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Abstract
The chondritic porous interplanetary dust particles (CP IDPs), fragments of asteroids and comets collected by NASA high-altitude research aircraft from the Earth’s stratosphere, are recognized as the least altered samples of the original dust of the Solar Nebula available for laboratory examination. We performed high-resolution, ~25 nm/pixel, x-ray imaging and spectroscopy on ultramicrotome sections of CP IDPs, which are aggregates of >104 grains, and identified and characterized ~100 nm thick coatings of organic matter on the surfaces of the individual grains. We estimated the minimum tensile strength of this organic glue to be ~150 to 325 N/m2, comparable to the strength of the weakest cometary meteors, based on the observation that the individual grains of ~5 μm diameter aggregate CP IDPs are not ejected from the particle by electrostatic repulsion due to charging of these IDPs to 10 to 15 volts at 1 A.U. in space. Since organic coatings can increase the sticking coefficient over that of bare mineral grains, these organic grain coatings are likely to have been a significant aid in grain sticking in the Solar Nebula, allowing the first dust particles to aggregate over a much wider range of collision speeds than for bare mineral grains.
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1. Introduction
Many of the processes that occurred early in the history of our Solar System have not yet been definitively established. The first step in the formation of asteroids, comets and planets is believed to have been the aggregation of submicron and micron size grains into dust particles in the early Solar System. Blum and Wurm (2008) noted that: “The process by which submicrometer-sized protoplanetary dust particles evolve to kilometer-sized planetesimals is still enigmatic.” This process of grain aggregation in the early Solar System is reviewed in detail by Cuzzi and Weidenschilling (2006).
There are three possible outcomes of collisions between grains: hit and stick, hit and bounce, or hit and fragment. Only the first of these outcomes leads to aggregation of the individual grains into dust particles. Collision experiments conducted in Earth’s gravity indicate that bare rocky particles bounce apart at collision speeds less than 30 to 50 m/s and shatter each other at higher speeds (Hartmann, 1978). For grain aggregation to occur for very small objects, where the mutual gravitational force is inconsequential, there must be a mutual attractive force, such as the van der Walls force or some other type of surface energy, electrostatic or magnetic force, and/or some mechanism to dissipate energy in the collision.
Modeling of the sticking coefficient for micron-size, bare silicate grains suggested sticking would occur only for collision speeds less than 5 cm/s (Dominik and Tielins, 1997). However, collision experiments conducted in micro gravity in a drop tower, using micron-size SiO2 spheres showed that aggregation occurred for collision speeds <1.2 m/s, aggregation and fragmentation were roughly in balance for speeds from 1.2 to 1.9 m/s, and fragmentation dominated for speeds >1.9 m/s (Blum and Wurm, 2000).
But mineral grains do not condense into spheres, so many of the dust grains of the early Solar System are believed to have been irregularly shaped, rather than spherical. Mi-crogravity experiments indicate that at speeds up to ~1.9 m/s aggregation of irregularly shaped grains can occur, but higher speeds result in fragmentation (Blum and Wurm, 2000). Thus, it seems likely that, at extremely low speeds (<2 m/s) in low or zero gravity, surface forces, like the van der Waals, electrostatic or magnetic forces discussed in Cuzzi and Weidenschilling (2006), can promote grain aggregation. Since grains impact over a broad range of speeds in the Solar Nebula, grain growth occurs only for speed distributions where the rate of aggregation exceeds the rate of fragmentation.
Dust aggregation experiments by Blum et al. (2006) using irregularly shaped SiO2 grains resulted in aggregates with a high porosity (0.93). Dust samples consisting of these polydisperse, irregular SiO2 grains showed a range of tensile strengths, peaking at ~250 N/m2, while the tensile strength of samples of quasi-monodisperse, irregular diamond grains peaked at ~200 N/m2 (Blum et al., 2006). Both of these samples were described as “slightly compressed,” with porosities of 0.83 for the SiO2 grains and 0.78 for the diamond grains. The tensile strength increased significantly with the degree of compression of the material, rising to 2300 N/m2 for the irregular SiO2 grains compressed to a porosity of 0.56 (Blum et al., 2006), so uncompressed samples of these materials are likely to have tensile strengths somewhat lower. The uncompressed porosity for the irregular SiO2 grains was 0.93 (Blum et al., 2006), significantly higher than the 0.83 and the 0.56 for the samples on which the tensile strength was determined. To infer the tensile strength of the uncompressed material formed in Blum et al.’s (2006) experiments, we performed a linear extrapolation of the pair of data points they reported for the irregular SiO2 grains. But this approach gave a negative value of the tensile strength for uncompressed, irregular SiO2 grains (i.e., porosity = 0.93), demonstrating that a linear fit is not appropriate but indicating that the uncompressed material has a tensile strength substantially lower than 250 N/m2. A second degree polynomial fit, which requires a third point, was performed including as the third point zero tensile strength at a porosity of 1. This second degree polynomial fit gives a tensile strength at a porosity of 0.93, the value for the natural, uncompressed irregular SiO2 grains formed in Blum et al.’s (2006) experiments, of ~50 N/m2. This porosity is comparable to that of the most porous interplanetary dust particles (IDPs), extraterrestrial dust collected intact from the Earth’s stratosphere (Flynn and Sutton, 1991).
The critical collision speed at which fragmentation begins to dominate over aggregation is sensitive to the porosity, surface structure, and composition of the grains. Collision experiments described in Kudo et al. (2002) and Kouchi et al. (2002) performed on particles coated with laboratory analogs of interstellar organic matter found that these coated grains stuck together quite easily, even at collision speeds up to 5 m/s, an order-of-magnitude higher than the speed at which silicate-based or ice-based grains accreted due to the weak surface forces under the same conditions. At a temperature of 300 K Kudo et al. (2002) determined the tensile strength of these organic-coated particles to be ~103 N/m2. The experimental results of Kudo et al. (2002) indicate that it is desirable to examine the surfaces of the grains that were present in the Solar Nebula at the time of grain aggregation to determine if they were bare silicates or if they had organic coatings. If they had organic coatings, then we could employ the same techniques we used to characterize organic matter in the IDPs (Flynn et al., 2003) to investigate the nature of these surface coatings to determine if they could have aided in grain aggregation by increasing the critical collision speed where aggregation exceeds fragmentation. To do this, we first must identify the appropriate samples, those that contain the primitive submicron- and micron-size grains of our Solar System in an unmodified form.

