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STATISTICAL STUDY OF PETROLOGICAL ElJIQENCE OF AQUEOUS ALTERATION FROM CM-TYPE 
CARBONACEOUS CHONDRIJES 

Lauren B. Browning, Deportment of Geology, Uniuersity of Te Has 
Rduisor: M.E. 2olensky, Johnson Spoce Center, Houston, TH 77058 

INTRODUCTION 

CM-type corbonoceous chondrites ore undifferentiated meteorites with 
nearly sol or bulk chemical compositions. Isotopic studies indicate that these 
meteorites dote bock to the formation of our solar system, opproHimately 4.6 billion 
years ago (1,2). Rs a result of remote sensing and earth-based orbital obseruations, 
it is generally accepted that the parent bodies for these meteorites lies within the 
asteroid belt. Although repeated post t-touri asteroidal collisions and low 
temperature aqueous alteration haue obscured what may houe once been pristine 
eHamples of nebular condensates, these processes also prouide additional Insight 
into the early history of our solar system (2). 

Seueral opprooches haue been utilized in the study of chondrites, including 
thermodynamical modeling, ond chemical onolyses(l ). Point counting o large 
number of meteorites in detail prouides o statistically reliable base from which 
1.1orious kinds of models con be compared. The purpose of this work was to pro1.1lde 
a reference set of relotiue proportions of optically identifiable chondritic phnses 
based on point counts from a large set of different CM meteorites. From this data, 
the modal composition for an a1.1eroge CM-type meteorite wos diogromed. In 
addition, the relationship between motriH material ond the low-temperature, 
aqueous olterotion phases within it was eHamined for inter-meteorite differences. 

PROCEDURE 

Thin sections of twenty different CM-type chondrites were obtained for this 
point counting analysis. SiH of these meteorites were folls, ond the remainder were 
Antarctic finds. Rn ouerage of 800 points were identified from each meteorite. 
Mineral phases were organized into flue separate groups--motriH, chondrules, 
aggregates, rims, ond 1.1eins. The categorization essentially Isolates ond records the 
information from distinct components within eoch meteorite which moy represent 
different episodes in the euolution of the parent body (3). This facilitates the 
analysis of potential relationships of the individual phases (table 1 ). 

Clarification of the criteria used for the clossificotion of the mineral phases Is 
appropriate. For the purposes of this study, "motriH" Is defined os ony material 
which is too fine-groined to be optically characterized. "Chondrules" include any 
spherules which contain such high temperature phases os oliuine ond pyroHene. 
•Aggregates" ore defined os any irregulorly-shoped agglomerates which Include 
high temperature phases. "Rims" ore defined os fine-groined moteriol ringing 
either chondrules or aggregates which is optically distinct from either the 
surrounding motriH or the chondrules ond oggregotes themsel1.1es. Finally, •1.1eins" 
ore defined os the mineral filling of o fracture. 

Percentages of the phases identified from within eoch of the fi1.1e 
components were colculoted seporotely for each meteorite. The sum of these 
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percentnges wns then nuernged in order to chnrncterize the "typlcnl" CM-type 
meteorite (fig.1 ). In nddition, the combined percentnges of low tempernture 
nlterntlon minernls in the motriH from eoch meteorite were plotted ngnlnst the 
opproprinte mntriH percentnges, nnd subsequently presented in grnphicnl form (fig. 
2). 

RESULTS AND DISCUSSION 

Ruerage modol composition nnalyses lndicote thnt mntriH materinls domlnnte 
the CM-type meteorite. Secondnry minernl phnses produced ns n result of nqueous 
olterotion processes ore the most obundnnt crystolline phoses within the mntriH. In 
addition, nggregotes ore more common thon chondrules, nnd contain a 
proportionally higher percentage of secondary to primary phnses. Rims ore nnother 
modally Important component; ueins ore relotiuely uncommon. 

The presence of a higher proportion of olterntion mlnernls in oggregotes than 
In chondrules suggests that the aggregates ore being preferentiolly oltered. 
Howeuer, the ouerall alteration processes employed to eHploin this phenomenon 
must be consistent with one nlso yielding the obserued dominotion of coarse-
groined olterotion phoses in the motriK. 

R general trend is euident in the plot of olterotion phases in the motriH uersus 
the actual motriH proportions. There is o generol increase in mntriH obundnnce as 
the percentage of mineral phoses within it decreases. This field trend may indicate 
either that the minernl components ore growing out of on otherwise innctiue 
mntriH, or that they ore being Incorporated into It os the olterotion process 
proceeds. It is, in oddition, plousible that both processes ore occurring 
simultnneously. I 

CONCLUSION$ 

Model percentnges for CM-type meteorites obtnined from detolled point 
counting prouide a statistical basis for comparison with new meteorite discouerles. 
In oddition, since the relotiue abundance of phases uories significantly from 
meteorite to meteorite, ouerage modol percentnges bosed on doto from many 
different CM meteorites should prouide comprehensiue insight into the types of 
models that ore necessary to eHploin aqueous olterotion scenarios. 

REHRENCES 

1. Dodd, R. T., 1981, Meteorites: 8 oetrologic-chemical sunthesls (Combridge: 
Combridge Uniuersity Press), pp. 13-77. 

2. Mcsween, H.Y., 1987, Meteorites ond their Parent Planets (Cnmbridge: Cambridge 
Uniuersity Press), pp. 35-98. 

3. Zolenslcy, M. E., ond Mcsween, H. Y., 1988, Roueous RrteraUon, from : Meteorites 
and the £ar1u Solar sustem(Tucson: Uniuersity of Rrizonn Press), pp. 114-143. 
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AN ANALYSIS OF EARTH-BASED ASTROMETRIC OBSERVATIONS OF PHOBOS AND DEIMOS 
Peter M. Bryant, Physics Department, University of Chicago, Chicago, IL 60637 
Bruce G. Bills, Lunar and Planetary Institute, Houston, TX 77058 

I. Introduction 
The objective of this study is to more accurately determine thi moment of inirtia of Mars. Previous 

estimates have placed the moment of inertia anywhere from 0.345 MR to 0.365 MR , where M is the mass 
of Mars and R is its radius. (For comparison, a perfect sphere of uniform density has a moment of inertia of 
0.4 MR2, and a value less than this implies that the sphere becomes denser with depth.) A value near 0.345 
MR2 for the moment of inertia of Mars would put severe constraints on possible internal density profiles for 
Mars, while a value nearer 0.365 MR2 would allow a much wider range of densities and compositions (1). 

