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An international team of researchers gathered, with the support of the International Space Science Institute (ISSI), (1) to review seismological investigations of the lunar interior from the Apollo-era and up until the present and (2) to re-assess our level of knowledge and uncertainty on the interior structure of the Moon.

Introduction

Geophysical investigation of the Moon began with the manned Apollo lunar missions that deployed a host of instruments including seismometers, surface magnetometers, heat-flow probes, retroreflectors, and a gravimeter on its surface. Much of what we know today about the Moon comes from analysis of these data sets that have and are continuously being complemented by new missions since the Apollo era.

Of all of the geophysical methods, seismology provides the most detailed information because of its higher resolving power. Seismometers were deployed on the lunar surface during each of the Apollo missions. Four of the seismic stations (12, 14, 15, and 16), which were placed approximately in an equilateral triangle (with corner distances of ∼1100 km), operated simultaneously from December 1972 to September 1977. During this period, more than twelve thousand events were recorded and catalogued with the long-period sensors including shallow and deep moonquakes and meteoroid and artificial impacts (e.g., [START_REF] Toksoz | Structure of the Moon[END_REF][START_REF] Dainty | Seismic scattering and shallow structure of the Moon in oceanus procellarum[END_REF][START_REF] Lammlein | Lunar seismicity and tectonics[END_REF][START_REF] Nakamura | Seismic velocity structure of the lunar mantle[END_REF]). In addition, many more thermal quakes were also recorded with the short-period sensors [START_REF] Duennebier | Thermal moonquakes[END_REF]. That the Moon turned out to be so "active" came as somewhat of a surprise. A common notion prior to the lunar landings was partly reflected in Harold Urey's belief that the Moon was a geologically dead body [START_REF] Urey | The Planets: Their Origin and Development[END_REF]. At the time, only meteoroid impacts were expected to be recorded from which the internal structure of the Moon would be deduced. The existence of deep and shallow moonquakes was a serendipitous discovery-not accidental, but fortuitous and did much to improve models of lunar internal structure (see e.g., [START_REF] Nakamura | Planetary Seismology: Early Observational Results[END_REF], for a historical account).

The moonquakes are typically very small-magnitude events. The largest shallow moonquake has a body-wave magnitude of about 5, whereas the deep moonquakes have magnitudes less than 3 [START_REF] Goins | Lunar seismology-the internal structure of the Moon[END_REF]. That so many small-magnitude events could be observed at all is a combined result of the performance of the seismic sensors and the quiescence of the lunar environment, as neither an ocean nor an atmosphere is present to produce micro-seismic background noise.

The lunar seismic signals were found to be of long duration and high frequency content. These characteristics of lunar seismograms are related to intense scattering in a highly heterogeneous, dry, and porous lunar regolith and to low instrinsic attenuation of the lunar interior (this will be discussed in more detail in the following). This complexity, in combination with the scarcity of usable seismic events and small number of stations inevitably led to limitations on the information that could be obtained from the Apollo lunar seismic data [START_REF] Toksoz | Structure of the Moon[END_REF][START_REF] Goins | Lunar seismology: the internal structure of the Moon[END_REF][START_REF] Nakamura | Seismic velocity structure of the lunar mantle[END_REF][START_REF] Khan | An inquiry into the lunar interior: a nonlinear inversion of the Apollo lunar seismic data[END_REF][START_REF] Lognonné | A new seismic model of the Moon: implications for structure, thermal evolution and formation of the Moon[END_REF][START_REF] Garcia | Very preliminary reference Moon model[END_REF]. In spite of the "difficulties" that beset this data set, it nonetheless constitutes a unique resource from which several models of the lunar velocity structure have been and continue to be obtained. For this reason, it is considered important to gather the various processed data sets and published models and to synthesize our current knowledge of lunar internal structure in order to provide a broad access to this data set and models.

In addition to the seismic data, models of the lunar interior are also constrained by other geophysical data acquired during and after the Apollo missions-an endeavour that continues to this day either in-situ (through reflection of laser light on corner cube reflectors) or through orbiting satellite missions. These data, which are also considered in the following, include gravity and topography data, mass, moment of inertia, Love numbers (gravitational and shape response), electromagnetic sounding data and high pressure experiments that individually or in combination provide additional information on the deep lunar interior (Williams et al. 2001a[START_REF] Williams | Lunar interior properties from the GRAIL mission[END_REF][START_REF] Zhong | Can tidal tomography be used to unravel the long-wavelength structure of the lunar interior?[END_REF][START_REF] Wieczorek | The crust of the Moon as seen by GRAIL[END_REF][START_REF] Shimizu | Constraint on the lunar core size from electromagnetic sounding based on magnetic field observations by an orbiting satellite[END_REF][START_REF] Besserer | GRAIL gravity constraints on the vertical and lateral density structure of the lunar crust[END_REF].

The authors of this paper are members of an international team that gathered in Bern and Beijing and were sponsored by the International Space Science Institute. The team convened for the purpose of gathering reference data sets and a set of reference lunar internal structural models of seismic wave speeds, density, attenuation and scattering properties. This work is summarized in two papers: this paper reviews and investigates lunar structural models based on geophysical data (seismic, geodetic, electromagnetic, dissipation-related) and the companion paper (Nunn et al. submitted) reviews the Apollo lunar seismic data. More specifically, in this study we compile and re-assess recent improvements in our knowledge of the lunar interior, including lunar geophysical data, models, and miscellaneous information that bears on this problem. All of these models embrace diverse parameterisations and data that are optimized for the purpose of addressing a specific issue. The question therefore arises as to the accuracy and consistency of the results if the different parameterisations are viewed from the point of view of a single unique data set. To address this issue, we re-investigate the problem of determining interior structure from the newly derived Apollo lunar seismic data described in our companion study (Nunn et al. submitted) using a suite of different model parameterisations. For complimentary aspects of lunar geophysics, seismology, and interior structure, the reader is referred to reviews by [START_REF] Lognonné | Planetary seismology[END_REF] and [START_REF] Khan | The lunar moho and the internal structure of the Moon: a geophysical perspective[END_REF].

2 Constraints on the Lunar Interior from Geophysical Observations, Modeling Studies, and Laboratory Measurements

Shape, Mass, Moment of Inertia, and Love Numbers

Radio tracking of lunar orbiting spacecraft, altimetry measurements from orbit, and analysis of Lunar Laser Ranging (LLR) data constrain a variety of global quantities that bear on the Moon's interior structure. These parameters include the average radius of the surface, the total mass, the moments of inertia of the solid portion of the Moon, and Love numbers that quantify tidal deformation.

The product of the lunar mass and gravitational constant GM is best determined by the Jet Propulsion Laboratory DE403 ephemeris [START_REF] Williams | De430 lunar orbit, physical librations, and surface coordinates. IOM 335-JW,DB[END_REF]) that is based on a combination of spacecraft and LLR data. This solution yields a value of the lunar mass of M = (7.34630 ± 0.00088) × 10 22 kg, where the uncertainty is dominated by the uncertainty in the gravitational constant [START_REF] Williams | Lunar interior properties from the GRAIL mission[END_REF]. The shape of the Moon has been mapped by orbiting laser altimeters, of which the most successful was the instrument LOLA (Lunar Orbiter Laser Altimeter, [START_REF] Smith | The Lunar Orbiter Laser Altimeter investigation on the Lunar Reconnaissance Orbiter mission[END_REF]) that was flown on the Lunar Reconnaissance Orbiter (LRO) mission. The average radius R of the Moon from the LOLA data is 1737.151 km [START_REF] Miljković | Excavation of the lunar mantle by basin-forming impact events on the Moon[END_REF], which is uncertain by less than 1 m. Combining these two quantities provides the average density of the Moon, which is ρ = 3345.56 ± 0.40 kg m -3 .

The response of the Moon to tides is quantified by Love numbers that depend upon the spherical harmonic degree and order of the tidal potential. The ratio of the induced potential to the tidal potential is given by the Love number k, whereas the ratio of the surface deformation to the tidal potential is proportional to the Love number h. For spherical harmonic degree 2, there are 5 independent Love numbers, and GRAIL analyses have solved for three of them: k 20 , k 21 and k 22 [START_REF] Konopliv | The JPL lunar gravity field to spherical harmonic degree 660 from the GRAIL primary mission[END_REF][START_REF] Lemoine | High-degree gravity models from GRAIL primary mission data[END_REF]) (the sine and cosine terms of the latter two were assumed to be equal). The three degree-2 Love numbers are approximately equal, and the uncertainty is reduced when solving only for a single value that is independent of angular order. Two independent analyses of the GRAIL data provide concordant values of k 2 = 0.02405±0.00018 [START_REF] Konopliv | The JPL lunar gravity field to spherical harmonic degree 660 from the GRAIL primary mission[END_REF] and k 2 = 0.024116±0.000108 [START_REF] Lemoine | GRGM900C: a degree 900 lunar gravity model from GRAIL primary and extended mission data[END_REF]. Following [START_REF] Williams | Lunar interior properties from the GRAIL mission[END_REF], we make use of an unweighted average of the two values and uncertainties, which yields k 2 = 0.02408 ± 0.00014. Analyses of the GRAIL data also provide estimates of the degree-3 Love numbers, though with larger uncertainties: k 3 = 0.0089 ± 0.0021 [START_REF] Konopliv | The JPL lunar gravity field to spherical harmonic degree 660 from the GRAIL primary mission[END_REF]) and k 3 = 0.00734 ± 0.0015 [START_REF] Lemoine | High-degree gravity models from GRAIL primary mission data[END_REF]). It should be noted that the k 2 and k 3 Love numbers were calculated using a reference radius of R 0 = 1738 km. To obtain the corresponding values using the average radius of the Moon, it is necessary to multiply the k 2 values by (R 0 /R) 5 and the k 3 values by (R 0 /R) 7 .

The moments of inertia of the Moon are uniquely determined by the large scale distribution of mass below the surface. Differences of the three principal moments are given by the degree-2 spherical harmonic coefficients of the gravitational potential. Ratios of the moments play an important role in quantifying time-variable physical libration signals that arise from tidal torques, and these can be determined from analyses of LLR data. The rotation of the Moon depends on the k 2 and h 2 Love numbers, the low degree spherical harmonic coefficients of the gravity field, and sources of energy dissipation. Two sources of energy dissipation have been found necessary to account for the LLR data: solid body dissipation as quantified by a frequency dependent quality factor Q, and viscous dissipation at the interface between a fluid core and solid mantle (see [START_REF] Williams | Lunar interior properties from the GRAIL mission[END_REF][START_REF] Williams | Tides on the Moon: theory and determination of dissipation[END_REF]. In the analyses of the LLR data, the absolute values of the moments of inertia of the fluid core are not well constrained. Nevertheless, differences between the core principal moments are detected, as is the viscous coupling constant. The moments of inertia of the solid portion of the Moon are tightly constrained, with an average value of I s /MR 2 0 = 0.392728 ± 0.000012 [START_REF] Williams | Lunar interior properties from the GRAIL mission[END_REF]. Here, the average moment was normalized using a radius of R 0 = 1738 km, and to normalize the moments to the physical radius of the Moon, it is only necessary to multiply this value by (R 0 /R) 2 , which gives I s /MR 2 = 0.393112 ± 0.000012. [START_REF] Williams | Tides on the Moon: theory and determination of dissipation[END_REF] constrain the quality factor to be Q = 38 ± 4 at monthly periods and 41 ± 9 at yearly periods. The Q appears to increase for longer periods, but only lower bounds of 74 and 56 are obtained for periods of 3 and 6 years, respectively. Lastly, the LLR analyses constrain the monthly degree-2 Love number to be h 2 = 0.0473 ± 0.0061. Independent analyses of orbital laser altimetry have been used to investigate the tidal response of the Moon. LOLA altimetric crossovers show a monthly signal that arises from tides, and this signal constrains the h 2 Love number to be 0.0371 ± 0.0033 [START_REF] Mazarico | Detection of the lunar body tide by the Lunar Orbiter Laser Altimeter[END_REF], which is somewhat smaller than the value obtained from analyses of the LLR data.

The k 2 and h 2 Love numbers are in general frequency dependent. The orbital measurements are most sensitive to monthly periods and it has been recognized that there are nonnegligeable anelastic contributions to the Love numbers at these frequencies (e.g., [START_REF] Nimmo | Dissipation at tidal and seismic frequencies in a melt-free Moon[END_REF][START_REF] Mohorovicic | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF]. When inverting for interior structure, it is convenient to estimate the purely elastic component in the infinite-frequency limit by removing the anelastic contribution. One technique that has been used to do so is to assume that the dissipation is both weak and frequency dependent with Q ∼ ω α , where ω is frequency and α is somewhere between 0.1 and 0.4 (e.g., [START_REF] Mohorovicic | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF][START_REF] Matsuyama | LLR, and LOLA constraints on the interior structure of the Moon[END_REF].

Using the measured monthly values of k 2 and Q, the probability distribution of the predicted k 2 elastic Love number is plotted in Fig. 1 for four different values of α. The average value of the elastic k 2 is seen to increase from 0.206 to 0.232 as α increases from 0.1 to 0.4. Furthermore, the rate of change of the distributions decreases as α increases. If it is assumed that all values of α from 0.1 to 0.4 are equally probable (as in [START_REF] Matsuyama | LLR, and LOLA constraints on the interior structure of the Moon[END_REF], the distribution is found to be highly non-Gaussian, with a mode at 0.02307 and a 1σ confidence interval of [0.02169, 0.02316]. Using a value of α = 0.3 (as in [START_REF] Mohorovicic | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF], we find a value of 0.02294 ± 0.00018. Anelastic corrections for the k 2 and h 2 Love number are presented in Table 5 using a value of α = 0.3.