2. Samples
Meteorites sample the primitive material of our Solar System, but all known meteorites exhibit evidence of gravitational compaction, aqueous processing, and/or thermal processing on their parent bodies. The processing experienced by chondritic meteorites and the effects of this processing on the composition and mineralogy of the meteorites is discussed in detail in Brearley and Jones (1998) and Krot et al. (2006). These parent body processing events overprinted the record of grain aggregation in the Solar Nebula in all known meteorite samples. Comets may preserve the record of primitive grain aggregation, because comets are believed to have preserved primitive grains in cold storage, well below the temperature where water is liquid, significantly reducing the effects of thermal and aqueous processing. But the only well-identified particles from a comet that are available for laboratory study, the grains of Comet 81P/ Wild 2 collected by the NASA Stardust spacecraft, were captured by ~6 km/s impact into silica aerogel (Brownlee et al., 2006). This process, in which the particles were decelerated from 6 km/s to rest in distances of millimeters to a few centimeters, disaggregated, dispersed, and flash melted most of the fine-grained assemblages identified in the aerogel walls of bulbous deceleration tracks (Leroux, 2012). The surfaces of many of the larger grains were abraded or thermally altered to a depth of ~1 μm (Brown-Lee et al., 2012), making most of the comet Wild 2 particles unsuitable for the study of original grain surfaces.
IDPs, which are small fragments from asteroids and comets, incident on the Earth’s atmosphere at speeds in excess of 10 km/s, are decelerated relatively gently compared to the comet Wild 2 particles collected by Stardust. The IDPs decelerate over distances of 10 km or more, in the Earth’s upper atmosphere, and then settle towards the ground. Modeling of the atmospheric entry and deceleration demonstrates that some small particles experience minimal entry heating and alteration (Whipple, 1950; Flynn, 1989; Love and Brownlee, 1994).
NASA has collected small (~2 to ~50+μm) IDPs from the Earth’s stratosphere using U2, ER-2 and WB-57 aircraft since the 1970’s (Brownlee, 1985). These IDPs are mostly dust from comets and asteroids. Two types of IDPs—anhydrous IDPs and hydrous IDPs—are present in the stratospheric collections (Fraundorf et al., 1982; Brown-Lee, 1985; Rietmeijer, 1998). The hydrous IDPs experienced aqueous processing on their parent bodies, overprinting the record of early Solar System processes. Among the anhydrous IDPs, one subgroup, the chondritic porous (CP) IDPs, show no evidence of either thermal or aqueous processing (Ishii et al., 2008).
A typical ~10 μm CP IDP, like the one shown in Fig. 1, is an aggregate of more than 104 anhydrous grains, mostly sub-micron in size, consisting predominantly of silicates, mostly olivine, pyroxene, glass with embedded metal and sulfide (GEMS), and rarer Fe-sulfide grains. The individual grains of these CP IDPs are unequilibrated (Fraundorf et al., 1982), some exhibit isotopic anomalies indicating they are interstellar/circumstellar grains that survived incorporation into the Solar System (Messenger, 2000), and they have elemental compositions consistent with primitive Solar Nebula material (Brownlee, 1985; Flynn, 1994). These CP IDPs are believed to be unequilibrated aggregates of both the initial condensates of the Solar System and some interstellar grains that avoided homogenization (Ishii et al., 2008). Thus, among all the types of extraterrestrial materials currently available for laboratory analysis, the CP IDPs are the best preserved samples of primitive Solar Nebula material available for laboratory study (Ishii et al., 2008).[image: A40623_2015_6501001159_Fig1.jpg]
Fig. 1.Scanning electron microscope image of an ~11 μm chondritic IDP collected from the Earth’s stratosphere by a NASA aircraft. The individual surface features are micron or submicron grains that have aggregated to form this dust particle. (NASA photo)




The porosity of these CP IDPs can be inferred from measurements of their bulk density. The densities of the CP IDPs range from 0.2 to 0.9 gm/cm3, with a peak at 0.6 gm/cm3 (Flynn and Sutton, 1991). But the major components of the CP IDPs are silicates—olivine, pyroxene, and GEMS, each having a bulk density of ~3.2 to 3.5 gm/cm3. Thus, the porosities of these CP IDPs must be ~0.70 to 0.94.
The individual grains in the CP IDPs are generally not in direct contact with each other. Brownlee (1985) noted that most porous IDPs consist of an enormous number of small crystals embedded in amorphous material. More detailed study of this amorphous material showed that many of the individual grains are coated by a ~50 to 200 nm layer of carbonaceous material (Thomas et al., 1996), as shown in Fig. 2. These carbonaceous coatings were characterized by electron energy loss spectroscopy (EELS) as “amorphous carbon” (Thomas et al., 1996). Flynn et al. (2003) reported thin carbonaceous coatings on the mineral grains in CP IDPs, but were unable to characterize this thin carbonaceous material at that time. More recently, Matrajt et al. (2012) have also reported carbonaceous coatings on mineral grains in several IDPs.[image: A40623_2015_6501001159_Fig2.jpg]
Fig. 2.High-resolution (~25 nm per pixel) x-ray absorption image of part of an ultramicrotome slice of a CP IDP, L2011*B6, showing the individual micron- and submicron-size mineral grains (dark gray). An image of the organic matter selected by cluster analysis (red) is superimposed, showing that the ~100 nm thick rims of organic matter form the contact surfaces between the individual mineral grains. (Field of view ~2.5 μm wide.)




