
manuscript submitted to JGR: Planets

The efficient delivery of highly-siderophile elements to1

the core creates a mass accretion catastrophe for the2

Earth3

Richard J. Anslow1, Maylis Landeau2, Amy Bonsor1, Jonathan Itcovitz1,3,4

Oliver Shorttle1,45

1Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge, CB3 0HA, UK6
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Key Points:10

• The entrainment of metal, and its HSE content, in a magma pond is possible only11

for ≤ 0.01mm droplets.12

• Metal delivered by ≥ 1 km impactors is lost to Earth’s core, yet constraints on13

total mass accretion prevents HSE delivery by ≤ 1 km impactors.14

• Thus, either an oxidized late veneer or the disruption of large impactors into ≤15

0.01mm droplets is required to account for observed HSEs.16
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Abstract17

The excess abundance of highly siderophile elements (HSEs), as inferred for the terres-18

trial planets and the Moon, is thought to record a ‘late veneer’ of impacts after the gi-19

ant impact phase of planet formation. Estimates for total mass accretion during this pe-20

riod typically assume all HSEs delivered remain entrained in the mantle. Here, we present21

an analytical discussion of the fate of liquid metal diapirs in both a magma pond and22

a solid mantle, and show that metals from impactors larger than approximately 1 km will23

sink to Earth’s core, leaving no HSE signature in the mantle. However, by considering24

a collisional size distribution, we show that to deliver sufficient mass in small impactors25

to account for Earth’s HSEs, there will be an implausibly large mass delivered by larger26

bodies, the metallic fraction of which lost to Earth’s core. There is therefore a contra-27

diction between observed concentrations of HSEs, the geodynamics of metal entrainment,28

and estimates of total mass accretion during the late veneer. To resolve this paradox,29

and avoid such a mass accretion catastrophe, our results suggest that large impactors30

must contribute to observed HSE signatures. For these HSEs to be entrained in the man-31

tle, either some mechanism(s) must efficiently disrupt impactor core material into ≤ 0.01mm32

fragments, or alternatively Earth accreted a significant mass fraction of oxidised (car-33

bonaceous chondrite-like) material during the late veneer. Estimates of total mass ac-34

cretion accordingly remain unconstrained, given uncertainty in both the efficiency of im-35

pactor core fragmentation, and the chemical composition of the late veneer.36

Plain Language Summary37

Highly siderophile elements (HSEs) have a very strong tendency to partition into38

planetary cores, rather than mantles. If Earth’s mantle and core were chemically equi-39

librated, these elements should be almost non-existent in the mantle. Yet, these elements40

are much more abundant in the mantle than expected, and are present in roughly the41

same relative abundance as in chondritic meteorites. A widely-admitted hypothesis is42

that these elements were delivered as a ‘late veneer’ of chondritic material, carrying about43

0.5% of Earth’s mass after core formation was complete. This estimate assumes that all44

HSEs delivered during the late veneer remained suspended in Earth’s mantle. In this work,45

we show that it is very challenging for these elements, delivered by planetesimals larger46

than approximately 1 km, to avoid sinking to Earth’s core, due to the large density of47

these metals relative to Earth’s silicate mantle. Our calculations further show, by con-48

sidering a realistic planetesimal size distribution, that there is insufficient mass in small49

planetesimals to account for Earth’s HSEs. These results therefore highlight a contra-50

diction between estimates of mass accretion during the late veneer, and our understand-51

ing of metal delivery to Earth’s mantle.52

1 Introduction53

Highly siderophile elements (HSEs; namely Pt-group elements, Re and Au) have54

a very strong affinity for Fe-metal at low pressure, and should therefore be stripped from55

the molten silicate mantle during core formation. Partitioning data predict that HSEs56

should be both virtually non-existent in Earth’s mantle, and, in those that remain, chem-57

ically fractionated according to their different affinities for metal (Righter et al., 2008;58

Mann et al., 2012). In contrast to these two predictions, the Earth’s mantle contains a59

significant excess of HSEs compared to that expected from metal-silicate equilibration60

(Day et al., 2007; Walker, 2009), and these HSEs are found to be in nearly chondritic61

relative abundance (Day et al., 2016). The simplest explanation for these observations62

is the delivery of a ‘late veneer’ of chondritic material, with total mass ∼ 0.3−0.7% of63

the Earth (Kimura et al., 1974; Chou, 1978; Walker, 2009), overprinting the mantle’s post-64

core formation HSE composition.65
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Further evidence in support of a significant, and widespread period of late accre-66

tion is that excess HSEs are also found, in broadly chondritic relative abundance, in the67

mantles of much smaller planetary bodies including the Moon (Day et al., 2007), Mars68

(Brandon et al., 2000, 2012), and Vesta (Dale et al., 2012). This strongly indicates that69

high-pressure equilibration does not alone control observed concentrations of HSEs in70

these bodies, since it appears unlikely that pressure-temperature conditions were the same71

at the bottom of these respective magma oceans. Thus, despite measurements indicat-72

ing that the affinity of HSEs for metal decreases in high pressure-temperature conditions73

(Righter et al., 2008; Mann et al., 2012; Suer et al., 2021), a chondritic late veneer still74

appears necessary in order to account for the abundance of HSEs observed in the ter-75

restrial planets’ mantles.76

The Earth-Moon system provides a particularly sensitive test for models of late ac-77

cretion, given both experienced early global differentiation (Kleine et al., 2005; Boyet78

& Carlson, 2005), and shared a common impact bombardment. A consistent explana-79

tion for both the Earth, and Moon’s HSE inventories remains enigmatic however, given80

that lunar HSEs are found in chondritic relative proportions, but with a concentration81

20−40 times lower than estimates for the terrestrial mantle (Day et al., 2007; Day & Walker,82

2015). Most straightforwardly, this concentration would imply that total mass accretion83

to the Earth was three orders of magnitude greater than to the Moon, a discrepancy that84

cannot be attributed solely to the larger geometric cross section of the Earth (e.g., Walker,85

2009).86

Several quite different explanations have been subsequently proposed for this dearth87

of lunar HSEs. Bottke et al. (2010) first suggested the majority of Earth’s HSEs were88

delivered by several large (D > 2000 km), leftover planetesimals from a population dom-89

inated by large objects. These large bodies would be more likely to be accreted by the90

Earth given its larger (gravitationally enhanced) accretional cross section, thus explain-91

ing the large discrepancy in Earth-Moon HSE abundances. This was supported on dy-92

namical grounds by Raymond et al. (2013), who showed that by assuming a low initial93

angular momentum deficit, a late veneer dominated by large bodies could reproduce both94

Earth’s late accreted mass, and the current-day orbital excitation of the terrestrial plan-95

ets. Not only this, but the large Earth-Moon HSE abundance ratio could also be accounted96

for, given that the erosional nature of large impacts on the Moon naturally prevents the97

accretion of large (> 500 km) bodies (Raymond et al., 2013). Later work suggested that98

Earth’s HSEs might instead have been delivered by a single lunar-sized impactor, rather99

than multiple Ceres-sized objects (Brasser et al., 2016).100

Alternatively, Schlichting et al. (2012) proposed a late veneer of very small (∼ 10m)101

planetesimals, which are collisionally damped to very low eccentricities, thereby increas-102

ing the relative gravitational focussing ratio in favour of the Earth. These planetesimals,103

assumed to form small (e.g., Weidenschilling, 2011), would naturally explain the damp-104

ing of the terrestrial planets’ eccentricities and inclinations following giant impacts. How-105

ever, the extent to which such a population of small planetesimals could remain on near-106

circular orbits and avoid re-excitation by the terrestrial planets is unclear, and there is107

no alternative evidence supporting such a collisionally damped disk in the inner Solar108

System.109

These studies all assume that HSEs are only removed from planetary mantles dur-110

ing core formation, and that their present abundances reliably trace subsequent mass111

accretion. Estimates of total mass accretion during the late veneer therefore strongly de-112

pend on this assumption. HSEs can, however, be removed from the mantle post-core for-113

mation; for example, the significant re-melting of the upper mantle during large impacts114

(e.g., Nakajima et al., 2021) has the capacity to strip extant HSEs delivered by previ-115

ous (smaller) impactors.116
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The assumption that mantle HSE abundances reliably trace total mass accretion117

appears, however, questionable from a mineral physics perspective. Rubie et al. (2016)118

highlighted that HSEs could be removed from the mantle via the exsolution, and seg-119

regation of iron sulfide, which may occur during the crystallization of planetary magma120

oceans. Rubie et al. (2016) therefore proposed the alternative interpretation that HSEs121

only record mass accretion post-magma ocean crystallisation, which may occur much later122

than the initial stage of core-mantle differentiation. This would have significant conse-123

quences for the Earth-Moon system, given the lunar magma ocean may have crystallised124

up to 200Myr after the Earth’s, due to the rapid formation of an insulating anorthositic125

crust (Elkins-Tanton, 2008; Elkins-Tanton et al., 2011). While recent work suggests it126

unlikely that the lunar (or terrestrial) magma ocean reached sulfur saturation (Steenstra127

et al., 2020; Blanchard et al., 2025), both delayed lunar core formation (Day et al., 2021a),128

and tidally driven remelting of the lunar mantle (Nimmo et al., 2024) would similarly129

strip extant HSEs from the lunar mantle. It is therefore possible, given the steep decline130

in impact rate at early times, that the Moon accreted significantly more mass than ap-131

pears to be recorded by its HSE record (Morbidelli et al., 2018).132

The assumption that all delivered HSEs remain in Earth’s mantle is also question-133

able from a geodynamical perspective. This is particularly problematic if the majority134

of mass accreted during the late veneer was delivered by large, differentiated planetes-135

imals (e.g., Bottke et al., 2010; Brasser et al., 2016; Morbidelli et al., 2018). With the136

metallic core of such a differentiated planetesimal twice as dense as the silicate mantle,137

a significant fraction of this metal will likely sink through the mantle under the action138

of gravity, and eventually merge with Earth’s core (e.g., Rubie et al., 2003; Deguen et139

al., 2014; Clesi et al., 2020). Thus, a significant fraction of this metal will be lost to the140

core without contributing to the mantle HSE signature of an impact (e.g., Marchi et al.,141