The Sun produces a torque on Mars which is caused by the fact that Mars is an oblate spheroid rather 
than a perfect sphere; this torque causes the spin axis to precess about the normal to the orbit plane at a rate 
dependent upon the moment of inertia. Thus, the moment of inertia can be determined empirically with 
accurate knowledge of the axial precession rate p and the oblateness coefficient J2. Ji has been determined 
to around a tenth of a percent from observations of the Martian satellites; p, on the other hand, is not well 
known. Theoretical estimates of p fall in the range 8.27-8.75 arcseconds per year, while recent estimates based 
solely upon observations of the natural satellites suggest a rate of 10.0 .±. 1.8 arcseconds per year. If it were 
possible to more accurately determine the precession rate of Mars, the moment of inertia would become more 
tightly constrained. Unfortunately, as of this writing, this goal has not been achieved. 

JI. Dataset and Method 
The dataset used in this study consists of 6031 observations of the two Martian satelJites dating from 

the time of their discovery in 1877 up through the opposition of 1988. The observations were taken from the 
catalogue of earth-based astrometric observations of Phobos and Deimos compiled by Morley (3); observations 
flagged by Morley as having residuals greater than two arcseconds were not included in our dataset. The 6031 
are made up of 2777 observations of Phobos relative to Mars and 3254 observations of Deimos relative to Mars; 
303 observations of Deimos relative to Phobos in Morley's catalogue were not used in our analysis. 
Observations exist for 34 of the 53 oppositions of Mars up to and including 1988; the number of observations 
during each opposition varied drastically, with the vast majority being made at perihelic oppositions, which 
occur every 15-17 years. For more information of this dataset, see (3). 

We developed computer code that used a least-square matrix method to solve for the required 
parameters. The non-linearity of the problem required that the process be iterated until convergence. The 
partial derivatives of the observations with respect to the parameters were computed numerically. In order to 
help the program converge to a solution, a priori weights were added to the parameters. Typically, starting 
parameters were taken from a previous study of the orbits of Phobos and Deimos, such as (4); all the 
parameters except the mean longitudes at epoch were then constrained in order to allow our model to find a set 
of mean longitudes which fit the dataset as closely as possible; then most or aJJ of the remaining parameters 
were either freed completely or relaxed to a level reflecting the uncertainty in whatever independent 
determinations exist. 

Ill. Models 
Our model, which ultimately accounted for the precession rate of Mars, all secular perturbations, and 

the most-important periodic perturbations, was developed incrementally. We started out with the case of two 
satellites orbiting in circular orbits in Mars' equator plane; the only time-dependencies were the changing 
viewing geometry due to the orbital motions of Earth and Mars and a uniform increase in the satellites' mean 
longitudes due to their simplified orbital motion. In this model, eight parameters could be solved for: the semi-
major axis a, mean motion n, and mean longitude at epoch (11 nov 1971) for each satellite, as well as the 
obliquity of Mars and the longitude of the ascending node of the equator of Mars on the orbit of Mars. (Since 
Kepler's Third Law forces a and n to be related by the expression a3n2 = GM, where G is the gravitational 
constant and M is the mass of Mars, this parameter list essentially was allowing the mass of Mars to be 
determined separately for each satelJite.) This simple model permitted the non-linear least-square method to 
converge when using data from a single opposition, but it failed when larger datasets were used. As an example 
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of the results of this model, the best converged solution for the 1973 opposition observations (120 of Phobos 
and 327 of Deimos) gave a root-mean-square residual of 0.69 arcseconds. 

The next step in complexity was to give the satellite orbits non-zero eccentricities and non-zero 
inclinations. This added four new parameters for each satellite--eccentricity e and longitude of pericenter, 
inclination I and longitude of ascending node--giving 16 solve-for parameters. Since this model lacked secular 
perturbations, it still had trouble converging to a solution for any dataset larger than one or two successive 
oppositions. It fit single oppositions, however, significantly better than the e =I= 0 model described above. 
The best converged solution for the 1973 observations gave a RMS residual of 0.50 arcseconds. 

Following this, the secular perturbations in mean longitude, longitude of pericenter, and longitude of 
node were added as six new parameters (three for each satellite). Also, Kepler's third law was taken into 
account by adding the mass of Mars to the parameter list and removing the semi-major axes of the satellites, 
giving 21 solve-for parameters. The computer code was modified further so that the non-linear )east-square 
method minimized noise-weighted residuals rather than arcsecond residuals with the noise values taken from 
Morley's (somewhat conservative) assignments (3). This model was able to converge to a solution using a 
dataset that spanned 30 years of observations, 1956-1986, fitting the data to within 0.92 noise units; however, it 
failed for larger datasets and datasets further removed from the epoch of 11 nov 1971. 

The final step in increasing the complexity of the model was to include the largest periodic 
perturbations, and to compute the secular perturbations, including secular accelerations, from Martian 
parameters. In order to use the analytical determinations of the periodic perturbations as developed in (5), it 
was necessary to convert the satellite orbital elements into so-called equinoctial elements (see (5)). Also, for 
convenience, the epoch was changed to 1 jan 1950. Morley developed the expressions for the periodic 
perturbations to an accuracy of better than 100 m; since such accuracy is not needed here, only the largest of his 
terms (more or less those with amplitudes greater than 1 km) are included in our model. The Martian 
parameters needed to compute the perturbations are GM (mass), Ji, J3, and J4 (axially-symmetric gravity 
field), C22 and S22 (longitude-dependent gravity field), Q (tidal dissipation), obliquity and node of equator 
(spin pole position), and precession rate. With the six orbital elements for each satellite, there are 22 solve-for 
parameters. 

In order to prevent the solutions from diverging immediately, it was necessary to tightly constrain GM 
of Mars and the semi-major axes of both satellites; otherwise, tiny changes in these parameters amounted to 
changes in the mean motion that proved disastrous in trying to fit 111 years of observations. The other 
parameters were constrained only by a priori weights of about ten percent. All parameters were allowed to drift 
wherever necessary to fit the data, except O, the spin pole position, and the precession rate; those four 
parameters were constrained not to drift more than a few a priori sigma values away from their initial estimates. 

