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Introduction 

This appendix reviews what is known about this major issue.  In general one does not expect qualitatively different isotopic compositions for elements in solar matter than those found on Earth, e.g. all 18O instead of predominantly 16O as on Earth.  (There are very interesting exceptions in H, He, Li and B; these are considered separately, below for He, in Appendix B for H and in appendix F for Li and B.)  Although surprises are always possible, the limited isotopic data available for solar matter (see below) supports the expected qualitative similarity.  Consequently, it would be irresponsible to design a solar wind sampling/analysis strategy that depended on finding major (factor of 2 or larger) differences.  However, as discussed below, it is  plausible to expect ubiquitous small differences in the relative abundances of isotopes of a given element, (i.e. in the ratio of the number of atoms of two isotopes).  As discussed in Appendix H, it is reasonable to assume either that there is no isotopic fractionation between the solar wind and bulk solar matter or that any small corrections can be reliably made. 

Theoretically, the input materials to the solar system from stellar nucleosynthesis are expected to be isotopically very heterogeneous because different stars and different parts of a single star are predicted to contain vastly different proportions of the isotopes of a given element.  This expected heterogeneity has been confirmed by large variations in the isotopic compositions of intact interstellar grains recovered from meteorites (see e.g. the review by Anders and Zinner, 1993).  Qualitatively, this enormous heterogeneity has been mixed away; however, exceptions (such as the direct observations of interstellar grains) to perfect mixing exist, all of which have major implications.  The challenge is to recognize and quantify these exceptions.  

In natural terrestrial and lunar matter, isotopic abundance variations arise from radioactivity, chemical-physical isotopic fractionation, and nuclear reactions (galactic cosmic rays, and to a lesser extent, solar flare ions for lunar samples).  These processes have been intensively studied and are relatively well understood.  Although the level of precision varies greatly for the various elements, the overall conclusion is:  Among terrestrial materials there is no evidence for isotopic variations which cannot be accounted for by the above processes and which would represent "residual" isotopic heterogeneities from the isotopically diverse input materials to the solar system.  For example there have been thousands of measurements of terrestrial 86Sr/88Sr, and no variations in this isotopic ratio have been reported beyond what can be accounted for by mass fractionation in thermal ionization sources (circa 1%).  Recent observations of 129Xe variations in volcanic rocks are possibly the first indication of residual isotopic heterogeneities among terrestrial materials.

Considering only data for non volatile elements among lunar and terrestrial materials, there is no evidence for systematic isotopic differences between terrestrial and lunar matter which would represent "residual" isotopic heterogeneities.  As discussed below, the situation is more complicated for volatile elements in lunar materials because these are predominantly from non-lunar sources.  

The overall isotopic homogeneity of lunar and terrestrial material represents thorough mixing by a combination of processes: (a) during or subsequent to the formation of the Earth and Moon, (b) in the solar nebula prior to the formation of the Earth or (c) in the interstellar medium by destruction of grains prior to their incorporation into the solar nebula.  The survival of some interstellar grains in meteorites shows that process (c) alone did not produce total isotopic homogenization.  Isotope anomalies in meteoritic materials discussed below show that the mixing associated with (b), although good, was not perfect.   For the Earth and Moon, the isotopic heterogeneity that escaped (c) and (b) has apparently almost entirely been eliminated by (a).  Establishing the relation of solar matter to that of meteoritic or terrestrial/lunar matter is a major goal of a solar wind sample return mission (compare Appendix D).

We now proceed to a summary of the actual data on which the above overview is based.

Photospheric Isotope Ratios

 As discussed in Appendix B, except for the lightest elements (H, He, Li, B), strong arguments can be made that the material in the outer convection zone of the Sun preserves the original solar chemical and isotopic composition.  It is plausible, and generally accepted, that this composition also applies to the solar nebula out of which the planets formed.  (This major assumption can be tested by a solar wind sample return, as discussed specifically in Appendix C). 

The photosphere represents the portion of the outer convection zone of the Sun accessible to observations, but determination of isotopic abundances from photospheric observations is very difficult. A small amount of information is available from molecular spectra.  CO molecular observations from sunspot umbra by Hall (1973) set upper limits on any differences in the photospheric and terrestrial isotopic abundances of C and O: 13C/12C, 15%; 18O/16O, 35%; and 17O/16O, factor of 2.5.  A thorough high resolution study of hundreds of CO lines by Harris et al [1987] gives 12C/13C = 84±5 and 18O/16O=440±50.  Analogous observations of MgH limit differences in 25Mg/24Mg and 26Mg/24Mg to less than around 20% (Boyer et al., 1971).  This level of precision is not acceptable for planetary science purposes.