2018). Estimates of total mass accretion during the late veneer therefore depend cru-142

cially on the size distribution of leftover planetesimals, and the corresponding geodynam-143

ical processes controlling the efficiency of HSE delivery to the mantle (see figure 1).144

The late accretion of large, differentiated planetesimals might therefore appear to145

be an inefficient mechanism for delivering metals to Earth’s mantle. This is, however,146

in tension with strong chemical and isotopic constraints, which support the addition of147

impactor core material to Earth’s mantle (Kleine et al., 2009; Dahl & Stevenson, 2010).148

Several recent studies have investigated the fate of impactor core material using both149

SPH and hydrocode simulations, all finding significant mass loss to Earth’s core (e.g.,150

Genda et al., 2017; Marchi et al., 2018; Citron & Stewart, 2022; Itcovitz et al., 2024).151

The proposed mechanisms of HSE delivery to the mantle however differ, and include the152

elongation and disruption of lunar-sized embryos (Genda et al., 2017), rapid three-phase153

flow at the base of an impact-generated magma ocean (Korenaga & Marchi, 2023), and154

the vaporisation of impactor core material (Albarède et al., 2013; Kraus et al., 2015; It-155

covitz et al., 2024). Many important processes, dictating the fate of impactor core ma-156

terial, remain however on length scales far below simulation resolution. This is partic-157

ularly challenging for many sources of turbulence, given that responsible instabilities are158

unable to propagate onto length scales that can be resolved (e.g., Dahl & Stevenson, 2010;159

Deguen et al., 2014). Accordingly, it is very challenging to accurately constrain the ex-160

tent of mass loss to Earth’s core.161

In this study we combine both geophysical and astrophysical arguments to constrain162

the origin of Earth’s mantle HSEs, and demonstrate that there is a contradiction between163

the observed concentrations of HSEs in the mantle, the geodynamics of HSE delivery,164

and current estimates of total mass accretion during the late veneer. In §2 we motivate165

the size-dependence of efficient HSE delivery, and determine a critical impactor size be-166

low which HSEs are efficiently entrained in the mantle. We present an analytical discus-167

sion of the buoyancy of metallic iron in both an impact-generated magma pond and a168

solid mantle, demonstrating that HSEs from impactors larger than approximately 1 km169
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Figure 1. Collisions between leftover planetesimals drives the redistribution of mass be-

tween bodies of different sizes, generating a so-called collisional size-frequency distribution (SFD)

dominated, in number, by the smallest bodies. The Earth will therefore, unavoidably, accrete

planetesimals of a wide range of sizes during the late veneer. For the canonical collisional SFD

(Dohnanyi, 1969), total mass is concentrated in the largest planetesimals (plotted above). The

geodynamical processes responsible for the delivery of HSEs to the mantle, are controlled, pri-

marily, by the size of the impactor, and therefore have the capacity to dramatically bias esti-

mates of total mass accretion during the late veneer. We identify three possible regimes of HSE

delivery, with illustrative schematic diagrams inset above. (a) Small impactors at low velocity

will generate little melt, and are expected to fragment into millimetric pieces (see §2.1). The abil-

ity of these impactors to affect mantle geochemistry will depend on whether the tectonic regime

of the planet enables them to be recycled into the mantle. (b) Small impactors at high velocity

will generate significant melt, from both the target and impactor (Melosh, 1989). We expect

metal diapirs to quickly enter the solid mantle (§2.2), bringing with them the impactor’s HSEs.

The ability of these impactors to affect mantle geochemistry will depend on whether the fric-

tional force resisting diapir descent is larger than the negative buoyancy. (c) Large, differentiated

impactors will generate large volumes of melt. Unless impactor core material can be fragmented

into very small droplets, large diapirs will enter the solid mantle, and quickly sink to Earth’s core

(§2.3).
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will be lost to Earth’s core. We investigate in §3 the ability of small impactors to deliver170

observed HSEs, calculating the total mass accretion from larger bodies in an asteroid-171

like size distribution. In §4 we discuss the implications of this study for HSE delivery172

to the Earth and Moon, and for estimates of total mass accretion during the late veneer.173

2 The entrainment of metal and its HSEs in the mantle174

In this section, we demonstrate the importance of impactor size in determining the175

fate of its HSEs. In §2.1 we discuss the fate of an impactor’s metal, and its HSEs, in the176

immediate aftermath of an impact. We then discuss the post-impact dynamics, as the177

impactor’s metal experiences a negative buoyancy force in an impact-generated magma178

pond (§2.2), and a solid mantle (§2.3). From these discussions, we determine the crit-179

ical impactor diameter above which an impactor’s HSEs are lost to the core, and do not180

contribute to observed mantle HSE signatures.181

2.1 The dispersal of metal and HSEs in the aftermath of an impact182

Immediately after the Moon-forming impact, Earth’s mantle will have been pre-183

dominantly (if not fully) molten (e.g., Canup, 2008; Nakajima & Stevenson, 2015; Lock184

et al., 2018). Unlikely to have formed an insulating, conductive lid (Elkins-Tanton, 2008),185

mantle solidification will have been regulated by the transfer of heat through Earth’s prim-186

itive atmosphere, occurring within ∼ 5Myr of Moon-formation (Elkins-Tanton, 2008;187

Hamano et al., 2013). While the duration of late accretion remains uncertain, dynam-188

ical models suggest that the depletion timescale of leftover planetesimals was an order189

of magnitude larger (Morbidelli et al., 2018; Brasser et al., 2020). We therefore assume190

throughout that Earth’s mantle had solidified post-Moon formation.191

The ability of an impactor to contribute to mantle HSEs will depend on the spa-192

tial distribution of the impactor’s metals immediately after an impact. This, in turn, is193

largely controlled by the impactor’s initial structure (i.e., whether or not it is differen-194

tiated), its fate during collision with the Earth, and its ability to reach and melt the Earth’s195

mantle. This last point is of particular importance, given that the geodynamics of metal196

descent through Earth’s mantle depends sensitively on mantle viscosity (Dahl & Steven-197

son, 2010; Samuel, 2012). Since the viscosity of impact-generated melt will be more than198

10 orders of magnitude smaller than the solid (crystallized) mantle below (V. Soloma-199

tov, 2015), the impact-driven melting of Earth’s mantle is expected to play a central role200

in controlling the efficiency of HSE delivery.201

We therefore anticipate a large diversity of post-impact scenarios (see figure 1), with202

substantially different consequences for the partitioning of HSEs between the mantle and203

core. We expect this diversity is largely driven by the impactor’s size, as this predom-204

inantly controls the specific impact energy. This is illustrated most clearly through com-205

parison of small impactors (figure 1a), which will generate little melt and remain em-206

bedded in the Earth’s crust, and large differentiated impactors (figure 1c), which will gen-207

erate significant silicate melt extending into the convective mantle. We discuss these end-208

member scenarios first, before addressing the transition (at intermediate sizes) between209

the efficient and inefficient delivery of HSEs to the mantle.210

Evidence from terrestrial impact craters, which record little melting of the target,211

indicate that small impactors are fragmented into millimetric pieces during collisions with212

the Earth (Blau et al., 1973; Melosh & Collins, 2005; Folco et al., 2022), which may be213

subsequently oxidised by Earth’s hydrosphere. The ability of small impactors to contribute214

to mantle geochemistry is therefore entirely reliant on the recycling of Earth’s early crust.215

While there is debate regarding the Hadean Earth’s tectonic regime, it is very likely that216

this early crust was recycled relatively quickly during the late veneer (e.g., Rosas & Ko-217

renaga, 2018). We will later demonstrate, in §2.3, that these millimetric fragments are218
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small enough to remain in the solid target, and thus small impactors are able to efficiently219

contribute to Earth’s HSEs, albeit over geologic timescales.220

In contrast, the impacts of large differentiated bodies are violent events, which will221

readily break through the crust, melt the outer part of the mantle, and generate large222

volumes of silicate melt (Tonks & Melosh, 1993; Nakajima et al., 2021). The impact-generated223

shock wave will similarly melt the impactor, such that its metallic liquid core is released224

into the magma pond; these metal droplets are more than twice as dense as the surround-225

ing molten silicates, and are thus liable to quickly sink, and collect at the bottom of the226

newly-formed magma pond (Deguen et al., 2014). The geodynamics of this process, and227

the subsequent fate of metals as they enter the convective mantle are therefore crucial228

to an impactor’s ability to contribute to mantle geochemistry. This is discussed next,229

in §2.2 and §2.3, in which we demonstrate that a significant fraction of impactor core ma-230

terial will be lost to Earth’s core.231

We therefore anticipate that there must exist a critical impactor diameter, Dcrit,232

which delineates the transition between the fragmentation of smaller impactors (which233

will distribute their HSEs throughout the Earth’s crust), and the generation of signif-234

icant melt during much larger impacts (with their metals subsequently liable to grav-235

itational instability, and loss to Earth’s core). In the following paragraphs, we estimate236

the value of this critical, intermediate, impactor diameter, Dcrit.237

Through comparison of the above end-member scenarios, it is apparent that the238

extent of melting during an impact is fundamentally important in determining the post-239

impact fate of metals. Previous studies have demonstrated that the amount of impact-240

generated melt depends on both the impact velocity and angle (e.g., Pierazzo et al., 1997),241

which determine the peak shock pressure experienced during compression. However, this242

is very complex for oblique impacts (Pierazzo & Melosh, 2000). Using the results from243

Potter and Collins (2013), who studied this in detail, we find the critical impact veloc-244

ity for the significant melting of impactor material is in the range 12−15 km s−1 (see Ap-245

pendix A). Such high velocity impacts will concurrently generate significant melting of246

the target, which requires v2imp/Em ≳ 30, where Em is the internal energy of melting247

(Pierazzo et al., 1997).248

The impact velocity of small bodies at Earth’s surface, vimp, depends on both the249

entry speed of an impactor (which will always exceed 11.2 km s−1), and its interaction250

with the atmosphere. The significance of this interaction, dominated by atmospheric de-251

celeration and fragmentation, is largely governed by the impactor’s size (with large bod-252

ies able to reach the surface almost unperturbed), and the surface density of Earth’s early253

atmosphere (e.g., Chyba et al., 1993; Svetsov et al., 1995; Melosh & Collins, 2005). The254

evolution of Earth’s atmosphere remains subject to debate, particularly during the Hadean,255

but is thought to have been initially very dense (∼ 100 bar), following the degassing of256