For this work we analyzed slices from eight CP IDPs, L2005*A3, L2008G12, L2008R15, L2009*E6, L2009D11, L2009H9, L2011R11, and L2011*B6, provided to us by the Cosmic Dust Curatorial Facility at the NASA Johnson Space Center. Since our measurements are performed in x-ray transmission, each sample must be thin enough for ~300 eV x-rays to penetrate through the sample. So we prepared ultramicrotome slices, from 70 to 100 nm thick, using the procedure traditionally employed to prepare samples for examination in transmission electron microscopes (TEMs), making very thin slices of the material by forcing it over a sharp diamond knife. To avoid having the IDPs fragment they were embedded in elemental S for the micro-toming (Flynn et al., 2003), avoiding exposure to the epoxy or other organic embedding media traditionally used in the preparation of TEM sections.

3. Analytical Technique
We have examined the carbonaceous grain coatings in detail using a scanning transmission x-ray microscope (STXM) on Beamline X1A1 of the National Synchrotron Light Source. This beamline, described in Flynn et al. (2003), uses a zone plate to focus a monochromatic x-ray beam to an ~25 nm spot. The sample is mounted on piezoelectric stage that can be moved up-and-down and back-and forth through the x-ray beam. A detector, located behind the sample, records the x-ray flux transmitted through the sample. By rastering the sample through the fixed beam, we obtained an x-ray absorption map at the selected x-ray energy. We collected a sequence of ~250 of these absorption maps, by stepping the monochrometer over the range from 280 to 310 eV, typically in 0.1 eV steps over the critical energy range from 284 to 300 eV, where distinctive molecular features involving C bonds occur. The maps in this image stack were then aligned using techniques described in Jacobsen et al. (2000), and carbon-XANES spectra were derived for each pixel in the image stack. We used “cluster analysis,” described in Lerotic et al. (2005), to compare the C-XANES spectra from each pixel in an image stack and to select and identify groups having similar spectra. Improvements to this STXM provided the spatial stability necessary to characterize the carbonaceous grain coatings by X-ray Absorption Near-Edge Structure (XANES) spectroscopy.
XANES spectroscopy uses x-rays to induce electron transitions from the ground state to unoccupied, higher-energy molecular orbitals. Since these transition energies are characteristic of unique combinations and configurations of these orbitals (i.e. molecular bonds), XANES spectroscopy probes the molecular structure of the material. The XANES spectra were calibrated by measuring CO2 gas, which has several strong, narrow features in the 280 to 310 eV energy range. Carbon-XANES is particularly useful in distinguishing elemental carbon, such as graphite, amorphous carbon, diamond, or fullerenes, from various types of organic carbon by detecting the characteristic bonding of carbon to H, N, or O in organic matter, as shown in Fig. 3.[image: A40623_2015_6501001159_Fig3.jpg]
Fig. 3.Carbon XANES spectra of four C-bearing compounds: a) C60 fullerenes, b) graphite, c) lysine, and d) formalydehyde.





4. Results and Discussion
Figure 2 shows an x-ray absorption image of an ultramicrotome slice of a CP IDP, L2011*B6. The structure of the CP IDPs indicates that the carbonaceous material (red) must have been added to the surface of each mineral grain (dark gray) before the assembly of the aggregate dust particle. This implies a three-step sequence for formation of CP IDPs from the Solar Nebula. First, the individual grains condensed from the cooling nebular gas or entered the Solar Nebula in the case of interstellar/circumlstellar grains. Second, the carbonaceous material covered the surfaces of the grains either by deposition, formation in-situ, or a combination of both processes. Finally, the grains collided and stuck together forming the first dust-size material in the Solar System, these CP IDPs. This context establishes the time sequence of the events, but it does not constrain the location(s) in the Solar System where each event occurred.
Each of the CP IDPs we analyzed contains a diversity of carbonaceous material, with most of the CP IDPs having regions that exhibit five or more distinct C-XANES spectra (Flynn et al., 2003). However, when we applied cluster analysis (Lerotic et al., 2005), the program identified most of the carbonaceous grain coatings in each CP IDP as having very similar C-XANES spectra.
In each of the CP IDPs the grain coating was identified as organic, not elemental, carbon by its C-XANES spectrum. The typical C-XANES spectrum of this rim material, Fig. 4, shows two strong pre-edge absorption peaks, one near 285.0 eV, which results from the C=C functional group (Stöhr, 1996), most likely aromatic C-rings, and a second near 288.6 eV, which results from the C=O functional group (Urquhart and Ade, 2002). This identification of abundant C=O spatially associated with the C=C demonstrates that the grain coatings are organic carbon, rather than elemental amorphous carbon. The weaker absorption near 286.5 eV is in an energy range where several functional groups, including phenyl carbon attached to an amide group (Ade and Urquhart, 2002) and carbonyl substituted aromatic (Cody et al., 1998), have absorption features. Since the absorption features from H-bonds are generally weaker than the absorption features from the same number of C=C or C=O bonds, the absence of H-bonding features does not indicate that H is absent from this material. The C-XANES spectra of these organic grain coatings only provide information on the functional groups present in the rim material. Since the grain coatings are much thinner than the several micrometer diffraction limit for infrared spectroscopy, we have not been able to obtain a more comprehensive characterization of these organic grain coatings by infrared spectroscopy.[image: A40623_2015_6501001159_Fig4.jpg]
Fig. 4.Carbon-XANES spectrum of the organic rim material in CP IDP L2011*B6, showing the absorption features of C=C (near 285 eV) and C=O (near 288.6 eV).




