213/aa95bd  1840 

146. Ramsey, W. H. (1950). On the instability of small planetary cores (I). Monthly 1841 

Notices of the Royal Astronomical Society, 110(4), 325–338. 1842 

https://doi.org/10.1093/mnras/110.4.325  1843 

147. Raymond, S. N., Izidoro, A., Bolmont, E., & Bonfils, X. (2024). Pebble 1844 

accretion in other stars influences the architectures of planetary systems. arXiv 1845 
preprint arXiv:2404.14982. 1846 

https://doi.org/10.1088/0031-8949/90/6/068001
https://doi.org/10.1051/00046361/201936144
https://doi.org/10.1088/0004-637X/696/1/L13
https://doi.org/10.1088/0004-637X/696/1/L13
https://doi.org/10.1051/0004-6361/202454855
https://doi.org/10.1051/0004-6361/202454855
https://doi.org/10.1007/978-3-540-73518-2_3


148. Remington, B. A., et al. (2006). From microjoules to megajoules and kilobars 1847 

to gigabars: Probing matter at extreme states of deformation. Physics of 1848 

Plasmas, 13(5), 056317. https://doi.org/10.1063/1.2186050 1849 

149. Renne, P. R., et al. (2013). Time scales of critical events around the 1850 

Cretaceous-Paleogene boundary. Science, 339(6120), 684-687. 1851 

https://doi.org/10.1126/science.1230492  1852 

150. Roth, N. X., Milam, S. N., Cordiner, M. A., Bockelée-Morvan, D., Biver, N., 1853 

Kelley, M. S. P., Remijan, A. J., Charnley, S. B., Holt, C. E., & Foster, K. D. 1854 

(2025). The first detection of molecular activity in the largest known Oort 1855 

Cloud comet: ALMA imaging of C/2014 UN271 (Bernardinelli–Bernstein) at 1856 

16.6 au from the Sun. The Astrophysical Journal Letters, 986(2), L22. 1857 

https://doi.org/10.3847/2041-8213/add526 1858 

151. Rubie, D. C., Dale, K. I., Nathan, G., Nakajima, M., Jennings, E. S., Golabek, 1859 

G. J., Jacobson, S. A., & Morbidelli, A. (2025). Tungsten isotope evolution 1860 

during Earth's formation and new constraints on the viability of accretion 1861 

simulations. Earth and Planetary Science Letters, 651, 119139. 1862 
https://doi.org/10.1016/j.epsl.2024.119139 1863 

152. Sanctis, M. C. De, Ammannito, E., Raponi, A., et al. (2015). Ammoniated 1864 

phyllosilicates with a likely outer solar system origin on (1) Ceres. Nature, 1865 

528, 241– 244. https://doi.org/10.1038/nature16172  1866 

153. Sandford, S., Betts, B., & Al-Ahmed, S. (2025). Breaking down Bennu: 1867 

OSIRIS-REx finds life’s building blocks in asteroid sample. Planetary Radio. 1868 

https://www.planetary.org/planetary-radio/2025-osiris-rex-sample 1869 

154. Schib, O., Mordasini, C., Emsenhuber, A., & Helled, R. (2025). DIPSY: A new 1870 

disc instability population synthesis, I. Modeling, evolution of individual 1871 

systems, and tests. arXiv preprint arXiv:2510.02436. 1872 

155. Schib, O., Mordasini, C., Emsenhuber, A., & Helled, R. (2025). The New 1873 

Generation Planetary Population Synthesis (NGPPS) - VIII. Impact of host 1874 

star metallicity on planet occurrence rates, orbital periods, eccentricities, and 1875 

radius valley morphology. Astronomy & Astrophysics, 689, A283. 1876 
https://doi.org/10.1051/0004-6361/202455380 1877 

156. Schlaufman, K. C. (2018). Evidence of an upper bound on the masses of 1878 

planets and its implications for giant planet formation. The Astrophysical 1879 

Journal, 853(1), 37. https://doi.org/10.3847/1538-4357/aa961c  1880 

https://doi.org/10.1063/1.2186050
https://doi.org/10.1126/science.1230492
https://doi.org/10.3847/2041-8213/add526
https://doi.org/10.1016/j.epsl.2024.119139
https://www.planetary.org/planetary-radio/2025-osiris-rex-sample
https://doi.org/10.1051/0004-6361/202455380


157. Schrader, D. L., Fu, R. R., Desch, S. J. (2016). Evaluating chondrule formation 1881 

models and the protoplanetary disk background temperature with 1882 

lowtemperature, sub-silicate solidus chondrule cooling rates. 47th Lunar and 1883 