Solar Wind Isotopic Ratios 


Data are available for He, Ne, and Mg.

He.  The ISEE‑3 mass/charge spectrometer (Ogilvie et al, 1980, Coplan et al., 1984; Ogilvie et al., 1989) provided essentially continuous coverage of 4He/3He over a 3-4 year period (1978-1982) with the significant result that, although hourly averages of this ratio show order of magnitude variations, the long‑term average from Aug. 1978 through Dec. 1981 (2050±200) is within errors of the average of the Apollo SWC foil results (2350±120; Geiss et al., 1972) which represents about 5 days total exposure in a period around solar maximum.  Here the ± represents the variability of the data, independent of systematic error estimates.  The ISEE-3 He isotope ratio for speeds greater than 450 km/sec (1900) is within errors the same as the average for all speeds.  Consistent results have been obtained with the SWICS instrument on Ulysses (Bodmer et al., 1995). Based on daily averages the mean for roughly 500 days during 1992 and 1993 is 2290±200, in good agreement with the ISEE-3 and Apollo data.  Thus, despite short term variability, there appears to be a well-defined long term average value for 4He/3He.  During 1992-1993 Ulysses alternately sampled low speed "interstream" solar wind and high speed solar wind from polar coronal holes; however, no systematic variation with solar wind speed was observed for the different solar wind regimes.

Unlike other elements, the solar He isotopic composition is not expected to be that of the solar nebula because all solar D has been destroyed by thermonuclear reactions producing 3He, greatly enhancing the 3He abundance (Geiss and Reeves, 1972).  (This complete destruction appears to be unique to D).  Terrestrial planet atmospheres do not retain He and are dominated by 4He produced by radioactivity, so no comparisons are possible here.  Gas rich meteorites (see below) have significant noble gas contributions from unprocessed interstellar materials.  As expected, the 4He/3He for Jupiter from the Galileo probe data is 9000 (±10%), much higher than the solar wind ratios (Niemann et al., 1996).  The 9000 value is the best available estimate of the nebular 4He/3He, although if liquid He core formation has occurred on Jupiter, this might produce a significant 3He enrichment in the atmosphere.  (2008 Galileo ratio about 6000)
Ne.  Although data from WIND and SOHO instruments should be available soon, only the Apollo foil data are available at present.  Figure A1 is a correlation plot of the He and Ne isotopic data from the Apollo solar wind foils.  Each measurement is an average over 1 to 44 hours.  There are variations in 4He/3He outside of errors, but there is no evidence for any variation in 20Ne/22Ne with an upper limit of daily variations of about ±2% (Geiss et al., 1972).  As noted above, even with the relatively small amount of time averaging the Apollo 4He/3He average converges to that of ISEE-3 and Ulysses.  Any variation in 20Ne/22Ne, e.g. due to isotope fractionation during solar wind acceleration, would be expected to correlate with 4He/3He but no Ne isotope variations are observed.

Mg.  Spacecraft mass spectrometers on SOHO, and later on ACE should be capable of measuring isotopic ratios to better than ±10% (one sigma) for the major (>0.01-0.02 in fractional isotopic abundance) isotopes for Ne, Mg, Si, S, Ar, Ca, and Fe.  Initial data from an equivalent instrument on WIND (Bochsler et al., 1996) show 25Mg/24Mg and 26Mg/24Mg ratios within ±5% ( 1 sigma) of the terrestrial ratios.  Data from the SOHO instrument will be better, and errors will 
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Figure A1
also decrease when better instrument calibrations are carried out.  These and 22Ne/20Ne are favorable cases, and here it may be possible to approach the ±1% (2 sigma) requirements for sample return isotopic precision.  However, in these favorable cases with a returned sample, it will be possible to greatly exceed the general ±1% precision requirement.  In general, with a returned sample, it should be possible to exceed the isotopic precision of in-situ instruments by at least an order of magnitude for any element.