Crustal Thickness, Density, and Porosity

Analyses of high resolution gravity data from the GRAIL spacecraft have been able to constrain the density and porosity of the lunar crust. The analysis procedure makes use of the fact that short wavelength density variations in the crust generate gravity anomalies that rapidly attenuate with increasing depth below the surface, and that the gravitational signal of lithospheric flexure is unimportant for the shortest wavelengths. In the analysis of [START_REF] Wieczorek | The crust of the Moon as seen by GRAIL[END_REF], it was assumed that the density of the crust was constant, and the bulk density was determined by the amplitude of the short wavelength gravity field. This approach provided an average bulk crustal density of 2550 kg m -3 , and when combined with estimates for the density of the minerals that compose the crust, this implies an average porosity of about 12%.

As a result of the assumptions employed in the above analysis, the bulk crustal density and porosity determinations should be considered to represent an average over at least the upper few km of the crust. An alternative analysis that attempted to constrain the depth dependence of density [START_REF] Besserer | GRAIL gravity constraints on the vertical and lateral density structure of the lunar crust[END_REF] implies that significant porosity exists several 10s of km beneath the surface. The closure of pore space at depth was argued to occur primarily by viscous deformation [START_REF] Wieczorek | The crust of the Moon as seen by GRAIL[END_REF], which is a temperature dependent process. Using representative temperature gradients over the past 4 billion years, porosity is predicted to decrease rapidly over a narrow depth interval that lies somewhere between about 45 and 80 km depth. Thus, significant porosity could exist not only in the crust, but also in the uppermost mantle.

Lastly, we note that it is possible to invert for both the average thickness of the crust and lateral variations in crustal thickness using gravity and topography data (e.g., [START_REF] Miljković | Excavation of the lunar mantle by basin-forming impact events on the Moon[END_REF]. These models, however, require knowledge of not only the density of the crust and mantle, but also an independent constraint on the crustal thickness at one or more locations. In the GRAIL-derived crustal thickness model of [START_REF] Wieczorek | The crust of the Moon as seen by GRAIL[END_REF], the crustal thickness was constrained to be either 30 or 38 km in the vicinity of the Apollo 12 and 14 landing sites based on the seismic determinations of [START_REF] Lognonné | A new seismic model of the Moon: implications for structure, thermal evolution and formation of the Moon[END_REF] and [START_REF] Khan | An inquiry into the lunar interior: a nonlinear inversion of the Apollo lunar seismic data[END_REF], respectively. The density of the mantle of this model was varied in order to achieve a crustal thickness close to zero in the center of the Crisium and Moscoviense impact basins, which are both thought to have excavated through the crust and into the mantle (see [START_REF] Miljković | Excavation of the lunar mantle by basin-forming impact events on the Moon[END_REF]. In these models, the average crustal thickness was found to be either 34 or 43 km, based on the thin and thick seismic determinations, respectively. In addition, the density of the uppermost mantle was constrained to lie between 3150 and 3360 kg m -3 , allowing for the possibility of a maximum of 6% porosity in the uppermost mantle.

Mantle Temperature and Electrical Conductivity Structure

Electromagnetic sounding data have been inverted to constrain the conductivity profile of the lunar interior [START_REF] Sonett | Electromagnetic induction in the Moon[END_REF][START_REF] Dyal | Structure of the lunar interior from magnetic field measurements[END_REF][START_REF] Hood | Initial measurements of the lunar induced magnetic dipole moment using Lunar Prospector magnetometer data[END_REF][START_REF] Hobbs | An upper bound on the radius of a highly electrically conducting lunar core[END_REF], and have also been used to put limits on the present-day lunar temperature profile [START_REF] Duba | Electrical conductivity of orthopyroxene to 1400 C and the resulting selenotherm[END_REF][START_REF] Huebner | Electrical conductivity of pyroxene which contains trivalent cationslaboratory measurements and the lunar temperature profile[END_REF][START_REF] Hood | Initial measurements of the lunar induced magnetic dipole moment using Lunar Prospector magnetometer data[END_REF]Khan et al. 2006b;[START_REF] Karato | Geophysical constraints on the water content of the lunar mantle and its implications for the origin of the Moon[END_REF]. Electromagnetic sounding data in the form of lunar day-side transfer functions [START_REF] Hobbs | An upper bound on the radius of a highly electrically conducting lunar core[END_REF] measure the lunar inductive response to external magnetic fields that change in time during intervals when the Moon is in the solar wind or terrestrial magnetosheath [START_REF] Sonett | Electromagnetic induction in the Moon[END_REF]. The transfer function data (Table 6) depend on frequency such that long-period signals are sensitive to deeper structure, while shorter periods sense the shallow structure. Limits on the Fig. 2 Lunar mantle electrical conductivity (a) and thermal (b) profiles. In (a) green lines show the mean Apollo-era conductivity model and range of conductivities determined by [START_REF] Hood | Initial measurements of the lunar induced magnetic dipole moment using Lunar Prospector magnetometer data[END_REF], whereas the contoured probability distributions are from [START_REF] Mohorovicic | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF]. In (b) the thermal profiles from [START_REF] Karato | Geophysical constraints on the water content of the lunar mantle and its implications for the origin of the Moon[END_REF] are based on dry olivine (solid gray line), dry orthopyroxene (solid green line), hydrous olivine (0.01 wt % H 2 O, dashed gray line), and hydrous orthopyroxene (0.01 wt % H 2 O, dashed green line). Contoured probability distributions are from [START_REF] Mohorovicic | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF]. Also included here is the lunar mantle geotherm of [START_REF] Kuskov | Geochemical constraints on the model of the composition and thermal conditions of the Moon according to seismic data[END_REF] and the solidii of [START_REF] Longhi | Petrogenesis of picritic mare magmas: constraints on the extent of early lunar differentiation[END_REF] for two lunar compositions: lunar primitive upper mantle (dark blue) and Taylor Whole Moon (light blue), respectively. η 1 = 1 S/m. Modified from [START_REF] Mohorovicic | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF] lunar geotherm can be derived from the inferred bounds on the lunar electrical conductivity profile based on the observation that laboratory mineral conductivity measurements depend inversely on temperature.

Figure 2a compiles the electrical conductivity models of [START_REF] Mohorovicic | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF][START_REF] Hood | Initial measurements of the lunar induced magnetic dipole moment using Lunar Prospector magnetometer data[END_REF] and [START_REF] Karato | Geophysical constraints on the water content of the lunar mantle and its implications for the origin of the Moon[END_REF]. The former is obtained from inversion of the lunar induction data described above and global geodectic data (M, I/MR 2 , and k 2 ) in combination with phase equilibrium modeling (see Sect. 6.1 for more details), while the model of [START_REF] Hood | Initial measurements of the lunar induced magnetic dipole moment using Lunar Prospector magnetometer data[END_REF] derives inversion of induction data only, whereas [START_REF] Karato | Geophysical constraints on the water content of the lunar mantle and its implications for the origin of the Moon[END_REF] combines Apollo-era electrical conductivity models with constraints from tidal dissipation (Q). When combined with mantle mineral electrical conductivity measurements, the phase equilibrium models (including density, seismic wave speed, and temperature profiles) can be turned into laboratorybased electrical conductivity models that can be tested against the available data. In contrast, [START_REF] Karato | Geophysical constraints on the water content of the lunar mantle and its implications for the origin of the Moon[END_REF] considers the mean Apollo-era conductivity profile derived by [START_REF] Hood | Initial measurements of the lunar induced magnetic dipole moment using Lunar Prospector magnetometer data[END_REF] (dashed line in Fig. 2a) and tidal dissipation (Q) to constrain water and temperature distribution in the lunar mantle. Models are constructed on the basis of laboratory data and supplemented with theoretical models of the effect of water on conductivity and dissipative (anelastic) properties of the mantle. The conductivity models of [START_REF] Karato | Geophysical constraints on the water content of the lunar mantle and its implications for the origin of the Moon[END_REF] are generally consistent with an anhydrous mantle, although small amounts of water cannot be ruled out.

Current constraints on lunar mantle temperatures are shown in Fig. 2b in the form of a suite of present-day lunar thermal profiles. These derive from the geophysical studies of [START_REF] Mohorovicic | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF], [START_REF] Karato | Geophysical constraints on the water content of the lunar mantle and its implications for the origin of the Moon[END_REF], and [START_REF] Kuskov | Geochemical constraints on the model of the composition and thermal conditions of the Moon according to seismic data[END_REF]. The latter study combines the seismic model of [START_REF] Nakamura | Seismic velocity structure of the lunar mantle[END_REF] with phase equilibrium computations to convert the former to temperature given various lunar bulk compositions. These studies indicate that present-day mantle temperatures are well below the mantle solidii of [START_REF] Longhi | Petrogenesis of picritic mare magmas: constraints on the extent of early lunar differentiation[END_REF] (also shown in Fig. 2b) for depths ≤1000 km with average mantle thermal gradients of 0.5-0.6 • C/km, corresponding to temperatures in the range ∼1000-1500 • C at 1000 km depth. Larger thermal gradients of about 1 • C/km were obtained in the same depth range by [START_REF] Gagnepain-Beyneix | A seismic model of the lunar mantle and constraints on temperature and mineralogy[END_REF]. For depths >1100 km, the mantle geotherms of [START_REF] Mohorovicic | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF] and [START_REF] Karato | Geophysical constraints on the water content of the lunar mantle and its implications for the origin of the Moon[END_REF] (anhydrous case) cross the solidii indicating the potential onset of melting in the deep lunar mantle and a possible explanation for the observed tidal dissipation within the deep lunar interior observed by LLR [START_REF] Williams | Lunar rotational dissipation in solid body and molten core[END_REF][START_REF] Williams | Lunar interior properties from the GRAIL mission[END_REF] (but see also [START_REF] Karato | Geophysical constraints on the water content of the lunar mantle and its implications for the origin of the Moon[END_REF][START_REF] Nimmo | Dissipation at tidal and seismic frequencies in a melt-free Moon[END_REF] for alternative views).

Principal differences between the various models relate to differences in (1) electrical conductivity database, including anhydrous versus hydrous conditions, and (2) conductivity structure. Differences in laboratory electrical conductivity measurements are discussed elsewhere [START_REF] Karato | Water distribution across the mantle transition zone and its implications for global material circulation[END_REF][START_REF] Yoshino | Laboratory electrical conductivity measurement of mantle minerals[END_REF][START_REF] Yoshino | Re-evaluation of electrical conductivity of anhydrous and hydrous wadsleyite[END_REF], but the conductivity measurements of Karato are in general more conductive than those of Yoshino and Katsura [START_REF] Khan | A geophysical perspective on mantle water content and melting: inverting electromagnetic sounding data using laboratory-based electrical conductivity profiles[END_REF]. Because of the trade-off between water content and temperature on conductivity, the hydrous cases considered by [START_REF] Karato | Geophysical constraints on the water content of the lunar mantle and its implications for the origin of the Moon[END_REF] result in lower mantle temperatures. However, whether the lunar mantle is really hydrous remains an open question [START_REF] Hauri | Water in the Moon's interior: truth and consequences[END_REF]. Lastly, [START_REF] Karato | Geophysical constraints on the water content of the lunar mantle and its implications for the origin of the Moon[END_REF] employs the Apollo-era conductivity model of [START_REF] Hood | Initial measurements of the lunar induced magnetic dipole moment using Lunar Prospector magnetometer data[END_REF], which, overall, is less conductive in the upper 800 km of the lunar mantle than the model of [START_REF] Mohorovicic | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF]. There is also evidence for a partially molten lower mantle from geodetic and electromagnetic sounding data [START_REF] Mohorovicic | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF], and to some extent the Apollo seismic data [START_REF] Nakamura | New seismic data on the state of the deep lunar interior[END_REF][START_REF] Nakamura | Farside deep moonquakes and deep interior of the Moon[END_REF][START_REF] Weber | Seismic detection of the lunar core[END_REF].

Core

A partial liquid state of the lunar core or lower mantle is required to explain the lunar laser ranging (LLR) measurements of the Moon's pole of rotation (e.g. [START_REF] Williams | Lunar rotational dissipation in solid body and molten core[END_REF]. Analysis of the seismic data have hinted at the presence of a solid inner core [START_REF] Weber | Seismic detection of the lunar core[END_REF], which, based on thermal evolution modeling, appears necessary to explain the occurrence of the early lunar dynamo (e.g., [START_REF] Laneuville | A long-lived lunar dynamo powered by core crystallization[END_REF][START_REF] Laneuville | Distribution of radioactive heat sources and thermal history of the Moon[END_REF][START_REF] Scheinberg | Magnetic field generation in the lunar core: the role of inner core growth[END_REF]. The conditions for either a liquid core or a solid-inner liquid-outer core to exist, however, depend critically on the thermo-chemical conditions of the core. Table 1 compiles estimates of lunar core size and density that derive from geophysical data and modeling.