We have previously noted that the difference between our identification of organic carbon and the characterization of this material as amorphous carbon in prior EELS analyses likely results from the superior energy resolution of C-XANES, allowing the C=O absorption to be separated from the C K-edge by C-XANES (Flynn et al., 2003), as well as the use of CO2 for energy calibration in our C-XANES spectrum, allowing a firm energy assignment to the C=O absorption feature. Braun et al. (2005) performed a direct comparison of C-XANES and EELS, and confirmed this advantage of C-XANES over EELS.
The organic coatings we have identified on the individual grains of the CP IDPs appear to provide a natural mechanism to first dissipate some kinetic energy during a collision and then glue the grains together. While surface forces, like the van der Waals force, permit sticking at very low collision speeds, the organic coatings we have identified on the surfaces of primitive grains may significantly relax the maximum collision speed requirement for grain aggregation, allowing earlier and more complete grain aggregation in the Solar Nebula. Laboratory collision experiments indicate that grains coated with organic matter stick quite easily, even at collision speeds up to 5 m/s (Kudo et al., 2002). If so, the organic coatings identified on the surfaces of primitive grains likely provide the strength that holds primitive, unprocessed Solar System material (e.g., comets that were not subsequently shocked or heated) together.
It is difficult to directly measure the strength of the organic grain coatings for two reasons. First, the small size, ~10 μm, of the typical CP IDP is well below the capability of normal laboratory instruments. Second, attempting to crush a CP IDP, to determine the crushing strength, frequently distorts the particle into a pancake with the grains remaining attached but slipping in response to the crushing force without producing failure. However, the survival of the CP IDPs under Solar UV bombardment in space, during atmospheric deceleration, and on aircraft impact collection provide indications of the strength of the organic grain coatings.
These small CP IDPs are sufficiently strong to survive the peak dynamic pressure experienced during atmospheric deceleration and the high-speed impact collection by the NASA high-altitude aircraft. The strength required to survive impact collection is difficult to model because of the fractal shape of each CP IDP. However, the peak dynamic pressure experienced by a spherical particle during atmospheric deceleration can be modeled. A 10 μm diameter particle decelerating in the Earth’s atmosphere during a normal incidence entry experiences a peak pressure of ~10 N/m2 (Brownlee, 1985), but much larger CP IDPs survive atmospheric entry intact only to break up on impact collection. Reconstructing some of these “cluster IDPs,” so named because they appear as a cluster of small particles on the collection surface, suggest sizes up to 40 to 100 μm in diameter, e.g., a cluster IDP estimated to have a reconstructed size of ~40 μm is described in detail by Thomas et al. (1995). An ~100 μm particle decelerating in the Earth’s atmosphere during a normal incidence entry experiences a peak pressure of ~100 N/m2 (Brownlee, 1985), establishing that the largest cluster IDPs must survive dynamic pressures up to ~100 N/m2.
In addition, a minimum tensile strength can be estimated from the survival of these CP IDPs in space at distances as close to the Sun as 1 A.U., where they encounter the Earth. The observation that many 5 to 20 μm diameter CP IDPs that have been examined by TEM show solar flare tracks (Bradley et al., 1984) and/or solar wind implanted noble gases (Hudson et al., 1981), which penetrate to only hundreds of nm, demonstrates that the current surfaces of these CP IDPs were exposed in space for many thousands of years. Thus these CP IDPs were in space in roughly the size and shape we see them now, and survived in space at 1 A.U. without losing grains from their surfaces due to electrostatic forces.
Unlike the situation for survival under the dynamic pressure of atmospheric deceleration, where the largest particles that survive experience the highest pressure, the observation of survival under solar radiation charging requires higher tensile strength for the smallest particles. The minimum tensile strength of the particle, the strength of the organic coating that connects the individual mineral grains to each other, can be modeled. Solar UV bombardment results in spherical particles near 1 A.U. acquiring a positive charge of ~5 volts by photoelectric emission of electrons (Horanyi, 1996), while modeling including the specific parameters for olivine, a major mineral component in the CP IDPs, indicate that silicate particles acquire a positive charge of 4 to 14 volts at 1 A.U. (Mukai, 1981).
For a sphere having a uniform charge distribution on its surface, as found on a conductor, the minimum tensile strength required so that a grain at the surface is not blown off due to electrostatic repulsion is easily modeled. The total charge Q on the surface of this sphere can be written in terms of the electric potential, “V,” of the sphere as:[image: A40623_2015_Article_6501001159_Equ1.gif]


where Q is the total charge on the sphere, εo is the permittivity constant (8.85 × 10−12 C2 N−1m−l2), and r is the radius of the sphere. The electric field, “E,” at the surface of this sphere is given by:[image: A40623_2015_Article_6501001159_Equ2.gif]


and the surface charge density σ is given by σ = Q/4πr2 = Vεo/r. The pressure on a small region of the surface, e.g., a grain in the aggregate particle, is given by:[image: A40623_2015_Article_6501001159_Equ3.gif]



