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Temporally limited late accretion after core formation in the Moon

Highly siderophile element (HSE: Au, Re, Pd, Pt, Rh, Ru, Ir, Os) abundances in planetary silicate mantles provide constraints on accretion and differentiation, as well as late accretion additions after core formation. The first in situ analyses of the HSE in mare basalt sulfide and metal phases enable the determination of the distribution of these elements during fractional crystallization processes. Metals have low Ni/Co (<8) and strong HSE inter-element fractionation (Pd/Ir = 18-100) and, with troilite (Ni/Co < 4.2, Pd/Ir = 14-74), host 75-100% of the HSE in mare basalts. The compositions of these metal and sulfide grains are inconsistent with assimilation of impact-contaminated HSE-rich regolith materials. Furthermore, regolith contamination cannot explain the threshold of abundances of iridium (~50 ppt) in mare basalt bulk rock compositions. Instead, bulk rock mare basalts have HSE patterns consistent with inheritance from partial melting of mantle sources with no residual metal or sulfide. Mare basalt HSE and siderophile element abundances can be accounted for by their mantle sources recording prior separation of a small lunar core, fractionating Ni/Co and Hf/W and removing ~99% of the HSE after lunar formation. Following this event, late accretion of ~0.02% of lunar mass led to limited enrichment of the HSE in chondritic-relative abundances. Signatures of core formation preclude elevated HSE abundances in the lunar silicate interior and indicate that disproportional late accretion in the Earth-Moon system may, in part, be due to later core formation in the Moon relative to Earth.

INTRODUCTION

Highly siderophile element abundances (HSE: Au, Re, Pd, Pt, Rh, Ru, Ir, Os) estimated for lunar reservoirs are a key constraint for the formation of the Moon. Because there are no lunar mantle samples in existing collections, bulk silicate Moon (BSM) abundances have been estimated based on HSE contents and 187 Os/ 188 Os for ~3 to 3.9 Ga mare basalts using extrapolation methods, typically regressing to an assumed lunar mantle MgO content [START_REF] Day | Highly siderophile element constraints on accretion and differentiation of the Earth-Moon system[END_REF][START_REF] Day | Highly siderophile element depletion in the Moon[END_REF]. These estimates indicate a BSM with chondritic-relative HSE abundances approximately 40 times lower than in bulk silicate Earth (BSE), with a chondritic 187 Os/ 188 Os composition that is similar between both reservoirs. The estimates of BSM HSE abundances have been influential in informing models of delivery of late accretion materials (e.g., [START_REF] Bottke | Stochastic late accretion to Earth, the Moon, and Mars[END_REF][START_REF] Morbidelli | A sawtooth-like timeline for the first billion years of lunar bombardment[END_REF][START_REF] Schlichting | The last stages of terrestrial planet formation: Dynamical friction and the late veneer[END_REF][START_REF] Jacobsen | Highly siderophile elements in Earth's mantle as a clock for the Moonforming impact[END_REF][START_REF] Zhu | Reconstructing the lateaccretion history of the Moon[END_REF], including the "late veneer" hypothesis of volatile elements (Albar ede 2009; [START_REF] Hauri | High pre-eruptive water contents preserved in lunar melt inclusions[END_REF]; Tart ese and Anand 2013; [START_REF] Barnes | An asteroidal origin for water in the Moon[END_REF], and to explain the discrepancy in W isotope compositions between lunar and terrestrial rocks [START_REF] Kruijer | Lunar tungsten isotopic evidence for the late veneer[END_REF][START_REF] Touboul | Tungsten isotopic evidence for disproportional late accretion to the Earth and Moon[END_REF][START_REF] Thiemens | Early Moon formation inferred from hafnium-tungsten systematics[END_REF]).

An alternative to mare basalts representing pristine partial melts from the lunar mantle is that they assimilated impact-contaminated HSE-rich megaregolith material during magma transit and eruption onto the Moon's surface [START_REF] Brenan | Abundance of highly siderophile elements in lunar basalts controlled by iron sulfide melt[END_REF]). In the modern lunar surface environment, there is evidence for an extensive regolith of material strongly affected by impacts and that has HSE abundances systematically higher than in mare basalts (e.g., [START_REF] Norman | Targeting the impactors: Siderophile element signatures of lunar impact melts from Serenatatis[END_REF][START_REF] Puchtel | Osmium isotope and highly siderophile element systematics of lunar impact melt breccias: Implications for the late accretion history of the Moon and Earth[END_REF]Fischer-Godde and Becker 2012;[START_REF] Gleissner | Origin of lunar fragmental matrix breccias-Highly siderophile element constraints[END_REF][START_REF] Mcintosh | Examining the compositions of impactors striking the Moon using Apollo impact melt coats and lunar regolith breccia meteorites[END_REF]). Impact-contaminated materials have been considered to extend to a 5-20 m thick surficial regolith layer with up to 1-3 km of a deep upper regolith layer containing impact materials [START_REF] Richardson | Modelling the formation of the lunar upper megaregolith layer[END_REF]. This regolith stratigraphy has been inferred to occur in the highland regions of the Moon [START_REF] Nash | Objectives and requirements of unmanned rover exploration of the Moon[END_REF]). If such contaminants existed in the region of Oceanus Procellarum at the time and where most mare basalts studied so far were emplaced, then even limited regolith contamination (<1%) would have a pronounced effect on their HSE abundances. If mare basalt sources had residual metal or sulfide and their melts then interacted with mega-regolith, estimates of the BSM HSE content from mare basalts would be essentially unconstrained. Alternatively, the absence of residual metal or sulfide in lunar melt source regions would mean HSE abundances estimated from regolith-contaminated mare basalts would represent maximum values for BSM [START_REF] Day | Geochemical constraints on residual metal and sulfide in the sources of lunar mare basalts[END_REF].

A consistent aspect of the HSE contents of low-Ti and high-Ti mare basalts sampled from the Apollo 12, 15, and 17 sites, and as meteorites, is that they have low average HSE abundances (~20 ppt Os and Ir, ~70 ppt Pt), with the most primitive (high MgO) samples having broadly chondrite-relative HSE abundances and chondritic measured 187 Os/ 188 Os [START_REF] Day | Highly siderophile element constraints on accretion and differentiation of the Earth-Moon system[END_REF][START_REF] Day | Highly siderophile element depletion in the Moon[END_REF]. These data are for bulk rock compositions, and no data are available on the abundances of the HSE within the likely mineral hosts to these elements-metal and sulfide-in mare basalts. Such information is important for understanding if mare basalts are a faithful recorder of the BSM composition. Examining the compositions of these phases would establish HSE behavior within mare basalts, further constraining models of mare basalt fractional crystallization, and acting as an additional test of whether regolith addition to mare basalts occurred. Here, in situ determinations of the HSE in mare basalt metals and sulfides are reported and these data are used to revisit HSE fractionation models for mare basalts. With these data, possible explanations for high Hf/W [START_REF] Thiemens | Early Moon formation inferred from hafnium-tungsten systematics[END_REF], low Ni/Co [START_REF] Day | Metal grains in lunar rocks as indicators of igneous and impact processes[END_REF], and nearly chondritic relative HSE abundances in mare basalts are also examined.