In order to allow for a present day liquid part in the core and to explain its average density (Table 1) light elements are required. The identity of those elements is still debated, but the most plausible candidates are carbon and sulfur. Evidence for sulfur or carbon is deduced from lunar surface samples, assumptions about the formation of the lunar core, and laboratory data about the partitioning of siderophile elements between silicate melts and liquid metal (e.g., [START_REF] Righter | Core formation in Earth's Moon, Mars, and Vesta[END_REF][START_REF] Rai | Lunar core formation: new constraints from metal-silicate partitioning of siderophile elements[END_REF][START_REF] Chi | Partitioning of carbon between Fe-rich alloy melt and silicate melt in a magma ocean-implications for the abundance and origin of volatiles in Earth, Mars, and the Moon[END_REF][START_REF] Stacey | Carbon as the dominant light element in the lunar core[END_REF][START_REF] Righter | Phase equilibria of a low s and C lunar core: implications for an early lunar dynamo and physical state of the current core[END_REF]. The presence of other light elements like silicon or oxygen in appreciable amounts is unlikely because of unfavorable redox conditions during core formation (e.g., [START_REF] Ricolleau | Oxygen and silicon contents of Earth's core from high pressure metal-silicate partitioning experiments[END_REF]. Both carbon and sulfur depress the melting temperature of iron significantly, allowing for a present-day liquid core (Fig. 3).

The density of liquid Fe-S and Fe-C as a function of light element concentration at lunar core pressures is shown in Fig. 3b. The density of liquid Fe-S has been calculated following [START_REF] Morard | Liquid properties in the Fe-FeS system under moderate pressure: tool box to model small planetary cores[END_REF]. For liquid Fe-C an ideal solution model has been assumed with liquid Fe [START_REF] Komabayashi | Thermodynamics of melting relations in the system Fe-FeO at high pressure: implications for oxygen in the Earth's core[END_REF]) and liquid Fe3.5wt%C [START_REF] Shimoyama | Thermoelastic properties of liquid Fe-C revealed by sound velocity and density measurements at high pressure[END_REF] as end-members.

Compared to Fe-S, the density of Fe-C decreases significantly slower with increasing light element concentration and the amount of C that can be dissolved in liquid Fe is below about 7 wt% at the pressure-temperature conditions of the lunar core, whereas sulfur saturation in Fe occurs at significantly larger concentrations. Consequently, if carbon were the major light element, then the average core density cannot be significantly lower than 7000 kg/m 3 . Moreover, a solid graphite layer could be present [START_REF] Fei | Experimental study and thermodynamic calculations of phase relations in the Fe-C system at high pressure[END_REF] in the upper part of the core below the core-mantle-boundary, since temperature was higher when the core formed and therefore the C saturation concentration somewhat larger.

If instead the principal light element were sulfur, the average density of the core of the Moon (Table 1) implies that its concentration could be above 27 wt%. Such large amounts, however, appear to be at odds with lunar dynamo models that rely on the formation of an inner core that crystallises from the bottom-up to explain the timing of the past dynamo (e.g. [START_REF] Laneuville | A long-lived lunar dynamo powered by core crystallization[END_REF][START_REF] Scheinberg | Magnetic field generation in the lunar core: the role of inner core growth[END_REF]. Depending on the precise amount of sulfur, different scenarios are possible for the core of the Moon. If, for example, the sulfur concentration is below the eutectic, i.e., <25 wt% (Fig. 3), then the core is likely be completely molten today, although a small inner core forming through precipitation of iron snow in the [START_REF] Longhi | Petrogenesis of picritic mare magmas: constraints on the extent of early lunar differentiation[END_REF], ilmenite-cpx [START_REF] Wyatt | The melting and crystallisation behaviour of a natural clinopyroxene-ilmenite intergrowth[END_REF], picrite [START_REF] Green | Experimental petrology of Apollo 12 basalts: part 1, sample 12009[END_REF], and the eutectic of Fe-S and Fe-C. (b) Density of liquid Fe-S and Fe-C at 5 GPa at two representative mantle temperatures (cf. Fig. 2b). The weight fraction of S is below the eutectic composition (∼25 wt%) and that of C is below its saturation (∼7 wt%). Orange circles are densities for Fe-S based on the molecular dynamics simulations of [START_REF] Kuskov | Thermodynamic properties of Fe-S alloys from molecular dynamics modeling: implications for the lunar fluid core[END_REF] (at 5 GPa and 2000 K) liquid part cannot be excluded. If, however, the S concentration is above the eutectic, then solid FeS will possibly crystallize and float to the top of the core.

Sulfur, however, appears to be disfavored by the most recent results based on thermochemical modeling (<0.5 wt% S) [START_REF] Stacey | Carbon as the dominant light element in the lunar core[END_REF][START_REF] Steenstra | Evidence for a sulfur-undersaturated lunar interior from the solubility of sulfur in lunar melts and sulfide-silicate partitioning of siderophile elements[END_REF]. Moreover, such sulfur-poor liquids, which correspond to densities around 7000 kg/m 3 , imply present-day core temperatures around 2000 K and, as a consequence, significantly higher and, very likely too high, temperatures earlier on (e.g., [START_REF] Laneuville | A long-lived lunar dynamo powered by core crystallization[END_REF][START_REF] Scheinberg | Magnetic field generation in the lunar core: the role of inner core growth[END_REF]. Depending on the lower mantle solidus, the requirement for either a molten or solid lower mantle, and the timing of the early lunar dynamo, the temperature at the core-mantle boundary has been estimated in the range ∼1500-1900 K. The lowest temperature in this range is below the Fe-C eutectic temperature at 5 GPa and would therefore imply a solid core if it were made of iron and carbon only. In comparison, present-day limits on the temperature of the deep lunar interior (∼1100 km depth) suggest temperatures in excess of 1800 K (Fig. 2b).

A Short Review of Published Seismic Velocity and Density Models

This section details some of the previously published models (those that are present in digital format). The specific data sets and prior information used to construct these models are summarized in Table 2. The amount of data used in the model inversions has noticeably increased with time. The tendency to include more global geophysical information (e.g., mass, moment of inertia, love numbers, electromagnetic sounding data) reflects the limitations inherent in the inversion of direct P-and S-wave arrival times in order to resolve lunar structure below ∼1200 km depth.

The seismic data collected during the 8 years that the lunar seismic stations were active have resulted in more than 12000 recorded events (Nunn et al. submitted) 

of which only

Table 2 Summary of data sets and prior information of previously published lunar models. Models are named as follows: TK74 == [START_REF] Toksoz | Structure of the Moon[END_REF], NK83 [START_REF] Nakamura | Seismic velocity structure of the lunar mantle[END_REF], KM02 == [START_REF] Khan | An inquiry into the lunar interior: a nonlinear inversion of the Apollo lunar seismic data[END_REF] a subset were used to infer the lunar velocity structure (summarized in Table 2). Based on the final Apollo-era analyses of the two event data sets then available [START_REF] Goins | Lunar seismology-the internal structure of the Moon[END_REF][START_REF] Nakamura | Seismic velocity structure of the lunar mantle[END_REF], the major features of the lunar interior could be inferred to a depth of ∼1100 km. More recent reanalysis of the Apollo lunar seismic data using modern analysis techniques [START_REF] Khan | An inquiry into the lunar interior: a nonlinear inversion of the Apollo lunar seismic data[END_REF][START_REF] Lognonné | A new seismic model of the Moon: implications for structure, thermal evolution and formation of the Moon[END_REF][START_REF] Gagnepain-Beyneix | A seismic model of the lunar mantle and constraints on temperature and mineralogy[END_REF]) have largely confirmed earlier findings, but also added new insights (see below), while [START_REF] Nakamura | Farside deep moonquakes and deep interior of the Moon[END_REF] expanded his original data set with an enlarged deep moonquake catalog.

In addition to the data obtained from the passive seismic experiment, active seismic experiments were also carried out during Apollo missions 14, 16, and 17 with the purpose of imaging the crust beneath the various landing sites (Kovach and Watkins 1973a,b;[START_REF] Cooper | Lunar near-surface structure[END_REF]. The Apollo 17 mission carried a gravimeter that, because of instrumental difficulties, came to function as a short-period seismometer [START_REF] Kawamura | Lunar Surface Gravimeter as a lunar seismometer: investigation of a new source of seismic information on the Moon[END_REF]. Other seismological techniques to infer near-surface, crust, and deeper structure include analysis of receiver functions [START_REF] Vinnik | First seismic receiver functions on the Moon[END_REF], noise cross-correlation [START_REF] Larose | Lunar subsurface investigated from correlation of seismic noise[END_REF][START_REF] Sens-Schönfelder | Temporal changes in the lunar soil from correlation of diffuse vibrations[END_REF], seismic coda [START_REF] Blanchette-Guertin | Investigation of scattering in lunar seismic coda[END_REF][START_REF] Gillet | Scattering attenuation profile of the Moon: implications for shallow moonquakes and the structure of the megaregolith[END_REF], array-based waveform stacking methods [START_REF] Weber | Seismic detection of the lunar core[END_REF][START_REF] Garcia | Very preliminary reference Moon model[END_REF], and waveform analysis techniques based on spatial seismic wavefield gradients [START_REF] Sollberger | The shallow elastic structure of the lunar crust: new insights from seismic wavefield gradient analysis[END_REF].

The one-dimensional seismic velocity and density models are compared in Fig. 4 and are provided as supplementary information in "named discontinuities" (nd) format. The recent velocity models of [START_REF] Khan | An inquiry into the lunar interior: a nonlinear inversion of the Apollo lunar seismic data[END_REF], [START_REF] Lognonné | A new seismic model of the Moon: implications for structure, thermal evolution and formation of the Moon[END_REF], [START_REF] Gagnepain-Beyneix | A seismic model of the lunar mantle and constraints on temperature and mineralogy[END_REF] are based on modern-day inversion (Monte Carlo and random search) and analysis techniques. The models of [START_REF] Khan | An inquiry into the lunar interior: a nonlinear inversion of the Apollo lunar seismic data[END_REF], while relying on a Monte Carlo-based sampling algorithm (Markov chain Monte Carlo method) to invert the same data set considered by [START_REF] Nakamura | Seismic velocity structure of the lunar mantle[END_REF], provided more accurate error and resolution analysis than possible with the linearized methods available during the Apollo era. [START_REF] Lognonné | A new seismic model of the Moon: implications for structure, thermal evolution and formation of the Moon[END_REF] and [START_REF] Gagnepain-Beyneix | A seismic model of the lunar mantle and constraints on temperature and mineralogy[END_REF] first performed a complete reanalysis of the entire data set to obtain independently-read arrival times and subsequently inverted these using random search of the model space. In all of the above studies both source location and internal structure were inverted for simultaneously.

Interpretation of Apollo-era seismic velocity models resulted in crustal thicknesses of 60 ± 5 km [START_REF] Toksoz | Structure of the Moon[END_REF]), but have decreased to 45 ± 5 km [START_REF] Khan | A new seismic velocity model for the Moon from a Monte Carlo inversion of the Apollo lunar seismic data[END_REF], 38 ± 3 km [START_REF] Khan | An inquiry into the lunar interior: a nonlinear inversion of the Apollo lunar seismic data[END_REF], and 30 ± 2.5 km [START_REF] Lognonné | A new seismic model of the Moon: implications for structure, thermal evolution and formation of the Moon[END_REF].

Differences in crustal thickness estimates between Apollo-era and recent models are discussed in detail in [START_REF] Khan | The lunar moho and the internal structure of the Moon: a geophysical perspective[END_REF]. They relate to the use of additional, but highly uncertain, body wave data (amplitudes, secondary arrivals, synthetic seismograms) in the seventies. Differences in crustal thickness between the recent models of [START_REF] Khan | A new seismic velocity model for the Moon from a Monte Carlo inversion of the Apollo lunar seismic data[END_REF], Khan and[START_REF] Khan | An inquiry into the lunar interior: a nonlinear inversion of the Apollo lunar seismic data[END_REF][START_REF] Lognonné | A new seismic model of the Moon: implications for structure, thermal evolution and formation of the Moon[END_REF] result from a combination of differences in travel time readings (data), inversion technique (methodology), and model parameterisation. [START_REF] Vinnik | First seismic receiver functions on the Moon[END_REF] also presented evidence for a shallower lunar crust-mantle boundary (28 km) through detection of converted phases below Apollo station 12.

Moving below the crust, mantle seismic velocity models are generally consistent to a depth of ∼1200 km, which defines the bottoming depths of the direct P-and S-wave arrivals emanating from the furthest events that include a far-side meteoroid impact and a deep moonquake nest (A33). In an attempt to obtain more information on density and the deeper interior (e.g., core size and density), more elaborate approaches to inverting the arrival time data set have been considered. These include adding geodetic and electromagnetic sounding data, use of equation-of-state models, and petrological information [START_REF] Khan | Joint inversion of seismic and gravity data for lunar composition and thermal state[END_REF][START_REF] Mohorovicic | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF][START_REF] Garcia | Very preliminary reference Moon model[END_REF][START_REF] Matsumoto | Internal structure of the Moon inferred from Apollo seismic data and selenodetic data from GRAIL and LLR[END_REF]. While these studies have provided insights on [START_REF] Khan | An inquiry into the lunar interior: a nonlinear inversion of the Apollo lunar seismic data[END_REF], limited to the first 500 km of the Moon the deep lunar interior, particularly mantle density structure, it has proved difficult to tightly constrain core size and density on account of the smallness of the core. Khan et al. (2006a) computed petrological phase equilibria using Gibbs free energy minimization techniques [START_REF] Connolly | The geodynamic equation of state: what and how[END_REF], which were combined with stochastic inversion.