Earth’s magma ocean (Elkins-Tanton, 2008). A relatively quick transition in atmospheric257

pressure is then expected, which by the end of the Hadean is inferred to be less than 1 bar258

(Rimmer et al., 2019; Catling & Zahnle, 2020). Using the simple atmospheric entry model259

from Chyba et al. (1993), we find the critical diameter for melting thus varies in the range260

∼ 10−1000m (see figure A2), corresponding to the plausible variation in atmospheric sur-261

face pressure during the Hadean (see Appendix A for more detailed discussion of this262

model). Smaller impactors will be unable to reach the surface intact, or at a sufficiently263

high velocity as required to melt both impactor and target material. This suggests the264

critical diameter, Dcrit, is at most on the order of 1 km.265

Another important consideration, that is likely to inform the value of the critical266

diameter Dcrit, is the ability of an impactor to reach the convective mantle. When the267

impactor’s metal is directly implanted into the convective mantle, it will immediately268

sink due to its density difference with the surrounding silicates, and can be potentially269

lost to the core (figure 1). In contrast, metals injected into the crust will remain trapped270
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there until admixed into the mantle. In the latter scenario, metals may be oxidised be-271

fore reaching the mantle, and hence may contribute to observed HSE signatures. The272

minimum impactor size required to penetrate Earth’s crust can be estimated using scal-273

ing laws for impact crater depths. Using the crater depth scaling from Allibert et al. (2023),274

we find that for a 1 km diameter impactor (assuming a typical impact velocity of 20 km s−1),275

crater depths exceed 10 km, which is sufficient to penetrate modern oceanic crust. Whilst276

the thickness of Earth’s early crust is uncertain and subject to significant debate (Korenaga,277

2018), it was likely much thinner than of the modern Earth. It therefore appears over-278

whelmingly likely that impactors larger than 1 km would penetrate Earth’s early crust.279

Given the consensus between these two independent lines of investigation, we there-280

fore suggest that Dcrit ∼ 1 km marks an important transition in the post-impact fate281

of HSEs; smaller bodies will fragment into small pieces, distributing their HSEs through-282

out Earth’s crust, whereas larger bodies will simultaneously penetrate the crust, and gen-283

erate significant melt. The true fate of HSEs will of course be the result of many phys-284

ical processes spanning a wide range of length scales; we therefore stress there remains285

uncertainty in this critical impactor size, which we revisit in §4.3. Next, we focus on the286

fate of larger impactors (D > 1 km), first investigating the fate of metals in a magma287

pond (§2.2), and then the solid mantle (§2.3).288

2.2 The entrainment of metal in a magma pond289

During collision with Earth, high-resolution simulations (e.g., Kendall & Melosh,290

2016) observe the stretching of an impactor’s metallic core, which is spread into a thin291

layer over the crater floor. This metal is stretched further during the formation of a strong,292

vertical jet during crater collapse, fragmenting ∼ 100 km cores into km-scale ‘blobs’ (Kendall293

& Melosh, 2016) – the resolution limit of these simulations. Analogue experiments re-294

veal that turbulent mixing drives further metal fragmentation down to the capillary scale,295

forming small droplets stabilized via surface tension (Deguen et al., 2014; Wacheul & Le296

Bars, 2018; Landeau et al., 2021; Maller et al., 2024). Despite the fast equilibration ex-297

pected between these small metal droplets and the silicate melt (Ulvrová et al., 2011;298

Lherm & Deguen, 2018; Clesi et al., 2020), we expect there will be no significant flux of299

elements between these phases given the large metal-silicate partition coefficients of the300

HSEs (Righter et al., 2008; Mann et al., 2012). Hence, we restrict our attention to the301

entrainment of impactor metal, and its HSEs, in the newly-formed magma pond.302

We assume that the impactor’s metal core fragments into drops of diameter d and303

density ρm, which settle in a fully liquid silicate magma pond of viscosity µs, density ρs,304

and depth H, convecting turbulently at velocity U . Particles can be suspended in a con-305

vective layer when the frictional force is large enough relative to the buoyancy force of306

each particle (V. S. Solomatov et al., 1993; Sturtz et al., 2021; Monteux et al., 2023). The307

Shields number308

θS =
τ

∆ρ g d
, (1)309

compares these two forces, where τ is the shear stress induced by the convection, ∆ρ =310

ρm − ρs the density difference, and g the gravitational acceleration.311

Previous studies have shown that there exists a critical value, above which parti-312

cles can be re-entrained by convective motions, which is given by θc = 0.15±0.05 (V. S. Solo-313

matov et al., 1993; Sturtz et al., 2021; Monteux et al., 2023). Drops with θS < θc will314

always sediment out of the convecting layer. While this condition has only been tested315

for solid particles, we expect that the additional stabilising force provided by surface ten-316

sion will make the entrainment of liquid drops even more challenging.317

In a fully liquid magma pond with a depth, H, of ∼ 1000 km, convective speeds are318

typically on the order of 10m s−1 (V. Solomatov, 2015). With a low viscosity on the or-319

der of 0.05Pa s (Karki & Stixrude, 2010), the Reynolds number, which measures the ra-320
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Parameter g⊕ gL α a ρs
b ρm

c Cp
d ks

e

Unit m s−2 ms−2 K−1 kgm−3 kgm−3 J kg−1 m2 s−1

Value 9.8 1.62 3× 10−5 4500 9000 103 106

Table 1. Assumed mantle and metal properties used in sections 2.2 and 2.3. Values are com-

patible with published studies: a (Chopelas & Boehler, 1992), b (Miller et al., 1991), c (Morard et

al., 2013), d (Stebbins et al., 1984), e (de Koker, 2010).

Parameter ∆T H U F µs

Unit K m ms−1 Wm−2 Pa s

Value 500− 2500 106 − 3× 106 4− 40 3× 105 − 106 0.02− 0.08

Table 2. Ranges of plausible parameter values relevant for a fully liquid magma ocean. Ranges

for ∆T , H and U are from (V. S. Solomatov, 2000), the viscosity range from (Karki & Stixrude,

2010) and the range of possible heat flux F from several studies (V. Solomatov, 2015; Lebrun et

al., 2013).

tio of inertia to viscous forces, is larger than 1011, meaning that the flow is fully turbu-321

lent (Salvador & Samuel, 2023). In such a turbulent magma pond, the largest shear stresses322

are likely the Reynolds stresses (V. S. Solomatov et al., 1993; V. Solomatov, 2015),323

τ = ρs u
2, (2)324

where u is the friction velocity (Shraiman & Siggia, 1990),325

u =
U

x
, (3)326

and x satisfies327

x = 2.5 log

(
ρs U H

µs

1

x

)
+ 6. (4)328

We assume that the convective velocity U follows the scaling for hard turbulence329

(Shraiman & Siggia, 1990; V. Solomatov, 2015)330

U = 0.086x

(
α gH F

ρs Cp

)1/3

, (5)331

where α is the thermal expansion coefficient, F the heat flux at the top of the magma332

pond, and Cp the specific heat capacity under constant pressure. Using the typical val-333

ues for U , µs, and H in a deep magma ocean (Tables 1 and 2), one finds that x is in the334

range 60− 75, and the friction speed is typically in the range 0.1− 0.5m s−1.335

Inserting (2) into the definition of the Shields number (1), one finds that the con-336

dition θS > θc is met when the drop diameter is smaller than337

dentr. =
ρs u

2

θc ∆ρ g
. (6)338

With a friction speed of about 0.1−0.5m s−1, the critical diameter dentr. for entrainment339

is on the order of 1−10 cm; drops smaller than 1 cm may therefore be entrained by the340

convection. This critical drop size is for a deep magma pond on the order of 1000 km.341

In shallower magma ponds, the convective velocity (equation 5), the friction speed (equa-342

tion 4), and hence the Reynolds stresses (equation 2) are lower, making the entrainment343
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Figure 2. The maximum diameter of metal drops that can be entrained by turbulent convec-

tion in a fully liquid magma pond, dentr. (corresponding to the condition θS = θc; equation 6), as

a function of magma pond depth for three plausible values of the heat flux F . The friction speed

u in equation (6) is computed from equations 3-5. Note that θS = θc is a necessary, not sufficient

condition for entrainment, and so metal drops smaller than this maximum diameter will not all

remain suspended in equilibrium (see equation 7, figure 3).

of metal drops significantly harder. This is shown in figure 2, where we observe that the344

maximum drop diameter for entrainment decreases as the magma pond depth decreases.345

The diameter d of metal drops in magma oceans remains poorly known. Yet, pre-346

vious studies have obtained orders of magnitude estimates for the drop size when metal347

fragments after a large planetary impact (Deguen et al., 2014). Using existing theories348

for fragmentation in a turbulent flow (Hinze, 1955), they obtain d ∼ 1 mm (Deguen349

et al., 2014). More recent experiments on the impact of a liquid onto an immiscible liq-350

uid bath also suggest that the impactor core fragments into drops of 0.3mm in Earth’s351

magma ocean (Maller et al., 2024). Because these drops are smaller than dentr. ∼ 1 cm,352

they will not necessarily sediment directly out of the convecting layer.353

The condition θS > θc is, however, a necessary, but not sufficient condition for354

the entrainment of metal drops. When θS > θc, drops will constantly sediment out of355

the convective region, whilst others are re-entrained by the convective motions (V. S. Solo-356

matov et al., 1993). When the flux of settling drops balances the flux of re-entrained ones,357

the mass of suspended drops reaches an equilibrium. The mass of drops kept in suspen-358

sion is then dictated by an energy balance (V. S. Solomatov & Stevenson, 1993). Indeed,359

only a fraction ϵ of the energy generated by buoyancy forces is converted into the grav-360

itational energy of the dense, suspended metal drops. The suspended (volume) fraction361

of metal drops, at equilibrium, then reads (V. S. Solomatov & Stevenson, 1993),362

Φ = ϵ
αF

Cp ∆ρUd
(7)363
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where ϵ is an empirical, dimensionless efficiency factor that varies in the range 0.2%−364