Planetary Science Conference, Abstract 1180.  1884 

158. Schröder, K.-P., & Connon Smith, R. (2008). Distant future of the Sun and 1885 

Earth Revisited. Monthly Notices of the Royal Astronomical Society, 386(1), 1886 
155–162. https://doi.org/10.1111/j.1365-2966.2008.13022.x  1887 

159. Science Desk. (2025, November 8). Comet C/2025 K1 (ATLAS) survives Sun 1888 

close encounter, green to golden. The Indian Express. 1889 

https://indianexpress.com/article/technology/science/comet-c-2025-k1-atlas-1890 
survives-sun-close-encounter-green-to-golden-10351098/ 1891 

160. Sekanina, Z. (1999). Detection of a satellite orbiting the nucleus of Comet 1892 

HaleBopp (C/1995 O1). Earth, Moon, and Planets, 77(3), 147–162. 1893 
https://doi.org/10.1023/A:1006223815058  1894 

161. Siciliano Rego, E., Dauphas, N., & Hopp, T. (2025). Consolidating the 1895 

isotopic trichotomy of planetary materials with new evidence. Geochemical 1896 

Perspectives Letters, 37, 7-11. https://doi.org/10.7185/geochemlet.2538 1897 

162. Smrekar, S. E., Stofan, E. R., Mueller, N., et al. (2010). Recent hotspot 1898 

volcanism on Venus from VIRTIS emissivity data. Science, 328(5978), 605–1899 

608.  https://doi.org/10.1126/science.1186785  1900 

163. Spielman, R. B., et al. (1998). Tungsten wire-array Z-pinch experiments at 200 1901 

TW and 2 MJ. Physics of Plasmas, 5(5), 2105-2111. 1902 
https://doi.org/10.1063/1.872881 1903 

164. Stern, S. A., Grundy, W., McKinnon, W. B., et al. (2017). The Pluto system 1904 

after New Horizons. Annual Review of Astronomy and Astrophysics, 56, 357–1905 

392.  https://doi.org/10.1146/annurev-astro-081817-051935  1906 

165. Su, K. Y. L., Rieke, G. H., Stansberry, J. A., et al. (2005). Debris Disk 1907 

Evolution around A Stars. The Astrophysical Journal, 628(1), 487–500.  1908 
https://doi.org/10.1086/430819  1909 

166. Sumi, T., Kamiya, K., Udalski, A., Bennett, D. P., & Bond, I. A. (2011). 1910 

Unbound or distant planetary mass population detected by gravitational 1911 

microlensing. Nature, 473(7347), 349-352. 1912 
https://doi.org/10.1038/nature10092 1913 

https://indianexpress.com/article/technology/science/comet-c-2025-k1-atlas-survives-sun-close-encounter-green-to-golden-10351098/
https://indianexpress.com/article/technology/science/comet-c-2025-k1-atlas-survives-sun-close-encounter-green-to-golden-10351098/
https://doi.org/10.7185/geochemlet.2538
https://doi.org/10.1063/1.872881
https://doi.org/10.1038/nature10092


167. The Economic Times. (2025). 3I/ATLAS who? The ‘Other ATLAS’ Comet 1914 

that was expected to disappear turns brilliant gold after near-Sun encounter — 1915 

Here’s how to spot it. 1916 

https://economictimes.indiatimes.com/news/international/us/3i/atlas-who-the-1917 

other-atlas-comet-that-was-expected-to-disappear-turns-brilliant-gold-after-1918 

near-sun-encounter-heres-how-to-spot-1919 
it/articleshow/125133626.cms?from=mdr 1920 

168. Touboul, M., Puchtel, I. S., & Walker, R. J. (2015). Tungsten isotopic evidence 1921 

for disproportionate late accretion to the Earth and Moon. Nature, 520, 530–1922 
533. https://doi.org/10.1038/nature14355  1923 

169. Van Flandern, T. (1978). A former asteroidal planet as the origin of comets.  1924 

Icarus,  36(1), 51–74. https://doi.org/10.1016/0019-1035(78)90072-0  1925 

170. Van Flandern, T. (1992). Minor satellites and the Gaspra encounter. In 1926 

Asteroids, Comets, Meteors 1991 (pp. 609–612). Lunar and Planetary Institute, 1927 