Briefly, stable mineral phases, their modes and physical properties (P-, S-wave velocity and density) were computed as a function of temperature and pressure within the CFMAS system (comprising oxides of the elements CaO, FeO, MgO, Al 2 O 3 , SiO 2 ). By inverting the seismic travel time data set of [START_REF] Lognonné | A new seismic model of the Moon: implications for structure, thermal evolution and formation of the Moon[END_REF] jointly with lunar mass and moment of inertia, while assuming crust and mantle to be compositionally uniform, they determined the compositional range of the oxide elements, thermal state, Mg#, mineralogy, physical structure of the lunar interior, and core size and density. [START_REF] Garcia | Very preliminary reference Moon model[END_REF] inverted the travel time data of [START_REF] Lognonné | A new seismic model of the Moon: implications for structure, thermal evolution and formation of the Moon[END_REF] and mass and moment of inertia using the simplified Adams-Williamson equation of state. The latter assumes adiabatic compression of an isochemical material devoid of any mineral phase changes, coupled with a Birch-type linear relationship between seismic velocity and density. [START_REF] Garcia | Very preliminary reference Moon model[END_REF] also considered core reflected phases in an attempt to determine core size. While core reflections were allegedly observed by [START_REF] Garcia | Very preliminary reference Moon model[END_REF] and [START_REF] Weber | Seismic detection of the lunar core[END_REF], it has to be noted that the resultant core size estimates differ largely because of differences in mantle seismic velocities. 2003) (event parameters were fixed), mean mass and moment of inertia, and tidal response (k 2 and Q) for models of elastic parameters (shear and bulk modulus), density, and viscosity within a number of layers. Viscosity was included as parameter in connection with a Maxwell viscoelastic model following the approach of [START_REF] Harada | Strong tidal heating in an ultralow-viscosity zone at the core-mantle boundary of the Moon[END_REF]. Evidence for a lower mantle low-velocity layer (depth range 1200-1400 km) and a potentially molten or fully liquid core (330 km in radius) was found.

Finally, all available geophysical data and model interpretations are consistent with a Moon that has differentiated into a silicate crust and mantle and an Fe-rich core (e.g., [START_REF] Hobbs | An upper bound on the radius of a highly electrically conducting lunar core[END_REF][START_REF] Hood | Recent Refinements in Geophysical Constraints on Lunar Origin and Evolution[END_REF][START_REF] Wieczorek | The constitution and structure of the lunar interior[END_REF][START_REF] Khan | The lunar moho and the internal structure of the Moon: a geophysical perspective[END_REF]. Our current view of Fig. 5 Schematic diagram of lunar internal structure as seen by a host of geophysical data and models. The Moon has differentiated into crust, mantle, and core with no clear indication for a mid-mantle division, but considerable evidence for a partially molten lower mantle. The core is most likely liquid and made of Fe with a light element (e.g., S or C) with a radius ≤350 km. Presence of a solid inner core is highly uncertain and therefore not indicated. Apollo stations are indicated by A12-A16 and are all located on the nearside of the Moon. Shallow and deep (DMQ) moonquakes occur in the depth ranges 50-200 km and 800-1100 km, respectively. See main text for more details. Modified from [START_REF] Mohorovicic | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF] the lunar interior is summarised in Fig. 5. Evidence for a mid-mantle dicontinuity separating the mantle into upper and lower parts is uncertain [START_REF] Nakamura | Seismic velocity structure of the lunar mantle[END_REF][START_REF] Khan | An inquiry into the lunar interior: a nonlinear inversion of the Apollo lunar seismic data[END_REF], but there is evidence for the presence of partial melt at depth based on analysis of characteristics of farside seismic signals (absence of detectable S-waves) [START_REF] Nakamura | New seismic data on the state of the deep lunar interior[END_REF][START_REF] Sellers | Seismic evidence for a low-velocity lunar core[END_REF][START_REF] Nakamura | Farside deep moonquakes and deep interior of the Moon[END_REF]) and the long-period tidal response of the Moon (e.g., Williams et al. 2001a;[START_REF] Khan | Does the Moon possess a molten core? Probing the deep lunar interior using results from LLR and Lunar Prospector[END_REF][START_REF] Mohorovicic | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF]Efroimsky 2012b,a;[START_REF] Van Kan Parker | Neutral buoyancy of titanium-rich melts in the deep lunar interior[END_REF][START_REF] Harada | Strong tidal heating in an ultralow-viscosity zone at the core-mantle boundary of the Moon[END_REF]. This presence of melt is still debated within the authors of this paper because the above two evidences can also be reproduced by a low viscosity layer not requiring melt [START_REF] Nimmo | Dissipation at tidal and seismic frequencies in a melt-free Moon[END_REF]. Owing to the distribution of the seismic sources observed on the Moon, the deep interior has been more difficult to image, but the overall evidence suggests that the Moon has a small core with a radius in the range 300-350 km that is most probably either partially or entirely molten [START_REF] Weber | Seismic detection of the lunar core[END_REF][START_REF] Garcia | Very preliminary reference Moon model[END_REF]. Absence of clear detection of farside deep moonquakes (if located in the deep moonquake shadow zone) seems to support this further [START_REF] Nakamura | Farside deep moonquakes and deep interior of the Moon[END_REF]. While direct evidence for a solid inner core is highly uncertain, it could be present if a portion of the liquid core has crystallised but will depend crucially on its composition as discussed earlier (Sect. 2.4). Current geophysical constraints on core density estimates do not uniquely constrain composition, but are in favor of a core composed mainly of iron with some additional light elements (e.g., [START_REF] Fei | Experimental study and thermodynamic calculations of phase relations in the Fe-C system at high pressure[END_REF][START_REF] Antonangeli | Toward a mineral physics reference model for the Moon's core[END_REF][START_REF] Shimoyama | Thermoelastic properties of liquid Fe-C revealed by sound velocity and density measurements at high pressure[END_REF][START_REF] Kuskov | Thermodynamic properties of Fe-S alloys from molecular dynamics modeling: implications for the lunar fluid core[END_REF][START_REF] Morard | Liquid properties in the Fe-FeS system under moderate pressure: tool box to model small planetary cores[END_REF]) (see Sect. 2.4). Support for an iron-rich core is also provided by recent measurements of sound velocities of iron alloys at lunar core conditions (e.g., Jing et al. 2014;[START_REF] Nishida | Towards a consensus on the pressure and composition dependence of sound velocity in the liquid Fe-S system[END_REF][START_REF] Shimoyama | Thermoelastic properties of liquid Fe-C revealed by sound velocity and density measurements at high pressure[END_REF], although the density of these alloys is much higher than those deduced for the core from geophysical data.

Seismic Scattering and Attenuation Models

This section summarizes the main findings on the scattering and absorption properties of the Moon. Lunar Q estimates are summarized in Table 3.

Basic Definitions and Observations

In seismology, attenuation refers to the (exponential) decay of the amplitude of ballistic waves with distance from the source after correction for geometrical spreading and site effects. The two basic mechanisms at the origin of seismic attenuation are energy dissipation caused by anelastic processes and scattering by small-scale heterogeneities of the medium. Each of these mechanisms may be quantified with the aid of a quality factor Q equal to the relative loss of energy of the propagating wave per cycle. In comparison with their terrestrial counterparts, a striking feature of lunar seismograms is the long ringing coda that can last for more than an hour. This is understood as the result of intense scattering in the mega-regolith layer and the extremely low dissipation on the Moon compared to the Earth. Scattering removes energy from the coherent ballistic waves and redistributes it in the form of diffuse waves that compose the seismic signal known as coda. In the case of the Moon, scattering is so strong as to cause a delay of the order of several hundreds of seconds between the onset of the signal and the arrival time of the maximum of the energy. This delay time t d is a useful characteristics of lunar seismograms and measurements have been reported in several studies (see e.g. [START_REF] Dainty | Seismic scattering and shallow structure of the Moon in oceanus procellarum[END_REF][START_REF] Gillet | Scattering attenuation profile of the Moon: implications for shallow moonquakes and the structure of the megaregolith[END_REF]. The extreme broadening of lunar seismograms was interpreted by Latham et al. (1970a) as a marker of the diffusion of seismic energy in the lunar interior, a physical model which still prevails today. For this Dep.) indicates whether the underlying physical model assumes attenuation to be frequency dependent or not. In the study of [START_REF] Nakamura | Seismic energy transmission in the lunar surface zone determined from signals generated by movement of lunar rovers[END_REF], the first and second value of D refer to the sites of Apollo 15 and Apollo 16, respectively Reference reason, the strength of scattering in the Moon is most often quantified by a diffusion constant D (expressed in km 2 /s) and we shall adhere to this convention (low/high diffusivity corresponding to strong/weak scattering). The notation Q will be employed to denote attenuation due to dissipation processes. The rate of decay of seismograms in the time domain is yet another useful characteristic which may be quantified with the aid of a quality factor, which we shall label Q c . In the diffusion (multiple scattering) regime, Q c may be used as proxy for Q in the case of strong stratification of heterogeneity (Aki and Chouet 1975). First attempts to estimate Q from the coda decay were carried out shortly after the deployment of Apollo seismometers. Using data from the artificial impacts, Latham et al. (1970a) and Latham et al. (1970b) found the Q of the upper crust to be in the range 3000-3600. Before discussing these measurements in more detail we briefly review dissipation estimates from lunar rock samples using acoustic sounding.

Q Measurements of Lunar Samples in the Laboratory

Early experimental measurements of dissipation in lunar rock samples by [START_REF] Kanamori | Elastic wave velocities of lunar samples at high pressures and their geophysical implications[END_REF] and [START_REF] Wang | Elastic properties of Apollo 12 rocks[END_REF] were in sharp contradiction with the first in-situ seismic observations of Latham et al. (1970a,b). [START_REF] Kanamori | Elastic wave velocities of lunar samples at high pressures and their geophysical implications[END_REF] and [START_REF] Wang | Elastic properties of Apollo 12 rocks[END_REF] reported extremely low Q ≈ 10 at 1 MHz-more than 2 orders of magnitude less than the seismically determined Q-using basic pulse transmission experiments. Besides the low accuracy of these measurements, the very high-frequency at which they were performed questioned the validity of their interpretation in terms of dissipation, since scattering might be efficient around 1 MHz. More accurate estimates by [START_REF] Warren | Elastic and thermal properties of Apollo 11 and Apollo 12 rocks[END_REF] based on the resonance mode of a vibrating bar around 70 kHz reduced the discrepancy by roughly one order of magnitude, but still left a gap with regard to the seismic observations. The main findings are summarized in Table 4. It should be noted that "Q" may refer to different physical quantities depending on the experimental apparatus (torsion versus vibration). Relations between laboratory Q and seismic Q for both P and S waves are carefully examined in [START_REF] Tittmann | Laboratory measurements of p-wave seismic Q on lunar and analog rocks[END_REF].

In a series of papers (see Table 4), Tittmann and co-workers conclusively demonstrated that the large difference between in-situ seismic measurements and their laboratory counterpart could be ascribed to the adsorption of volatiles at the interface of minerals. In particular, infinitesimal quantities of water reduce the Q dramatically so that contamination by laboratory air suffices to hamper attenuation measurements in normal (P, T, humidity) conditions. [START_REF] Tittmann | Internal friction quality factor Q greater than or equal to 3100 achieved in lunar rock 70215[END_REF] and [START_REF] Tittmann | Lunar rock Q in 3000-5000 range achieved in laboratory[END_REF] showed that intensive degassing by a heating/cool-down treatment dramatically increases the lunar sample Q at both 50 Hz and 20 kHz. Further analyses conducted in an extreme vacuum demonstrated that the very high Q of lunar rocks may be entirely explained by the absence of volatiles in the crust of the Moon.

Seismic Attenuation Measurements: An Overview of Approaches

Methods Based on the Diffusion Model Scattering and dissipation convey independent information on the propagation medium so that it is valuable to try to evaluate separately the contribution of the two mechanisms. The theory of wave propagation in heterogeneous media shows that separation is indeed possible provided one measures the signal intensity at different offsets between source and station and in different time windows (see [START_REF] Sato | Seismic Wave Propagation and Scattering in the Heterogeneous Earth[END_REF], for a comprehensive review). Thus, methods based on the diffusion model have the potential to resolve independently the Q and D structure. This may be achieved by direct modeling of the envelope of signals [START_REF] Dainty | Seismic scattering and shallow structure of the Moon in oceanus procellarum[END_REF] or by fitting the distance dependence of derived quantities such as the maximum amplitude [START_REF] Nakamura | Seismic energy transmission in the lunar surface zone determined from signals generated by movement of lunar rovers[END_REF] or the delay time t d [START_REF] Gillet | Scattering attenuation profile of the Moon: implications for shallow moonquakes and the structure of the megaregolith[END_REF]. Because scattering properties depend on the ratio between the wavelength and the correlation length of heterogeneities, analyses are most often performed after application of a narrow band-pass filter and shed light on the frequency dependence of the attenuation properties. The neglect of the coherent (or ballistic) propagation, however, is a strong limitation of the diffusion approach. While both diffusivity and seismic Q depend linearly on the individual scattering and absorption properties of P and S waves, diffusion considers the transport of the total, i.e., kinetic and potential, energy only and cannot resolve the contribution of the different propagation modes. It is worth pointing out that multiple scattering results in an equipartition of energy among all propagating modes so that the typical ratio between the S and P energy density is given by 2(V p /V s ) 3 . Therefore the Q and D deduced from the diffusion model are mostly representative of the properties of S waves.