0.9% (V. S. Solomatov et al., 1993; Lavorel & Le Bars, 2009), Ud the settling speed of365

an individual drop.366

We assume that the settling speed is given by,367

Ud =

√
4∆ρ g d

3 ρs Cd
, (8)368

where Cd is the drag coefficient. The value of Cd depends on the drop Reynolds num-369

ber Red = ρs Ud D/µs, which measures the relative importance of inertial and viscous370

forces around the drop. The value of Red is typically lower than 1 for metal drops with371

a diameter d ≲ 10−4 m but it reaches 103 for larger drops with d = 1 cm. In this range372

of Red, the settling velocity Ud varies from the Stokes regime, when Red < 1, to a regime373

of nearly constant drag coefficient. To describe this transition we use the empirical model374

proposed by (Samuel, 2012) in which375

Cd =
24

Red
+ cN , (9)376

where cN = 0.3, Red = ρs Ud,S d/µs and377

Ud,S =
g∆ρd2

18µs
(10)378

is the Stokes velocity.379

With this choice, when Red ≪ 1, Cd ≃ 24/Red,S and Ud from (8) tends to the380

Stokes velocity (10), which increases as the square of the drop diameter. Instead, in the381

limit of large Red, Cd tends to the value cN = 0.3, meaning that Ud increases as the382

square root of the drop diameter.383

Inserting equations (8), (9), and (10) into equation (7), one obtains the volume frac-384

tion Φ of entrained metal as a function of the drop diameter d. In all regimes, the larger385

the drops, the larger the settling speed Ud, and hence, the lower the fraction of entrained386

metal Φ. This suspended fraction is shown in figure 3 as a function of the drop diam-387

eter d for an Earth-like planet with a deep magma ocean, and for different values of the388

heat flux F . In a fully liquid magma pond, with viscosity ≲ 0.1Pa s, 1D convective ther-389

mal evolution models predict a surface heat flux in the range 3×105−106 Wm−2 (V. S. Solo-390

matov, 2000; Lebrun et al., 2013; Salvador et al., 2017). To be conservative, we explore391

the larger range 3× 105 − 3× 106 Wm−2.392

Assuming millimetric metal drops, the volume fraction of suspended metal is more393

than three orders of magnitude smaller than required to account for observed HSEs in394

Earth’s mantle (figure 3). We predict that, to keep enough metal in suspension and match395

HSE concentrations in Earth’s mantle, the metal drops need to be smaller than 3×10−5 m396

with F = 106 Wm−2 (figure 3). Even with an extreme heat flux of 3×106 Wm−2, drops397

need to be smaller than 5×10−5 m. This is more than one order of magnitude smaller398

than the mean drop size expected after an impact (∼ 1mm; Deguen et al., 2014; Wacheul399

& Le Bars, 2018; Maller et al., 2024). While there will be a distribution of drops below400

this size, much of the mass expected to be in the largest drops. There will therefore be401

insufficient mass in small drops to account for Earth’s HSEs (see Appendix B).402

We expect this critical drop size to be independent of the depth of the magma pond403

(H), given that the suspended metal fraction is proportional to the heat flux at the sur-404

face of the magma pond (F ∝ Ra1/3/H), which is itself independent of H given that405

the Rayleigh number scales as Ra ∝ H3. We further note that the suspended metal406

fraction changes insignificantly if we assume a lower density ρm ≈ 7800 kgm−3, as may407

be appropriate for smaller magma ponds. Unless additional fragmentation mechanisms408
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Figure 3. Volume fraction of suspended metal in a turbulent magma ocean on an Earth-sized

planet as a function of the metal drop diameter, for three plausible values of the heat flux F .

The green shaded band locates the suspended volume fraction needed so that the HSE concentra-

tion in the magma pond matches that of the present-day Earth’s mantle. We use equations 7-10

assuming g = 9.8m s−2, ρm = 9000 kgm−3, ρs = 4500 kgm−3, µs = 0.05Pa s and H = 2000 km.

(a) Lower-end estimates assume ϵ = 0.2%. (b) Upper-end estimates with ϵ = 0.9%.

generate drops smaller than 0.05mm, we therefore expect metal (from molten impactors)409

to rapidly settle and coalesce into a layer at the bottom of the newly-formed magma pond.410

In §2.3 we consider the stability of these metal pools (which overlay a layer of solid, or411

partially solid mantle; see figure 1b), and the subsequent fate of impactors’ HSEs.412

2.3 The entrainment of metal diapirs in the mantle413

Here, we consider that the boundary between the liquid and solid mantle is defined414

by the fraction of silicate crystals; when this fraction exceeds ∼ 60%, the viscosity in-415

creases by orders of magnitude and the convective dynamics switches from turbulent to416

laminar (Lejeune & Richet, 1995; V. S. Solomatov, 2000; Costa, 2005). Thick metal ponds417

that accumulate at this rheological boundary are subject to Rayleigh-Taylor instabili-418

ties (Karato & Rama Murthy, 1997). These instabilities form large metal diapirs that419

are comparable in size to the metal pond they originate from (Karato & Rama Murthy,420

1997; Fleck et al., 2018; Olson & Weeraratne, 2008). We therefore consider a metal di-421

apir of diameter d, which is on the same order as the impactor core diameter, settling422

in a solid, or partially solid mantle (see figure 1b). The diapir’s exact size will depend423

on the impactor’s metal content (i.e., Fe-Ni mass fraction), which for ordinary and en-424

statite chondrites varies in the approximate range fmet ∼ 5−30% (e.g., Scott & Krot,425

2003). The diapir will thus be a fraction (fmetρc/ρFeNi)
1/3 ∼ 0.3−0.5 of the impactor’s426

diameter.427

As in the magma ocean, these diapirs are re-entrained by convection only when the428

Shields number θS (equation 1) exceeds θc = 0.15±0.05 (V. S. Solomatov et al., 1993;429

Sturtz et al., 2021; Monteux et al., 2023). However, in a high-viscosity laminar mantle,430

the shear stresses are now proportional to the convective speed (V. S. Solomatov et al.,431

1993),432

τ ∝ µs U

H
. (11)433
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We expect the kinematic viscosity of a solid or partially solid mantle to be in the434

range νs ∼ 1013−1015 m2 s−1 (Ita & Cohen, 1998; V. S. Solomatov, 2000; V. Soloma-435

tov, 2015), and the thermal diffusivity of the order ks ∼ 10−6 m2 s−1 (Freitas et al., 2021).436

These values are more than nineteen orders of magnitude apart, such that momentum437

diffusivity will dominate energy transfer, and the Prandtl number Pr = νs/ks can be438

considered infinite.439

We assume stress-free boundary conditions at the top and bottom of the mantle,440

given both the top layer (the liquid magma ocean) and bottom layer (the liquid outer441

core) have viscosities orders of magnitude smaller than the partially solid mantle. In this442

limit of infinite Prandtl number, and with stress-free boundary conditions, the typical443

convective velocity U satisfies the following scaling,444

U = c
ks
H

Ra2/3, (12)445

where Ra = αg∆TH3/kν is the Rayleigh number, α the thermal expansion coefficient,446

and ∆T the temperature difference across the mantle. In previous experimental and nu-447

merical studies, the coefficient c has been found to vary in the range ∼ 0.05-0.2 (Jarvis448

& Peltier, 1982; Turcotte & Schubert, 2002; Agrusta et al., 2020). Combining equations (1)449

and (12), we obtain the critical diapir size that a convecting mantle can potentially sus-450

tain,451

dentr. = c

(
ks µs ρ

2
s α

2 ∆T 2
)1/3

∆ρ θc g1/3
. (13)452

This critical diapir size, shown in figure 4, is most sensitive to uncertainties in the453

mantle viscosity, which is expected to depend strongly on depth and viscosity (e.g., Ita454

& Cohen, 1998; V. S. Solomatov, 2000). Considering mantle viscosities in the range 1016−455

1019 Pa s (see Table 1 for the assumed mantle properties), this critical diapir size varies456

(approximately) in the range 1−100m. These estimates for the critical diapir size agree457

with those of Karato and Rama Murthy (1997). Larger diapirs will not be adequately458

supported by convective shear stresses, and will therefore sink quickly to Earth’s core.459

460

We stress that equation (13) is a local criterion, balancing shear stresses and the461

negative buoyancy of the diapir at a given depth in the mantle. When assuming a solidus462

temperature of about 3000K at the top of the partially solid mantle (Andrault et al.,463

2011), temperature-dependent viscosity models (adopting parameters used previously464

in the literature for solid mantles and mushy magma oceans; e.g., Roberts & Zhong, 2006;465

Maurice et al., 2017) predict that a variation in temperature of about 1000K through-466

out the partially solid mantle would cause the viscosity to vary within the range 1016−467

1019 Pa s, compatible with the range considered in figure 4. We therefore expect this crit-468

ical diapir size, of order 1−100m, to still hold when accounting for a temperature-dependent469

viscosity.470

2.4 Summary: HSE delivery to the mantle depends on impactor size471

We have demonstrated in §2.1 that impactors larger than ∼ 1 km will readily pen-472

etrate Earth’s crust, and generate significant melt (from both the target, and impactor473

itself). After such impacts, the impactor’s metals will fragment into small drops in the474

newly-formed magma pond. Given a typical drop size of 1mm (Deguen et al., 2014; Maller475

et al., 2024), we demonstrated in §2.2 that the fraction of entrained metal would be two476

orders of magnitude smaller than is required to account for the observed concentration477

of HSEs in Earth’s mantle (figure 3). These metals will therefore rapidly accumulate at478

the base of the magma pond, forming a layer unstable to Rayleigh-Taylor instabilities.479

Metal diapirs, of comparable size to the impactor, will subsequently migrate into the solid480

mantle. With typical size much larger than the critical diameter for convective entrain-481
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Figure 4. The maximum diameter of metal diapirs that can be entrained by mantle convec-

tion, dentr. (equation 13), as a function of mantle viscosity. The dashed green line corresponds to

the lower estimate, using c = 0.05, ∆T = 500K, θc = 0.4, while the dotted green line shows the

higher estimate, with c = 0.02, ∆T = 2500K, θc = 0.2. The shaded region indicates typical values

expected for a partially solid mantle on the early-Earth.