IV. Results 
This final model is able to fit the entire dataset to within Morley's assigned noise values. The 

parameter values of the converged solution, however, are puzzling in many respects. Most importantly, the 
outputted value for the axial precession rate of Mars is 2.7551 .±. 0.0007 arcseconds per year. Both this estimate 
and this one-sigma value are completely i~consistent will all previous estimates of the precession rate of Mars. 
The outputted value for J2 (1.96566 x 10· .±. 0.00002) is more consistent with previous estimates, th~ught its 
one-sigma value also seems low. These values result in a value for the moment of inertia of 1.10 MR . Since 
such a value is hard to believe, it is necessary to conclude that our orbital model is not yet working as it should 
and that more work is necessary. 

References 

(1) Bills, B. G. /. Geopliys. Res., in press. 
(2) Bi11s, B. G. (1989) Geopliys. Res. Lett. 16, 385-388. 
(3) Morley, T. A. (1989) Astron. Astrophys. Suppl. Ser. 11, 209-226. 
(4) Morley, T. A. (1989) ESA OAD Working Paper No. 388. 
(5) Morley, T. A. (1990) Astron. Astrophys. 228, 260-274. 
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TEMPORAL AND SPATIAL VARIATIONS IN THE BASALTIC MAGMA SYSTEM OF ASKJA VOLCANO; 
David J.P. Foss, Department of Geology, Colgate University, Hamilton, N.Y., and Shanaka L. de Silva, Lunar & 
Planetary Institute, Houston, Tx. 

Askja central volcano lies within the remote sub-Arctic wne of central Iceland. It is one or"the largest 
central volcanoes in Iceland, with a long superbly preserved history of activity. dating back to pre-glacial times 
> 10,000 yrs)[l]. In particular, the central caldera which has been active since postglacial times, has been the site of 
8 major eruptions since the major rhyolitic plinian eruption of 1875 [2] most of which have been documented by 
eye-witness accounts. 

Askja is centered on the late pleistocene Dyngjufjoll massif, which is a range of basaltic hyaloclastites. 
These subglacial formations define the regions volcanically active during the earliestperiods of Askja's evolution. 
Lying beyond the Dyngjufjoll massif the terrain is dominated by basaltic lava plains, many of which are covered by 
fluvioglacial sand. Fissure swanns, surface manifestations of the Mid Atlantic spreading center, that extend to the 
south of Askja are best defined within 10 km of Oskjuvatn, the youngest caldera, but reach 25 km to the Holuhraun 
basalt lava field. To the north intense glaciofluvial and aeolian action has obscured the Askja derived fissures, 
which terminate at the graben and fault structures of Sveinagja, Hafragja and Fjallagja some 70 km to the north. 

Previous work at Askja has detailed the geology and stratigraphy [I], while the geochemical and 
petrological investigations have concentrated largely on the 1875 eruption [2, 3 and 4). Remarkably there has been 
no systematic detailed study of the basaltic volcanism at this center and this study focuses on this aspect The 
combination of excellent preservation and tight chronolgical control makes Askja an ideal location to study the 
evolution of a major basaltic magmatic system. 

Samples collected at Askja span the eruptive history of Askja In addition spatially related centers, the 
Vadalda shield volcano and the Sveinagja and Holuhraun lava fields were also sampled. The samples fall into three 
age groups: Pre-poslglacial (older than 10,000 yrs), postglacial (10,000 yrs BP to 1875 AD), historic (1875 AD to 
1961 AD). 

The aims of this study are to provide a detailed petrologic analysis of this basaltic system, to assess any 
intra and inter-flow chemical variability and to examine any spatial or temporal variations in geochemistry. 

A database of 73 whole rock XRF analyses was supplemented by detailed petrographic analyses of 28 
samples, microprobe analyses on 16 samples and Instrumental Neutron Activation Analyses on 35 samples, 
performed at the Johnson Space Center in Houston, Texas. 

The following discussion of the petrology of the basalts uses the FM ratio [6] - where FM= FeO* + 
MnO/FeO* + MnO + MgO (all oxides are in weight per cent and FeO* refers to the total Fe expressed as FeO) - as 
an index of differentiation. Figure 2 and 3 are provided to illustrate some of the chemical variations. 

The 25 samples of the historic suite fall into two distinct groups on the basis of chemistry. The HIST group 
consists of samples from the 1921, 1923, 1924-1929 and 1961 eruptions (see figure 1) and have FM values of 73.1 
to 80.7 indicating that they range from Ferrobasalts to Icelandites. The MYV group is from the 1922 composite lava 
flow in the southwest of the caldera and generally more evolved with FM ratios of 80.6 to 82.8, icelandite to 
intermediate compositions. However, the most proximal sample from this group, MYVl, is more typical of the 
HIST group indicating some intra flow variability. The HIST samples show little petrographic variety. All are 
glassy and vesicular, but three are poorly plagioclase-phyric. The matrix consists of glass, plagioclase (An59-52) 
and augite (En62-75, Wo15-35 and Fs24-37) and Fe-Ti oxides. The MYV samples are typically glassy, with 
plagioclase, and augite. Pigeonite, ilmenite and magnetite are present in all but MYVI. Matrix glass analyses from 
the HIST group range from 60-66% SiO2, 2-5% FeO and 0.2-1.3% MgO. Matrix glass analyses from the MYV 
samples range from 64.2-67.3% SiO2, 11.2-13.0% FeO and 2.0-2.5% MgO. Both the MYV and HIST groups are 
homogeneous in their geochemistry with high Rb, Fe, and K and low Ni, Cr and MgO. They also typically have 
elevated REE contents with LREE enrichment and high (Ce/Yb)N ratios. The MYV samples are the most evolved. 

The postglacial samples (PGL) were gathered from a variety of localities on the Dyngjufjoll massif and the 
caldera floor. These samples have FM ratios of 77.0 to 80.0 classifying these rocks as ferrobasalts at the Mg rich 
endmember and icelandites at the Mg poor end These show a limited range of textures. Three of the samples are 
vesicular and aphantic. The other three samples are plagioclase-phyric (An83-75 to rims of An75-54) with 
subordinate augite (En61-82, Wo33-44 and Fsl0-20). Matrix glass composition from the SUD3 is about 62.5% 
SiO2, 1.1% FeO and 11.7% MgO. The whole rock compositions range from 49-50% SiO2, 15.8-16.2 FeO and 4.1-
4.8% MgO. Two groups of PGL samples can be defined by their chemistry. An evolved group with high Rb, K, 
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FeO, higher overall REE, high (Ce/Yb )N, similar to the IDST rocks, and a second more primitive group with varied 
compositions, some of these have high Sr contents consistent with their plagioclase-phyric character. 