Spectral Ratio Technique Another approach to the measurement of attenuation is based on the decay of the typical amplitude of direct P -and S-waves as a function of hypocentral distance. In short-period terrestrial seismology, this is most often performed by averaging the amplitude in a time window of a few seconds around the direct arrivals (P or S). The measurement is subsequently corrected for source and site effect by the coda normalization method [START_REF] Sato | Seismic Wave Propagation and Scattering in the Heterogeneous Earth[END_REF]. A linear regression of the data in the distance-log(amplitude) plane yields an estimate for Q. In this case only an apparent Q combining effects of scattering and absorption can be retrieved. The lunar case presents a more complicated case because the distance between stations is too large to apply coda normalization. As a remedy, some authors like [START_REF] Nakamura | Seismic Q of the lunar upper mantle[END_REF] advocate the use of the median of the amplitudes measured on a set of events to normalize the data. Furthermore, scattering on the Moon is so strong, particularly in the first tens of kilometers (see below), that it is necessary to compute the mean amplitude of the P or S wave train over a long time window (1 or 2 minutes) to average out signal fluctuations. Intuition suggests that this procedure somehow "corrects" for the strong broadening of the signal caused by multiple scattering so that it may be expected that the so-retrieved Q mostly reflects dissipation properties. When few stations are available, as on the Moon, it is also preferable to use spectral ratios between pairs of stations (rather than decay with distance) and to perform a regression of the decay of the amplitude ratio in the frequency domain. In simple stratified models, the attenuation estimated in this two-station approach may be ascribed to the depth interval where the rays do not overlap. This method however implicitly requires that attenuation be frequency independent, which is a severe limitation. This difficulty has been overcome by [START_REF] Nakamura | Seismic Q of the lunar upper mantle[END_REF] who developed a rather sophisticated method employing both single and two-stations measurements.

Estimates of Diffusivity (D) and Dissipation (Q)

Results of Diffusion Modeling Latham et al. (1970a,b) fitted seismogram envelopes with a diffusion model in Cartesian geometry to estimate Q (≈ 3000) and D (≈2.5 km 2 /s) at 1 Hz in the upper crust of the Moon. [START_REF] Dainty | Seismic scattering and shallow structure of the Moon in oceanus procellarum[END_REF] pointed out that the delay time of the maximum t d seemed to plateau beyond 170 km distance from the source. They interpreted this observation as a signature of heterogeneity stratification in the Moon and proposed that the first ten km of the Moon would be highly scattering while the underlying medium would be transparent. Based on envelope fitting, they re-evaluated the diffusivity and Q at two different frequencies (see Table 3). [START_REF] Dainty | Seismic scattering and shallow structure of the Moon in oceanus procellarum[END_REF] found significantly higher Q than previous authors. They explained the difference by the fact that part of the decay of the coda originated structurally: the energy that leaks out of the scattering layer is an apparent loss so that the Q estimated from coda decay tends to overestimate effects of dissipation. While the explanation of [START_REF] Dainty | Seismic scattering and shallow structure of the Moon in oceanus procellarum[END_REF] is reasonable, their model was designed in Cartesian geometry so that no energy would be able to re-enter the scattering layer. [START_REF] Gillet | Scattering attenuation profile of the Moon: implications for shallow moonquakes and the structure of the megaregolith[END_REF] has extended this "refraction" of diffuse waves to spherical geometry and showed it to be the key process in explaining the non-monotonous dependence of the delay time t d on epicentral distance. Using global t d measurements, [START_REF] Gillet | Scattering attenuation profile of the Moon: implications for shallow moonquakes and the structure of the megaregolith[END_REF] confirmed the existence of a strong stratification of heterogeneity and found that scattering would be efficient up to a depth of roughly 100 km, which would correspond to the base of the mega-regolith. Their analysis showed no evidence for stratification of Q.

Nakamura (1976) used the lunar rover as an active seismic source to study the diffusion and dissipation of energy in the uppermost crust of the Moon. This method uses the difference of maximum amplitude for sources approaching or receding from the seismic stations, respectively. He performed observations around 4 Hz, 5.6 Hz and 8 Hz to study the frequency dependency of Q and D (see Table 3 for details). Within the studied areas, near Apollo stations 15 and 16, no significant regional differences were detected. Although the measurements were not performed in the same frequency band, the values of Q and D reported by [START_REF] Nakamura | Seismic energy transmission in the lunar surface zone determined from signals generated by movement of lunar rovers[END_REF] are much lower than those found by [START_REF] Gillet | Scattering attenuation profile of the Moon: implications for shallow moonquakes and the structure of the megaregolith[END_REF]. This suggests the existence of a strong depth dependence of D and Q in the first kilometer of the Moon.

Results of the Spectral Ratio Method

With the exception of the work of [START_REF] Nakamura | Seismic Q of the lunar upper mantle[END_REF], the spectral ratio method only gives access to an average value of attenuation in a given frequency band. It has the potential, however, to distinguish between Q p and Q s and to constrain the attenuation at greater depth than the diffusion method (which is likely limited to the first 150 km of the Moon). An important outcome of attenuation studies based on the spectral ratio approach is that the data require a stratified Q in the mantle.

By studying events with different penetration depths, Dainty et al. (1976a) concluded that the upper 500 km has Q p values as high as 5000 and then decreases with depth. They suggest Q p values of, respectively, 3500, 1400 and 1100 for the depth intervals 500-600 km, 600-950 km and 950-1200 km. Dainty et al. (1976b) reported similar Q p values (1400 ± 300 above 520 km depth and 4800 ± 900 below), but note that their estimation is not reliable below 1000 km. A similar decrease of Q p with depth was also reported by [START_REF] Nakamura | Structure of the lunar mantle[END_REF], who studied the ratio of amplitude variations with epicentral distance at two different frequencies (1 Hz and 8 Hz). Using amplitude variations in the epicentral distance range 40 • -90 • , they obtained Q ≈ 4000, which they regarded as representative of the upper mantle. From the data at 110 • -120 • epicentral distance, they found Q ≈ 1500, confirming the observation that mantle Q p appears to decrease with depth.

Finally, [START_REF] Nakamura | Seismic Q of the lunar upper mantle[END_REF] used spectra of records from shallow moonquakes from 3 Hz to 8 Hz to study the frequency dependence of the seismic Q for both P and S waves. They focused on events in the 30 • -90 • epicentral distance range, corresponding to rays bottoming in the upper mantle. In spite of large uncertainties regarding geometrical spreading, the results showed that Q P should be greater than 4000 at 3 Hz and between 4000-8000 at 8 Hz. This frequency dependence, however, is not deemed significant since it resides within error bars. On the other hand, possible values for Q S are 4000-15000 at 3 Hz and 7000-1500 at 8 Hz. This frequency dependence can be considered significant and may be summarized as Q S ∝ f 0.7±0.1 .

Future Work

In summary, the mantle of the Moon is most probably highly transparent, so that diffusion theory does a poor job at modeling the energy propagation at depth. On the other hand, interpretation of results from the spectral ratio technique is complicated by the coupling of modes that occurs upon scattering. Both the diffusion and spectral ratio technique have merits so that a method that would facilitate the simultaneous analysis of direct and scattered wave trains would be desirable. Radiative transfer [START_REF] Margerin | Multiple scattering of high-frequency seismic waves in the deep earth: Modeling and numerical examples[END_REF] or simulations based on the Monte Carlo method [START_REF] Blanchette-Guertin | Modeling seismic energy propagation in highly scattering environments[END_REF] are both promising methods.

Seismic Source Locations

To infer a velocity model requires accurate location of all seismic sources. For all naturally occurring events, i.e., meteoroid impacts and shallow and deep moonquakes, events parameters need to be determined before or with the structural parameters from the lunar seismic arrival time data set. Such inversions, however, can be affected by trade-offs between source location and velocity model. A compilation of determined epicentral locations based on both Apollo-era and recent studies are shown in Fig. 6. Errors on locations are generally large, reflecting discrepant data analysis and inversion methods. [START_REF] Hempel | Uncertainty of Apollo deep moonquake locations and implications for future network designs[END_REF] also showed that the small-aperture Apollo network limited the accuracy with which many deep moonquake nests could be located (Fig. 7). The characteristics of the various events are discussed in detail in the companion paper (Sect. 3). Here, we only discuss various location estimates. [START_REF] Oberst | Meteoroids near the Earth-Moon System as Inferred from Temporal and Spatial Distribution of Impacts Detected by the Lunar Seismic Network[END_REF] obtained the locations of 18 large meteoroid impact events by compiling a set of arrival time measurements based on own work and earlier measurements by [START_REF] Goins | Lunar seismology: the internal structure of the Moon[END_REF] and [START_REF] Horvath | Analysis of lunar seismic signals-determination of instrumental parameters and seismic velocity distributio[END_REF]. The large events were then used as "master events" to establish the relationship between the distances, amplitudes, and rise times of the meteoroid impact signals. Relying on these empirical relationships, locations and magnitudes of 73 smaller meteoroid impacts were estimated by [START_REF] Oberst | Meteoroids near the Earth-Moon System as Inferred from Temporal and Spatial Distribution of Impacts Detected by the Lunar Seismic Network[END_REF]. Most of the located small events were found to have occurred around the stations. Subsequent reprocessing of the data by [START_REF] Lognonné | A new seismic model of the Moon: implications for structure, thermal evolution and formation of the Moon[END_REF] resulted in the detection of 19 meteoroid impact events, which were relocated by [START_REF] Garcia | A new global PKP data set to study Earth's core and deep mantle[END_REF] and [START_REF] Garcia | Very preliminary reference Moon model[END_REF] and are shown in Fig. 6b. In the 8 years of seismic monitoring, about 1730 impacts were detected (Nakamura et al. 1982).

The rarer shallow moonquakes (28 in total, with an average 5 events per year) were first identified as high-frequency teleseismic (HFT) events [START_REF] Nakamura | Deep lunar interior inferred from recent seismic data[END_REF]. Although rare [START_REF] Nakamura | Structure of the lunar mantle[END_REF], their large amplitude, strong shear-wave arrival, and unusually high frequency content make these events distinct from the other type of sources. While clearly of internal origin, it has proved challenging to determine source depth from firstarrival time readings. [START_REF] Nakamura | Shallow moonquakesdepth, distribution and implications as to the present state of the lunar interior[END_REF] examined the variation of the amplitude with distance, which suggested that the shallow moonquakes occur in the upper mantle of the Moon. Assuming a source depth of 100 km, [START_REF] Nakamura | Shallow moonquakesdepth, distribution and implications as to the present state of the lunar interior[END_REF] attempted to establish a possible link between the shallow moonquakes with lunar impact basins. While not conclusive, source depths around 100 km seemed reasonable given the available evidence. Although uncertainties remain large, subsequent arrival time inversions generally confirm this observation with HFT source depths constrained to 50-200 km [START_REF] Lognonné | A new seismic model of the Moon: implications for structure, thermal evolution and formation of the Moon[END_REF][START_REF] Garcia | A new global PKP data set to study Earth's core and deep mantle[END_REF][START_REF] Garcia | Very preliminary reference Moon model[END_REF][START_REF] Gagnepain-Beyneix | A seismic model of the lunar mantle and constraints on temperature and mineralogy[END_REF][START_REF] Khan | An inquiry into the lunar interior: a nonlinear inversion of the Apollo lunar seismic data[END_REF]) (Fig. 6c). By modeling the attenuation properties of short-period body waves that are generated by the shallow moonquakes, [START_REF] Gillet | Scattering attenuation profile of the Moon: implications for shallow moonquakes and the structure of the megaregolith[END_REF] concluded that HFTs are confined to the depth range 50 ± 20 km, which suggests brittle failure of deep faults as possible origin. [START_REF] Frohlich | Possible extra-Solar-System cause for certain lunar seismic events[END_REF] have also invoked strange quark matter as a possible source of HFTs, based on the observation that essentially all of the 28 shallow moonquakes occurred when the Moon was facing a certain direction relative to stars. This implies that the HFT events could be either caused or triggered by unknown objects that originates extraneous to the solar system.

The most numerous signals recorded by the seismic network were the deep moonquakes (DMQs). A particular feature of the DMQs is that they are clustered in discrete regions (nests). Stacking events from the same nest enhances signal-to-noise ratio and therefore picking accuracy even in the case of small-amplitude seismic signals, as a result of which picks are generally made on stacked DMQ waveforms. Location errors are typically large and different studies show significant discrepancy (Fig. 6d-e and Fig. 7), which reflects differences in underlying assumptions and modeling aspects [START_REF] Lognonné | A new seismic model of the Moon: implications for structure, thermal evolution and formation of the Moon[END_REF][START_REF] Garcia | Very preliminary reference Moon model[END_REF][START_REF] Gagnepain-Beyneix | A seismic model of the lunar mantle and constraints on temperature and mineralogy[END_REF][START_REF] Khan | An inquiry into the lunar interior: a nonlinear inversion of the Apollo lunar seismic data[END_REF][START_REF] Zhao | Moonquake relocation[END_REF]. More details on DMQ analysis and characteristics is provided in our companion paper (Nunn et al. submitted).