ment in the solid mantle (∼ 1−100m; §2.3), these diapirs will be lost to Earth’s core, leav-482

ing no HSE signature in the mantle. In contrast, evidence from terrestrial impact craters483

suggest that smaller impactors (≲ 1 km) are fragmented into millimetric pieces during484

impact (Blau et al., 1973; Melosh & Collins, 2005; Folco et al., 2022). Impactors smaller485

than 1 km should therefore efficiently contribute to mantle HSE signatures thanks to ef-486

ficient crustal recycling on the early Earth.487

The efficient delivery of HSEs to the mantle is thus strongly dependent on impactor488

size. Most strikingly, in the absence of some mechanism capable of disrupting core ma-489

terial into very small (i.e., ≲ 0.01mm) fragments in a magma pond, large differentiated490

planetesimals will be unable to account for Earth’s mantle HSEs. These are commonly491

invoked as the source of Earth’s HSEs (e.g,. Bottke et al., 2010; Brasser et al., 2016),492

and comprise the majority of the total mass in an asteroid-like size distribution (see fig-493

ure 1). This therefore has significant implications for either the source of Earth’s HSEs,494

or estimates of total mass accretion during the late veneer. We discuss this next.495

3 HSE delivery via the entrainment of small impactors496

Motivated by the results of the previous section, in which we demonstrated that497

metals from only impactors smaller than ∼ 1 km will be convectively entrained in Earth’s498

mantle, we consider the feasibility of these impactors as the source of observed HSEs.499

In particular, we investigate the implications this would have for total mass accretion500

during the late veneer, and its consistency with the crucial, independent observational501

constraint on late accretion provided by the Moon.502
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A similar scenario was initially proposed by Schlichting et al. (2012), who invoked503

a late veneer sourced by a population of small (∼ 10m) planetesimals. Schlichting et al.504

(2012) demonstrated that, by forming a collisionally damped disk, these planetesimals505

could effectively damp the eccentricities and inclinations of the terrestrial planets, whilst506

also increasing Earth’s gravitational cross section relative to the Moon. This was sug-507

gested to provide a simple resolution for the high HSE ratio that is observed. A chal-508

lenge for this scenario, however, is that it can only reproduce an Earth-Moon HSE ra-509

tio as high as 200, inconsistent with mantle abundances that indicate this ratio is closer510

to ∼ 2000−3000 (Day & Walker, 2015). We note that Schlichting et al. (2012) identified511

the lunar crust as an additional HSE reservoir, which could prevent HSE delivery to the512

mantle, and thereby reduce the Earth-Moon HSE ratio. Few samples however, from both513

the lunar regolith and impact melt breccias, record sufficiently high HSE concentrations514

(Day & Walker, 2015; Day et al., 2016), suggesting the lunar crust did not provide such515

an effective barrier during the late veneer.516

In this section we provide two further arguments against the delivery of HSEs via517

small planetesimals. Specifically, we show that in order to deliver sufficient mass in small518

bodies from an asteroid-like size distribution, an implausibly large mass must also be de-519

livered in larger planetesimals, which would be lost to Earth’s core. If, instead, there was520

a dearth of large planetesimals, HSEs would be delivered predominantly to the lunar crust,521

rather than the mantle, in tension with observational constraints (Ryder, 2002; Day &522

Walker, 2015).523

3.1 Mass constraints: an accretion catastrophe524

In the absence of alternative evidence supporting a (collisionally damped) disk of525

small planetesimals in the inner Solar System, we assume they are a subset of a larger526

population with a power-law size-frequency distribution (SFD),527

n(D)dD = KD−αdD, (14)528

for D ∈ [Dmin, Dmax], where D is the impactor diameter, α the slope of the distribu-529

tion, and K a constant of proportionality. The assumption that it is only impactors with530

D < Dcrit that deliver HSEs to the mantle allows us to constrain the constant of pro-531

portionality,532

K =

(
6MHSE,⊕

πρimp

)(∫ Dcrit

Dmin

D3−αdD

)−1

, (15)533

where ρimp is the characteristic impactor density. The Earth will unavoidably accrete534

excess mass, that will make no contribution to mantle HSE signatures, from impactors535

in the size range [Dcrit, Dmax], with the total accreted mass given by536

Macc,tot =

∫ Dmax

Dmin

(
πρimpK

6

)
D3−αdD = MHSE,⊕

(∫Dmax

Dmin
D3−αdD∫Dcrit

Dmin
D3−αdD

)
. (16)537

538

Total mass accretion during the late veneer quickly exceeds traditional estimates539

of 0.5% (Day et al., 2007; Walker, 2009), as shown in figure 5. This is a consequence of540

the fact that the total mass in a collisional SFD is predominantly concentrated within541

the largest planetesimals (see figure 1). Assuming a critical diameter Dcrit ∼ 1 km (see542

§2), and a maximum impactor diameter Dmax ∼ 1000 km (as observed in the present-day543

asteroid belt), total mass accretion is in excess of 20 Moon masses (∼ 25% of Earth’s544

mass). Figure 5 (a) demonstrates this mass accretion catastrophe is even more problem-545

atic (with total mass accretion approaching Earth’s mass) when adopting estimates for546

the main asteroid belt’s SFD, for which α is in the range [2.1, 3.3] for asteroids smaller547

than 100 km (e.g., Bottke et al., 2005; Gladman et al., 2009; Masiero et al., 2011), or as-548

suming a SFD inherited from the streaming instability, which constrains α to the (shal-549

lower) range [1.9-2.8] (Johansen et al., 2015; Simon et al., 2016).550
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Figure 5. Total mass accretion to the Earth is calculated, assuming all observed HSEs

(MHSE,⊕) are delivered by impactors smaller than Dcrit, from a collisional size distribution

(n(D)dD ∝ D−7/2dD; Dohnanyi, 1969) with maximum impactor diameter Dmax. (a) We vary

Dmax, while keeping Dcrit = 1km fixed, and find total mass accretion from larger bodies quickly

becomes unrealistically large. Estimates for the main asteroid belt, and streaming instability are

included for reference, in blue and yellow respectively, which deliver even more mass in D > Dcrit

impactors. (b) Total mass accretion is calculated as a function of Dcrit, which is largely deter-

mined by the Earth’s early-atmosphere (see Appendix A). Total mass accretion remains implau-

sibly large in the presence of large (∼ 500 km) planetesimals, as are found in present-day asteroid

belt, and predicted by the streaming instability.

Total mass accretion to the Earth is therefore unrealistically large during the late551

veneer if all observed HSEs are delivered by small (<Dcrit) planetesimals. The delivery552

of HSEs via the direct, convective entrainment of small impactors therefore precludes553

the existence of any larger bodies in the impactors’ size distribution, in clear tension with554

predictions from the streaming instability (Johansen et al., 2015; Simon et al., 2016). There555

remains debate however regarding the origin of the largest bodies in the MAB (Durda556

et al., 1998; Bottke et al., 2005; Morbidelli et al., 2009; Weidenschilling, 2011), such that557

it is impossible to preclude the possibility that there was a dearth of large planetesimals558

during the late veneer.559

An impacting population consisting only of small planetesimals (e.g., Weidenschilling,560

2011) would therefore seem the only way to avoid the mass-accretion catastrophe described561

in this section. As we show next, in §3.2, this would instead violate available constraints562

from the Moon’s crust and mantle HSE budgets, thereby precluding the delivery of HSEs563

via small impactors.564

3.2 HSEs from small impactors cannot reach the lunar mantle565

Lunar mare basalts indicate the efficient mixing of HSEs into the lunar mantle from566

∼ 1.5×1019 kg of impactor material (Day et al., 2007; Day & Walker, 2015), whilst the567

lunar crust records the addition of only 0.5× 1019 to 1.0× 1019 kg of impactor mate-568

rial (Ryder, 2002; Day & Walker, 2015). As previously discussed, this leaves an order569

of magnitude discrepancy between the observed Earth-Moon HSE ratio, and what is pos-570

sible via gravitational focussing. Some process capable of removing HSEs from the lu-571

nar mantle post core-formation (e.g., FeS exsolution, delayed lunar core formation, or572

tidal driven remelting; Rubie et al., 2016; Day et al., 2021b; Nimmo et al., 2024) is there-573

fore required to match this important observational constraint. A direct consequence of574
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this requirement is that HSEs currently observed in the lunar mantle were delivered post-575

magma ocean crystallisation. Small impactors must therefore be able to penetrate the576

thick lunar crust. We demonstrate here that this is very challenging, if not impossible,577

for small impactors.578

In contrast to the rapid solidification of Earth’s mantle (Elkins-Tanton, 2008; Hamano579

et al., 2013), the lunar mantle is expected to evolve slowly from its initially molten state580

post-formation. Samples from the lunar highlands first motivated the hypothesis that581

anorthite plagioclase was buoyantly segregated during magma ocean crystallisation, form-582

ing a thick anorthositic crust (e.g., Wood et al., 1970). Such an insulating lid was able583

to efficiently regulate the rate of cooling of the magma ocean, extending the timescale584

over which it solidified to ∼ 10−200Myr (Elkins-Tanton et al., 2011). Given this timescale585

is comparable to that of the late veneer (Morbidelli et al., 2018; Brasser et al., 2020),586

it is likely that many impacts will have been onto a thick crust overlaying liquid magma587

(Jackson et al., 2023; Engels et al., 2024). While this represents a significant deviation588

from classical cratering onto a solid substrate, it is sufficient for this analysis simply to589

determine whether small (km-scale) impactors are able to penetrate the thick lunar crust.590

591

The penetration depth of an impactor is estimated using crater-projectile scaling592

laws, with the assumption that HSEs are delivered to the mantle only when the depth593

of the impact crater exceeds the typical crustal thickness. We use the scaling law from594

Allibert et al. (2023) for the maximum crater depth (Zcrater), which captures the tran-595

sition between sub- and supersonic impacts by separating the effects of the Mach num-596

ber (M = vimp/Us), and the Froude number (Fr = v2imp/gRimp),597

Zcrater

RimpFr1/4
= a

(
1 + bM2

)−c
. (17)598

Here Rimp is the impactor radius, g the acceleration due to gravity of the Moon, and (a, b, c) =599

(1.092, 0.11, 0.25) best-fit parameters. We assume a value for the sound speed of Us =600

4472ms−1 (Allibert et al., 2023). The impact velocity is calculated following Lissauer601

et al. (1988) as602

v2imp = v2esc,L + v2rel + 3v2kep,L, (18)603

where vkep,L, vesc,L are the orbital, and escape velocity of the Moon respectively, and vrel604

is the impactor’s relative velocity (allowing for easy comparison with the characteristic605

velocity dispersion of a collisionally damped disk; Schlichting et al., 2012). Considering606

the maximum crater depth ensures our results are conservative: while several post-impact607

processes, such as jet formation during crater collapse, will limit the penetration depth608

of an impactor (e.g., Landeau et al., 2021; Allibert et al., 2023; Engels et al., 2024), no609