Beyond 20Ne/22Ne and the Mg isotopes, the SOHO and ACE instruments will not have adequate mass resolution to provide CNO isotopic abundances of adequate precision for planetary science purposes.  For the SWIMS instrument (Hamilton et al., 1990) FWHM mass resolution is adequate (their Figure 5); however, it is the non-Gaussian tails of the peaks which determine the ability to measure accurately isotope ratios requiring large dynamic ranges.  Their Figure 4 shows that tails are present on the high mass sides of peaks which are worth a few percent of the peak intensity at one mass unit above the main peak for the mass 10-20 range.  The 17O/16O to be measured will be about 4x10-4, so the signal to noise at mass 17 for SWIMS will be of the order 1/25; a mass 17 peak will not be visible in the SWIMS spectrum.  For planetary science purposes the 17O/16O ratio needs to be measured to an accuracy of 0.1%, i.e. it is important to distinguish clearly 3.70 from 3.71 x 10-4.  Analogous problems exist at mass 15 for the measurement of 15N/14N.  Other measurements made difficult because of very large neighboring peaks include important isotopes such as 19F, 21Ne, 41K, 55Mn, 53Cr, 57Fe, 59Co, and 61Ni.

An alternative, but simpler, argument which cuts to the heart of the CNO isotope issue is that there is no time of flight mass spectrometer which, in the laboratory, can measure CNO abundances with 0.1% precision.  Such measurements are always done with magnetic sector instruments, although good time of flight instruments are available.  It is unlikely that a spacecraft time-of-flight instrument will provide the required precision.

The general issue of solar wind isotope fractionation is considered separately in Appendix H.

Isotopic Ratios of Solar Flare Ions  The case of Ne is especially interesting in that during the 1980s it was believed that there were systematic differences between the Ne isotopic compositions for the solar wind and for solar flare ions.  Five independent measurements from the Apollo solar wind foils provide a precise and well-defined 20Ne/22Ne=13.7 (Fig. A1).  For the large flare of Sept. 1978, Mewaldt and Stone (1989) report 20Ne/22Ne=9.7±1.8.  A relatively large correction factor of 1.28 for charge/mass fractionation has been applied in obtaining this solar flare ratio.  In contrast, two large flares in October and November of 1992 showed higher ratios with the more intense November flare giving 20Ne/22Ne=13.9±1.7 after correction for charge/mass fractionation by a factor of 1.11 (Selesnick et al., 1993).  At this point there is no way to tell whether the 1978 or the 1992 flares, or both, are anomalous.  This is to be contrasted with the uniformity of the solar wind Ne isotope data.  Mg isotopic data for the 1978 flare show no differences greater than around 20% for both 25Mg/24Mg and 26Mg/24Mg (Mewaldt et al., 1981) relative to the terrestrial Mg isotopic composition.  The presence of observed flare to flare Ne isotopic variations and the existence of ubiquitous charge/mass fractionation (Appendix B) appear to make solar flare ions a less reliable source of solar isotopic compositions than the solar wind.

Meteorite Isotopic Data  This is a fascinating, but complex, set of data.  We only summarize the most relevant points for the science objectives of a solar wind sample return.  General reviews are, e.g. Podosek (1978),  Thiemens (1988), Clayton et al., (1985), Lee (1988), and Harper (1993).  The type of isotopic variations relative to terrestrial material ("anomalies") of interest here are those referred to as "nuclear", "unknown nuclear" or "non-linear" which, in English, means those isotopic variations which cannot be accounted for by processes of radioactivity, chemical/physical mass fractionation, or recent energetic particle bombardment.  In considering these anomalies, it is important to remember that chondritic meteorites are complex mixtures of materials ("components") with independent origins, thus order of magnitude isotopic variations can exist in micron and sub-micron sized interstellar materials within a chondrite, but if these contain a small fraction of the inventory of a given element, they have a negligible effect on the bulk meteorite isotopic composition, which in turn reflects an average of various materials formed within the solar system.