Figure 5 shows the electrostatic pressures calculated for particle diameters ranging from 2.5 to 10 μm and surface potentials ranging from 5 to 20 volts. These electrostatic pressures correspond to the minimum tensile strength required so that grains at the surface are not blown off the particle due to electrostatic repulsion. If the tensile strength were lower than this electrostatic pressure some grains would leave the surface, increasing the electrostatic pressure for the now smaller particle, and more grains would be blown off the new surface, resulting in the eventual separation of the entire particle into its individual grains.[image: A40623_2015_6501001159_Fig5.jpg]
Fig. 5.Minimum tensile strength (N/m2) required to avoid disruption vs. particle potential (volts) for particles having diameters of 2.5, 5, and 10 μm.




A non-conducting sphere of the same size, charged to the same potential, will have the same total charge Q, so some spots on this particle could have higher local charge densities and thus experience even larger electrostatic repulsion forces, requiring a higher minimum tensile strength to prevent the particle from shedding material continuously from the regions having the highest charge.
The survival at 1 A.U. of a spherical particle having a 5 μm diameter and a potential of 10 volts requires a minimum tensile strength of ~ 150 N/m2 to avoid breakup under Solar UV irradiation. Overall the collection of 5 to 10 μm CP IDPs that survived in space at 1 A.U. demonstrates that the minimum tensile strength of the organic grain coatings must be ~150 to 325 N/m2 if the grains are spherical. The 2.5 μm diameter CP IDPs, observed on the collectors, but less well studied because they are more difficult to manipulate and section, require an even greater minimum tensile strength, from 500 to 1200 N/m2 (Fig. 5), for charges from 10 to 15 volts. Thus, detailed examination of the smallest dust particles on the stratospheric collectors for solar flare tracks or solar wind noble gases could increase the inferred minimum tensile strength of the organic grain coatings significantly.
A non-spherical particle, like most CP IDPs, would reach a higher potential at the same UV flux, thus requiring an even higher minimum tensile strength to survive, ~550 N/m2 for a 5 μm diameter CP IDP charged to 20 volts (see Fig. 5). Irregularly shaped particles, like the CP IDPs, can have local regions of even higher charge, and aggregates, particularly those including much smaller grains, where secondary electron emission can be important, can reach higher potentials (Ma et al., 2013).
In addition, as shown in Fig. 2, because of the high porosity of the CP IDPs the organic contact points constitute only a small part of the total possible contact surface, requiring that the organic matter be stronger than if it covered the contact surface corresponded to the entire particle cross-section. Thus, the actual tensile strength of the organic grain coatings is likely to be significantly greater than the minimum value calculated in this model.
Observation of meteor fragmentation indicates a tensile strength of ~400 N/m2 for the weak cometary meteoroids from Comet 21P Giacobini-Zinner (Trigo-Rodriguez et al., 2006). Studies of the tidal disruption of the nucleus of Comet Shoemaker-Levy 9 in Jupiter’s gravitational field provide an upper limit on its tensile strength of ~800 N/m2 (Benz and Asphaug, 1994). Thus our inferred minimum tensile strength of the 5 μm chondritic porous IDPs of ~ 150 to 325 N/m2 is comparable to the strength inferred for some of the weak cometary meteors and the nucleus of Comet Shoemaker-Levy 9, and a factor of 3 to 6 higher than the ~50 N/m2 of the uncompacted, bare silicate studied by Blum et al. (2006). In comparison, solid rocks have a tensile strength of ~106 to 108 N/m2, and the tensile strengths of stone meteorites (two carbonaceous chondrites, a variety of ordinary chondrites, and a mesosiderite), summarized by Svetsov et al. (1995), range from ~2× 106 N/m2 to ~6× 107 N/m2, but both terrestrial rocks and these compact meteorites have experienced significant gravitational compaction and thermal metamorphism on their parent bodies.

5. Conclusions
We have observed thin organic coatings on the individual mineral grains of anhydrous CP IDPs, believed to be the least altered samples of the original dust of the Solar System available for laboratory analysis (Ishii et al., 2008). The context indicates that these coatings were produced early in the evolution of the Solar Nebula, after condensation of the first mineral grains but before the aggregation of individual grains into dust particles, the primitive CP IDPs. During atmospheric entry the largest of these IDPs, cluster particles, survive dynamic pressures up to ~100 N/m2 (Brownlee, 1985), providing a measure of the strength of the organic coating holding the grains together. At the other end of the IDP size spectrum, the minimum tensile strength of the organic coating on a 5 μm CP IDP must be > 150 to 325 N/m2 for the particles to have remained intact in space at 1 A.U. under the charging effect of Solar UV bombardment. These minimum values are only slightly lower that the ~ 103 N/m2 tensile strength measured by Kudo et al. (2002) at a temperature of 300 K, roughly the equilibrium temperature of 5 μm glassy carbon spheres in space at 1 AU (Hanner et al., 1999), for the particular organic mixture they employed, and that tensile strength greatly aided grain sticking compared to bare silicate grains. Kudo et al. (2002) reported that the tensile strength of their organic coating increases at lower temperature, peaking at ~ 106 N/m2 in the asteroid belt between 2.3 and 3 AU, and then decreases again as the organic becomes rigid at much lower temperatures, far out in the Solar System. Thus, these organic grain coatings are likely to have been particularly important in aggregation of the asteroids. This minimum tensile strength is comparable to the strength determined for some weak cometary meteors, but the actual tensile strength of the organic grain coatings in the CP IDPs is likely to be much greater than this minimum value. Although it has been demonstrated that aggregation of submicron grains will occur at low collision speeds (e.g., Blum and Wurm, 2000), bare silicate grains that were held together only by these weak surface forces are likely to disaggregate under UV bombardment at 1 A.U. Measurements by Blum et al. (2006) on compressed silicate aggregates held together only by surface forces, when extrapolated to uncompressed material, which has a density comparable to some CP IDPs (Flynn and Sutton, 1991), suggest the surface forces between bare silicate grains result in a tensile strength of only ~50 N/m2, a factor of 3 to 6 lower than the minimum tensile strength inferred for the organic grain coatings based on the failure of 5 μm CP IDPs to fragment because of charging when at 1 A.U. in space. These organic grain coatings most likely aided in dust aggregation in the Solar Nebula, providing a cushioning effect and a sticky surface that is likely to have significantly increased the maximum speed at which grain aggregation could occur. This allows earlier and more complete grain aggregation in the Solar Nebula.