Pre-postglacial samples were taken from various localities on the Dyngjofull massif (OBU), and the 
Vadalda shield voJcano (VA). FM shows a range of FM 66 to 74 --low magnesia basalts to ferrobasalts. 
Porphyritic samples (OBU3, 5, 6) fall on the lower end of the range while aphanitic rocks fall on the higher end. 
Phenocrysts of plagioclase and augite are found in all samples with olivine occurring in only the OBU samples. The 
ground mass composed of plagioclase and augite, and ranges in texture from glassy to very fine grained. 
Aggregations ofplagioclase, augite and some olivine were found in some of the OBU samples. The Vadalda 
samples have typically normally zoned plagioclase with core compositions of An88-80 and rim compositions An82-
78, augite ranged from En70-85, Wo29-40, and Fs14-18. Matrix glass compositions are around 51 % SiO2, 13% 
FeO and 15% Mgo. OBU samples have normally zoned plagioclase with core compositions of typically An85 and 
rims ranging from An75-55, augite compositions vary from En60-69, Wo30-45, and Fs15-28. Matrix glass from an 
OBU sample had 52-53% SiO2, 9.8-13.0% FeO, and 10.2-11.7% MgO. In general these samples are the most 
primitve in the suite with low incompatible trace elements Rb, Zr, Y, Nb and high Ni and Cr compared to the rest of 
the suite. The flat REE patterns and the low (Ce/Yb)N are consistent with this. Sr, Al and Ca enrichments due to 
their plagioclase phyric nature are evidenL 

Samples from other centers are from the Sveinagja basalt lava field (PGL5) and the Holuhraun basalt lava 
field (HOL). These fall into two groups. The older HOL samples have low FM of 56 - 57, while the Sveingja and 
the youngest HOL sample (HOL!) have FM ratios of 80.7 and 80.4 respectively. The latter are petrographically 
quite similar to one another. They are glassy rocks with plagioclase, augite and Fe-Ti oxides. The matrix glass is 
evolved with - 57% SiO2. The older HOL samples are porphyritic with plagioclase, augite and olivine. Cr spinet 
inclusions were found in some of the olivines. Matrix glass composition of the HOL samples is 50.2-55.4% SiO2, 
7.0-11.1% FeO and 2.2-3.9% MgO. The geochemistry of PGL5 and HOLi is very similar to the IDST group. High 
incompatible elements, Rb, K, REE, high (Ce/Yb )N and FeO attest to this as do the mineral and glass compositions. 
The Older HOL samples are amongst the most primitive in this suite. 

Our conclusions based on preliminary analysis of the data are: 
1) Since pre-glacial times the magmatic system shows a distinct evolution to more a evolved steady-state 

magma system represented by the msT suite. 
2) Evolution to this state occurred in late postglacial times based on consistency of chemistry between 

IDST and some PGL samples. 
3) Further evolution to icelandite, intermediate and rhyolite compositions has occured and may represent 

either local zoning of the magma chamber or zoning of the system as a whole. 4) The variation in 
compositions of the suite from high Mg basalt to rhyolite as a whole can be modelled in terms of crystal 
fractionation (see figures 2 and 3). • 

5) Lateral magma extraction from the Askja system has been previously suggested for the Sveinagja basalts 
[2]. The similarities in the compostions of the historic lavas, Sveinagja and youngest Holuhraun lavas indicates to 
us that lateral magma extraction southward from the Askja magma chamber also ocurred. 

References: 
(1) Sigvaldason, G.E., et al. 1985, Nordic Volcanological Institute 8503, p.1-25. 
(2) Sigurdsson, H. and R.SJ. Sparks. 1978, Bulletin of Volcanology, Vol. 41-3, p.149-67. 
(3) MacDonald, R., et al. 1987, Mineralogical Magazine, Vol 51, p.183-202. 
(4) Saemundsson, K .. 1980, Jokull, 29, p.7-28. 
(5) Sigurdsson, H. and R.SJ. Sparks, 1981, Journal of Petrology, Vol. 22, Part 1, p.41-84. 
(6) Wood, D.A .. 1978, Journal of Petrolgy, Vol.19, Part 3, p. 393-436. 
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Trapped Gases in Apollo 15 Glass Spherules: Analysis Using Laser-Microprobe/Quadrupole 
Mass Spectrometer System 

John R Fredericks, King's College, Wilkes-Barre PA, Everett K. Gibson, NASA, .Johnson Space 
Center, and Chris Hartmetz, NRC, Johnson Space Center. 

Introduction: The study of volcanic gases can provide information about the magmatic 
processes that occurred at the time of crystallization of the melts. The study of gases associated 
with lunar vulcanism has proven difficult because the moon is unable to retain all but the 
heaviest gases for any appreciable amount of time (1 ]. Based on the petrography and mineral 
chemistry associated with the Apollo 11 basalts, Wellman [2] has theoretically calculated partial 
pressure ratios for the major gases that should be present, H2, N2 and CO, with some small 
amounts of CO2 and H2O, and possibly even CH4 at higher pressures. Naughton et al. [3] 
calculated mole fractions for a large number of possible lunar volcanic gases. 

Delano [4] observed that several lunar glass spheres thought to be of volcanic origin 
contained voids or vesicles. The theory is that Apollo 15 green glass spheres formed during 
lunar volcanic "fire fountaining" about 3.1 b.y. ago [5]. Some spheres contain vesicles [4] which 
might contain trapped samples of volcanic gases associated with the magmatic event. It was 
hoped that spheres containing voids could be isolated and opened using a laser. The released 
volatiles were to be analyzed using mass spectrometry techniques. 
Experimental: Spherules from 15426,155 soil were separated from the bulk soil with tweezers. 
The separated spheres were then backlighted to locate spheres containing voids. By focusing the 
microscope down through the sphere, the voids were visible. From an -2 gram aliquot of soil, 
four spheres containing voids were found. 

The spheres were then mounted in indium metal, chosen because of its malleability 
(M.P. 157°C). The indium mounts were heated to 80°C to further soften the metal and an 
indentation was made with a dental pick. A sphere was then placed in the indentation and 
pressed into the indium with a spatula. The mount was then heated to about 160°C and the 
spheres set further into the mount with a spatula. The indium did not melt at 160°C because 
the outer surface oxidized and the oxide has a higher melting point. 