Houston.  1928 

171. Van Flandern, T. (1993). Dark Matter, Missing Planets and New Comets (2nd 1929 

ed.).  North Atlantic Books, Berkeley, pp. 215–236, 178.  1930 

172. Van Flandern, T. (1996). Possible new properties of gravity. Astrophysics and 1931 

Space Science, 244(1-2), 249–261. https://doi.org/10.1007/BF00642353  1932 

173. Van Flandern, T. (1997). The original solar system. Meta Research Bulletin, 6, 1933 

17–29.  1934 

174. Van Flandern, T. (1997). Comet Hale-Bopp update. Meta Research Bulletin, 6, 1935 
29–32.  1936 

175. Van Flandern, T. (1999). Status of ‘the NEAR challenge’. Meta Research 1937 

Bulletin, 8, 31–32.  1938 

176. Van Flandern, T. (2007). The challenge of the exploded planet hypothesis.     1939 

International Journal of Astrobiology, 6(3), 185–197. 1940 

https://doi.org/10.1017/S1473550407003758  1941 

177. Von Humboldt, A. (1850). Cosmos: A sketch of a physical description of the 1942 

universe (Vol. 1). Harper & Brothers, New York, p. 44.  1943 

https://economictimes.indiatimes.com/news/international/us/3i/atlas-who-the-other-atlas-comet-that-was-expected-to-disappear-turns-brilliant-gold-after-near-sun-encounter-heres-how-to-spot-it/articleshow/125133626.cms?from=mdr
https://economictimes.indiatimes.com/news/international/us/3i/atlas-who-the-other-atlas-comet-that-was-expected-to-disappear-turns-brilliant-gold-after-near-sun-encounter-heres-how-to-spot-it/articleshow/125133626.cms?from=mdr
https://economictimes.indiatimes.com/news/international/us/3i/atlas-who-the-other-atlas-comet-that-was-expected-to-disappear-turns-brilliant-gold-after-near-sun-encounter-heres-how-to-spot-it/articleshow/125133626.cms?from=mdr
https://economictimes.indiatimes.com/news/international/us/3i/atlas-who-the-other-atlas-comet-that-was-expected-to-disappear-turns-brilliant-gold-after-near-sun-encounter-heres-how-to-spot-it/articleshow/125133626.cms?from=mdr


178. Walker, R. J. (2009). Highly siderophile elements in the Earth, Moon and 1944 

Mars: Update and implications for planetary accretion and differentiation. 1945 

Chemie der  Erde - Geochemistry, 69(2), 101–125. 1946 
https://doi.org/10.1016/j.chemer.2008.05.002  1947 

179. Wegener, A. (1912). Die Herausbildung der Grossformen der Erdrinde  1948 

(Kontinente und Ozeane), auf geophysikalischer Grundlage. Petermanns 1949 
Geographische Mitteilungen, 50, 185–195, 253–256, 305–309.  1950 

180. Weaver, H. A., Feldman, P. D., A'Hearn, M. F., et al. (2001). Hubble Space 1951 

Telescope Investigations of the Fragmentation of Comet C/1999 S4 1952 

(LINEAR). Science, 292(5520), 1329–1333. 1953 
https://doi.org/10.1126/science.1058442  1954 

181. Weijermars, R. (1989). Global tectonics since the breakup of Pangea 180 1955 

million years ago: Evolution maps and lithospheric budget. Earth-Science 1956 

Reviews, 26(1-3), 113–162. https://doi.org/10.1016/0012-8252(89)90020-2  1957 

182. Weissman, P. R. (1989). The impact history of the solar system: Implications 1958 

for the origin of atmospheres. In S. K. Atreya, J. B. Pollack, & M. S. 1959 

Matthews (Eds.), Origin and Evolution of Planetary and Satellite Atmospheres 1960 

(pp. 247–249). University of Arizona Press, Tucson. Weizsäcker, C. F. (1948). 1961 

The rotation of cosmic gas masses. Zeitschrift für Naturforschung A, 3(8–11), 1962 
524–539. https://doi.org/10.1515/zna-1948-8111  1963 

183. Wieczorek, M. A. (2006). The constitution and structure of the lunar interior. 1964 

Reviews in Mineralogy and Geochemistry, 60(1), 221–364. 1965 

https://doi.org/10.2138/rmg.2006.60.3  1966 

184. Williams, D. A., Keszthelyi, L. P., Crown, D. A., et al. (2011). Geologic map 1967 

of Io. U.S. Geological Survey Scientific Investigations Map 3168.  1968 
https://pubs.usgs.gov/sim/3168/  1969 

185. Windley, B. F. (1970). Anorthosites in the early crust of the Earth and on the 1970 

Moon. Nature, 226(5243), 333–335. https://doi.org/10.1038/226333b0 103.  1971 

186. Wolff, S. G., Gáspár, A., Rieke, G., Leisenring, J. M., Sefilian, A. A., Ygouf, 1972 

M., & Llop-Sayson, J. (2025). JWST/MIRI imaging of the warm dust 1973 

component of the Epsilon Eridani debris disk. The Astronomical Journal, 1974 

170(6), 244. https://doi.org/10.3847/1538-3881/adfcd6 1975 

https://doi.org/10.1038/226333b0%20103
https://doi.org/10.1038/226333b0%20103
https://doi.org/10.3847/1538-3881/adfcd6