Acknowledgments
This work was supported by NASA Cosmo-chemistry grant NNX10AJ17G (to GJ.F.). Use of the National Synchrotron Light Source, Brookhaven National Laboratory, was supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences, under Contract No. DE-AC02-98CH10886. Improvements to the Scanning Transmission X-Ray Microscope, funded by NASA SRLIDAP grant NAG512884 (to GJ.F.), made possible the high-resolution XANES required to characterize the thin organic rims on these grains.

References
Ade, H. and S. G. Urquhart, NEXAFS spectroscopy and microscopy of natural and synthetic polymers, in Chemical Applications of Synchrotron Radiation, edited by T. K. Sham, Advanced Series in Physical Chemistry, Vol. 12, World Scientific Publishing, Singapore, 2002.CrossRef

Benz, W. and E. Asphaug, Shoemaker-Levy 9 and the tidal disruption of comets, Lunar and Planetary Science XXV, 101–102, Lunar and Planetary Institute, Houston, TX, 1994.

Blum, J. and G. Wurm, Experiments on the sticking, restructuring, and fragmentation of preplanetary dust aggregates, Icarus, 143, 138–146, 2000.CrossRef

Blum, J. and G. Wurm, The growth mechanisms of macroscopic bodies in protoplanetary disks, Ann. Rev. Astron. Astrophys., 46, 21–56, 2008.CrossRef

Blum, J., R. Schräpler, B. Davidsson, and J. Trigo-Rodíiguez, The physics of protoplanetesimal dust agglomerates. I. Mechanical properties and relations to primitive bodies in the solar system, Astrophys. J., 652, 1768–1781, 2006.CrossRef

Bradley, J. P., D. E. Brownlee, and P. Fraundorf, Discovery of nuclear tracks in interplanetary dust, Science, 226, 1432–1434, 1984.CrossRef

Braun, A., F. E. Huggins, N. Shah, Y. Chen, S. Wirick, S. B. Mun, C. Jacobsen, and S. B. Huffman, Advantages of soft X-ray absorption over TEM-EELS for solid carbon studies—a comparative study on disel soot of TEM-EELS and NEXAFS, Carbon, 43, 117–124, 2005.CrossRef

Brearley, A. J. and R. H. Jones, Chondritic meteorites, in Planetary Materials, edited by J. J. Papike, pp. 3–1 to 3–398, Reviews of Mineralogy, 36, The Mineralogical Society of America, New York, 1998.

Brownlee, D. E., Cosmic dust—Collection and research, Ann. Rev. Earth Planet. Sci., 13, 147–173, 1985.CrossRef