SAMPLES AND METHODS

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) was used to measure >130 metal and sulfide grains, as well as silicate phases (clinopyroxene, plagioclase, olivine, glass, spinel, and ilmenite) ). Samples were first examined and imaged using a transmitted/ reflected light microscope, followed by secondary electron and backscatter electron imaging and semiquantitative analysis of metal and sulfide compositions using a ThermoScientific Phenom XL scanning electron microscope (SEM). To correct to absolute abundances, mineral chemical data were used for the sampled mineral grains using previously published data for Dho 287A, LAP 02205, 15555, MIL 05035, and 12063. These data are reported for Dho 287A in [START_REF] Anand | KREEPy lunar meteorite Dhofar 287A: A new lunar mare basalt[END_REF], for LAP 02205 in [START_REF] Day | Comparative petrology, geochemistry and petrogenesis of evolved, low-Ti lunar mare basalt meteorites from the LaPaz icefield, Antarctica[END_REF], for 15555 in [START_REF] Schnare | A laser-ablation ICP-MS study of Apollo 15 low-titanium olivine-normative and quartznormative mare basalts[END_REF], for MIL 05035 in [START_REF] Liu | Petrogenesis of lunar mare basalt meteorite Miller Range 05035[END_REF], and for 12063 in [START_REF] Mcgee | Introduction to the Apollo Collections. Part I: Lunar igneous rocks[END_REF], along with new and compiled metal and sulfide major element data for mare basalts in [START_REF] Day | Metal grains in lunar rocks as indicators of igneous and impact processes[END_REF]. Mineral modes were also obtained from these references.

Troilite and metal grain elemental abundances were determined using a ThermoScientific iCAP Qc ICP-MS coupled to a New Wave Research UP213 Laser Ablation System. Ablation took place in a 3 cm 3 ablation cell flushed with a He-gas flow and mixed with an Ar carrier at ~1 L min À1 . Signals were acquired in time-resolved acquisition, with a 20 s background and 40 s sample measurement. Wash time between analyses was 120 s. The laser was fired using an energy density of ~3.4 J cm À2 at a frequency of 5 Hz and a constant 100 µm beam size. Normalization of the HSE and other siderophile element abundances was done using Fe contents. Variations in Fe abundances within mineral phases, such as pyroxene, generally lead to minor changes in calculated HSE abundances, which are propagated into the overall reported uncertainty. Gold abundances for Dho 287A are not reported as the polished section used had previously been Au-coated for secondary ionization mass spectrometry measurements. LA-ICP-MS analysis using raster analysis of the gold coat from this sample shows no quantifiable amounts of the other HSE.

Standardization was performed using iron meteorites as reference materials, using preferred values. Standards used included the USGS MRM sulfide mix MASS-1 (156,000 ppm Fe) and iron meteorites Hoba (844,000 ppm Fe), North Chile (referred to as "Filomena"; 942,000 ppm Fe), and Coahuila (944,000 ppm Fe) using values from [START_REF] Day | The potential for metal contamination during Apollo lunar sample curation[END_REF]. Calibration curves were made using these standards for each analytical session, with the curves dominated by MASS-1 for Zn, Cu, Se, Pb, and Au and by the iron meteorites, especially Hoba, for W, Co, Ni, and the HSE. Complete standard data are reported in Table S1 in supporting information. Isotopes of 59 Co, 60 Ni, 63 Cu, 66 Zn, 77,82 Se, 99,101,102 Ru, 103 Rh, 105 Pd, 182 W, 185 Re, 189,190,192 Os, 193 Ir, 195 Pt, 197 Au, and 208 Pb were used for quantification of concentrations, and 25 Mg, 29 Si, 34 S, 44 Ca, and 53 Cr were monitored to evaluate ablation of phases. Multiple isotopes of some elements were monitored to check for interferences from isobars, whereas single isotopes of other elements were measured either because they are monoisotopic (Rh, Au) or are known to have negligible interferences. Including corrections and uncertainties, applying blank subtraction, and taking reproducibility of standard measurements, the propagated external reproducibility for the HSE is AE30%. Iron-57 was used as the internal reference element using Fe values of grains obtained from electron microprobe analyses from the published sources outlined above and confirmed with the SEM after analysis at the ablation location.

Sensitivity tests were conducted during each analytical session, consistently yielding ≥200 cps/ppm for the HSE and higher sensitivities of other siderophile elements (e.g., >400-1000 cps/ppm for Zn, Cu, Ni Co) for 100 µm spots. Typical background over a 20 s period was << 1 cps for the HSE and a limit of blank of 2.7 cps. Using the calculations of [START_REF] Longerich | Interlaboratory note. Laser ablation inductively coupled plasma mass spectrometric transient signal data acquisition and analyte concentration calculation[END_REF], this means a limit of detection of ~0.03 ppm and a conservative (2 9 LOD) limit of quantification of 0.06 ppm for the HSE.

In numerous cases, due to the small sizes of some of the sulfide and metal grains examined, there was beam overlap with silicate phases due to the large size of the laser beam required to get measurable signal (100 µm). Some silicate grain measurements also showed "spikes" in discrete HSE or pairs of HSE (e.g., Ru, Ir, or Pt, Pd) in time-resolved mode, consistent with small nugget inclusions sampled within them. Removal of these samples shows that, in general, silicate mineral phases contain little to no measurable HSE, ultimately leading to a dilutional effect on reported HSE abundances in the sulfide and metal phases. For example, it was possible to monitor time-resolved count rates to resolve overlapping silicate (Si, Ca, Mg) or oxide (Fe, Mg, Cr) phases. Combined with backscatter electron images and reflected light images of sulfides and metals both before and after ablation, sulfide and metal analyses ranged from zero to up to 70% silicate material overlap. Assuming a metal or sulfide grain contains 1 ppm Ir, this would lead to a range in Ir contents between ~1 and 0.3 ppm during the measurement. The net effect is that the absolute abundance of HSE in the grand mean of lunar metal and sulfide is underestimated.

RESULTS

Trace element compositions in minerals for five mare basalt samples (12063, 15555, La Paz 02205, Dhofar 287A, Miller Range 05035) spanning a range of bulk rock MgO contents (5.9-12.4 wt%) were measured using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS; Tables 1234). The samples contain trace amounts of Fe metal with low Ni/Co (2. 5-7.8) and between 0.05 and 0.2 modal % troilite, also with low Ni/Co (0.4-4.2), and consistent with the low Ni/Co iron metal grains and troilite observed in mare basalts [START_REF] Day | Metal grains in lunar rocks as indicators of igneous and impact processes[END_REF]. The metals typically have higher Ni (6900-13,000 ppm) and Co (1380-2900 ppm) contents than the troilite, but similar Cu (550-1600 ppm), Zn (6À33 ppm), Se, W, and Pb abundances. The troilite and metal grains examined typically occur either trapped within early formed phases, as interstitial phases, or associated with oxide phases (Cr-spinel, ilmenite; Fig. 1). The chemical compositions and textural relationships indicate that metal and troilite grains examined formed throughout the crystallization sequence of the mare basalts and are not subsolidus features, consistent with prior observations [START_REF] Day | Metal grains in lunar rocks as indicators of igneous and impact processes[END_REF].