Samples were analyzed using the Laser-Microprobe/Quadrupole Mass Spectrometer 
System described by Gibson and Carr [6]. The laser used is a Jarrell-Ash Mark III (pulsed 
neodymium glass) and is aimed with a trinocular metallurgical microscope. Practice shots into a 
small piece of gold aided in the aiming of the laser. Samples were "zapped" with the laser and 
the volatiles released were analyzed with a mass spectrometer. Solid spheres were shot and 
analyzed to practice and determine the spectra which might be expected from glass spheres. 

Several methods were tried for optimal release and detection of gases in the void. The 
first sphere with a void examined, named Laura, was shot repeatedly to drive off volatiles 
adsorbed on the surface, and to bore into the sphere. It was found that the first several shots 
into the sphere released such a large amount of surface volatiles that it was difficult to 
determine whether the void had been opened by these shots. After the first 16 shots, it was 
suspected that the void was visible under strong lighting as an area of a lighter shade of green 
than the surrounding glass. Shots were then taken into this area to open the possible void. 
However, it was not determined which shot opened the void . . 

For the second spherule, named Thor, 2 shots were taken at a point halfway between the 
glass top of the sample chamber and the void. These defocused laser shots drove off surface 
adsorbed volatiles, then shots were taken directly into the sphere to attempt to open the void. It 
was not determined which shot opened the void. 

The third voidsphere, named Odin, was treated in the same manner as Thor, however, 
using a better IOX objective the opening of the void in this sphere was visible. 
Discussion: Figure I is a photo of the sphere Odin taken under backlighting to reveal the void. 
This voidsphere was the only one of the three which yielded a possible opening of a void. 

Figure 2 shows the spectra of Odin 3a 1, the first laser shot in the third round of shots, 
the eleventh shot overall. The background subtraction for this spectra was the average spectra 
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from the first round of three shots, after Hartmetz et al. [7]. This analysis was chosen as the 
one that opened the void because visually the opening of the void could be seen. Further 
evidence is apparent in the 3al spectra that released large abundances of m/z=32 (02) and at 
m/z=l4 (N). This was one of the few spectra that showed any oxygen, and the only one for the 
sphere Odin. 

Table 1 contains important gas ratios from the spectra of Odin 3al. Also presented are 
the ratios from spectra Odin 3a2. These ratios are derived from the same analysis as Odin 3al, 
but the background subtraction was performed with the average spectra of the second round of 
five shots. The similarities of the ratios of the two spectra suggest that this subtraction method 
is valid. Also presented are the CO/CO2 ratios from a typical solid sphere, Wellman's CO/CO2 
ratio, and Naughton's ratios. The Wellman ratio was calculated assuming a 1300°K to 1400°K 
solidification range, similar to that of terrestrial basalt [2]. The absence of graphite is also 
assumed. Naughton's ranges were calculated assuming a 1200°K to 1600°K solidification range, 
and the mole fractions of the gases presented in their data were considered equivalent to the 
partial pressure, according to Raoult's Law. 

If the entire abundance of the m/z=28 peak is attributed to CO, the CO/CO2 ratio for 
the Odin's spectra is above both Wellman's and Naughton's ranges, while the solid sphere ratio 
falls right within the ranges. If only half of the m/z=28 abundance is taken to represent CO, 
and the other half N2, then the ratios agree well with the theoretical ratios. This assumption is 
made as the height of the m/z=l2 peak [CJ, the height of the m/z=l4 peak [NJ, and the height 
of the m/z=l6 peak, [O] are all of about equal height. The dissociation of CO and N2 would 
produce C, N, and 0, which have m/z peaks at 12, 14, and 16. This assumption is not made 
for the solid spheres as the m/z=l2, m/z=l4 and m/z=l6 peak heights were not equal in any of 
the other spectra. The other ratios for sphere Odin are orders of magnitude lower than 
Naughton's ratios. It should be noted, however, that the N2/O2 ratio, while it may not agree 
with Naughton's ratio, is an order of magnitude larger than that of the terrestrial atmosphere, 
suggesting that the peaks were not caused by contamination from the earth's atmosphere. 
Conclusions: It could be seen with the microscope that a void was opened in the lunar glass 
sphere Odin. There are several reasons to believe gases may have been released. The spectra 
for the laser shot that may have opened the void was significantly different than the other 
spectra examined, showing large oxygen and nitrogen peaks and elemental C, N and 0 
abundances which were about equal. The CO/CO2 falls within Wellman's and Naughton's 
ranges if half of the m/z=28 abundance is attributed to CO. Also the N2/O2 ratio is much 
higher than would be expected from atmospheric contamination. Some of the experimental 
ratios, however, are well below Naughton's ratios, making it difficult to confirm with absolute 
certainty that lunar gases were released. 

REFERENCES: [I] Fiedler G. and Wilson J.(1975) Volcanoes of Earth, Moon, and Mars, Ch.5., 
Elek Science. [2] Wellman T.R. (1970) Nature 225, pp 711-717. [3] Naughton J.J., Hammond 
D.A., Margolis S.V., and Muenow D.W.(1972) Proceedings of the Third Lunar Science 
Conference, pp. 2015-2024. [4] Delano J.W. (1986) Proceedings of the Sixteenth Lunar and 
Planetary Science Conference, pp. D201-D213. [5] Taylor S.R. (1975) Lunar Science: A Post 
Apollo View, Pergamon Press, pp. 144-145. [6] Gibson E.K. and Carr R. New Frontiers in 
Stable Isotope Research: Laser Probes, Ion Probes and Small Sample Analysis. U.S. Geological 
Survey, p. 35-49. [7] Hartmetz C.P., Gibson E.K., and Blanford G.E., (I 990) Proceedings of 
the 20th Lunar and Planetary Science Conference. pp. 343-355. 
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DISSOLUTION OF SIMULATED LUNAR REGOLITH 
Donald G. Hervey, Jr., Texas A&M University 

INTRODUCTION 

· As mankind reaches farther out into space, a different class of life support 
systems becomes necessary. Controlled Ecological Life Support Systems 
(CELSS), which focus on regenerating food, water, and air using biological 
systems (primarily higher plants) in concert with physicochemical systems is 
the most..promising technology to meet the future needs of human space 
exploration. There are many methods by which plants may be grown in such 
a CELSS. One method envisioned is using a "soil" derived from lunar regolith, 
to make use of potentially available plant growth nutrients and to reduce the 
cost of launching a heavy substrate. Little is known about how lunar 
regolith acts in a plant growth environment, however. This study was 
undertaken to determine the interaction of humic acid, a major constituent of 
the organic part of soil, and simulant of the lunar regolith. 