Brownlee, D., P. Tsou, J. Aléon, C. M. O. D. Alexander, T. Araki, S. Bajt, G. A. Baratta, R. Bastien, P. Bland, P. Bleuet, J. Borg, J. P. Bradley, A. Brearley, F Brenker, S. Brennan, J. C. Bridges, N. D. Browning, J. R. Brucato, E. Bullock, M. J. Burchell, H. Busemann, A. Butterworth, M. Chaussidon, A. Cheuvront, M. Chi, M. Cintala, B. C. Clark, S. J. Clemett, G. Cody, L. Colangeli, G. Cooper, P. Cordier, C. Daghlian, Z. Dai, l. D’Hendecourt, Z. Djouadi, G. Dominguez, T. Duxbury, J. P. Dworkin, D. S. Ebel, T. E. Economou, S. Fakra, S. A. J. Fairey, S. Fallon, G. Ferrini, T. Ferroir, H. Fleckenstein, C. Floss, G. Flynn, I. A. Franchi, M. Fries, Z. Gainsforth, J.-P Gallien, M. Genge, M. K. Gilles, P. Gillet, J. Gilmour, D. P. Glavin, M. Gounelle, M. M. Grady, G. A. Graham, P. G. Grant, S. F. Green, F. Grossemy, L. Grossman, J. N. Grossman, Y. Guan, K. Hagiya, R. Harvey, P. Heck, G. F. Herzog, P. Hoppe, F. Hörz, J. Huth, I. D. Hutcheon, K. Ignatyev, H. Ishii, M. Ito, D. Jacob, C. Jacobsen, S. Jacobsen, S. Jones, D. Joswiak, A. Jurewicz, A. T. Kearsley, L. P. Keller, H. Khodja, A. L. D. Kilcoyne, J. Kissel, A. Krot, F. Langenhorst, A. Lanzirotti, L. Le, L. A. Leshin, J. Leitner, L. Lemelle, H. Leroux, M.-C. Liu, K. Luening, I. Lyon, G. MacPherson, M. A. Marcus, K. Marhas, B. Marty, G. Matrajt, K. McKeegan, A. Meibom, V. Mennella, K. Messenger, S. Messenger, T. Mikouchi, S. Mostefaoui, T. Nakamura, T. Nakano, M. Newville, L. R. Nittler, I. Ohnishi, K. Ohsumi, K. Okudaira, D. A. Papanastassiou, R. Palma, M. E. Palumbo, R. O. Pepin, D. Perkins, M. Perronnet, P. Pianetta, W. Rao, F. J. M. Rietmeijer, F. Robert, D. Rost, A. Rotundi, R. Ryan, S. A. Sandford, C. S. Schwandt, T. H. See, D. Schlutter, J. Sheffield-Parker, A. Simionovici, S. Simon, I. Sitnitsky, C. J. Snead, M. K. Spencer, F. J. Stadermann, A. Steele, T. Stephan, R. Stroud, J. Susini, S. R. Sutton, Y. Suzuki, M. Taheri, S. Taylor, N. Teslich, K. Tomeoka, N. Tomioka, A. Toppani, J. M. Trigo-Rodíiguez, D. Troadec, A. Tsuchiyama, A. J. Tuzzolino, T. Tyliszczak, K. Uesugi, M. Velbel, J. Vellenga, E. Vicenzi, L. Vincze, J. Warren, I. Weber, M. Weisberg, A. J. Westphal, S. Wirick, D. Wooden, B. Wopenka, P. Wozniakiewicz, I. Wright, H. Yabuta, H. Yano, E. D. Young, R. N. Zare, T. Zega, K. Ziegler, L. Zimmerman, E. Zinner, and M. Zolensky, Comet 81P/Wild 2 Under a Microscope, Science, 314, 1711–1716, 2006.CrossRef

Brownlee, D., D. Joswiak, and G. Matrajt, Overview of the rocky component of Wild 2 comet samples: Insight into the early solar system, relationship with meteoritic materials and the differences between comets and asteroids, Meteorit. Planet. Sci., 47, 453–470, 2012.CrossRef

Cody, G. D., H. Ade, S. Wirick, G. Mitchell, and A. Davis, Determination of the chemical-structural changes in vitrinite accompanying luminescence alteration using C-NEXAFS analysis, Organic Geochem., 28, 441–456, 1998.CrossRef

Cuzzi, J. N. and S. J. Weidenschilling, Particle-gas dynamics and primary accretion, in Meteorites and the Early Solar System II, edited by D. S. Lauretta and H. Y McSween, 353–382, University of Arizona Press, Tucson, 2006.

Dominik, C. and A. G. G. M. Tielens, The physics of dust coagulation and the structure of dust aggregates in space, Astrophys. J., 480, 647–673, 1997.CrossRef

Flynn, G. J., Atmospheric entry heating—A criterion to distinguish between asteroidal and cometary sources of interplanetary dust, Icarus, 77, 287–310, 1989.CrossRef

Flynn, G. J., Interplanetary dust particles collected from the stratosphere: Physical, chemical, and mineralogical properties and implications for their sources, Planet. Space Sci., 42, 1151–1161, 1994.CrossRef

Flynn, G. J. and S. R. Sutton, Cosmic dust particle densities—Evidence for two populations of stony micrometeorites, Lunar and Planetary Science Conference, 21st, Houston, TX, Mar. 12–16, 1990, Proceedings (A91-42332 17–91), Houston, TX, Lunar and Planetary Institute, 541–547, 1991.

Flynn, G. J., L. P. Keller, M. Feser, S. Wirick, and C. Jacobsen, The origin of organic matter in the solar system: evidence from the interplanetary dust particles, Geochim. Cosmochim. Acta, 67, 4791–4806, 2003.CrossRef

Fraundorf, P., D. E. Brownlee, and R. M. Walker, Laboratory studies of interplanetary dust, in Comets, edited by L. Wilkening, 383–409, University of Arizona Press, 1982.

Hanner, M. S., R. D. Gehrz, D. E. Harker, T. L. Hayward, D. K. Lynch, C. C. Mason, R. W Russell, D. M. Williams, D. H. Wooden, and C. E. Woodward, Thermal emission from the dust coma of comet Hale-Bopp and the composition of the silicate grains, Earth Moon Planets, 79, 247–264, 1999.CrossRef

Hartmann, W. K., Planet formation—Mechanism of early growth, Icarus, 33, 50–61, 1978.CrossRef

Horanyi, M., Charged dust dynamics in the solar system, Ann. Rev. Astron. Astrophys., 34, 383–418, 1996.CrossRef

Hudson, B., G. J. Flynn, P. Fraundorf, C. M. Hohenberg, and J. Shirck, Noble Gases in Stratospheric Dust Particles: Confirmation of Extraterrestrial Origin, Science, 211, 383–386, 1981.CrossRef

Ishii, H. A., J. P. Bradley, Z. R. Dai, M. Chi, A. T. Kearsley, M. J. Burchell, N. D. Browning, and F. Molster, Comparison of Comet 81P/Wild 2 dust with interplanetary dust from comets, Science, 319, 447–450, 2008.CrossRef

Jacobsen, C, G. Flynn, S. Wirick and C. Zimba, Soft x-ray spectroscopy from image sequences with sub-100 nm spatial resolution, J. Microscopy, 197(2), 173–184, 2000.CrossRef

Kouchi, A., T. Kudo, H. Nakano, M. Arakawa, and N. Watanabe, Rapid growth of asteroids owing to very sticky interstellar organic grains, Astrophys. J., 566, L121–L124, 2002.CrossRef

Krot, A. N., I. D. Hutchon, A. J. Brearly, O. L. Pravdivtseva, M. I. Petaev, and C. M. Hohenberg, Timescales and settings for alteration of chon-dritic meteorites, in Meteorites and the Early Solar System II, edited by D. S. Lauretta and H. Y McSween, 525–553, University of Arizona Press, Tucson, 2006.