In terrestrial igneous rocks, the HSE are predominantly within sulfide or metal, given high sulfide melt-silicate melt and metal melt-silicate melt partition coefficients (see [START_REF] Lorand | Chalcophile and siderophile elements in mantle rocks: Trace elements controlled by trace minerals[END_REF][START_REF] Howarth | Precious metal enrichment at low-redox in terrestrial native Fe-bearing basalts investigated using laser-ablation ICP-MS[END_REF], and this is also the case for lunar igneous rocks. Mare basalt HSE are primarily within metal and troilite, where both phases can have HSE abundances typically >0.1 9 CI chondrite, with elevated Au + Re + Pd + Pt relative to Rh + Ru + Ir + Os, and notably elevated Pd contents (Fig. 2). This leads to fractionated Pd/Ir ratios relative to CI chondrite abundances in both metals (15555 = 17.9; 12063 = 100) and troilite (MIL 05035 = 13.6, 15555 = 74). The HSE abundances of olivine, pyroxene, plagioclase, and glass were measured in three of the five samples (12063, 15555, and Dho 287A). For most analyses of silicate grains, they were at or close to limits of quantification. In some cases, discrete HSE-rich inclusions were sampled, suggesting the presence of minute sulfide blebs; these occurred in a few of the plagioclase grains from 12063 but were particularly notable in the maskelynite from Dho 287A. Intermingling of maskelynite and FeS blebs has previously been observed in MIL 05035 [START_REF] Liu | Petrogenesis of lunar mare basalt meteorite Miller Range 05035[END_REF]) and suggest impact modification of sulfide and plagioclase can lead to this feature. Those silicate grains with similar features were omitted from the data set, while other data reported in the tables are treated without prejudice. The low abundances of the HSE and siderophile elements in the silicate minerals are consistent with low plagioclase-melt, pyroxene-melt, and olivine-melt partition coefficients calculated for lunar melt compositions [START_REF] Sharp | Estimation of trace element concentrations in the lunar magma ocean using mineral-and metal-silicate melt partition coefficients[END_REF]. For oxide minerals, the HSE are at or below the limits of quantification except for Pd in Cr-spinel or ilmenite (~100-600 ppt). 

DISCUSSION

Metal and Sulfide in Mare Basalts

The presence of both metal and sulfide in mare basalts is a notable feature distinguishing them from generally metal-free terrestrial basalts. Metal grains indicate a reducing condition, with their formation in mare basalts initially considered to occur due to immiscible Fe liquid separation at extremely high temperatures, or reduction and crystallization during fractional crystallization of silicate and oxide phases (e.g., [START_REF] Brett | Apollo 12 igneous rocks 12004, 12008, 12009, and 12022: A mineralogical and petrological study[END_REF]). It has recently been suggested that metal and sulfide grains in mare basalts form in response to localized crystallization of spinel and Ferich silicate phases that engender metal and sulfide stability in low fO 2 melts [START_REF] Day | Metal grains in lunar rocks as indicators of igneous and impact processes[END_REF]. This model can explain the occurrence of metals both early in the crystallization sequence, associated with Cr-spinel or olivine, and later in the crystallization sequence, associated with Fe-rich pyroxene, plagioclase, and troilite (Fig. 1). Requirements for mare basalt metal formation are initially reducing conditions (IW to IW-2.5), where any subsequent degassing of magmas maintained the reducing capacity of evolving melts. The resultant metal grains in mare basalts are distinct, with generally low Ni/Co resulting from the interplay of metal saturation, growth, and the evolving basaltic melt composition, where Ni/Co can be influenced by relative variations in fO 2 based on chemical potentials. Samples examined in this study include some of the rocks examined by [START_REF] Day | Metal grains in lunar rocks as indicators of igneous and impact processes[END_REF] or that show similar crystallization behavior. Given the similar phase relationships between mare basalts, the metal and sulfide grains can be interpreted as forming directly from their parent melts. Any subsolidus exsolution that might have occurred in the generally small grains (<100 µm) was not detectable at the scale of study. These metal and sulfide grains are therefore distinct from exsolution assemblages observed in some lunar impact melt rocks [START_REF] Mcintosh | Examining the compositions of impactors striking the Moon using Apollo impact melt coats and lunar regolith breccia meteorites[END_REF].

Metal and sulfide grains are the major host of the HSE in mare basalts. Between 75 and 100% of the HSE are hosted in metal and sulfide grains within 12063, 15555, and Dho 287A, with roughly equal proportions between the two mineral phases (Fig. 3). Exceptions are Ru and Ir, of which 25% and 10% of the total budget, respectively, can be hosted in Cr-spinel. The abundance budgets of Ni, Cu, Zn, W, and Pb are dominantly within metal and sulfide, whereas Co is largely within olivine and pyroxene. These results are generally consistent with laboratory experiments of partitioning behavior of these elements in analog lunar melt compositions [START_REF] Sharp | Estimation of trace element concentrations in the lunar magma ocean using mineral-and metal-silicate melt partition coefficients[END_REF].

Given the dominance of metal and troilite in the HSE budget of mare basalts, their elevated contents of Ir and particularly Pd are likely to be informative about mare basalt fractionation processes. Mare basalts span a range of relative and absolute HSE abundances, from high MgO rocks (>11 wt%) that have relatively flat CIchondrite normalized bulk rock HSE patterns at ~0.0002 9 CI chondrite, to mare basalts with lower MgO (<8 wt%), strongly fractionated HSE patterns, particularly of Pd/Pt and Ir/Os, and lower total HSE contents (<0.00001 9 CI; [START_REF] Day | Highly siderophile element depletion in the Moon[END_REF]. The variations in HSE abundance have been attributed to lower and more fractionated HSE abundances with decreasing MgO as a function of crystal-liquid fractionation [START_REF] Warren | Lunar meteorites: Siderophile element contents and implications for the composition and origin of the Moon[END_REF][START_REF] Day | Highly siderophile element constraints on accretion and differentiation of the Earth-Moon system[END_REF][START_REF] Day | Highly siderophile element depletion in the Moon[END_REF], although the exact mechanism by which low Pd/Pt and Ir/Os were achieved has, hitherto, been unconstrained. With the metal and sulfide data, it is possible to show that the removal of a minor fraction by mass of these phases from a mare basalt parental melt leads to pronounced Pd/Pt fractionation, and less pronounced Ir/Os fractionation, such that the evolved (low MgO) mare basalt bulk rocks require <0.1% troilite or metal removal during fractional crystallization of parental melts (Fig. 4). This level of sulfide or metal removal is consistent with petrographic evidence for metal and sulfide crystallization throughout the fractionation sequence of mare basalts [START_REF] Day | Metal grains in lunar rocks as indicators of igneous and impact processes[END_REF].

Modal recombination using the measured mineral HSE abundances matches reasonably well with mare basalt bulk rock compositions (Tables 1234), consistent with the majority of the HSE being in troilite and metal phases (Fig. 4). The most robust comparison is for 15555, where all major mineral phases were measured, and where modal recombination gives values slightly lower than those measured for bulk rock HSE abundances [START_REF] Day | Highly siderophile element constraints on accretion and differentiation of the Earth-Moon system[END_REF][START_REF] Day | Highly siderophile element depletion in the Moon[END_REF]. Modal recombination for 12063 infers slightly higher Ir contents than measured by neutron activation analyses. Bulk rock data for siderophile elements in Dho 287A are currently incomplete, and Ni is overestimated due to Ni-rich metals and troilite. For low-Ti mare basalt meteorites MIL 05035 and LAP 02205, silicate phases in these samples were not measured, and so averages for these minerals from the more primitive low-Ti mare basalt 15555 were used. The modal recombinations obtained are higher than the bulk rock measurements, likely because 15555 is less differentiated than either MIL 05035 or LAP 02205. Collectively, the new mineral HSE and siderophile data demonstrate the major control of sulfide and metal during mare basalt crystallization processes. 