MATERIALS AND METHODS 

Not all humic acid or lunar regolith is alike, so two different kinds of 
humic acid and lunar simulant were used. A natural humic acid was 
prepared from a Cecil soil from Georgia (Ultilsols) using a conventional O .1 N 
NaOH extraction, dialysis, and freeze-drying (Lobartini, 1988). A 
commercial humic acid, Humate Ag, was obtained from Humate 
International, Inc., Jacksonville, FL and was prepared by NaOH processing 
of a non-lignite geologic deposit rich in humic acid. 

A glassy lunar simulant prepared by a commercial glass company to match 
an Apollo-returned glass sample (Table 1) was crushed and the 53-150 µm size 
fraction was prepared (Ming, in press). Similarly, a sample of basalt from 
Minnesota which resembles the lunar basalts (Table 1) was crushed, and a 2:1 
mixture of the 75-150 µm and 53-75 µm fractions was prepared (Weiblen, 
1988). 

Humic acids solutions of O ppm, 100 ppm, 400 ppm, and 800 ppm were 
prepared by dissolving the humic acid extracts in 0.1 N NaOH solution and 
adjusting the pH to 5 and 7. Each humic acid solution was added to 1 g of 
lunar simulant and shaken continuously in an incubator/shaker at 26 °C. 
Aliquots were taken after centrifugation at day 1, 4, 7, 14, and 21. Calcium, 
potassium, and magnesium concentrations were measured using atomic 
absorption spectroscopy. 

TABLE 1. Major eleaent chemisb-y of glass and basalt limr si11Ulants (percent by -ei{tlt). 

Glass Basalt Glass Basalt 

Sf~ 
47.9 43.9 M:J) 6.9 6.7 

Al 13.0 13.7 00 10.4 10.1 
Ti 6.6 6.3 i 0.03 2.1 
FeO 12.8 13.4 o.a; 0.3 

2.6 0.2 
0.2 0.2 0.2 0.2 
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RESULTS AND DISCUSSION 

The lunar simulant is composed of aluminosilicate complexes which are 
subject to attack by certain ions, including hydrogen ions. Such an attack 
causes the elements in the complex to be released into solution. The 
maximum stability is expected to fall at pH 7 (Marion, 1976>. In this 
experiment more calcium and magnesium were found to dissolve into solution 
at pH 5, confirming that this indeed happened. Figure 1 is representative of 
the trend observed in the difference for these two elements. Potassium 
followed the opposite trend, indicating an unusual situation. 

The dissolution of the elements analyzed is expected to increase as the 
concentration of humic acid increases. Hydrogen ions associated with the 
functional groups will dissociate and be replaced by complexation of the 
humic acid with aluminum. This has the effect not only of pushing the 
reaction of hydrogen ions with the aluminosilicate complexes in the simulant 
forward, but also of releasing more hydrogen ions to attack the 
aluminosilicates. Once again the calcium and magnesium follow the expected 
trend <Figure 2), but potassium has the opposite activity (Figure 3). 

The action of the humic acid on the two different types of lunar simulant 
seem to be governed primarily by the composition of the simulant. Table 1 
gives the weight percent of each of the elements analyzed. The glass 
simulant, with a very low level of potassium, has little increase in 
concentration from its initial value (Figure 4). The initial value corresponds 
to the level of potassium contained in the humic acid. The potassium 
concentration in the basalt simulant treatments (Figure 3) had a significantly 
greater increases due to the higher initial content of potassium. The 
unusual action of potassium in the pH and humic acid concentration analyses 
suggests that potassium might be involved in a complexation process with the 
humic acid resulting in an insoluble product. This is likely since a precipitate 
formed upon addition of a strontium/cesium matrix in preparation for atomic 
absorption spectrometer analysis. 

Figure 1. 
EFFECT OF pH ON MAGNESIUM DISSOLUTION 
HUMIC ACID/LUNAR SIMULANT DISSOLTION EXPERIMENT 

Figure 2. 
EFFECT OF HUMIC ACID CONCENTRATION ON CALCIUM 
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Figure 3. 
EFFECT OF HUMIC ACID CONCENTRATION ON POTASSIUM 
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Figure 4. 
EFFECT OF HUMIC ACID CONCENTRATION ON POTASSIUM 
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The data from this study indicate that the processes expected to occur in 
the dissolution of lunar simulant in the presence of humic acid are indeed 
occurring. The hydrogen ions are attacking the aluminosilicate complexes in 
the simulants, causing increased dissolution of the other elements contained 
in the simulants. While potassium has some unusual trends, they a.re most 
likely an artifact of the preparation of the samples for analysis. More work 
needs to be done to analyze· other important elements which will be released 
by the simulants, such as toxic chromium and aluminum. Also the 
precipitate formed in the preparation for atomic absorption analysis needs to 
be definitively identified. 
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DIFFERENTIAL SCANNING CALORIMETRY AND THE ANALYSIS OF MARTIAN SOIL ANALOGS 
A. James Kettle, Memorial University of Newfoundland, St. John's, Newfoundland, AlC 5S7, Canada 
Advisor: Dr. J. L. Gooding, SN21/Planetary Science Branch, NASA/Johnson Space Center, Houston, TX 
noss, u.sA. 
Introduction. Differential scanning calorimetry (DSC) represents one possible means by which the mineral 
components of Martian soil may be identified. Enough information was obtained from elemental analysis by 
the two Viking landers to infer the mineral composition of the Martian soil. With new probes to Mars planned 
for the coming decade, attempts are being made to develop instrumentation that could identify the type and 
concentrations of minerals present in that planet's soil. This represents a novel use of the DSC, but it seems 
reasonable to expect that the composition of soils can be characterized by the heat flow curves of their mineral 
mixtures. 

Experimental Method. Powdered samples of hydrate or carbonate minerals were weighed individually into 
high purity Al2O3 sample pans and covered loosely with Al2O3 lids to permit the free escape of gas evolved 
during heating. Samples of mass 5-15 mg were heated from 300-1000 Kat a rate of 10 K/min in a Perkin-
Elmer DSC-2C instrument. A dynamic atmosphere of argon, flowing at a rate of 4-5 cm3 /min, was used to 
sweep evolved gases away from the ovens. Instrument calibrations were performed regularly using the results 
of melting experiments for indium and zinc metal standards. 