Ca-Al-rich inclusions (CAIs) (MacPherson et al., 1988) found in carbonaceous chondrites have been a rich source of isotopic anomalies.  These are high temperature materials with characteristic enrichments of highly non-volatile (refractory) elements, e.g. Ca and Al, with respect to less refractory elements such as Fe and Si.  CAIs formed in the solar nebula, apparently very early, by processes that are still matters of debate.  Many of the observed isotopic variations in CAIs appear to reflect much larger degrees of physical mass fractionation effects than are present in terrestrial materials, probably due to high temperature distillation processes (e.g. Clayton et al., 1985; Papanastassiou and Brigham, 1989; Ireland et al., 1992; Clayton, 1993).  These are characterized by isotopic variations relative to terrestrial matter that systematically increase, approximately linearly, with the difference in mass of two isotopes.  In addition, "non-linear" anomalies which show no systematic mass dependence have been reported in O, Mg, Si, Ca, Ti, Cr, Fe, Ni, Zn, Sr, Zr, Ba, Nd, Sm, and Dy in CAIs (see e.g. Harper, 1993 for references).  An important point is that the CAI non-linear anomalies are relatively small, parts in 103 to 104, except for O where anomalies ranging up to 4% in 18O/16O have been found (e.g. Clayton, 1993).  There is no doubt that the CAIs formed in the solar system (some of them are cm-sized igneous rocks).  In principle there could be unprocessed relict interstellar grains included in CAIs, but no unambiguous example of these has been discovered.  The origin of the non-linear CAI anomalies is possibly related to the fact that the CAIs were among the first-formed materials in the solar system (possibly the first-formed material).  Thus, CAIs formed from solar nebula material at a time when the solar nebula was isotopically more heterogeneous than the present day inner solar system, at a time when mixing was less complete than it is today.  The precise time of separation of the Sun and planetary material relative to CAI formation is unknown, but isotopic heterogeneities could have been present which remain as systematic isotopic anomalies between solar and terrestrial matter.

Systematic non-linear isotopic differences in bulk (>0.1 g) samples among various types of planetary materials are only well-documented for noble gases, N, O, Cr, and Ti.  There are also preliminary reports of systematic differences in 137Ba/138Ba at the part in 105 level between terrestrial and bulk chondritic samples (Harper et al., 1992).  The Cr anomalies (part in 104 differences) are between some (but possibly not all) meteorites and terrestrial/lunar material (e.g. Birck and Allegre, 1985, 1988; Harper and Wiesmann, 1992; Lugmair et al., 1996).  For Ti, anomalies are between 3 and 12 parts in 104 between chondrites and terrestrial materials (Niederer et al., 1985; Niemeyer, 1988).

Our measurement objective priorities for a solar wind sample return give special emphasis to Ca, Ti, Cr, and Ba (Objective 7, Proposal Table 3) relative to a general survey of solar-terrestrial isotopic differences (Objective 12).  The rationale for Objective 7 was to select elements for which there is a greater than random chance for seeing isotopic differences between the Earth and Sun, i.e. to cherry pick from the general isotopic survey.  Ti and Cr satisfies this requirement because of the systematic, but small, isotopic differences among bulk meteorite samples and the Earth.  To some extent there is no difference between Ti/Cr and O except that the O isotopic anomalies are larger, better documented, and more famous.  Also, beyond generic isotopic heterogeneity in the solar nebula, it is likely that the details differ for why O and Ti variations have survived.

53Cr isotope anomalies [Lugmair et al., 1996] appear to vary systematically with the distance of formation from the Sun and might represent a late addition of interstellar (supernova?) material to the solar nebula.  The ejecta might contain significant amounts of radioactive 53Mn which otherwise did not exist in the solar nebula.  If the 53Mn were non-uniformly distributed, spatially varying 53Cr anomalies would be impressed on the solar system.  This apparent trend of Lugmair et al., predicts that the solar 53Cr/52Cr ratio should be less than the terrestrial value.  Alternatively, if the apparent radial trend is accidental, the 53Cr anomalies could also reflect chemical fractionation of Mn and Cr during the formation of the Earth in which case a higher 53Cr/52Cr ratio is predicted.

Anomalies in Mg due to similar heterogeneous solar system distribution in 26Al have been discussed, analogous to those proposed for 53Mn.  However, there is no evidence for 26Mg/24Mg variations produced by 26Al decay analogous to those for 53Cr.  The difference is not obviously explained by the 6 times longer half-life of 53Mn because the issue is whether the heterogeneities are mixed away, not when the mixing occurs.

Ca, Cr, and Ba are elements which, in meteoritic jargon, show “negative isotope anomalies” in some meteoritic materials, although not bulk samples.  In English, this means that an extra amount of some isotope was added to the Earth  but was omitted from some special meteoritic inclusion.  There are major differences in implications between negative and positive anomalies because, in principle, only a few grams of anomalous material need be floating around the solar nebula and captured by the inclusion to produce positive anomalies.  For negative anomalies, many tons of anomalous material had to be added to the Earth and missed by the inclusion.  This might represent major compositional gradients in the nebula or late additions of a large amount of interstellar material to the nebula.  For both these reasons, these elements are the first choices to look for significant residual isotopic differences between the Earth and Sun.