Constraints on Contamination of Mare Basalts

Eruption of mare basalts into the lunar near-surface or surface environment offers the possibility that contamination by regolith occurred. The mega-regolith in some regions of the Moon is known to extend to great depths, with impact contaminated material considered to extend to 1-3 km (e.g., [START_REF] Richardson | Modelling the formation of the lunar upper megaregolith layer[END_REF]. Considerable uncertainties exist, however. For example, it is not clear if mega-regolith material exists beneath the region where sampled mare basalts were erupted. Circumstantial evidence for a significant regolith beneath mare regions is given from the age of large lunar impact basins, such as Imbrium (~3.85-3.9 Ga; Bottke and Norman 2017), suggesting a significant fraction of total impacts to the Moon occurred prior to the eruption of the mare basalts (<3.8 Ga). Furthermore, the eruption dynamics of mare basalts are not understood. Whether some mare basalt parental melts stalled in crustal magma chambers or were erupted rapidly to the surface in dikes would strongly affect the degree of regolith contamination possible. These issues notwithstanding, some bulk rock mare basalts, especially those with high MgO (>11 wt%) have nearly flat chondrite normalized HSE patterns. This has led to the suggestion that mare basalts have experienced limited amounts (<1% by mass) of contamination by mega-regolith [START_REF] Brenan | Abundance of highly siderophile elements in lunar basalts controlled by iron sulfide melt[END_REF]). These authors argued that hotter, high-MgO basalts could be preferentially contaminated by regolith materials, but that more fractionated basalts would also be susceptible to this process. Previously only a few mare basalts from the Apollo 11 and Apollo 12 sites have been considered to have assimilated limited (<3%) crustal contributions from lithophile element or isotope systematics [START_REF] Finila | Assimilation by lunar mare basalts: Melting of crustal material and dissolution of anorthite[END_REF][START_REF] Jerde | The origin and evolution of lunar high-Ti basalts: Periodic melting of a single source at Mare Tranquillitatis[END_REF][START_REF] Neal | Basalt generation at the Apollo 12 site, Part 2: Source heterogeneity, multiple melts, and crustal contamination[END_REF], implying that the HSE must be highly sensitive to regolith contamination.

To examine whether assimilation of impactcontaminated regolith materials could be responsible for the HSE abundances within and between mare basalts, an identical modeling approach was used to [START_REF] Brenan | Abundance of highly siderophile elements in lunar basalts controlled by iron sulfide melt[END_REF], who used a melting model including their new sulfur solubility and sulfide-silicate partitioning data. In the models presented here, the partitioning data from [START_REF] Brenan | Abundance of highly siderophile elements in lunar basalts controlled by iron sulfide melt[END_REF] are used, with an initial sulfur content in lunar melts of ~25-80 ppm [START_REF] Hauri | Water in the Moon's interior: Truth and consequences[END_REF][START_REF] Day | Geochemical constraints on residual metal and sulfide in the sources of lunar mare basalts[END_REF], where sulfide is exhausted as a residual phase after ~7% melting, which is within the <11% melting interval [START_REF] Day | Highly siderophile element depletion in the Moon[END_REF]. Like [START_REF] Brenan | Abundance of highly siderophile elements in lunar basalts controlled by iron sulfide melt[END_REF], a 3% partial melt product from the model was used as the parental melt and the two source compositions reported by them are used, one of which is the lunar mantle estimate from [START_REF] Day | Highly siderophile element constraints on accretion and differentiation of the Earth-Moon system[END_REF]~0.0002 9 CI), the other is an ad hoc value at a quarter of the primitive mantle composition of the Earth from [START_REF] Brenan | Abundance of highly siderophile elements in lunar basalts controlled by iron sulfide melt[END_REF]. These melts were then mixed with possible regolith contaminants, being either an average "mega-regolith" or a 1% Orgueil composition (compositions are listed in table S4 of [START_REF] Brenan | Abundance of highly siderophile elements in lunar basalts controlled by iron sulfide melt[END_REF]. The models of 187 Os/ 188 Os, Pt/Ir, Pd/Ir, and Ru/Ir versus Ir are shown in Fig. 5 along with relationships of MgO and Ni/Co versus Ir, and compared with all available mare basalt HSE data. [START_REF] Brenan | Abundance of highly siderophile elements in lunar basalts controlled by iron sulfide melt[END_REF] interpreted mixing curves in Fig. 5 to represent evidence for the generation of primitive mare basalt melts that were subsequently contaminated by less than 1% of regolith material. These authors argued that such an interpretation is consistent with hotter primitive mare basalts experiencing the highest degree of contamination, with mare basalts produced after silicate fractionation also experiencing some level of regolith contamination. This suggests that any contamination likely occurred close to the lunar surface where fractional crystallization took place in some mare basalt lava flows (e.g., [START_REF] Rhodes | Chemistry, classification, and petrogenesis of Apollo 15 mare basalts[END_REF][START_REF] Ryder | Chemical variation of the large Apollo 15 olivine-normative mare basalt rock samples[END_REF][START_REF] Schnare | A laser-ablation ICP-MS study of Apollo 15 low-titanium olivine-normative and quartznormative mare basalts[END_REF]. [START_REF] Brenan | Abundance of highly siderophile elements in lunar basalts controlled by iron sulfide melt[END_REF] also argued that Ni/Co is relatively insensitive to regolith contamination. Conversely, the orders of magnitude differences in HSE abundances within mare basalts (ppt) versus potential mega regolith materials (tens of ppb) mean that any mixing curves will be dominated by the contaminant composition. 2007) and [START_REF] Day | Highly siderophile element depletion in the Moon[END_REF]. Shown is the vector for decreasing MgO for bulk rock samples, and a mass balance metal/sulfide removal model for Pd and Ir in 0.001% increments. Removal of limited mass of sulfide or metal from a melt leads to decreasing Pd/Pt and, to a lesser extent Ir/Os, due to removed metal and sulfide compositions. Chondrite normalization from Fischer-G€ odde et al. ( 2010).

The massive differences in HSE content, yet nearly chondritic relative abundances of potential contaminants and contents of mare basalts coming from metal-and sulfide-free mantle sources (e.g., Day 2018), make a regolith contamination model superficially attractive. A key issue is that, while siderophile elements like Ni and Co offer an effective way of determining contamination in strongly impact-contaminated rocks [START_REF] Day | Metal grains in lunar rocks as indicators of igneous and impact processes[END_REF], it is ineffective at the levels of contamination proposed by [START_REF] Brenan | Abundance of highly siderophile elements in lunar basalts controlled by iron sulfide melt[END_REF]. This means that Ni/Co ratios in discrete mare basalt suites are essentially invariant at a range of Ir contents (Fig. 5b), paving the way to attribute the cause of HSE variations in mare basalts to regolith contamination. There are, however, inconsistencies between models and data in Fig. 5 that cast doubt on the feasibility of regolith contamination of mare basalts.