HSEs will reach the lunar mantle if the maximum crater depth is less than the crustal610

thickness.611

Maximum crater depth, as a function of impact velocity, is shown in figure 6, demon-612

strating that small (≲ 1 km) impactors are unable to deliver any appreciable concentra-613

tion of HSEs to the lunar mantle – in agreement with detailed hydrocode simulations614

of lunar impacts (Jackson et al., 2023). These impactors will predominantly (if not uniquely)615

deliver HSEs to the lunar crust, which is in clear disagreement with observational con-616

straints (e.g., Ryder, 2002; Day & Walker, 2015). While it is not clear exactly when the617

modern lunar crust was established, we note that models support the rapid formation618

of a thick flotation crust as the lunar magma ocean cools (Elkins-Tanton et al., 2011).619

Any HSEs delivered by impactors penetrating a shallow early crust would be subsequently620

stripped from the mantle, and would therefore not contribute to observed HSEs (e.g.,621

Rubie et al., 2016; Morbidelli et al., 2018). It is therefore impossible to simultaneously622

match both the observed Earth-Moon HSE ratio, and the concentration of HSEs in the623

lunar mantle via the delivery of small impactors.624
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Figure 6. The impact crater depth, Zcrater, is calculated as a function of relative velocity, vrel,

for 100 and 1000m diameter impactors. Corresponding impact velocities, vimp,L, on the surface

of the Moon (calculated using equation 18) are included for reference. We use the Allibert et al.

(2023) scaling law when calculating the crater depth. In all cases, the impactors are unable to

penetrate the lunar crust, which has an average depth of roughly 34 - 43 km (Wieczorek et al.,

2013).

3.3 Summary: the delivery of HSEs by small impactors625

We have shown in this section that for all observed HSEs to be delivered by small626

(≲ 1 km) impactors during the late veneer, an unrealistically large mass (≲M⊕) would627

also be delivered by larger bodies, the metallic fraction of which lost to Earth’s core. Thus,628

the only way to avoid such a mass-accretion catastrophe would be if there was a dearth629

of large impactors during the late veneer (i.e., a population of only sub-km impactors).630

We demonstrated this would also be incompatible with observational constraints, deliv-631

ering HSEs predominantly (perhaps uniquely) to the lunar crust, rather than mantle.632

The delivery of HSEs via the direct, convective entrainment of small planetesimals is there-633

fore unable to account for observed mantle HSEs.634

4 Summary and Discussion635

In §2 we demonstrated that impactors larger than ∼ 1 km will typically penetrate636

Earth’s crust, and generate significant silicate melt from both the target and impactor.637

Using analytical scaling relations, we showed that metals from these impactors will col-638

lect at the bottom of melt pools, and that subsequent diapirism will result in HSE loss639

to Earth’s core. However, in order to deliver sufficient mass in small impactors to account640

for Earth’s HSEs, we demonstrated in §3 that an implausibly large mass (≲M⊕) would641
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also be delivered by larger bodies in a collisional size distribution. Metals from these im-642

pactors will quickly sink to Earth’s core, leaving no HSE signature in the mantle.643

To avoid such a mass accretion catastrophe, our results therefore suggest that large644

impactors must make a significant contribution to observed mantle HSE abundances. In645

§4.1 we identify two potential resolutions to this apparent paradox, which circumvent646

the challenges associated with the entrainment of metal diapirs described in §2. There647

must either exist some mechanism(s) through which HSEs, sequestered in the metallic648

cores of large differentiated impactors, contribute to mantle HSEs, or there was alter-649

natively the delivery of a significant quantity of oxidised (carbonaceous chondrite-like)650

material during the late veneer.651

In either case, there remains significant uncertainty in the efficiency of HSE deliv-652

ery, and therefore total mass accretion during the late veneer. Assuming the delivery of653

HSEs with efficiency f (whether due to the physical mechanism(s) of HSE delivery from654

differentiated impactors, or the mass fraction of oxidised material delivered to Earth)655

total mass accretion during the late veneer will be a factor 1/f times larger than tra-656

ditional estimates. An efficiency less than 10% would imply the late accretion of ≳ 5wt%657

of Earth’s mass. We discuss in §4.2 the viability of such a large increase in total mass658

accretion in the context of four independent constraints, and comment in §4.3 on the main659

assumptions we have made that could affect our conclusions.660

4.1 Two potential resolutions to the mass accretion catastrophe661

4.1.1 HSE delivery from the cores of large, differentiated impactors662

One possibility is that large, differentiated impactors successfully contribute to ob-663

served mantle HSEs. This would require the disruption of impactor core material into664

≲ 0.01mm fragments, so that its metals can be convectively entrained in the impact-generated665

magma pond (see §2.2). We reiterate, however, that this required fragment size is at least666

one order of magnitude smaller than is expected after an impact (Deguen et al., 2014;667

Maller et al., 2024), and there is presently little consensus regarding the physical mech-668

anism(s), and efficiency of HSE delivery from the cores of differentiated planetesimals.669

Estimates of total mass accretion during the late veneer are therefore, currently, uncon-670

strained.671

Previous studies have focused on the accretion of lunar-sized impactors, highlight-672

ing that mass accretion may occur over a prolonged period of time due to non-merging673

collisions (Genda et al., 2017), or invoking the presence of a partially molten zone be-674

neath impact-generated magma oceans (Korenaga & Marchi, 2023). The efficiency of HSE675

delivery from the unavoidable collisions of smaller bodies (figure 1) remains, however,676

unclear. The cumulative contribution from these smaller bodies to Earth’s mantle HSEs677

is therefore (currently) unconstrained and could, depending on the leftover planetesimal’s678

SFD, significantly bias estimates of total mass accretion (see § 3.1). Moreover, we note679

that recent dynamical simulations record very few impacts of lunar-sized embryos onto680

the terrestrial planets post-Moon formation (e.g., Woo et al., 2024).681

It is possible instead that the accretion of a lunar-sized embryo is not required to682

account for observed HSEs. Promisingly, several recent studies (Kraus et al., 2015; Li683

et al., 2020; Saurety et al., 2025) suggest that vapor production during large impacts has684

been largely underestimated during late accretion, which following the condensation and685

rain-out of vaporised core material, could distribute small metal droplets globally across686

Earth’s surface. While our results (see §2) demonstrate that non-vaporised metals will687

sink to Earth’s core, the global transport of vaporised impactor core material may in prin-688

ciple be able to account for a significant proportion of observed HSEs (Albarède et al.,689

2013; Kraus et al., 2015). It is possible also that the relative dearth of lunar HSEs may690
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arise naturally in this scenario, given the large characteristic expansion velocity of va-691

porised core material and low lunar escape velocity (Kraus et al., 2015).692

The global distribution of Ir-rich metal nuggets in the clay layer at the K-Pg bound-693

ary is thought to be consistent with condensation from the vaporised ejecta of the (D ∼694

10 km) Chicxulub impactor (Goderis et al., 2021), and provides some tentative obser-695

vational evidence in support of the efficient delivery of HSEs via vaporisation. We note,696

however, that the typical size of metal droplets condensed from a vapor cloud (of cru-697

cial importance for their subsequent entrainment in a turbulent magma ocean, see § 2.2)698

depends sensitively on both impactor diameter and impact velocity (Johnson & Melosh,699

2012). For large planetesimals (i.e., D ≳ 100 km), the average spherule diameter is 2−700

3 orders of magnitude larger than the critical droplet size d ≈ 0.01mm (see figure 13,701

Johnson and Melosh (2012)). We therefore expect that only spherules advected away from702

newly-formed magma ponds will effectively contribute to observed HSEs.703

The vaporisation of core material therefore presents a promising avenue through704

which HSEs may be delivered via large, differentiated planetesimals, which will be ex-705

plored in detail in future work.706

4.1.2 HSE delivery from carbonaceous chondrite-like impactors707

Alternatively, the delivery of significant quantities of oxidised carbonaceous chondrite-708

like material (i.e., arriving with no metal phase) would prevent the efficient loss of met-709

als to Earth’s core – given there will be no excess density relative to the silicate melt –710

and thereby help avoid a mass accretion catastrophe. The chemical composition of the711

late veneer is, however, a matter of longstanding debate (e.g., Marty, 2012; Fischer-Gödde712

& Kleine, 2017). Recently however, Ruthenium isotope measurements have been argued713

to support the late delivery accretion of a large mass fraction (∼ 60%) of CM chondrite-714

like material (Fischer-Gödde et al., 2020). Burkhardt et al. (2021) report a slightly lower715

fraction (∼ 30%) on the basis of the bulk silicate Earth’s Mo, supporting a substantive716

carbonaceous contribution to Earth’s late accretion.717

This picture is supported by recent studies demonstrating that the accretion of un-718

differentiated CC-like bodies could account for a significant fraction of Earth’s Zn bud-719

get (Martins et al., 2023, 2024). We note further that, no matter the timing of the Moon-720

forming impact, the late accretion of approximately 30% carbonaceous chondrites is re-721

covered by dynamical simulations of solar system formation in the context of an early722

instability (Joiret et al., 2024), in agreement with these recent geochemical constraints.723

724

Given that HSEs from the remaining fraction of reduced impactors will still be lost725

to Earth’s core, estimates of total mass accretion remain accordingly very sensitive to726

the mass fraction of oxidised impactors delivered during the late veneer (see figure 7).727

The late accretion of 30% carbonaceous chondrite-like material during the late veneer,728

as reported in Burkhardt et al. (2021), would require total mass accretion only ∼ 3 times729

larger than traditional estimates, which is likely consistent with independent constraints730

on total mass accretion to the early Earth (see §4.2). We note, however, that while able731

to account for the delivery of HSEs to Earth’s mantle, it remains challenging to explain732

the high Earth-Moon HSE ratio in this scenario, particularly given that the stochastic733

accretion of lunar-sized embryos post-Moon formation is not commonly observed in dy-734

namical simulations of terrestrial planet formation (e.g., Woo et al., 2024).735

4.2 How much excess mass accretion can the Earth-Moon system ac-736

commodate?737

First, increased mass accretion during the late veneer would have significant im-738

plications for the geological evolution of the Hadean Earth, causing the mixing, burial,739
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Figure 7. Total mass accretion to the Earth is calculated as a function of maximum im-

pactor diameter, Dmax, assuming a collisional size distribution (n(D)dD ∝ D−7/2dD; Dohnanyi,

1969). All impactors smaller than Dcrit = 1km are assumed to be entrained in Earth’s mantle.