Seismic Model Inversions

In view of the re-compiled Apollo lunar seismic arrival time data set (Nunn et al. submitted) and the latest a priori assumptions described earlier, we re-assess interior structure. For this purpose, we consider three independent parameterisations and inversion methods. The goal here is not to produce a single model, but rather a family of models that fit the data and are consistent with the most recent set of prior constraints. Although we make the simplifying assumption of keeping source parameters fixed, this approach will allow us to identify similarities and discrepancies among the various internal structure models in order to determine properly resolved structures. We consider three parameterisations and inversions based on the previous work of [START_REF] Drilleau | A bayesian approach to infer radial models of temperature and anisotropy in the transition zone from surface wave dispersion curves[END_REF], [START_REF] Garcia | Very preliminary reference Moon model[END_REF][START_REF] Mohorovicic | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF]. These studies span a relatively wide range in terms of model parameterisation from the "standard" seismic parameterisation (model 1), to a simplified equation-of-state method (model 2) over a fully self-consistent thermodynamic method (model 3) that allows for the computation of petrologic phase equilibria and seismic properties. As for the inversions, we consider a two-pronged approach that involves both model inversion (models 1 and 2) and model assessment (model 3). Models based on parameterisations 1 and 2 are obtained from inversion of the lunar seismic travel time data set, whereas models relying on parameterisation 3 are only used in a predictive sense, i.e., models obtained from inversion of electromagnetic sounding (Table 6) and geodetic data (k 2 , M, and I/MR 2 ) are employed to predict P-and S-wave travel times that are subsequently compared to observations. While the fit to the travel time data for this particular set of models will evidently be less than for the other models, this predictive exercise is nevertheless important as it assesses to (1) what extent the different geophysical data sets are compatible; (2) the reliability of the underlying parameterisation to simultaneously fit geophysical data sets that are sensitive to distinct physical properties (e.g., seismic wave speeds, density, electrical conductivity). The forward modeling scheme, i.e., mapping from model structure to travel times, relies in all three cases on a ray-theoretical approach to compute body wave travel times. The specific data used in the inversion are the median P and S arrival times compiled in our companion paper for M1 and M2, and the latest geodetic observations (k 2 , h 2 , M, and I/MR 2 ) (for α = 0.3) compiled in Table 5 for M2 and M3, with the simplifying assumption that the solid-body mean moment of inertia (I s ) is equal to that of the entire body. Common to all three models are assumptions of a spherically symmetric body.

Model Parameterisation and Prior Information

Model 1

The models are parameterized with Bézier points, which are interpolated using polynomial C 1 Bézier curves. The advantages of this parameterisation is that it relies on a small number of parameters (Bézier points) and it does not impose a regularly spaced discretization of the models or prior constraints on layer thicknesses and location of seismic discontinuities. It Prior source locations ISSI team compilation ISSI team compilation ISSI team compilation can be used to describe both a gradient and a sharp interface with a minimum of parameters (the reader is referred to [START_REF] Drilleau | A bayesian approach to infer radial models of temperature and anisotropy in the transition zone from surface wave dispersion curves[END_REF] for more details). The inverted parameters are the 2 vectors corresponding to the Bézier points for V P , and the depth at which these Bézier points are located. The Bézier points are randomly located in depth within the prior range (see Table 8). The model parameter vector contains 15 points with the last point located at the core-mantle-boundary (CMB). The depth to the CMB is allowed to vary between 1200 and 1400 km depth. In order to estimate V S , the V P /V S ratio profile is also inverted for using 4 Bézier points that are randomly sampled between 1.5 and 2.2. Note that density is not inverted for with this approach. For the core, we assume that it is entirely liquid and homogeneous, as a consequence of which V S = 0 km/s and V P is randomly sampled between 0.5 and 9.5 km/s. To account for local differences beneath stations, P -and S-wave station corrections are considered by adding to the computed P -and S-wave travel times, for a given model, a value randomly sampled between -4 and 4 s. To compute body wave travel times, we rely on the ray tracing algorithm of [START_REF] Shearer | Introduction to Seismology[END_REF]. To solve the inverse problem, we employ a Markov chain Monte Carlo approach [START_REF] Mosegaard | Monte Carlo sampling of solutions to inverse problems[END_REF]. This technique allows us to sample a large range of models and provides a quantitative measure of model uncertainty and non-uniqueness. Prior information on model parameters is summarised in Table 8.

Model 2

This parameterisation is an improved version of the parameterisation used by [START_REF] Garcia | Very preliminary reference Moon model[END_REF]. The crust is fixed in terms of velocity and density, but the average crustal thickness is a free parameter.

The seismic/density model of the mantle is separated into two parts: a lithosphere which covers the region from the crust-mantle boundary to radius R L in which the thermal gradient (( dT dz ) OA ) is assumed to be constant, and an adiabatic part from radius R L to the CMB (radius R CMB ).

In the lithosphere, the seismic/density model follows the modified Adams-Williamson equation [START_REF] Stacey | Carbon as the dominant light element in the lunar core[END_REF]:

dρ dz = ρg φ -αρτ (1)
where ρ is density, z is depth, g is gravitational acceleration, φ = K T ρ = V 2 P -4 3 V 2 S the seismic parameter, K T is incompressibility, α is thermal expansion and τ is the super adiabatic gradient. This last term is defined by the following equation:

τ = dT dz - dT dz adiabatic = dT dz OA (2)
in which the adiabatic gradient is defined by: ( dT dz ) adiabatic = -g αφ . The Adams-Williamson equation assumes an adiabatic gradient, and consequently, τ = 0. Given lunar mass, or equivalently surface gravity acceleration, and the seismic velocity model, the Adams-Williamson equation is integrated from top to bottom to compute density. To compute V P from the density model, we employ Birch's law with constant parameters (a and b) over the mantle. The V P V S ratio profile is inverted with three reference points at the top and bottom of the mantle and at 700 km radius. This parameter is linearly interpolated in between these reference points and used to determine V S .

However, in the lithosphere where thermal gradients are likely super adiabatic, the integration of (1) requires the knowledge of both τ and α. Our model parameterisation assumes that τ = ( dT dz ) OA is constant in the lithosphere. However, thermal expansion α varies with pressure, temperature, and density. We take two important assumptions. First we assume that the product α • K T is constant over the whole mantle and equal to 4.0 • 10 6 ± 0.8 • 10 6 MPa/K [START_REF] Stixrude | Thermodynamics of mantle minerals-I. Physical properties[END_REF]. Next, we assume that the gruneisen parameter is also constant for the whole mantle and equal to γ th = 1.2 ± 0.2 [START_REF] Poirier | Introduction to the Physics of the Earth's Interior[END_REF]. Finally, knowing seismic velocities, and consequently the adiabatic incompressibility K S and temperature, we can use a set of well-known thermodynamic relations to estimate α through the following relation [START_REF] Poirier | Introduction to the Physics of the Earth's Interior[END_REF]:

α = (αK T ) K S -γ th • (αK T ) • T ( 3 
)
where T is temperature. This formulation imposes the computation of the absolute temperature, whereas up to now only temperature gradients in the mantle were needed. To scale our mantle temperature model we will assume arbitrarily that the temperature at the crustmantle boundary is equal to 300 K. Error analysis suggests that the error on α so estimated is dominated by the error of the product α • K T (20%) even in the case of large errors (∼300 K) on absolute temperatures. Once thermal expansion has been computed, equation ( 1) can be integrated with Birch's law and V P V S ratio to construct seismic and thermal profiles of the lithosphere. The same method is applied to the adiabatic part at the bottom of the mantle with τ = 0.0. The core is parameterized using an average radius and density. Constant values for P and S wave velocities are fixed to 4.0 km/s and 0.0 km/s, respectively, to allow for the computation of Love numbers. The effect of core properties have little influence on the Love numbers because of the small size of the core. Core density will be deduced from the rest of the model parameters by fitting lunar mass and moment of inertia.

Model parameters are summarized in Table 9. The inversion is performed by building lunar models (seismic velocity and density profiles) from random values of the inverted parameters. Then, only lunar models predicting geodetic variables within their error bars are selected (see Table 5). A first set of 30 lunar models for each core radii (sampled by 5 km steps from 250 to 550 km radius) are selected. For each of these models station correction parameters (T corP and T corS ) are inverted to minimize the cost function of seismic travel times. Then, the parameter space is explored using the Neighbourhood Algorithm (Sambridge 1999) at each core radius, always imposing that the selected models predict geodetic variables within their error bars, and inverting for station correction parameters. The Neighbourhood Algorithm is performed with 16 loops exploring the neighbourhood of the 3 best models of the parameter space with 10 new models. The whole ensemble of models explored is considered, and only 1% of the models with the best cost function are kept for the ensemble analysis.

Model 3

The composition of the lunar mantle is investigated using the model chemical system CaO-FeO-MgO-Al 2 O 3 -SiO 2 -TiO 2 (CFMASTi). We assume that mantle mineralogy is dictated by equilibrium and compute this from thermodynamic data as a function of pressure, temperature, and bulk composition by Gibbs energy minimization [START_REF] Connolly | The geodynamic equation of state: what and how[END_REF]. For these calculations, we consider the stoichiometric solid phases and species in the thermodynamic data compilation of Holland andPowell (1998, revised 2002) together with the silicate melt and non-stoichiometric phases summarized in Table 2 of [START_REF] Mohorovicic | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF]. The silicate melt model is based on pMELTS [START_REF] Ghiorso | The pMELTS: a revision of melts for improved calculation of phase relations and major element partitioning related to partial melting of the mantle to 3 GPa[END_REF]. Thermodynamic properties are computed for the aggregate at the temperature of interest. To determine elastic moduli the Hashin-Shtrikman bounds are averaged. For this particular model, we assume that the Moon is divided into a number of layers that constitute crust, upper and lower mantle, and core. Crustal composition (c cr ) is fixed to that of [START_REF] Taylor | The Moon: a Taylor perspective[END_REF] with temperature T and constant thickness d 1 . To better capture variations in crustal properties (ρ, P -and S-wave speed), we employ a function of the form f i = f i • φ, where f i is one of the aforementioned physical properties in crustal layer i computed thermodynamically and φ is a depth-dependent porosity parameter based on the results from GRAIL [START_REF] Wieczorek | The crust of the Moon as seen by GRAIL[END_REF]). The mantle is divided into two layers that are parameterized by thicknesses d 2 and d 3 , compositions X 2 and X 3 and temperature T . Mantle compositions are uniform in each layer and temperature is defined at a number of fixed radial nodes. The physical properties of the core are specified by radius (r c ), density (ρ c ), and electrical conductivity (σ c ), respectively. Model parameterisation is illustrated in Fig. 8 and prior information is summarised in Table 10.

Once all the model parameters values have been assigned, we can compute radial profiles of equilibrium modal mineralogy, seismic properties, and electrical conductivity as a function of pressure, temperature, and composition at intervals of 20 km (thermodynamic nodes) from the surface to the core-mantle-boundary. Since electrical conductivity is less important in the context of computing seismic travel times, we skip the details of how bulk electrical conductivity profiles (shown in Fig. 2a) are determined and refer the interested reader to [START_REF] Mohorovicic | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF].

Definition of Cost Function

We use the following L 1 norm-based cost function

J 1 = Np |T obs p -T calc p | σ p Ns |T obs s -T calc s | σ s (4) J 2 = |M obs -M calc | σ M + |C obs -C calc | σ c (5) J 3 = |k obs 2 -k calc 2 | σ k 2 + |h obs 2 -h calc 2 | σ h 2 (6) J 4 = ω |ρ obs a (ω) -ρ calc a (ω)| σ ρa (7)
where the first cost function (J 1 ) computes the misfit between the number of observed (N p , N s ) and computed P (T p ) and S (T s ) wave travel times within error bars (σ p and σ s ) (see Fig. 11 of Nunn et al. submitted). The second and third cost functions (J 2 and J 3 ) determine fits to mean mass (M) and mean moment of inertia (C = I/MR 2 ), degree-2 Love numbers determining gravity (k 2 ) and shape (h 2 ) responses, respectively, within error bars σ k , where k refers to either M, I/MR 2 , k 2 or h 2 (Table 5). The fourth cost function (J 4 ) determines the fit to electromagnetic sounding data within errors σ ρa (Table 6). Superscripts throughout refer to observations (obs) and computed data (calc). Due to the differing model parameterisations, model suite 1 (M1) only minimizes J 1 , whereas model suite 2 (M2) minimizes J 1 + J 2 + J 3 and model suite 3 (M3) minimizes J 2 + J 3 + J 4 while computing J 1 in a predictive sense. Inversion output consists of ensembles of internal structure models that fit the cost functions.