First, it is notable that there is a threshold on the total quantity of Ir (~50 ppt) within mare basalts with MgO contents of 10 wt% or greater (Fig. 5a). This feature is difficult to explain by regolith contamination. Contamination of the basalts by regolith materials containing orders of magnitude greater HSE contents would be expected to result in a much wider range of Ir contents and not the highly restricted range observed. For example, assimilation of 3% regolith with appropriate characteristics, as inferred as a maximum from lithophile isotope studies [START_REF] Finila | Assimilation by lunar mare basalts: Melting of crustal material and dissolution of anorthite[END_REF][START_REF] Jerde | The origin and evolution of lunar high-Ti basalts: Periodic melting of a single source at Mare Tranquillitatis[END_REF][START_REF] Neal | Basalt generation at the Apollo 12 site, Part 2: Source heterogeneity, multiple melts, and crustal contamination[END_REF], would lead to >250 ppt Ir in the resultant mare basalt using the same models, some five times higher than observed in the most Ir-rich mare basalts. There is no a priori reason why assimilation would have a hard limit at ~1% as suggested by the models. [START_REF] Day | Highly siderophile element constraints on accretion and differentiation of the Earth-Moon system[END_REF]. Shown are models of mixing between 3% partial melts coming from a lunar mantle source with abundances the same as BSM (0.0002 9 CI) and a hypothetical mantle source with only 25% of the HSE of the bulk silicate Earth (0.002 9 CI), using the partitioning data from the experiments of [START_REF] Brenan | Abundance of highly siderophile elements in lunar basalts controlled by iron sulfide melt[END_REF] endmember compositions are listed in table S4 of that publication). The thick blue line in (f) shows a partial melting model from 1% to 7% from [START_REF] Day | Geochemical constraints on residual metal and sulfide in the sources of lunar mare basalts[END_REF] with no residual sulfide or metal in the source.

Second, the full range of Pd/Ir versus Ir is shown in Fig. 5d. The models of mixing between mega-regolith and partial melt from a source containing S-poor Ferich FeS cannot describe the high Pd/Ir for a given Ir content. This is not due to a parental melt from a mantle source with remnant sulfide or metal, as it is the most evolved, low MgO mare basalts, like the La Paz basalts, with the highest Pd/Ir. If regolith contamination cryptically affected mare basalts regardless of degree of fractional crystallization, this relationship should not exist. In other words, the evolved basalts with lower abundances and higher Pd/Ir ratios should be more easily overprinted by contamination, but this is not the case. Instead, Pd/Ir (and Pd/Pt) fractionation has been attributed to fractional crystallization effects [START_REF] Day | Highly siderophile element depletion in the Moon[END_REF], and this is supported by the new HSE data for minerals in mare basalts.

Third, the models do not predict the low Ru/Ir or Pd/Ir particularly of some more primitive Apollo 15 mare basalts (Fig. 5f). This suggests that regolith contamination was not ubiquitous in mare basalts and casts doubt on saturation of a sulfide-poor, iron-rich sulfide melt in mare basalt source regions. Consequently, models of partial melting proposed previously without residual metal or sulfide remain valid (example shown in fig. 5f, from [START_REF] Day | Highly siderophile element depletion in the Moon[END_REF][START_REF] Day | Geochemical constraints on residual metal and sulfide in the sources of lunar mare basalts[END_REF].

A regolith-mare basalt mixing model allows prediction that mare basalts become increasingly HSE enriched with HSE patterns similar to impact-affected rocks in the lunar regolith environment, having suprachondritic Pd/Pt, Ir/Os, Ru/Os, and 187 Os/ 188 Os (e.g., [START_REF] Puchtel | Osmium isotope and highly siderophile element systematics of lunar impact melt breccias: Implications for the late accretion history of the Moon and Earth[END_REF][START_REF] Mcintosh | Examining the compositions of impactors striking the Moon using Apollo impact melt coats and lunar regolith breccia meteorites[END_REF]. In contrast, mare basalts show decreasing and more fractionated HSE abundances with increasing fractional crystallization. For the regolith contamination model to explain mare basalt HSE contents, only the high MgO mare basalts would have been affected by this process, or the more evolved mare basalts were able to subsequently undergo fractional crystallization without further regolith contamination. Petrographic evidence for metal, and occasionally troilite, trapped in early crystallizing silicate and oxide phases, however, is consistent with the removal of such phases during fractional crystallization of both more primitive and evolved mare basalts, driving down the abundance of more highly compatible HSE relative (Ru, Ir, Os) and leading to pronounced Pd/Pt and Ir/Os fractionation (Fig. 4). Critically, the metals and sulfides in mare basalts, which have extremely high metal-silicate and sulfide-silicate liquid partition coefficients do not in themselves record evidence for chondritic values for Pd/ Pt and Ir/Os.

These results support evidence from Apollo 12 basalts that contamination by regolith material is inconsistent with their HSE abundance and 187 Os/ 188 Os systematics [START_REF] Day | Highly siderophile element depletion in the Moon[END_REF]. Instead, the coherent behavior of the HSE into troilite and metal during fractional crystallization is consistent with reducing conditions within mare basalt melts during eruption and ascent to the lunar surface, and without effects from regolith contamination. The new sulfide and metal data for mare basalts are also consistent with fractional crystallization controlling the distribution of the HSE after partial melting from metal-free, S-poor mantle sources [START_REF] Day | Metal grains in lunar rocks as indicators of igneous and impact processes[END_REF]. In turn, the new mineral HSE abundance data and HSE abundances in bulk rocks can be interpreted to reflect present estimates of a BSM with chondrite relative HSE abundances approximately 40 times lower than in BSE.

Effect on the HSE, Co/Ni, and Hf/W from Lunar Core Formation Siderophile element abundances, including Ni, Co, and W in mare basalts, are consistent with models of core formation fractionating Ni/Co and Hf/W (Ringwood and Siefert 1986;[START_REF] Steenstra | New geochemical models of core formation in the Moon from metal-silicate partitioning of 15 siderophile elements[END_REF][START_REF] Thiemens | Early Moon formation inferred from hafnium-tungsten systematics[END_REF]. The presence of an Ni-rich lunar core representing between 1% and 3% of the total mass fraction [START_REF] Weber | Seismic detection of the lunar core[END_REF]) is a likely cause for the low Ni/Co estimated for mare basalt source regions (Ringwood and Siefert 1986;[START_REF] Day | Metal grains in lunar rocks as indicators of igneous and impact processes[END_REF]. It can also explain the high Hf/W (~30-50) in mare basalts and their 182 W excess, if lunar core formation occurred within the first ~50 million years of the solar system [START_REF] Thiemens | Early Moon formation inferred from hafnium-tungsten systematics[END_REF]. The ~25 ppm excess in 182 W for the Moon relative to Earth had previously been interpreted to reflect more limited addition of chondritic materials [START_REF] Kruijer | Lunar tungsten isotopic evidence for the late veneer[END_REF][START_REF] Touboul | Tungsten isotopic evidence for disproportional late accretion to the Earth and Moon[END_REF], but could reflect core formation, in turn casting doubt on the cause of differences in HSE abundances between BSE and BSM.

During the formation of a small lunar core, the HSE would have been effectively stripped from the lunar mantle due to the high metal melt-silicate melt partition coefficients (>10 4 ) at relevant pressures and temperatures (e.g., [START_REF] Borisov | Solubility of palladium in silicate melts: Implications for core formation in the Earth[END_REF][START_REF] Righter | Core formation in Earth's moon, Mars, and Vesta[END_REF][START_REF] Mann | Partitioning of Ru, Rh, Pd, Re, Ir and Pt between liquid metal and silicate at high pressures and temperatures-Implications for the origin of highly siderophile element concentrations in the Earth's mantle[END_REF]. In contrast, W, Ni, and Co have much lower partitioning between metal and silicate melts (<100; [START_REF] Steenstra | New geochemical models of core formation in the Moon from metal-silicate partitioning of 15 siderophile elements[END_REF]. Consequently, siderophile elements are not predicted to have been fully removed from the silicate portion of the Moon, but were fractionated from one another (e.g., Ni/Co; Ringwood and Siefert 1986), or relative to the parent of their radiogenic decay product (e.g., Hf/W; [START_REF] Thiemens | Early Moon formation inferred from hafnium-tungsten systematics[END_REF]. In contrast, the HSE should have been stripped from the silicate Moon during the formation of its core, sequestering 99% of these elements, with little difference from whether the core represents 1 or 3% of total lunar mass, provided that metal removal was the same throughout the silicate Moon. An important consequence of lunar core formation at appropriate conditions [START_REF] Righter | Core formation in Earth's moon, Mars, and Vesta[END_REF] is that mare basalt source regions cannot host elevated abundances of the HSE and simultaneously have Ni/Co and Hf/W ratios reflecting metal-silicate equilibrium. Elevated HSE contents (0.25 9 BSE, e.g., [START_REF] Brenan | Abundance of highly siderophile elements in lunar basalts controlled by iron sulfide melt[END_REF] in the mantle source regions of mare basalts are therefore unlikely.