Results. Analysis of data from the Viking landers suggested that Mars has a soil composition similar to that of 
weathering products derived from volcanic rocks resembling Hawaiian basalts. Such a soil might include 
gypsum, calcite, artinite, palagonite, nontronite, and some zeolite minerals, all mixed together with particles of 
parent basalt material. For a soil composed of a simple mixture of a basalt matrix and one weathering product 
simulant, DSC seems to be a technique which can perform effective qualitative and quantitative resolution of 
the components. 

The results from 10 K/min trials indicated that pure samples of the simulated weathering products 
returned distinctive heat flow traces that could be used to fingerprint the material. The DSC curve for each 
pure mineral sample had a different arrangement and configuration of peaks that corresponded to a 
dehydration or carbonate decrepitation event and could be used to fingerprint the mineral. Figures 1 and 2 
provide an effective comparative illustration of several of the pure samples investigated. All heating curves 
were distinct. Some, such as synthetic goethite or gypsum in Figure 1, had sharp, narrow peaks which were 
attributed to the quantitative dehydration of their well-crystallized structures. The synthetic artinite also was 
distinctive in giving a series of peaks across the temperature range from 300-1000 K, corresponding to 
successive dehydrations and decrepitations, but this series of reactions was not quantitative. By contrast, poorly 
crystallized materials, such as nontronite or palagonite illustrated in Figure 2, showed broad, indistinct peaks 
corresponding to the loss of loosely bound and tightly bound water. 

Slowing the heating rate down to 1 K/min did not improve peak resolution, at least for the case of the 
pure synthetic gypsum. Here, the two peaks that were resolved in the 10 K/min heating trial merged together 
at the slower heating rate and became almost indistinct. 

In a simple mixture with the Hawaiian basalt BHVO-1, the mineral spikes could be discerned and 
identified with varying degrees of success for the 10 K/min trials. As illustrated for synthetic artinite, gypsum, 
and goethite in Figure 3, the well-crystallized minerals with distinctive structural sites for water produced the 
sharpest peaks when heated as pure phases and also produced distinguishable peaks when present in dilute 
mixtures with the basalt. Those mixtures containing the poorly crystallized materials - such as nontronite -
returned heat flow curves whose peaks were virtually undiscernible from the ambient noise. As a result, they 
were difficult to characterize by the simple means of analysis of this investigation. More advanced data analysis 
methods might be required for such materials. 

Difficulties in component identification arose where the peak shape was altered by the matrix material. 
The simple mixture of two heat-flow curves might be resolved by the subtraction of the known matdx curve to 
give the unknown curve which may then be identified by comparison with catalogued fingerprint files. This 
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process is complicated where the matrix material reacts with or otherwise catalyzes a reaction which changes 
peak configuration. The synthetic gypsum seemed effective in illustrating this problem, though artinite behaved 
in a similar fashion. The gypsum spectrum showed two peaks corresponding to a two step dehydration reaction. 
However, the gypsum/basalt mixture showed only one peak in its heat flow spectrum even at the greatest 
gypsum concentration of 10%. If such processes could be characterized, then the heat flow curves which they 
produce may be even more effective in identifying the mineral. The pure synthetic calcite heated at 10 K/min 
provided an example of this. The first heating, illustrated in Figure 4, showed a single peak between 900 Kand 
1000 K, corresponding to calcite decrepitation. The second heating showed both this high temperature peak 
and a second peak at about 670 K, corresponding to an aragonite/calcite polymorphic inversion reaction. The 
aragonite was produced at high temperature during the first heating and not given the opportunity to invert 
because of rapid quenching at the end of the heating. 

In mixtures where the peaks remained well-resolved even in the smallest concentrations of the mineral 
spikes, it was possible to actually quantify the concentration of spike present. Two parameters were 
investigated, in this respect: onset temperature and enthalpy of reaction. Under very good conditions, the onset 
temperature was observed to decrease monotonically with decreasing concentration of spike in a nonlinear 
relationship. Although gypsum was the best example, most compounds seemed to follow the same trend until 
noise dominated the peak signal at the smallest concentrations. In this respect, integrated enthalpy formed a 
better indicator of the concentration of the spike, and for low concentrations, it seemed to vary in a linear 
relationship with the spike content. Figure 5 presents the results for the synthetic gypsum, artinite, chabazite, 
and goethite as representative examples of the effectiveness of the technique in predicting the concentrations of 
certain materials. 

Conclusion. The results would suggest that DSC could provide a means of identifying and assessing the 
concentrations of the components of a simple mixture without much involved data reduction. From this brief 
investigation, it would thus appear that the technique may be useful in characterizing the mineral components 
of the Martian soil. 

Careful investigation is required, however, before the full advantages of DSC in planetary exploration 
become known. Even in this cursory study, problems were identified which would have to be overcome if DSC 
were to be made quantitative. The most important of these would seem to be signal enhancement and noise 
reduction, both of which seemed to confound fingerprint identification and quantitative analysis in the dilute 
mixtures, especially of the mixtures containing poorly crystallized minerals. An added step in sophistication 
would be to resolve the components of three and more component mixtures. This would also be very important 
in the investigation of natural soils such as would occur of Mars. Finally, further studies would have to fmd 
optimal heating rates and attempt to characterize the reactions which appear to take place in some mineral 
mixtures. 

In sum, it would appear that the differential scanning calorimeter is a versatile instrument that could be 
used to identify the components and concentrations of the components of simple soil mixtures. 
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Figure 1. Heat now curves for the fi~t heating trials of pure synthetic gypsum and goethite for a heating rate of 10 K/min. These well-
crystallized minerals were characterized by sharp peaks. 
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Figure 2. Heat flow curves for the first heating trials of nontronite and palagonite at 10 K/min. These poorly crystallized materials did 
not return sharp, narrow dehydration peaks. 

• 
..... 

"'i 
l .. . ../ z _,. SYNTHETIC ITE. 1• 

; ..... 