Kudo, T., A. Kouchi, M. Arakawa, and H. Nakano, The role of sticky interstellar organic material in the formation of asteroids, Meteorit. Planet. Sci., 37, 1975–1983, 2002.CrossRef

Lerotic, M., C. Jacobsen, J. B. Gillow, A. J. Francis, S. Wirick, S. Vogt, and J. Maser, Cluster analysis in soft X-ray spectromicroscopy: finding the patterns in complex specimens, J. Electron. Spectros. Relat. Phenom., 144–147, 1137–1143, 2005.CrossRef

Leroux, H., Fine-grained material of 81P/Wild 2 in interaction with the Stardust aerogel, Meteorit. Planet. Sci., 47, 613–622, 2012.CrossRef

Love, S. G. and D. E. Brownlee, Peak atmospheric temperature of micrometeorites, Meteoritics, 29, 69–70, 1994.CrossRef

Ma, Q., L. S. Matthews, V. Land, and T. W. Hyde, Charging of aggregate grains in astrophysical environments, Astrophys. J., 763,77–86, 2013.CrossRef

Matrajt, G., S. Messenger, D. Brownlee, and D. Joswiak, Diverse forms of primordial organic matter identified in interplanetary dust particles, Meteorit. Planet. Sci., 47, 525–549, 2012.CrossRef

Messenger, S., Identification of molecular-cloud material in interplanetary dust particles, Nature, 404, 968–971, 2000.CrossRef

Mukai, T., On the charge distribution of interplanetary grains, Astron. Astrophys., 99, 1–6, 1981.

Rietmeijer, F J. M., Interplanetary dust particles, in Planetary Materials, edited by J. J. Papike, pp. 2–1 to 2–95, Rev. Mineral., 36, The Mineralogical Society of America, New York, 1998.

Stöhr, J., NEXAFS Spectroscopy, Springer Series in Surface Sciences 25, Springer-Verlag, New York, 1996.

Svetsov, V. V, I. V. Nemtechinov, and A. V. Teterev, Disintegration of large meteoroids in the Earth’s atmosphere: Theoretical models, Icarus, 116, 131–153, 1995.CrossRef

Thomas, K. L., G. E. Blanford, S. J. Clemett, G. J. Flynn, L. P. Keller, W. Klöck, C. R. Maechling, D. S. Mc Kay, S. Messenger, A. O. Nier, D. J. Schlutter, S. R. Sutton, J. L. Warren, and R. N. Zare, An asteroidal breccia: The anatomy of a cluster IDP, Geochim. Cosmochim. Acta, 59, 2797–281, 1995.CrossRef

Thomas, K. L., L. P. Keller, and D. S. McKay, A comprehensive study of major, minor and light element abundances in over 100 interplanetary dust particles, in Physics; Chemistry; and Dynamics of Interplanetary Dust, edited by Bo A. S. Gustafson and Martha S. Hanner, 283–286, Astronomical Society of the Pacific Conference Series; Proceedings of the 150th colloquium of the International Astronomical Union held in Gainesville; Florida; USA; 14–18 August 1995; San Francisco: Astronomical Society of the Pacific, 1996.

Trigo-Rodriguez, J. M. and J. llorca, The strength of cometary meteoroids: clues to the structure and evolution of comets, Mon. Not. R. Astron. Soc, 372, 655–660, 2006.CrossRef

Urquhart, S. G. and H. Ade, Trends in carbonyl core (C 1s, O1s) 224 π*. Transition in the near-edge X-ray absorption structure spectra of organic molecules, J. Phys. Chem. B, 106, 8531–8538, 2002.CrossRef

Whipple, F. L., The theory of micro-meteorites. Part I. In an isothermal atmosphere, Proceedings of the National Academy of Sciences of the U.S.A., 36, 687–695, 1950.CrossRef




OEBPS/sidebar.gif





OEBPS/A40623_2015_Article_6501001159_Equ3.gif





OEBPS/A40623_2015_Article_6501001159_Equ1.gif





OEBPS/A40623_2015_Article_6501001159_Equ2.gif
E=0/4me,r~





OEBPS/contact.gif





OEBPS/A40623_2015_6501001159_Fig4.jpg
292

&
S T
8 & & & § §
S & s oS o© o

Ausue(q |eondo

eV





OEBPS/A40623_2015_6501001159_Fig3.jpg
3 2
24 2
2
> 14
2
(7] 19
s
o
A 0 b
— o
© m & m & EREERE
O
=4
)
5
of
o4 of
o
1
% d
0 o
a % M & wowm & M % 1





OEBPS/A40623_2015_6501001159_Fig2.jpg





OEBPS/A40623_2015_6501001159_Fig1.jpg
>

=





OEBPS/A40623_2015_6501001159_Fig5.jpg
|
|
|

(,w/N) Yya8uans ajisua) WA

Potential (volts)