The less siderophile behavior of W, Co, and Ni relative to the HSE means that only the latter are highly sensitive tracers of late accretion. For example, W contents of Apollo 12, 15, and 17 mare basalts range from ~60 to 240 ppb [START_REF] Day | Geochemical constraints on residual metal and sulfide in the sources of lunar mare basalts[END_REF][START_REF] Thiemens | Early Moon formation inferred from hafnium-tungsten systematics[END_REF], marginally higher than W contents in bulk chondrites and only <10 times lower than in chondrite metal [START_REF] Kleine | Hf-W thermochronometry: Closure temperature and constraints on the accretion and cooling history of the H chondrite parent body[END_REF]). These differences are smaller than between lunar rocks and chondrites for Ni (~200:1), and vastly smaller than for Os and the other HSE (>40,000:1). Consequently, Ni/Co and Hf/W are reliable tracers of early differentiation processes and core formation in the Moon, whereas the HSE are susceptible to even minor late accretion additions. Together, Ni/Co and Hf/W in the Moon likely represent geochemical signatures of lunar core formation, and simultaneously preclude elevated HSE abundances in the lunar mantle. In the absence of regolith contamination, this leaves the most viable mechanism to explain the chondritic-relative abundances of the HSE estimated for the bulk silicate Moon to be from late accretion of broadly chondritic impactors that effectively mixed into the source regions of mare basalts.

Differential Core Formation and Late Accretion in the Earth-Moon System

The high Hf/W of mare basalts and their 182 W excesses [START_REF] Kruijer | Lunar tungsten isotopic evidence for the late veneer[END_REF][START_REF] Kruijer | Tungsten isotopes and the origin of the Moon[END_REF][START_REF] Thiemens | Early Moon formation inferred from hafnium-tungsten systematics[END_REF] imply that the Moon formed within the first 60 million years of solar system formation, at ~4.5 Ga, and that lunar core formation also took place within this timeframe. The age of the Moon, however, is not settled, with relatively young crystallization ages for lunar anorthosites and crustal rocks and modeling of magma ocean crystallization suggesting a younger possible formation age (<4.45 Ga; Maurice et al. 2020). In contrast, the Earth's core is considered to have formed >34 million years after solar system formation based on the 182 Hf-182 W chronometer [START_REF] Kleine | Tungsten isotopes in planets[END_REF]. While the exact details are uncertain, lunar formation is widely considered to have resulted from a giant impact between Earth and another planetary body leading to the formation of the Moon beyond Earth's Roche limit (e.g., [START_REF] Lock | The origin of the Moon within a terrestrial synestia[END_REF]. The formation of the Moon from predominantly silicate materials ejected during this event would explain the low total iron fraction in the Moon (e.g., [START_REF] Taylor | The Moon: A Taylor perspective[END_REF], and provide validity to the use of bulk silicate Earth (BSE) starting compositions at that time to explain Hf/W [START_REF] Thiemens | Early Moon formation inferred from hafnium-tungsten systematics[END_REF]) and moderately volatile element compositions [START_REF] Nie | Vapor drainage in the protolunar disk as the cause for the depletion in volatile elements of the moon[END_REF]. In effect, bulk Moon (silicate + core) would be equivalent to the bulk silicate Earth at ~4.5 Ga assuming core merger led to inefficient HSE segregation, and that post-core formation differentiation processes, such as a sulfide matte (e.g., [START_REF] Laurenz | The importance of sulfur for the behavior of highlysiderophile elements during Earth's differentiation[END_REF][START_REF] Rubie | Highly siderophile elements were stripped from Earth's mantle by iron sulfide segregation[END_REF][START_REF] Righter | Effect of silicon on activity coefficients of siderophile elements (Au, Pd, Pt, P, Ga, Cu, Zn, and Pb) in liquid Fe: Roles of core formation, late sulfide matte, and late veneer in shaping terrestrial mantle geochemistry[END_REF] in Earth occurred prior to lunar formation. Under these conditions, abundances of the HSE would have been set during the last major planet-forming event and the initial HSE abundance of the Moon would be like that for BSE, beginning with similar Ni and Co contents.

Assuming that the Moon began with a 4.5 Ga BSE composition, then a mechanism to explain lunar geochemical characteristics would be differential timing of core formation. If core formation on the Earth preceded the formation of the Moon as Hf-W isotopes might suggest, then the Moon-forming event may not have been a "global clearing house" event for the HSE in the Earth. In this scenario, the majority of late accretion of the HSE after core formation on the Earth would have preceded the formation of the Moon (Fig. 6). Here, the formation of the Moon can be envisaged from inheritance of a BSE-like composition at that time and where giant impact led to only partial drawdown on HSE in the terrestrial mantle. After the Moon's accretion, the formation of a small lunar core would have led to sequestration of the HSE and fractionation of Hf/W and Ni/Co. Late accretion on the Earth could therefore have preceded the formation of the Moon, whereas late accretion for the Moon only began after the formation of its core. Alternatively, the Moon-forming impact was the primary cause of late accretion additions to Earth. This would require a hitherto unrecognized mechanism to generate the HSE abundances in modern BSE, but the effect of late core formation on lunar HSE abundances would be the same. Either model would leave both bodies with BSElike compositions immediately in the aftermath of a giant impact, with the Moon becoming HSE depleted in its silicate mantle due to the formation of the lunar core. Regardless of whether lunar core formation occurred at ~50 million years after solar system formation [START_REF] Thiemens | Early Moon formation inferred from hafnium-tungsten systematics[END_REF]), or later (e.g., Maurice et al. 2020), it is possible to estimate the relative flux of late accreting objects to the inner solar system, indicating a pronounced tailing in late accretionary after the formation of the Moon (Fig. 6).

While other models have engendered stochastic late accretion (e.g., [START_REF] Bottke | Stochastic late accretion to Earth, the Moon, and Mars[END_REF], and even argued for sequestration of the HSE by core formation [START_REF] Zhu | Reconstructing the lateaccretion history of the Moon[END_REF], the formation of the Moon with an initial BSE-like starting composition followed by the formation of a core might not only explain the differential estimated HSE abundances for BSM and BSE but also for bulk silicate Mars [START_REF] Tait | Chondritic late accretion to Mars and the nature of shergottite reservoirs[END_REF]. Mars has marginally elevated HSE abundances in its silicate mantle relative to Earth and is thought to have formed a core within the first ~10 million years of the solar system [START_REF] Kleine | Tungsten isotopes in planets[END_REF]. That the Earth and Mars have such similar estimated bulk silicate mantle HSE abundances can be explained if most of the late accretion recorded by the HSE in their mantles occurred prior to the formation of the Moon. The apparent similarity in late accretion mass to Mars and the Earth, despite a difference in the timing of formation of their metallic cores would therefore be explained if most late accretion occurred between the major phase of metalsilicate equilibration in Earth and the formation of the Moon. This would mean a period of between ~34 and ~50 to ~100 million years after the formation of the solar system.