Moreover, a mass fraction fo of larger planetesimals are assumed to have no metal phase, and

therefore also contribute to mantle HSE signatures. This calculation, following closely the analy-

sis in §3.1, is described in detail in Appendix C. The bold green line corresponds to fo = 0.6, the

mass fraction reported in Fischer-Gödde et al. (2020); the bold blue line corresponds to fo = 0.3,

as reported in Burkhardt et al. (2021). Total mass accretion will increase for steeper SFDs (as

inferred for the main asteroid belt, and expected for the streaming instability; see figure 5),

therefore requiring a more oxidised late veneer in order to avoid a mass accretion catastrophe.

and melting of its early crust. The cumulative delivery of ∼ 0.15wt% over 100Myr is able740

to (subject to assumptions about crustal thickness) melt all of Earth’s crust (Mojzsis et741

al., 2019), whilst Marchi et al. (2014) claim this bombardment would comfortably bury742

Earth’s crust under impact melt. Mass fluxes in excess of ∼ 5wt% would therefore be743

strongly in tension with the existence of zircons dating to 4.4Gya (Valley et al., 2014),744

which would not survive such an intense period of late accretion.745

Second, there exist additional isotopic constraints on late accretion thanks to the746

isotopic similarity of the Earth, and Moon. These include the difference in 182W between747

the Earth and Moon, which has been attributed to the late accretion of ∼ 0.7wt% of748

chondritic material (Touboul et al., 2015; Kruijer et al., 2015). Jacobson et al. (2014)749

also infer an upper limit for late accretion of about 0.01M⊕, based on the O and Ti iso-750

topic similarity of the Earth and Moon. Given the approximate consensus between these751

separate isotopic constraints, it appears likely that mass accretion significantly in excess752

of 0.01M⊕ would require increasingly fine-tuned assumptions about the isotopic com-753

positions of late accreted planetesimals.754

Third, various dynamical simulations find a negative correlation between the late755

veneer mass, and the timing of the Moon-forming impact (e.g., Jacobson et al., 2014; Woo756
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et al., 2024). This has a simple qualitative explanation; there will be fewer available plan-757

etesimals to source a late veneer at later times (a consequence of collisions with plan-758

ets, ejection onto hyperbolic orbits, and catastrophic collisions with other planetesimals).759

Whilst these results are clearly model-specific, both Jacobson et al. (2014) and Woo et760

al. (2024) suggest the late accretion of ∼ 5wt% would require Moon-formation earlier761

than ∼ 20Myr after the condensation of the first solids in the solar system. This is highly762

inconsistent with the date of the Moon forming impact, as recorded by various radioac-763

tive chronometers (e.g., Kleine et al., 2005; Touboul et al., 2007).764

Fourth, impact-generated satellites (e.g, the Moon) are very sensitive to ongoing765

accretion (Pahlevan & Morbidelli, 2015). Impacts onto the Earth are typically preceded766

by many (∼ 104) collisionless encounters, which efficiently transfer angular momentum767

to the Moon. The late accretion of ∼ 5wt% would therefore likely drive significantly in-768

creased orbital excitation of the Moon, and most likely its dynamical loss (Pahlevan &769

Morbidelli, 2015). We note, requiring earlier Moon-formation to accommodate the late770

delivery of ∼ 5wt% seems particularly incompatible with the long-term stability of the771

Moon’s orbit.772

It is therefore highly improbable that the late delivery of HSEs to Earth’s mantle773

was particularly inefficient (i.e., less than ∼ 10%), given this would imply a large mass774

flux inconsistent with several independent constraints on total mass accretion to the Hadean775

Earth.776

4.3 Model limitations777

There are a number of caveats to our conclusions, concerning both the entrainment778

of metals in the mantle, and the implications for Earth’s accretion history. We summarise779

the most important here.780

Estimates of excess mass accretion during the late veneer, leaving no mantle HSE781

signature, are sensitive to the critical impactor diameter, Dcrit. As motivated in §2.1,782

Dcrit roughly separates the efficient and inefficient delivery of HSEs to Earth’s mantle783

(from smaller and larger bodies respectively). We identify criteria for melting, and pen-784

etrating Earth’s crust as crucial in determining Dcrit. Our analysis does not, however,785

account for all relevant physical processes, and it is therefore possible that we over-, or786

underestimate the true value of Dcrit. This uncertainty will accordingly decrease (increase)787

excess mass accretion during the late veneer. As shown in Figure 5, however, an order788

of magnitude increase in Dcrit would still imply total mass accretion incompatible with789

several independent constraints (§4.2). Unless this critical diameter is much larger than790

∼ 10 km, this uncertainty is unlikely to alter our main conclusion: small planetesimals791

are unable to account for observed HSEs, and there is correspondingly significant un-792

certainty in total mass accretion during the late veneer.793

The entrainment of metals in a magma pond is very sensitive to the radius of the794

metal drops, an empirically determined efficiency factor (ϵ), and the heat flux at the sur-795

face of the magma pond (F ). The radius of metal drops following a planetary impact796

is however poorly known, and estimates for this empirical efficiency factor ϵ differ by nearly797

a factor of 5 (V. S. Solomatov et al., 1993; Lavorel & Le Bars, 2009). Accordingly, there798

is uncertainty in the equilibrium mass of suspended metal, as is evident in figure 3. Even799

when taking end-member values for each parameter (ϵ and F ), it is not possible to ac-800

count for Earth’s HSEs. For our conclusions to change significantly, alternative fragmen-801

tation mechanisms must exist that can generate metal drops smaller than 0.01mm. We802

reiterate, however, that currently this remains at least one order of magnitude below best-803

estimates (Deguen et al., 2014; Maller et al., 2024), and any mechanism capable of achiev-804

ing this remains elusive.805
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As discussed in §2.2, the condition used to determine the entrainment of metal drops806

in a magma pond (θS > θc) has only been demonstrated for solid particles (V. S. Solo-807

matov et al., 1993; Sturtz et al., 2021). This has not however been tested for liquid drops,808

and there is therefore uncertainty in our results regarding the critical drop size for en-809

trainment. Liquid drops can in principle merge with the bottom layer, and it is there-810

fore possible that surface tension may in fact decrease the efficiency of this re-entrainment811

processes. We therefore expect that our conclusions still hold despite the lack of exper-812

iment on the sedimentation of dilute liquid drops in magma oceans.813

Finally, the condition used to determine the entrainment of metal diapirs in a solid,814

or partially solid, mantle neglects the possible deformation of the diapir by the convec-815

tive flow and the multiphase dynamics of mushy, solidifying magma oceans (Ballmer et816

al., 2017; Maurice et al., 2017; Morison et al., 2019; Labrosse et al., 2024; Boukaré et al.,817

2025). Quantifying these effects requires further investigation using numerical simula-818

tions of convecting mushy magma oceans, which is beyond the scope of this paper.819

5 Conclusions820

As recorded by the elevated concentrations of HSEs in the mantle, the late veneer821

is thought to deliver at least ∼ 0.5wt% (of Earth’s mass) of chondritic material to the822

Earth, and ∼ 0.02wt% to the Moon (Day et al., 2016). A consequence of the negative823

buoyancy of metals in both fully liquid magma ponds and the solid mantle, however, is824

that the entrainment of HSEs in Earth’s mantle is much more challenging than previ-825

ously thought. We demonstrate in this study that there exists a critical diameter (∼ 1 km),826

separating the efficient and inefficient delivery of HSEs to the mantle, with the direct827

entrainment of HSEs possible only for smaller impactors via the tectonic recycling of the828

crust. However, despite the potentially efficient delivery of metals to Earth’s mantle by829

small impactors, we demonstrate that they cannot be the dominant source of Earth’s830

HSEs. In order to deliver sufficient mass in sub-km bodies, we show there would be an831

implausibly large mass (≲ 1M⊕) delivered by larger (D > 1 km) bodies in a collisional832

size distribution, with their HSEs lost to Earth’s core. There is therefore, currently, a833

contradiction between the observed concentrations of HSEs in the mantle, the geody-834

namics of metal entrainment, and estimates of total mass accretion during the late ve-835

neer.836

To avoid such a mass accretion catastrophe, we suggest impactors larger than 1 km837

must make significant contributions to mantle HSE signatures, and identify two poten-838

tial resolutions to this apparent paradox. We show that it would be possible to suspend839

sufficient HSEs in an impact-generated magma pond, if there exists mechanisms able to840

disrupt impactor core material into ≲ 0.01mm fragments during large planetary impacts.841

This is, however, at least one order of magnitude smaller than current estimates for the842

size of metal drops after impacts. Alternatively, the delivery of a significant mass frac-843

tion of oxidised material during the late veneer would prevent the loss of metals to Earth’s844

core, thereby avoiding such a mass accretion catastrophe. In both scenarios, total mass845

accretion during the late veneer remains unconstrained, due to uncertainty in the effi-846

ciency of physical mechanisms capable of disrupting impactor core material into suffi-847

ciently small fragments, and the mass fraction of oxidised material delivered to Earth848

during the late veneer.849

Appendix A The condition for melting by impact850

A1 Quantification of impact-induced melting851

The fate of impactor material is dependent on the peak pressure experienced dur-852

ing the compression stage of crater formation, as this will directly determine the den-853

sity, and temperature of impactor material. Regions of impactor material will melt (va-854
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Figure A1. The fraction of unmelted impactor material is plotted as a function of relative

velocity, vrel, for both the Earth and Moon. This is calculated using the parameterisation for as-

teroid survivability from Potter and Collins (2013), assuming a critical shock pressure for melting

of 106GPa (Wünnemann et al., 2008). The material constants (Ci, Si) = (5.430 km s−1, 1.34)

and (Ct, St) = (3.816 km s−1, 1.28) are chosen for a dunite impactor and granite target (Table