Given the relatively small numbers of atoms/cm2 of Ca, Ti, Cr, and Ba in a solar wind sample return, measurement of part in 103-104 isotopic differences is challenging, although not impossible.  It is possible, however, that the differences observed among meteorites and the Earth are the tip of the iceberg and that variations in the 0.1-1% exist for solar matter with respect to either meteorites or the Earth.

Oxygen Isotope Variations.  Systematic differences in the O isotopic composition of planetary and meteoritic materials have been documented over the past two decades by R.N. Clayton and co-workers (Clayton et al., 1985; Clayton ,1993).  Even excluding CAIs, the total percentage range in 18O/16O between different types of meteoritic materials and the Earth is 140 parts in 104, i.e. 1.4%, much larger than for Ti.  As there is no reason to exclude the CAIs from this comparison, the total range is around 4.9%.  Combining data for both 17O/16O and 18O/16O on a two-isotope correlation plot permits resolution of families of solar system materials, an example of which is shown in Figure A2.  These studies show that the solar system has a resolvable O isotopic structure with each part of the solar system appearing to have distinct proportions of the three O isotopes.  The cause of the variations is unknown at present.  An important goal of 21st century planetary science will be to discover and interpret the solar -system-wide structure in O isotopes.

Understanding solar nebular evolution is inextricably linked to understanding the O isotope variations.  In fact it is widely accepted that the origin of the solar system cannot be understood without understanding the origins of the O isotope variations.  As the major mass reservoir in the solar system, the Sun is obviously important, and the solar O isotopic composition plays a key role in any interpretation.  For these reasons measurement of O isotopic composition is the highest priority measurement objective for our solar wind sample return.

Significance of O Isotope Variations  It is somewhat surprising that the most abundant element in meteorites, O, shows variations in all meteoritic material and shows variations larger than all other rock-forming elements.  A plausible interpretation of the anomalies is that they reflect incomplete mixing of two nucleosynthetic components, one richer in 16O and both having approximately the same 17O/18O ratio (Clayton, 1993), thus the 16O-rich component(s) could be the solid and the 16O-poor component be the gas.  Individual samples would represent various degrees of O exchange between solids and gas.  Solids with variations in 17O/18O might have been present, and these have been seen in interstellar Al2O3 grains.  However, a simple two-component model can still explain the fields on Figure A2 if it is postulated that some chemical/physical mass fractionation is superimposed on the products of component mixing.  In the 21st century we will presumably know the spatial relations for O isotopes in the present solar system.  This knowledge, coupled with precise solar O isotope data should allow at least models of the spatial distribution of different classes of interstellar grains and gas in the solar nebula.  The nucleosynthetic mixing model predicts that the Sun should represent the homogenized reservoir and that solar O isotopic composition will equal or exceed any planetary material in 16O depletion, lying up and to the right along the "mixing line" in the Figure.

An alternative hypothesis is that the O variations reflect molecular chemical processes (Thiemens and Heidenreich, 1983; Thiemens, 1988).  This model makes no specific predictions about solar O isotopic composition; however,  knowledge of the solar O isotopic composition is  required to quantitatively model the consequences of such processes. 

O is unique in being a major element in both the gas and solid phases in the solar nebula (Clayton, 1993).  Thus, at the time of the formation of the various components in chondrites the isotopic heterogeneities among the solid phases may have been much less than between the gas and solid phases.  At the somewhat earlier period of CAI formation both intra-solid and solid-gas phase isotopic heterogeneities may have been larger.  Oxygen may be the only element capable of sensing the larger gas-solid heterogeneities, explaining why larger isotopic anomalies are found in oxygen than other rock-forming elements.  The early solar system structure revealed by O isotopes is likely to be present in other elements but is smaller than present detection limits.
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The significance of the solar O isotopic composition is that it represents the average solar nebula composition towards which different planetary materials were evolving when separated from the nebula or the isotopic composition from which later-formed objects (planets?) formed.  Differences in O isotopic composition relative to the solar nebula value obtained from a solar wind sample return could provide a relative formation sequence for planetary materials unobtainable in any other way.