CONCLUSIONS

Highly siderophile element abundances in planetary silicate mantles provide constraints on accretion and differentiation, as well as late accretion additions after core formation. In particular, the Moon has been shown to have distinctly lower estimated bulk silicate mantle HSE contents compared to Earth and Mars, with all in chondritic relative proportions, suggesting disproportional late accretion to the inner solar system planets. Estimates for the bulk silicate Moon come from extrapolation of HSE contents in mare basalts to an assumed lunar mantle MgO content. Mare basalts are erupted lavas derived from partial melting of the lunar interior that experienced fractional crystallization and, possibly, assimilation of regolith. All the aforementioned processes can potentially affect HSE abundance estimates in mare basalts. New in situ analyses of the HSE (Os, Ir, Ru, Rh, Pt, Pd, Re, Au) in mare basalt mineral phases show that the distribution of these elements is controlled by fractional crystallization preceded by partial melting processes. The major hosts of the HSE are metals and troilite. Metals have low Ni/Co (<8) and strong HSE inter-element fractionation (Pd/Ir = 18-100) and troilite have similar variations (Ni/Co < 4.2, Pd/Ir = 14-74). Their compositions are inconsistent with assimilation of impact-contaminated HSE-rich regolith materials. Instead, the results support mare basalt compositions being consistent with bulk silicate Moon HSE abundance estimates being approximately 40 times lower than in the bulk silicate Earth. Mare basalt HSE and siderophile element abundances can be reconciled by their mantle sources recording prior separation of a small lunar core, fractionating Ni/Co and Hf/W, and removing ~99% of the HSE after lunar formation. Following this event, late accretion of ~0.02% of lunar mass led to the limited enrichment of the HSE in chondritic-relative abundances. Signatures of core formation preclude elevated HSE abundances in the lunar silicate interior and indicate that the disproportional late accretion of the Earth-Moon system may be due, in part, to delayed core formation in the Moon relative to Earth.

  metal and sulfide estimated from BSE images of 12063. Shown are averages of the number of analyzed grains (n) and the standard deviation of the measurements given in italics.

Fig. 1 .

 1 Fig. 1. Examples of metal and troilite grains in mare basalts. a, b) Reflected light images of metal and troilite grains illustrating typical mineral associations. In 15555, metal is trapped within early formed olivine (Ol) and associated with Cr-spinel (Sp). In 12063, a troilite (Sulf) grain is within evolved (silica + Fe-Ca pyroxene + fayalite) mesostasis (Meso) material and next to ilmenite (Ilm). c-e) Backscatter electron (BSE) images of (c) a metal grain in 12063, adjacent to an ilmenite crystal and within a pyroxene grain. Darkest shades of gray are plagioclase. d) Sulfide grains (S) associated with a mesostasis region of fayalite and tridymite (dark gray), surrounded by pyroxene and plagioclase. e) Interstitial sulfide grain associated with fayalite (olivine), glass (low reflectivity material), ilmenite, pyroxene, and maskelynite, both with small vesicles in Dho 287A. Other abbreviations: Px = pyroxene; Pl = plagioclase.

Fig. 2 .

 2 Fig. 2. Ivuna carbonaceous chondrite (CI) normalized average HSE patterns for metal and sulfide grains from mare basalts (12063, 15555) and mare basalt meteorites (Dho 287A, LAP 02205, MIL 05035), as well as for the average values for silicate (green dashed line), ilmenite (gray dashed line), and Cr-spinel (blue dashed line) grains in 12063, 15555, and Dho 287A. Chondrite normalization from Fischer-G€ odde et al. (2010).

Fig. 3 .

 3 Fig. 3. Bar chart diagram of total percentage (%) of elements hosted within discrete phase average compositions for mare basalts 12063, 15555, and Dho 287A: black-metal, redsulfide, green-pyroxene, yellow-olivine, blue-plagioclase, purple-ilmenite, and cyan-Cr-spinel. The majority of the HSE and siderophile elements are hosted in metal or sulfide in mare basalts, apart from Co, which is mainly hosted in olivine and pyroxene.

Fig. 4 .

 4 Fig. 4. Ivuna carbonaceous chondrite (CI) normalized modal recombination of silicate, sulfide, and metal phases in 15555, LAP 02205, and MIL 05035 compared together with the compositions of mare basalt bulk rocks from Day et al. (2007) and Day and Walker (2015). Shown is the vector for decreasing MgO for bulk rock samples, and a mass balance metal/sulfide removal model for Pd and Ir in 0.001% increments. Removal of limited mass of sulfide or metal from a melt leads to decreasing Pd/Pt and, to a lesser extent Ir/Os, due to removed metal and sulfide compositions. Chondrite normalization from Fischer-G€ odde et al. (2010).

Fig. 5 .

 5 Fig. 5. Plots of Ir versus (a) MgO, (b) Ni/Co, (c) Os isotopes, (d) Pd/Ir, (e) Pt/Ir, and (f) Ru/Ir for bulk rock mare basalts from the Apollo 12, 15, and 17 sites and mare basalt meteorites (LAP/MIL) versus lunar impact melt rock compositions. The large black dot is the bulk silicate Moon (BSM) composition from[START_REF] Day | Highly siderophile element constraints on accretion and differentiation of the Earth-Moon system[END_REF]. Shown are models of mixing between 3% partial melts coming from a lunar mantle source with abundances the same as BSM (0.0002 9 CI) and a hypothetical mantle source with only 25% of the HSE of the bulk silicate Earth (0.002 9 CI), using the partitioning data from the experiments of[START_REF] Brenan | Abundance of highly siderophile elements in lunar basalts controlled by iron sulfide melt[END_REF] endmember compositions are listed in table S4 of that publication). The thick blue line in (f) shows a partial melting model from 1% to 7% from[START_REF] Day | Geochemical constraints on residual metal and sulfide in the sources of lunar mare basalts[END_REF] with no residual sulfide or metal in the source.

Fig. 6

 6 Fig. 6. a) Estimated HSE abundances in the bulk silicate Earth (BSE), bulk silicate Mars (BS Mars), and bulk silicate Moon (BSM) normalized to Ivuna carbonaceous chondrite (CI). Estimates after Tait and Day (2018). b) Time versus mass accretion estimates for Earth, Mars, and the Moon. Black boxes show likely timing of core formation in all three bodies, from Kleine and Walker (2017), with the presumed end of metal-silicate equilibrium shown by dashed lines. The model assumes exponential addition of mass to Mars and Earth and instantaneous addition of mass to the Moon at the time of its formation. Early core formation on Mars and later core formation estimated for Earth indicate rapid main phases of growth for both bodies. The slightly more elevated estimated HSE abundances in BS Mars relative to BSE are consistent with a slightly earlier core formation for Mars. After Earth's core formation and between the formation of the Moon and its core, ~0.5% of additional mass was added to Earth and possibly Mars. The much lower estimates of late accretion to the Moon (~0.02%) indicate that the major phase of late accretion was essentially terminated after the formation of the Moon, shown here at ~4.5 Ga, but with the possibility that the Moon may have formed as late as ~4.45 Ga.

  for five polished sections of mare basalts (Apollo ilmenite basalt 12063 [~9.6 wt% MgO in bulk rock], olivine-normative basalt 15555 [~11.7 wt% MgO], and mare basalt meteorites Dhofar [Dho] 287A [~12.4 wt% MgO], La Paz Icefield [LAP] 02205 [~5.9 wt% MgO], and Miller Range [MIL] 05035 [~6.5 wt% MgO]

Table 1 .