Inversion Results and Discussion

Results from the inversions in the form of median profiles of V P , V S , and ρ, including mean absolute deviation, are shown in Fig. 9. For comparison, some recent models discussed in Sect. 3 are also shown. For further use, median models are compiled in Appendix A.1 and Table 11. Misfit values and computed P-and S-wave travel times for the three models are shown in Fig. 10 and 11, respectively. By comparing the three models, the following observations can be made:

1. Crustal structure differs between the three models and reflects the different prior constraints employed: M1: variable crustal thickness without imposing a crust-mantle discontinuity; M2: variable crustal thickness with an imposed crust-mantle discontinuity; and M3: fixed crust-mantle discontinuity at 40 km depth. 2. In the uppermost mantle (depth range 60-200 km), models M1 and M2 are in good agreement and suggest the presence of a low-velocity layer (LVL). The extent of this layer differs between the two models, which possibly relates to their different crustal structures. An indication of the presence of a LVL in the upper mantle was first noted from the difference in arrival times from shallow moonquakes compared with those from deep moonquakes and meteoroid impacts [START_REF] Nakamura | Deep lunar interior inferred from recent seismic data[END_REF]. Khan et al. (2006a) also found a decrease in V S with depth owing to the enhanced effect of temperature on V S over that of pressure. There is less overlap between M1 and M2 in the mid-mantle (depth range 4)). Model parameterisations are described in Sect. 6.1 200-500 km). Model M3 differs throughout this depth range with significantly higher seismic P-wave speeds but moderately overlapping S-wave speeds (in the depth range 100-250 km). These differences between M1/M2 and M3 are also discernable from the travel time residuals plotted in Fig. 11, where a positive trend for P-waves in the 25 • -80 • epicentral distance range is apparent for M3, but less so for M1 and M2. This difference between M1/M2 and M3 suggests that the seismic data constrain the first 600 km of the lunar interior. 3. In the mid-to-lower mantle (depth range 600-1200 km), the seismic profiles for all three models generally overlap over the entire range, indicative of a relatively uniform lower mantle with no clear evidence for a mid-mantle discontinuity as suggested in earlier studies [START_REF] Nakamura | Seismic velocity structure of the lunar mantle[END_REF][START_REF] Khan | An inquiry into the lunar interior: a nonlinear inversion of the Apollo lunar seismic data[END_REF]). Both the model based only on seismological data (M1) and the one relying on mineral physics assumption (M3) agree on that point. 4. Below ∼1200 km depth model variability increases for all three models and indicates the maximum depth to which the seismic wave speeds are properly constrained by the seismic travel time data set. 5. A relatively strong decrease in seismic wave speed at the base of the mantle is apparent in M1 and M3. In the case of M1 and M2, this velocity decrease is driven by having to fit strongly positive residual P-and S-wave travel times at large epicentral distances, whereas for M3 a "soft" zone is required to explain the Love number. While geophysical evidence for partial melt in the deep lunar interior is accumulating [START_REF] Nakamura | New seismic data on the state of the deep lunar interior[END_REF]Williams et al. 2001a;Efroimsky 2012b,a;[START_REF] Mohorovicic | Geophysical evidence for melt in the deep lunar interior and implications for lunar evolution[END_REF][START_REF] Harada | Strong tidal heating in an ultralow-viscosity zone at the core-mantle boundary of the Moon[END_REF], models using Plots were produced using the numerical software TTBox [START_REF] Knapmeyer | TTBox: a Matlab toolbox for the computation of 1D teleseismic travel times[END_REF] different rheologies are also able to reproduce the geophysical observations [START_REF] Nimmo | Dissipation at tidal and seismic frequencies in a melt-free Moon[END_REF]. 7. While the models are capable of fitting the P wave arrivals at large epicentral distances, none of them are able to fit the strongly delayed S-wave travel times (Fig. 11), even in the case of models M1 and M3, that contain very low S-wave velocities at the base of the mantle. Because these travel times emanate from a single farside meteoroid impact and a farside deep moonquake, it suggests that the S-wave arrival time readings for these particular events are wrongly picked in the coda because the otherwise abrupt S-wave arrival has been attenuated. A possible explanation for this, includes either a lower mantle with a partial melt layer, which would strongly attenuate S-waves and create a shadow zone so as to render these difficult to observe or, alternatively, a large core that diffracts Pwaves and produces arrivals at large distances, while the amplitude of diffracted S-waves decreases quickly distance and provide an explanation for the absence of clear Swave arrivals at large distances. These effects are illustrated in Fig. 12, which shows ray paths for S-waves in a model with (M1) and without (M2) a lower mantle low-velocity layer. A shadow zone is clearly present in the case of M1, whereas the effects of diffracted waves are seen in the case of M2. 8. Only model suites M2 and M3 are capable of constraining density structure. As in the case of seismic wave speeds, M3 is denser than M2 over most of the upper and midmantle. While the M2 distribution in the core region is wider than M3, densities overlap and suggest average core densities in the range 4-5 g/cm 3 . Densities in this range are incompatible with a pure Fe core, but suggest a small core (∼350 km in radius) consisting of Fe with a substantial amount of light elements (Fig. 3b). From the data considered here, it is not possible to resolve an inner core since neither density nor absolute P-wave speed are well constrained in this region.

L 1 -based misfit values for the three inversions are shown in Fig. 10. As expected, models M3 misfit values are significantly higher than both M2 and M1 given that models M3 are not obtained by inversion of the seismic travel time data. Despite different parameterizations and different crustal structure, models M1 and M2 produce similar misfit values with the more flexible parameterization of M1 resulting in the lowest misfit values. Based on this, we can make the following observations: (1) a seismic discontinuity separating crust and upper mantle is not necessarily required by the travel time data, although it should be noted that there are other arguments based on the seismic data that favour a discontinuity, e.g., crust-mantle body wave conversions and amplitude considerations, [START_REF] Vinnik | First seismic receiver functions on the Moon[END_REF][START_REF] Khan | An inquiry into the lunar interior: a nonlinear inversion of the Apollo lunar seismic data[END_REF]; (2) that uncertainties on the Apollo seismic travel time readings allow for a relatively large model spread; and (3) core size and composition (density) continue to remain elusive due to the general scarcity of data that directly sense the core and, not least, a lunar moment of inertia that is almost equal to that of a homogeneous sphere. Nevertheless, current consensus (Table 1) suggests a core 350 ± 40 km in radius with an Fe-like composition.

To better model lateral heterogeneities beneath stations, P-and S-wave station corrections have been applied to all travel times. The average P-and S-wave correction is set zero to avoid biasing velocity model estimates. Figure 13 summarises the inverted station corrections. These are broadly distributed for M1 and more peaked for the M2 models that invoke stronger prior constraints (note that M3 does not use station corrections). The consistency between the corrections of the different models is not ensured for all stations nor is its sign, i.e., whether positive or negative. These observations suggest that the station corrections are likely absorbing a number of effects including lateral heterogeneities between stations, variations of these heterogeneities with incidence angle, event mislocations and any other instrument or site effect at a given station. The variations of these parameters between M1 and M2 inversions and for the different velocity models of a given inversion suggest that these estimates are correlated to the inverted velocity model.

The low velocity layer at the top of the mantle is interpreted in terms of over-adiabatic thermal gradient. To do so, the excess thermal gradient relative to the adiabatic gradient as a function of lithosphere thickness are shown for the 1% best models of M2 in Fig. 14. The distribution clearly shows two types of models: models with thick lithospheres and low values of over-adiabatic thermal gradients, and models with thin lithospheres and large overadiabatic thermal gradients. The low velocity layer is driven by this second set of models, among which the best models parameters correspond to an over-adiabatic thermal gradient value of 0.7 ± 0.4 • C/km, translating into a thermal gradient of about 1.7 ± 0.4 • C/km, in a lithosphere extending down to 260 km depth (1425 km radius). This value is slightly larger than the ≈1.3 • C/km temperature gradient estimates by Khan et al. (2006a) and [START_REF] Kuskov | Constitution of the Moon5. Constraints on composition, density, temperature, and radius of a core[END_REF], the only studies presenting a similar upper mantle low velocity layer. Moreover, these values are close to the value of about 1.4 • C/km obtained by [START_REF] Laneuville | Asymmetric thermal evolution of the Moon[END_REF] for the region below Procellarum KREEP Terrane (PKT) where the Apollo seismic network is mainly located. This overall agreement suggests that the low velocity layer observed by Apollo seismic network may be linked to the presence of the PKT region.

Conclusion and Outlook

In this study, we have provided an overview of lunar seismicity, internal structure models, including scattering and attenuation properties of crust and mantle, lunar geophysical data sets other than the seismic data, and information pertinent to the lunar interior from modeling studies and laboratory measurements.

The comparison between the various seismic wave speed and attenuation models shows similarities and discrepancies. For example, crustal thickness in the vicinity of Apollo stations 12 and 14 appears to be constrained to within 10 km with a currently favoured thickness of between 30-40 km. Since a significant part of the seismic data illuminate upper and mid-mantle, models tend to overlap most in this particular region. Deep mantle and core structure are poorly constrained mainly due to the lack of seismic data at large epicentral distances. However, the models of seismic attenuation and scattering appear to present a relatively consistent picture in which the intrinsic attenuation inside the Moon is very low (Q > 1500) at all depths, and scattering is dominated by fracturing in the crust and upper mantle down to ∼100 km depth. In summary, large uncertainties persist and future studies relying on expanded and improved data will have to refine present results.

As part of this re-assessment, we also performed an inversion of the "new" body wave travel time data presented in our companion paper (Nunn et al. submitted) as a first step toward a unified reference model of the lunar interior. Three very different model parameterisations were used of which two of the investigated models considered geodetic and electromagnetic sounding data. Comparison between model outputs suggests that, despite large error bars on the arrival time data set, the first 600 km of the lunar interior appears to be relatively consistent between the models with evidence for a low-velocity zone in the 100-250 km depth range. The observed velocity decrease corresponds to a thermal gradient (∼1.7 • C/km), consistent with previous investigations (Khan et al. 2006a;[START_REF] Kuskov | Constitution of the Moon5. Constraints on composition, density, temperature, and radius of a core[END_REF], and could possibly be linked to the thermal structure (high abundance of heat-producing elements) below the lunar nearside region known as the Procellarum KREEP Terrane [START_REF] Laneuville | Asymmetric thermal evolution of the Moon[END_REF].

As a caveat, we should note that our model inversions were performed under the assumption of perfectly known event locations. This is a rather strong assumption, which was invoked for the purpose of comparing different interior structure parameterisations. Clearly, this assumption needs to be relaxed in future applications given the inherent trade-off between event locations and interior structure. Deep moonquake locations, in particular, are strongly model dependent.

Finally, analysis of the lunar seismic data will continue to improve our knowledge of the lunar interior, although significant improvement in our understanding will probably have to await the return of a new set of high-quality seismic data. Preferably, these data should be acquired from a spatially and temporally extended network of large-bandwidth stations to address some of the outstanding issues, such as crustal structure and layering, mantle discontinuities, lateral variations and mantle heterogeneities, and core size and composition. To ensure that high-quality instruments can be operated simultaneously, a set of low-level requirements have been produced by our team that are described in our companion paper (Nunn et al. submitted). 
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 1 Fig.1Probability distributions of the elastic k 2 Love number for different values of α. Q is assumed to have a power law dependence on frequency with exponent α, and the distributions are plotted using constant values of 0.1, 0.2, 0.3, and 0.4. Also plotted is a case where all values of α 0.1 to 0.4 are equally probable
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 3 Fig. 3 Dependence of liquidi and density of Fe-S and Fe-C on light element content. (a) Iron-rich liquidus of Fe-S (Buono and Walker 2011) and liquidus of Fe-C (Fei and Brosh 2014) at 5 GPa. Symbols show candidate mantle solidi: green glass source[START_REF] Longhi | Petrogenesis of picritic mare magmas: constraints on the extent of early lunar differentiation[END_REF], ilmenite-cpx[START_REF] Wyatt | The melting and crystallisation behaviour of a natural clinopyroxene-ilmenite intergrowth[END_REF], picrite[START_REF] Green | Experimental petrology of Apollo 12 basalts: part 1, sample 12009[END_REF], and the eutectic of Fe-S and Fe-C. (b) Density of liquid Fe-S and Fe-C at 5 GPa at two representative mantle temperatures (cf. Fig.2b). The weight fraction of S is below the eutectic composition (∼25 wt%) and that of C is below its saturation (∼7 wt%). Orange circles are densities for Fe-S based on the molecular dynamics simulations ofKuskov and Belashchenko (2016) (at 5 GPa and[START_REF] Khan | A new seismic velocity model for the Moon from a Monte Carlo inversion of the Apollo lunar seismic data[END_REF] 

  , LG03 == Lognonné et al. (2003), BN06 == Gagnepain-Beyneix et al. (2006), WB11 == Weber et al. (2011), GR11 == Garcia et al. (2011), KH14 == Khan et al. (2014) and MS15 == Matsumoto et al. (2015) NU19 == Nunn et al. (submitted). References cited in the Table are the following: KV73ab == Kovach and Watkins (1973a,b), H83 == Hobbs et al. (1983), VK01 == Vinnik et al.

Fig. 4

 4 Fig. 4 Comparison of previously published lunar seismic velocity models. Radial profiles of P-wave velocity on the left, S-wave velocity in the center, and density on the right are presented from the surface to center of the Moon (top) and a zoom on crust and uppermost mantle (bottom). Solid lines indicate either mean or most likely model for each study, dashed lines indicate one standard deviation error bar where available. Black dashed lines indicate the contour lines including half of the model distribution with highest probability density in[START_REF] Khan | An inquiry into the lunar interior: a nonlinear inversion of the Apollo lunar seismic data[END_REF], limited to the first 500 km of the Moon

  [START_REF] Garcia | Very preliminary reference Moon model[END_REF] favor a core with a radius of 380 ± 40 km with an outer liquid part, while Weber et al. (2011) find a 150 km thick partially molten mantle layer overlying a 330 km radius core, whose outer 90 km is liquid.[START_REF] Matsumoto | Internal structure of the Moon inferred from Apollo seismic data and selenodetic data from GRAIL and LLR[END_REF] jointly inverted the travel time data ofLognonné et al. (

Fig. 6 Fig. 7

 67 Fig.6Locations of impacts and moonquakes on the lunar nearside. The locations of (a) artificial impacts, (b) meteoroid impacts, (c) shallow moonquakes, (d) and (e) deep moonquakes from different studies are displayed. The locations of artificial impacts are from[START_REF] Garcia | Very preliminary reference Moon model[END_REF]. The blue triangles in (a) represent the locations of the four Apollo seismic stations. Note that the event depths of shallow mooquakes in[START_REF] Nakamura | Shallow moonquakesdepth, distribution and implications as to the present state of the lunar interior[END_REF] were fixed to 100 km. (d)-(e) display the source locations of the DMQ's from different studies. The color denotes event depth. Note the location ofHempel et al. (2012) in (d) is the centroid of location cloud instead of an absolute location, which is resolved in other studies