187. Wolff, S. G., A., Rieke, G., Leisenring, J.M., Sefilian, A. A., Ygouf, M., Llop-1976 

Sayson, J (2025). JWST/MIRI observations of the warm dust component of 1977 

the Epsilon Eridani debris disk. The Astrophysical Journal, 969(1), 45. 1978 

https://doi.org/10.3847/1538-4357/ad9ba9 1979 

188. Woosley, S. E., & Weaver, T. A. (1986). The evolution and explosion of 1980 

massive stars. II. Explosive hydrodynamics and nucleosynthesis. The 1981 

Astrophysical Journal Supplement Series, 101, 181-235. 1982 

https://doi.org/10.1086/191185 1983 

189. Worsham, E. A., & Kruijer, T. (2021). Late accretionary history of Earth and 1984 

Moon preserved in lunar impactites. Science Advances, 7(44), eabh2837. 1985 

https://doi.org/10.1126/sciadv.abh2837 1986 

190. Wright, J. T., Mullan, B., Sigurðsson, S., & Povich, M. S. (2016). The Ĝ 1987 

search for extraterrestrial civilizations with large energy supplies. IV. The 1988 
signatures and information content of transiting megastructures. The 1989 

Astrophysical Journal, 816(1), 17. https://doi.org/10.3847/0004-1990 

637X/816/1/17 1991 

191. Wright, J. T. (2021). Strategies and advice for the search for extraterrestrial 1992 

intelligence. Acta Astronautica, 188, 203-214. 1993 

https://doi.org/10.1016/j.actaastro.2021.07.021 1994 

192. Yang, W., He, Y., Qian, Y., & Yue, Z. (2025). Scientists eager for Chang'e-6 1995 

lunar farside samples to bring new discoveries. The Innovation, 6(6), 100801. 1996 
https://doi.org/10.1016/j.xinn.2025.100801 1997 

193. Yap, M. J., & Batygin, K. (2024). Searching for the Grand Tack in 1998 

Exoplanetary Data. Astronomy & Astrophysics, 687, A145. 1999 

https://doi.org/10.1051/0004-6361/202348280 2000 

194. Yoneda, S., & Grossman, L. (1995). Condensation of CaO-MgO-Al2O3-SiO2 2001 

liquids from cosmic gases. Geochimica et Cosmochimica Acta, 59(16), 3413–2002 

3444. https://doi.org/10.1016/0016-7037(95)00232-9  2003 

195. Young, E. D., Warren, P. H., Rubie, D. C., et al. (2016). Oxygen isotopic 2004 

evidence for vigorous mixing during the Moon-forming giant impact. Science, 2005 

351(6272), 493–496. https://doi.org/10.1126/science.aad0525  2006 

196. Zellner, N. E. B. (2017). Lunar impact history constrained by in situ dating of 2007 

a zircon in lunar breccia 72215. Meteoritics & Planetary Science, 52(3), 407-2008 

418. https://doi.org/10.1111/maps.12800 2009 

https://arxiv.org/search/astro-ph?searchtype=author&query=Wolff,+S+G
https://arxiv.org/search/astro-ph?searchtype=author&query=Rieke,+G
https://arxiv.org/search/astro-ph?searchtype=author&query=Leisenring,+J+M
https://arxiv.org/search/astro-ph?searchtype=author&query=Sefilian,+A+A
https://arxiv.org/search/astro-ph?searchtype=author&query=Ygouf,+M
https://arxiv.org/search/astro-ph?searchtype=author&query=Llop-Sayson,+J
https://arxiv.org/search/astro-ph?searchtype=author&query=Llop-Sayson,+J
https://doi.org/10.3847/1538-4357/ad9ba9
https://doi.org/10.1086/191185
https://doi.org/10.1126/sciadv.abh2837
https://doi.org/10.3847/0004-637X/816/1/17
https://doi.org/10.3847/0004-637X/816/1/17
https://doi.org/10.1016/j.actaastro.2021.07.021
https://doi.org/10.1016/j.xinn.2025.100801
https://doi.org/10.1051/0004-6361/202348280
https://doi.org/10.1126/science.aad0525
https://doi.org/10.1126/science.aad0525
https://doi.org/10.1111/maps.12800


  2010 

Declaration of generative AI and AI-assisted technologies in the manuscript preparation 2011 

process  2012 

During the preparation of this work the author used Claude for assistance in language refinement 2013 

to enhance clarity, accuracy, and technical robustness, as well as Grok 3 to assist in developing 2014 

the RPD REBOUND simulation. After using this tool/service, the author reviewed and edited the 2015 

content as needed and takes full responsibility for the content of the published article  2016 