Noble Gas, Nitrogen and C Isotopes; Implications for Planetary Atmospheres.  Here, the issues with isotopic and elemental abundances are closely intertwined, and we consider both.  The noble gas isotopes show large (percent levels and larger) anomalies even among bulk meteorite samples, especially for Ne and Xe.  Even greater variations (more than an order of magnitude for 20Ne/22Ne; factor of 2‑3 for Xe isotopes) can be found internally in different components of a chondrite.  For these elements, concentrations are orders of magnitude higher in interstellar grains compared to materials formed in the solar system; thus much of the bulk sample isotopic variability in meteoritic noble gases reflects the influence of the interstellar components.  But there remains what is generally referred to as "planetary" noble gases, the properties and origins of which remain ill-defined (Swindle, 1988).  The solar wind 20Ne/22Ne (13.7; from the Apollo foils) is the highest 20Ne/22Ne ratio known, compared to meteoritic/planetary material.  The 20Ne/22Ne ratio of the terrestrial atmosphere is 9.80, and many gas rich meteorites show 20Ne/22Ne near the terrestrial atmosphere value.  The origin of the large difference between solar wind and the terrestrial atmosphere is not known.  Many workers think it is the consequence of atmospheric escape, but this leaves the meteorite trapped gas compositions unexplained.  There is no question that knowledge of the other solar wind noble gas elemental and isotopic ratios to compare with Ne is critical to the solution of this major problem.

Research in planetary atmospheres might seem disconnected from solar wind composition, but the two are in fact closely linked.  Volatile carbon compounds, nitrogen, and the chemically inert noble gases are the tracers of choice for tracking physical processes.  Knowledge of the initial elemental and isotopic abundances of volatile species is imperative for identifying evolutionary mechanisms that might have acted, whether the modeling is forward, from presumed compositions in primordial atmospheres, or backward from known compositions in contemporary atmospheres.  For many models, solar wind data directly provide the initial compositions assumed to have been present in unevolved primordial atmospheres.  Information that pertains directly to compositions in the solar nebula envi​ron​ment of planetary accretion is only obtainable from the solar wind.  Data of adequate precision for all volatiles are only available from returned samples.  If as many believe, the difference in solar wind and terrestrial atmosphere 20Ne/22Ne reflects hydrodynamic escape of gases from our atmosphere, then the solar wind 21Ne/22Ne is predicted to be higher than in our atmosphere, readily testable with sample return data.  The amount of enrichment is model-dependent, but if hydrodynamic escape is not important, there might not be any enrichment.  If sample return data confirms the qualitative predictions of the hydrodynamic escape models, then it would be possible to obtain improved quantitative knowledge of the contributions that nuclear reactions in the Earth make to atmospheric 21Ne.  Precise measurement of the solar wind 129Xe abundance provides a needed initial value for models of the early evolution of the terrestrial planets based on 129I radioactive decay.  The possibility that solar, planetary atmosphere isotopic differences reflect general nebular heterogeneity rather than atmosphere evolution can be simply checked by the isotopic comparisons with non-volatile elements.  Even at the present level of precision the solar wind Mg isotopic data discussed above shows that any solar-terrestrial isotopic variations for Mg are much less than those for Ne supporting the escape interpretation for the differences in 20Ne/22Ne.

Lunar N Isotopes 

Perhaps the major unsolved mystery from Apollo is a roughly 20% increase in the 15N/14N ratio with time for lunar soil samples exposed to the solar wind.  This trend might represent: (1) a systematic secular change in the solar wind N isotopic composition [e.g. Kerridge, 1989],  (2) the presence of nonsolar sources of lunar surface N (lunar interior, Earth's early atmosphere, etc.) early in the history of the Moon [Bochsler, 1994] or  (3) dominance of higher energy solar particles with low 15N/14N in the older lunar samples [Bochsler and Kallenbach, 1994].  All models have important implications; none is completely satisfactory.  For example problems with model (1) are there is no known solar process that can account for a 20% change in 15N/14N, and that the N/Xe ratio in all lunar soil samples is far higher than expected for the solar wind.  But, on the other hand there is a good correlation of N and 36Ar concentrations in lunar soils which is hard to explain by models (2) and (3) because the 36Ar is universally accepted as solar wind derived.  All models predict a solar wind 15N/14N ratio about 20% higher than the terrestrial atmosphere.  Thus, it is possible that solar wind sample data would falsify all models, a common occurrence in planetary missions.  Terrestrial atmospheric hydrodynamic escape models are only compatible with model (1), thus some models will need revision.  Model (3) is directly tested by measurements of higher energy ions (Objective 9; see below).  If the contemporary solar wind is found to have 15N/14N distinctly above the highest lunar ratio, this would support (1) because the youngest lunar samples still correspond to roughly 100 my old solar wind, and alternatives (1) and (2) put the source of the variability at much older times.  The possibility that mechanism (1) represents solar surface nuclear processes will be tested with data from Objectives (10), (11), and (16).  If model (1) should prevail, it would mean that solar evolutionary processes can change isotopic compositions from those in the solar nebula, complicating one of our major objectives to varying degrees depending on details (which elements, etc).  However, confirmation of (1) could fairly be labeled a conceptual breakthrough, because there is no known solar process which could cause the required N isotopic evolution.  This is why the lunar N isotopic data have remained a mystery.