Fig. 8

 8 Fig. 8 Model 3 parameterisation

Fig. 9

 9 Fig. 9 Comparison of previously published lunar internal structure models with model suites M1, M2, and M3. Radial profiles of P-wave velocity (a), and S-wave velocity (b), and density (c) as a function of depth. Plots in the bottom panel (d-f) show a zoom on upper mantle structure. Solid and dashed lines show median profiles ± mean absolute deviation obtained from all sampled models

Fig. 11

 11 Fig. 11 Differences between observed and computed travel times as a function of epicentral distance for (a) P waves and (b)-(c) S waves. Vertical black lines indicate uncertainties on observed P wave and S wave travel times. M1, M2, and M3 results are shown in blue, green and red, respectively. The computed travel times shown here are for the maximum a posteriori model for each of the model suites M1, M2, and M3

Fig. 12

 12 Fig.12Theoretical S-wave ray paths in models with and without a lower mantle low-velocity layer for a surface impact (gray star) and a deep moonquake (blue star), respectively. (a) model M1 with a low-velocity lower mantle (red region surrounding the core) and (b) model M2 without. For model M1, S-wave ray paths (black lines) are shown for a surface source and a source at 900 km (blue lines). For model M2, ray paths for S-waves are shown in black (surface source) and blue (source at 900 km depth) and for diffracted S-waves in red (surface source) and cyan (source at 900 km depth). The circle in the center marks the core in both plots. Plots were produced using the numerical software TTBox[START_REF] Knapmeyer | TTBox: a Matlab toolbox for the computation of 1D teleseismic travel times[END_REF] 

Fig. 13

 13 Fig. 13 Distributions of P -wave (a-d) and S-wave (e-h) station corrections for model suites M1 and M2. No station corrections were used for M3

Table 1

 1 Summary of lunar core size estimates, methods and data that have been used to constrain these. Abbreviations are as follows: ρ a (ω) = frequency-dependent electromagnetic sounding data; M = mean mass; I/MR 2 = mean moment of inertia; k 2 , h 2 = 2nd degree Love numbers; Q = global tidal dissipation; T P , T S = lunar seismic travel times; LLR = lunar laser ranging. Note that although a number of studies are indicated as using the same data, there can nonetheless be modeling and processing differences between the various studies

	Core	Core	Data and/or method	Source
	radius	density		
	(km)	(g/cm 3 )		
	170-360	-	Apollo T P , T S	Nakamura et al. (1974)
	250-430	-	Lunar prospector ρ a (ω)	Hood et al. (1999)
	350-370	5.3-7	LLR data	Williams et al. (2001a)
	350-400	6-7	M, I/MR 2 , k 2 , Q	Khan et al. (2004)
	300-400	5-7	M, I/MR 2 , k 2 , h 2 , Q	Khan and Mosegaard (2005)
	340-350	5.7	M, I/MR 2 , Apollo T P , T S	Khan et al. (2006a)
	310-350	-	Apollo lunar seismograms	Weber et al. (2011)
	340-420	4.2-6.2	M, I/MR 2 , k 2 Apollo T P , T S and seismograms,	Garcia et al. (2011)
	310-370	5.7	Seismic model and M, I/MR 2	Kronrod and Kuskov (2011)
	290-400	-	Kaguya and Lunar Prospector	Shimizu et al. (2013)
			ρ a (ω)	
	200-380	-	GRAIL gravity data and LLR	Williams et al. (2014)
	330-380	4.5-5	Apollo ρ a (ω), M, I/MR 2 , k 2	Khan et al. (2014)
	330-400	3.9-5.5	M, I/MR 2 , k 2 , Q, Apollo T P , T S	Matsumoto et al. (2015)
	<330	6-7.5	Molecular dynamics simulations of	Kuskov and Belashchenko (2016)
			Fe-S (3-10 wt% S) alloys	
	310-380	5.2-6.7	Elastic data of liquid Fe-S alloys	Morard et al. (2018)
			(10-27 wt% S)	

Table 3

 3 Summary of seismic attenuation estimates in the Moon. The notations and ⊥ refer to horizontal and vertical diffusivities, respectively. Frequency Dependence (Freq.

Table 4

 4 Summary of laboratory measurements of dissipation in Lunar rock samples

	Environment Pressure Remarks Temperature Frequency	1 MHz "At high pressures, all Vacuum 200 MPa Room T.	the samples. . . showed	an appreciable increase	in Q	1 MHz Samples were dried in Vacuum P ≈ 0 Room T.	100 degrees oven under	vacuum for 2 hours	≈1 Hz Air Room P. Room T.	C 40-130 kHz "Humidity variation Vacuum ≈1.33 Pa 25 • -125 •	(0-100%) varies Q by Dry nitrogen factor of 2" ≈0.1 MPa	"Temperature variation from 25 • C to 125 • C	do not change the Q	significantly"	No difference between	N2 and vacuum	Tens of KHz? "Showed that Q rapidly Hot water vapor Room P. Room T.	decreases with water Humid/dry air intrusion." Vacuum "At higher vacuum and Room P. 8e -6 Pa 8e -lower temperature, Q Vacuum 6 Pa Room T. -180 • Room T. C	value increases and	approaches what was	observed on the Moon"
	Q s,t Method	10 Amplitude ratio	with controlled	specimen		Amplitude ratio	with controlled	specimen	Torsion pendulum	Resonance peak	half-width						Resonance peak	half-width			
	Mission Sample codes Q p,y	Apollo 11 10020/10057/10065 10				Apollo 12 12002, 54/12022, 60 15			17-35	Apollo 12 12063/12038 130-300							Apollo 14 14310,86 10	50-90	130-150	400-800	
	Reference	Kanamori	et al. (1970)			Wang et al.	(1971)			Warren et al.	(1971)						Tittmann	et al. (1972)			

Table 5

 5 Summary of lunar geodetic data parameters and uncertainties used in the inversions

	Variable	Value	Source
	Mass	7.34630 ± 0.00088 × 10 22 kg	(Williams et al. 2014)
	R	1737.151 km (1737.151 km)	(Wieczorek 2015)
	I s /MR 2	0.393112 ± 0.000012	(Williams and Boggs 2015)
	k 2 : elastic, α = 0.3	0 .02294 ± 0.00018	Sect. 2.1 this study
	k 2 : elastic, α = 0.1-0.4	0 .02248 ± 0.00072	Sect. 2.1 this study
	h 2 (LLR): elastic, α = 0.3	0 .0450 ± 0.0058	Sect. 2.1 this study
	h 2 (LLR): elastic, α = 0.1-0.4	0 .0441 ± 0.0058	Sect. 2.1 this study
	h 2 (LOLA): elastic, α = 0.3	0 .0353 ± 0.0031	Sect. 2.1 this study
	h 2 (LOLA): elastic, α = 0.1-0.4	0 .0346 ± 0.0033	Sect. 2.1 this study

Table 6

 6 Observed apparent resistivity (ρ a ) and error (dρ a )

		Period (s)	ρ a (Ωm)	dρ a (Ωm)
	calculated from Apollo lunar			
	day-side transfer functions	100000.00	58.6	2 .1
	(Hobbs et al. 1983)	50000.00	113.9	4 .0
		33333.33	164.5	5 .7
		25000.00	209.8	7 .4
		20000.00	250.8	9 .2
		16666.67	288.7	1 1 .0
		14285.71	324.6	1 2 .7
		12500.00	358.9	1 3 .9
		11111.11	392.3	1 4 .4
		10000.00	424.8	1 4 .2
		5000.00	693.5	3 6 .6
		3333.33	921.4	7 0 .5
		2500.00	1099.2	9 1 .9
		2000.00	1212.7	109.6
		1666.67	1283.2	110.8
		1428.57	1350.8	9 6 .8
		1250.00	1471.7	8 2 .3
		1111.11	1542.5	7 4 .5
		1000.00	1674.9	8 4 .3

Table 7

 7 Data sets and prior information of internal structure model inversions. ISSI team seismological data sets and quake locations are summarized in our companion paper(Nunn et al. submitted) 

	Model name	M1	M2	M3
	Data / prior			
	Body wave travel times ISSI team data set	ISSI team data set	ISSI team data set (prediction)
	Electromag. sounding	None	None	Table 6
	Geodetic data	None	Table 5	Khan et al. (2014)

Table 8

 8 Summary of M1 model parameters and model parameter ranges (prior information)

	Description	Quantity Parameter Value/Range	Distribution
	V p between surface and core	15		0.5-9.5 km/s	uniform
	V p /V s ratio between surface and core 4		1.5-2.2	uniform
	Core/mantle boundary depth	1		1200-1400 km uniform
	Core V p	1		0.5-9.5 km/s	uniform
	Core V s	1		0 k m /s	fi x e d
	P-wave station corrections	4	T corP	-4-4 s	inverted from travel times
	S-wave station corrections	4	T corS	-4-4 s	inverted from travel times

Table 9

 9 Summary of M2 model parameters and model parameter ranges (prior information)

	Description	Quantity	Parameter	Value/Range	Distribution
	Crust density	1		2600 kg/m 3	fixed
	Crust seismic model	NA	LG03	fixed	
	Crustal thickness	1		30-45 km	uniform
	Density Jump at	1		400-00 kg/m 3	uniform
	crust-mantle				
	boundary				
	Base of lithosphere	1		600-1630 km	uniform
	radius				
	Excess thermal	1	0-10 K/km	uniform	
	gradient in				
	lithosphere				
	Birch law parameter	1	a	-13--5 km/s	uniform
	"a" (mantle)				
	Birch law parameter	1	b	3-7	uniform
	"b" (mantle)				
	V p /V s ratio at top of	1		1.65-1.85	uniform
	mantle				
	V p /V s ratio at	1		1.65-1.85	uniform
	700 km radius				
	V p /V s ratio at	1		1.65-1.85	uniform
	bottom of mantle				
	Core radius	1		250-550 km	uniform
	Core V p	1		4 . 0 k m /s	fi x e d
	Core density	1		3000-8000 kg/m 3	deduced from Mass budget
	P-wave station	4	T corP	-10-10 s	inverted from travel times
	corrections				
	S-wave station	4	T corS	-10-10 s	inverted from travel times
	corrections				

Table 10

 10 Summary of M3 model parameters and model parameter ranges (prior information)

	Description	Quantity	Parameter	Value/Range	Distribution
	Surface porosity	5	φ	0.4-0.75	uniform
	Surface temperature	1	T surf	0 • C	fi x e d
	Crustal thickness	1	d 1	40 km	fixed
	Upper mantle	1	d 2	d 1 < d 2 < d 3	uniform
	thickness				
	Lower mantle	1	d 3	d 2 < d 3 < 1737.151 km-r core	uniform
	thickness				
	Crustal composition (in the NCFMAS	5	X 1	Taylor et al. (2006) values given in Table caption	fixed
	system)				
	Upper mantle	5	X 2	variable	uniform
	composition (in the				
	NCFMASTi system)				
	Lower mantle	5	X 3	variable	uniform
	composition (in the				
	NCFMASTi system)				
	Temperature	40	T i	variable	T i-1 < T i < T i+1
	Core radius	1	r core	0-434 km	uniform
	Core density	1	ρ core	ρ m -7.5 g/cm 3	uniform
	Core S-wave speed Core P-wave speed	1 1	V core S V core P	0 km/s 2-5 km/s	fi x e d v a r i a b l e
	Core electrical	1	σ core	10 5 S/m	fixed
	conductivity				

Table 11

 11 Seismic velocity (in km/s) and density (in g/cm -3 ) models as a function of depth (in km) extracted from M1, M2 and M3 inversions. M1 and M2 models show the median values of the distributions, as well as the 1σ uncertainties. For M3 the best misfit model is shown

	M1			M2				M3			
	Depth (km)	V P (km/s)	V S (km/s)	Depth (km/s)	V P (km/s)	V S (km/s)	ρ (g/cm -3 )	Depth (km)	V P (km/s)	V S (km/s)	ρ (g/cm -3 )
	0.00	4.04	2.32	0.00	1.00	0.50	2.60	0.00	4.50	2.47	2.60
	10.00 4.65	2.68	1.00	1.00	0.50	2.60	20.00 5.70	3.12	2.76
	20.00 5.26	3.05	1.00	3.20	1.80	2.60	40.00 6.73	3.71	2.89
	30.00 5.90	3.42	12.00 3.20	1.80	2.60	60.00 7.62	4.30	3.23
	40.00 6.51	3.79	12.00 5.50	3.30	2.60	80.00 7.62	4.30	3.23
	50.00 7.10	4.12	28.00 5.50	3.30	2.60	100.00 7.63	4.31	3.23
	60.00 7.57	4.38	28.00 7.68	4.41	3.34	120.00 7.80	4.45	3.35
	70.00 7.62	4.42	41.63 7.68	4.41	3.34	140.00 7.80	4.45	3.35
	80.00 7.63	4.42	65.40 7.68	4.40	3.34	160.00 7.80	4.45	3.36
	90.00 7.64	4.42	90.00 7.67	4.39	3.34	180.00 7.80	4.44	3.36
	100.00 7.64	4.42	110.00 7.66	4.39	3.34	200.00 7.81	4.44	3.36
	110.00 7.64	4.41	132.01 7.66	4.39	3.34	220.00 7.81	4.44	3.36
	120.00 7.64	4.41	140.59 7.67	4.39	3.34	240.00 7.88	4.48	3.36
	130.00 7.64	4.41	176.44 7.68	4.39	3.34	260.00 7.98	4.52	3.41
	140.00 7.64	4.40	180.99 7.69	4.40	3.35	280.00 8.03	4.53	3.42
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Appendices A.1 Appendix

This appendix provides the numerical values of the median of internal structure model distributions of M1, M2, and M3 inversions.