 1 LA-ICP-MS data for grains in ilmenite basalt 12063 (in

	µg g À1

Table 2

 2 

	Pb Au Re Pd Pt Rh Ru Ir Os Pd/Ir Ni/Co	4.5 1.9 0.146 0.005 0.445 0.051 0.020 0.075 0.025 0.039 17.9	1.6 0.205 0.005 0.334 0.004 0.016 0.055 0.026 0.037	4.2 28.4 0.079 0.032 7.0 0.166 0.025 0.044 0.094 0.019 73.9	17.1 0.086 0.000 2.8 0.053 0.011 0.001 0.049 0.009	0.3 5.6 0.03 0.004 0.026 0.012 0.005 0.005 0.008	0.02 0.003 0.010 0.005 0.007	0.1 0.3 0.107 0.000 0.106 0.039 0.000 0.000 0.000 0.006	0.3 8.6 0.02 0.029 0.078 0.001 0.007 0.009 0.008	0.02 0.031 0.030 0.009 0.010 0.006 0.007	0.6 2.2 0.1 0.002 0.002 0.011 0.002 0.000 0.004 0.005 0.008	0.1 0.000 0.007 0.000 0.002 0.000 0.003 0.003 0.002	0.3 9.2 0.7 0.011 0.004 0.082 0.023 0.005 0.030 0.009 0.016	0.5 0.004 0.004 0.065 0.012 0.004 0.017 0.008 0.004	0.1 0.010 0.000 0.040 0.007 0.000 0.006 0.006 0.007	0.002 0.02 0.08 0.02 0.017 0.017		
	W	1.4	2.3	4.5	3.1	0.012	0.021	0.061	0.005	0.026	0.021	0.002	0.030	0.030	0.016			
	Phase n Modal % Co Ni Cu Zn Se	Metal 6 0.15 2951 13,344 880 15 6	3483 17,873 647 10 2	Sulfide 3 0.05 608 2558 1623 10 73	509 1884 450 6 21	Pyroxene 5 53.2 43 14 0.7 1.9 0.1	3 2 0.3 0.5 0.2	Ilmenite 1 1.8 49 6 13 30 3	Plagioclase 4 23.7 1.7 0.4 1.5 0.5 2	0.3 0.8 1.3 0.1 2	Olivine 4 14.7 95 53 1.1 2.4 1	19 19 0.7 1.0 0	Cr-Spinel 4 2 67 23 24 19 1	35 11 24 7 1	Modal combination 44 40 4.3 5.8 1.4	WR (Lunar 65 78 6.6 1.3 0.16	Compendium/Day and	Walker 2015)

. LA-ICP-MS data for grains in olivine-normative basalt 15555 (in µg g À1

).

Modal abundances from

[START_REF] Schnare | A laser-ablation ICP-MS study of Apollo 15 low-titanium olivine-normative and quartznormative mare basalts[END_REF]

. Cr-Spinel includes ulvospinel. Metal and sulfide total 0.2 modal% in 15555. Shown are averages of the number of analyzed grains

(n) 

and the standard deviation of the measurements given in italics.

Table 3

 3 

	Phase n Modal % Co Ni Cu Zn Se W Pb Re Pd Pt Rh Ru Ir Os Pd/Ir Ni/Co	Metal 3 0.01 7.8 1384 10,813 711 26 27 3.7 7.7 0.02 3.32 0.08 0.02 0.01 0.10 0.03 33.8	1519 13,536 240 9 21 1.0 5.4 0.01 2.85 0.08 0.01 0.00 0.05 0.01	Sulfide 8 0.1 3.8 365 1391 1162 14 30 3.7 6.6 0.01 2.49 0.18 0.01 0.03 0.09 0.02 27.3	107 932 614 10 12 5.9 3.0 0.01 1.33 0.24 0.01 0.02 0.14 0.02	Pyroxene 7 47.1 0.6 44 26 5.0 3.6 0.3 0.08 0.35 0.001 0.25 0.007 0.002 0.004 0.003 0.008 80.6	6 17 4.0 0.8 1.6 0.06 0.26 0.004 0.13 0.009 0.002 0.007 0.005 0.009	Olivine 4 20.6 2.3 115 260 2.1 2.3 3.0 0.05 0.06 0.00 0.01 0.01 0.00 0.01 0.01 0.00 1.2	8 62 0.4 0.5 0.0 0.00 0.03 0.00 0.01 0.01 0.00 0.01 0.00 0.00	Maskelynite 3 25.9 0.1 0.96 0.10 0.6 0.1 0.04 0.05 0.009 0.04 0.005 0.011 0.001 0.002 47.1	0.53 0.20 0.2 1.4 0.06 0.02 0.013 0.06 0.014 0.015 0.008 0.004	Cr-Spinel 1 0.4 0.4 75 29 4 7.1 26 5.3 0.029 0.23 0.045 0.012 0.005 0.087 0.006 0.01	Ilmenite 4 2.4 0.2 42 9 13 24.6 32 1.72 0.48 1.16 0.01 0.29 0.03 0.01 0.01 0.01 0.01	12 6 4 3 1.46 0.56 0.91 0.00 0.19 0.01 0.01 0.01 0.01 0.01	Modal 27 69 6.5 8.7 0.3 0.064 0.216 0.003 0.138 0.004 0.003 0.006 0.002 0.005	combination	WR (Anand et al. 2003; 42.3 20 11 0.12	Day 2018)

. LA-ICP-MS data for Dho 287A grains (in µg g À1

).

Modal abundances from

[START_REF] Anand | KREEPy lunar meteorite Dhofar 287A: A new lunar mare basalt[END_REF]

. Metal is noted as "trace" in

[START_REF] Anand | KREEPy lunar meteorite Dhofar 287A: A new lunar mare basalt[END_REF]

. Shown are averages of the number of analyzed grains (n) and the standard deviation of the measurements given in italics.

Table 4 .

 4 LA-ICP-MS data for metal and sulfide grains (in Modal data for LAP 02205 are from[START_REF] Day | Comparative petrology, geochemistry and petrogenesis of evolved, low-Ti lunar mare basalt meteorites from the LaPaz icefield, Antarctica[END_REF] and give 55.5 modal% pyroxene, 33.7 modal% plagioclase, 3.3 modal% ilmenite, 2.6 modal% olivine (including fayalite), and 0.5 modal% spinel. Modal data for MIL 05035 are from[START_REF] Liu | Petrogenesis of lunar mare basalt meteorite Miller Range 05035[END_REF] and give 62.3 modal% pyroxene, 26.4 modal% plagioclase, 1 modal% ilmenite, 1.8 modal% olivine, and 1.5 modal% spinel. To generate the modal recombination values for these meteorites, since no silicate phases were measured directly, the silicate compositions from 15555 were used for modal combinations. This likely explains the overestimates for most elements in these cases as 15555 is a less differentiated sample than either LAP 02205 or MIL 05035. Shown are averages of the number of analyzed grains (n) and the standard deviation of the measurements given in italics.

	) in LAP 02205 and MIL 05035.
	µg g À1
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Temporally limited late accretion