1; Potter & Collins, 2013). Significant melting will occur onto both the Earth and Moon for a

typical relative velocity of 15 km s−1.

porise) if they experiences peak shock pressures in excess of the material’s incipient melt-855

ing (vaporisation) shock pressure.856

The distribution of shock pressure within projectiles is however highly complex,857

and so detailed hydrocode simulations are necessary to accurately determine the fate of858

impactor material (e.g., Pierazzo & Melosh, 2000; Potter & Collins, 2013). Here, we use859

the results from iSALE simulations in Potter and Collins (2013) to estimate the fraction860

of impactor material that does not melt,861

f = 1− cos1.3
(
π

2

Pmelt

Pmax sin θ

)
, (A1)862

where Pmelt is the critical shock pressure for incipient melting (assumed to be the ANEOS-863

derived value of 106GPa for dunite projectiles; Wünnemann et al., 2008), Pmax the peak864

shock pressure experienced anywhere in the impactor, and θ the impact angle. Note, the865

choice of dunite as a proxy for asteroidal composition ensures that our estimated crit-866

ical impactor size for melting, Dcrit provides an upper limit, given the critical pressure867

for melting is significantly lower for other rock types (Wünnemann et al., 2008).868

The peak shock pressure, Pmax, is estimated using the planar shock approximation,869

which is relatively accurate for materials with a linear shock-particle velocity relation-870

ship (i.e., U = C+Su, where C and S are empirically determined parameters describ-871

ing target, or impactor material; Melosh, 1989). The peak pressure is given by the Hugo-872

niot equation873

Pmax = ρ0iui (Ci + Siui) , (A2)874
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where ρ0i is the uncompressed impactor density, and ui the impactor particle velocity.875

This peak pressure increases with impact velocity, vimp, through its dependence on the876

particle velocity, which is given by877

ui =
−B +

√
B2 − 4AC

2A
, (A3)878

where879

A = ρ0iSi − ρ0tSt, (A4)880

B = ρ0iCi + ρ0tCt + 2ρ0tStvimp, (A5)881

C = −ρ0tvimp (Ct + Stvimp) , (A6)882
883

with the subscripts i, t referring to impactor and target material respectively.884

The fraction of unmelted impactor material is plotted as a function of relative ve-885

locity, vrel, in Figure A1. The corresponding impact velocities on the Moon and Earth886

are given by887

v2imp,⊕ = v2esc,⊕ + v2rel, (A7)888

v2imp,L = v2esc,L + 3v2kep,L + v2rel (A8)889
890

respectively (e.g., Lissauer et al., 1988), allowing for easy comparison between impacts891

on the Earth and Moon.892

A2 The atmospheric entry of planetesimals893

Impactors entering Earth’s atmosphere are subject to large ram pressures, often894

leading to the significant deceleration and fragmentation of small bodies. The size and895

velocity of impactors arriving at the top of Earth’s atmosphere may therefore be con-896

siderably different to those reaching the surface. Here we determine the minimum im-897

pactor diameter for melting, assuming a critical impact velocity of 15 km s−1 (as deter-898

mined in the previous section).899

The trajectory of an impactor through the atmosphere is first described by a set900

of four coupled differential equations (e.g., Passey & Melosh, 1980), before fragmenta-901

tion occurs when the ram pressure exceeds the bodies tensile strength. Detailed mod-902

elling of fragmentation is however challenging, given the complex physical processes in-903

volved. We thus use the simple 1D model from Chyba et al. (1993), which is able to re-904

produce the observed energy deposition of Tunguska-like impactors, describing the de-905

formation (or “pancaking”) of impactor material into a cylindrical shape.906

We assume the impactor will fragment into a number of small pieces (in an airburst-907

like event) when the radius of the impactor reaches 6 times its initial value (following908

Chyba et al., 1993). To determine the critical diameter for melting, we numerically cal-909

culate the trajectory of a stony projectile, varying its initial diameter until it is able to910

reach the surface intact, with velocity greater than 15 km s−1. We assume an isothermal911

atmospheric profile, with a scale height of 7 km, and vary the atmospheric surface den-912

sity.913

The results of this calculation are shown in figure A2, in which we see for a 1 bar914

atmosphere, the critical radius for melting, Rm, is roughly 50m. This increases to roughly915

1000m for a 100 bar atmosphere, reflecting the increased ram pressure experienced by916

the impactor.917

Appendix B Metal drop size distribution in impact-generated magma918

pond919

Recent results on the size distribution of bubbles in a turbulent flow (e.g., Rivière920

et al., 2022) demonstrate that the drop size distribution follows a power law. Below the921
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Figure A2. The critical impactor size for melting is calculated as a function of atmospheric

surface density, ρatm,surf., using the deformation model from Chyba et al. (1993), assuming an

isothermal atmospheric profile with a constant scale height of 8 km. A constant entry velocity of

20 km s−1 is used, with significant melting expected for impact velocities in excess of 15 km s−1

(see figure A1).

Hinze scale, at which surface tension equilibrates local pressure fluctuations – expected922

to determine the mean drop size in an impact-generated magma ocean (Deguen et al.,923

2014; Wacheul & Le Bars, 2018) – drop size scales as n(d) ∝ d−3/2, where d is the drop924

diameter (Rivière et al., 2022). For such a power law, the mass in drops of size d varies925

as m(d) ∝ d3/2, meaning that the total metal mass is dominated by the largest drops926

present in the magma ocean. Here we demonstrate that, while small drops of size ∼ 0.01mm927

might be present in a magma ocean, they will carry insufficient mass to account for Earth’s928

HSEs.929

We consider a distribution of metal drops with diameters in the range [dmin, dmax],
where dmax ≫ dmin is the size of the largest drops in the impact-generated magma. Fig-
ure 3 demonstrates that only metal drops smaller than dent. ∼ 0.01mm can potentially
be entrained with sufficiently high volume ratio to explain Earth’s HSEs. The total mass
in suspended drops (d ≤ dent.) is thus given by

M(d ≤ dent.)

MHSE,⊕
=

d
5/2
ent. − d

5/2
min

d
5/2
max − d

5/2
min

∼
(
dent.
dmax

)5/2

. (B1)

From equation B1 it is clear that the required late veneer mass must significantly exceed930

MHSE,⊕ when dent. < dmax. This is illustrated in figure B1, which shows the required931

late veneer mass as a function of dmax, assuming that HSEs were delivered by metal drops932

smaller than dent. = 0.01mm, 0.03mm, and 0.1mm. Assuming the largest drops have933

a diameter ∼ 1mm (Deguen et al., 2014; Wacheul & Le Bars, 2018; Maller et al., 2024),934

this would require an implausibly large late accreted mass of 300MHSE,⊕ ∼ M⊕. Thus,935

while there will be a distribution of droplets produced following a large impact, extend-936

ing down to small sizes, these small drops will collectively carry insufficient mass to ac-937

count for Earth’s HSEs.938
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Figure B1. The required late veneer mass is calculated as a function of the largest drop di-

ameter, assuming that HSEs were delivered in drops of diameter smaller than 0.03mm, which

could be entrained in significant proportions in the impact-generated magma. The drop size dis-

tribution is assumed to follow a d−3/2 power-law, where d is the drops diameter (Rivière et al.,

2022). With the largest drop size expected to be ∼ 1mm (Deguen et al., 2014; Wacheul & Le

Bars, 2018; Maller et al., 2024), this would require an unreasonably late accreted mass in excess

of 300MHSE,⊕.

Appendix C An oxidized late veneer939

The accretion of oxidised carbonaceous-chondrite material during the late veneer940

is one potential way to avoid the loss of metal, and its HSEs, to Earth’s core (as described941

in §2). This material, arriving with no (or very small amounts) metal phase present will942

efficiently contribute its HSEs to the mantle, by virtue of its much smaller density con-943

trast with the surrounding silicates.944

Here, we present a simple calculation assuming some constant (i.e., size-independent)945

fraction fo of material arrives with no metal phase, with its HSEs accordingly distributed946

throughout its silicate components, and therefore contributes to observed HSE signatures.947

Following our approach in §3.1, we assume a collisional size distribution (n(D)dD = KD−7/2dD948

Dohnanyi, 1969), and assume all impactors smaller than Dcrit = 1km are also entrained949

in Earth’s mantle. The SFDs constant of proportionality, K, is now given by950

K =

(
6MHSE,⊕

πρimp

)[∫ Dcrit

Dmin

D3−αdD + fo

∫ Dmax

Dcrit

D3−αdD

]−1

. (C1)951

Total mass accretion is therefore952

Macc,tot = MHSE,⊕

[ ∫Dmax

Dmin
D3−αdD∫Dcrit

Dmin
D3−αdD + fo

∫Dmax

Dcrit
D3−αdD

]
, (C2)953

which reverts exactly to equation 16 in the limit fo → 0, as expected. Total mass ac-954

cretion, as a function of the SFDs maximum impactor diameter Dmax, is shown in Fig-955
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ure 7. Increasing the mass fraction of oxidised material delivered (i.e., increasing fo) ef-956

fectively helps avoid the mass accretion catastrophe. Total mass accretion will remain957

less than 1 Moon mass provided fo ≳ 0.4, which is smaller than the mass fraction re-958

ported in Fischer-Gödde et al. (2020). This is only ∼ 3 times larger than traditional es-959

timates of total mass accretion during the late veneer, and is likely consistent with in-960

dependent constraints on total mass accretion to the Hadean Earth (see §4.2).961

It is a significant simplification to assume the oxidation state of planetesimals is962

size-independent, and it is possible instead that this fraction could decrease significantly963

for larger bodies able to form a metallic core. This would significantly increase total mass964

accretion, and we would quickly return to the mass accretion catastrophe described in965

§3, given that total mass is concentrated within the largest bodies in a collisional size966

distribution.967

Evidence from within the Solar System is, however, not totally conclusive. Whilst968

some oxidised bodies formed with metallic, iron-rich cores, as is evidenced by both iron969

meteorites (Grewal et al., 2024) and the water-rich Jovian satellite Ganymede (Schubert970

et al., 1996), Ceres (the largest body in the asteroid belt) demonstrates that others did971

not (Thomas et al., 2005). We therefore, in the interests of simplicity, assume this frac-972

tion is size-independent, and note this has the potential to significantly bias the results973

shown in figure 7.974

Open Research Section975
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