Solar Wind Abundances from Lunar Samples

History of the Sun from Lunar Samples.

These are major failed science objectives from Apollo.  Lunar materials contain implanted solar wind, but there has been considerable modification by lunar surface processes, especially meteorite impact.  Several papers (e.g., Podosek et al., 1971) have proposed that the isotopic compositions of Xe and Kr in lunar soils have been systematically modified from that of the solar wind.  Diffusive loss of solar wind is generally accepted to have occurred for all but the most retentive minerals, such as ilmenite, or pure metal grains.  Solar wind gases in these grains are still subject to modification by spallation reactions, lunar atmosphere, and possibly by interstellar atoms (Geiss, 1972).  It is imperative to confirm the estimated solar wind Xe, Kr, and Ar compositions by direct measurement of solar wind.  The controversy generated by the lunar soil N isotopes discussed above also attests to the complexity of the lunar data.  Somewhat ironically, the important general point is that independent knowledge of contemporary solar wind noble gas, nitrogen, and carbon elemental and isotopic abundances is required in order to interpret the lunar data. 

Higher Energy Solar Particles
The impetus to pursue this objective comes from significant progress in untangling the solar particle data in lunar samples.  Summarizing a very complex data set, there is now a credible consensus that solar particles at greater depths, (i.e. higher energy) than solar wind ions have different isotopic compositions than those released from shallower depths (presumably solar wind).  For carefully selected samples, the deeper ions have 20Ne/22Ne around 11 (Wieler et al., 1986; Benkert et al., 1993), whereas more shallow ions are consistent with the 13.7 ratio observed with the Apollo foils (Geiss et al., 1972).  Additionally, the existence of isotopically distinct high energy He, Ar, and Kr, if not also Xe, has been demonstrated (Benkert et al., 1993; Wieler and Baur, 1994; Pepin et al., 1995).  For all five noble gases, the high energy particle isotopic composition is fractionated from solar wind by the square of the mass ratios.

Elemental abundance ratios of the high energy component are roughly the same as in the solar wind.  Although poorly constrained, this observation argues against greater energy/charge rigidity acting on (Z/A)2 as a mechanism for the isotopic fractionation (Kerridge, 1993).

There is also convincing evidence that solar particle elemental abundances, at least He/Ne and Kr/Xe, were different in the past, although it is not clear that the solar wind, as opposed to higher energy particles, shows the compositional time dependence.  The youngest Apollo lunar samples correspond to samples with solar wind accumulated over the last 100 my, and if composition is truly variable, today’s solar wind in principle could be different.  More importantly, however, there are potentially other inputs to the measured lunar noble gases and N (terrestrial atmosphere/magnetotail, early outgassed lunar volatiles, meteoritic or cometary volatiles, interstellar atoms).  From this point of view, knowing present-day solar wind and superthermal elemental and isotopic compositions is required to be able recognize the presence of these other components in the Apollo and future lunar samples.

Given the great analytical sensitivity for noble gases, it will be possible to measure the elemental and isotopic abundances at deeper implantation depths than the solar wind ions (<10 keV/amu), corresponding to the 10-100 and 100-1000 keV/amu ranges.(Proposal Table 3, Objective 9).  Based on lunar data, the total flux of higher energy particles is as much as a few percent of bulk solar wind (Nichols et al., 1994).  If fluxes are at the high end of this estimate, elements such as C, Mg, Fe, Si should be analyzable in addition to the noble gases.  The changes in isotopic and elemental noble gas ratios inferred from the lunar data can be directly compared with those from a returned solar wind sample.
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