Figure 3. Heat flow curves for the first heating trials of the BHV0-1 Hawaiian basalt sample spiked with approximately 1% synthetic 
gocthite, gypsum, or artinite. The heating rate was 10 K/min. For these well-crystallized minerals, the spikes arc detectable even at low 
concentrations in the basalt matrix. 
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Figure 4. Heat flow curves for the first and second heating of the pure synthetic calcite. The first heating curve has a single peak above 
900 K corresponding to the carbonate decrcpitation. The heating curve for the second heating curve has both this high temperature peak 
and one at lower temperature corresponding to an aragonite/calcite polymorphic inversion. 
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Figure S. Correlation of the mineral spike concentrations in the basalt mixtures with the enthalpy of transition as obtained by peak 
integrations of the heat flow curves (as illustrated in Figures 2 and 3). Note that the enthalpies for the mixtures have been normalized to 
the enthalpies for pure phases. The heating rates were 10 Kfmin. 
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Mars has been exposed to a number of geological processes, such as 
volcanism, wind erosion, tectonism, channeling and impact cratering (2) that 
has shaped and reshaped its surface throughout its estimated 4.6 b.y. old 
history (1). A statistical study of impact craters was used in this project 
as a means of better understanding the volcanic history of the planet. 

Based on the Viking l:2M medium resolution photomosaics 11,486 craters 
mainly in the 1.5-8 km diameter range between 65°s, 180oW and 65°N, 180°E were 
identified and classified. Crater data were grouped into bin ranges based on 
an increment of root 2, using a Basic program. The Relative Size-Frequency 
Distribution Plot (R-Plot) (3) was applied and a graphical presentation of 
each data set was made and combined with the already existing chronology based 
on craters larger than 8 km (4). The reason for using the R-Plot rather than 
the Cumulative Size-Frequency Distribution Plot is that it reflects both 
obliteration processes and variations in the size-frequency distribution of 
impacting populations (3). 

The Martian surface is generally divided into two distinct regions; the 
heavily cratered southern highlands and the lightly cratered northern plains 
(4). The drastic change in the cratering record that took place 3.8 b.y. ago 
may be due to a depletion of the cratering population or it turned into a new 
population which remains today (5). 

The formula used in determining R-Plots was: 

1 R- D DN/A(l>b-Da). 

Dais the lower diameter of the bin and~ is the upper diameter of the bin. 
N is the number of craters within a particular bin, A is the area 

over which the craters were counted and 'Yn is the exponent of the differential 
power law distribution to which the data are normalized ( --3). The 
resulting graphs all group into three distinct regions; multi-sloped curves 
near LOG R--2 are defined to date from the end of heavy bombardment, those 
multi-sloped curves positioned above LOG R--2 from the time of heavy 
bombardment and single slope curves below LOG R--2 from the period of post 
heavy bombardment (4) (Fig.l). 

The relative age classification of the regions and volcanoes in this 
study is based on a comparison between crater density and the Relative Size-
Frequency Distribution Plot for each area. The result is, as shown in Table 
I, a clear correspondence between crater density and the R-Plot. Three 
exceptions are the volcano Amphitrites Patera, the ridged plains of Syrtis 
Major and Hesperia Planum. Despite the fact that Amphitrites Patera has a 
crater density that would normally group in the time period of post heavy 
bombardment its R-Plot, which lies above -2, indicates that it was formed 
during the time of heavy bombardment. Since younger regions show post heavy 
bombardment curves Amphitrites Patera probably formed at the end of heavy 
bombardment. 

The ridged plains of Syrtis Major and Hesperia Planum can be described 
as originating from the end of heavy bombardment based on the shapes of their 
crater size-frequency distribution curves. However, the crater densities of 
these regions are very similar to the crater densities of those regions dating 
from the heavy bombardment period. But, by taking the effects of obliteration 
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into account, I classified these two units as dating from the end of heavy 
bombardment. 

This study provides more detail and support to the already existing 
chronology based on craters larger than 8 km, as well as some revision of 
these data. In particular, we gained a better understanding of the relative 
ages of the volcanoes in the Tharsis and Elysium regions. These volcanoes 
were earlier estimated to be very young, due to their location, but this study 
ind_icates relatively old ages for several of them; Albor Tholus, Ulysses 
Patera, Hecates Tholus, and Tharsis Tholus all group near the end of heavy 
bombardment. Ceraunius Tholus, Jovis Tholus and Uranius Tholus seem to date 
from the period of heavy bombardment. The chronology of Isidis, Hesperia 
Planum, the ridged plains of Syrtis Major and Amphitrites Patera have also 
been modified by this study and relative ages of various other terrain units 
and volcanoes have been clarified. The resulting data are summarized in 
Tables I and II. 

References: 
1) Hamblin, Y.K and E.H. Christiansen (1990) Exploring the Planets, MacMillan 

Publishing Co., New York, p.169. 
2) Carr, M. H. (1981) The Surface of Mars, Yale University Press. 
3) Arvidson, R. et al. (1978), Office of Space Science, Yashington, D.C., 

NASA Technical Memorandum 79730 p.6-17 
4) Barlow, N.G. (1987) Icarus 75, p.285-302. 
5) Soderblom, L.A., C.D. Condit, R.A. Yest, B.M. Herman and T. F. Kreidler 

(1974). Icarus 22. p.239-263. 
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TABLE I 
REVISED RELATIVE CHRONOLOGY OF MARTIAN TERRAIN UNITS 

TERRAIN UNIT CRATER DENS!::! 
(>1.5KM/106 KM) 

R-PLOT CURVE PERIOD* 

THARSIS PLANITIA 110 <-2 PHB 
UTOPIA PLANITIA 515 <-2 

AMPHITRITES PATERA 383 >-2 EHB 
MCll CHANNELS 734 -2 
ISIDIS PLAINS 928 -2 
KASEI VALLES 931 -2 
HESPERIA PLANUM 1540 -2 
SYRTIS MAJOR 1603 -2 

ISIDIS RIM 1069 >-2 HB 
INTERCRATER PLAINS 1547 >-2 

TABLE II 
REVISED RELATIVE CHRONOLOGY OF MARTIAN VOLCANOES 

VOLCANO 

OLYMPUS MONS 
PAVONIS MONS 
ASCRAEUS MONS 
ARSIA MONS 
ALBA PATERA 
ELYSIUM MONS 
BIBLIS PATERA 

ALBOR THOLUS 
ULYSSES PATERA 
HECATES THOLUS 
HADRIACA PATERA 
THARSIS THOLUS 

TYRRHENA PATERA 
CERAUNIUS THOLUS 
JOVIS THOLUS 
URANIUS THOLUS 

LUNAE PLANUM 

CRATER DENSITY 
(>1.5KM/106 KM2) 

152 
215 
259 
313 
621 

1157 
1161 

1171 
1514 
1787 
1878 
2213 

1640 
2472 
2907 
3049 

1100-1165 

* HB 
EHB 
PHB 

- heavy bombardment 
- end of heavy bombardment 
- post heavy bombardment 

PERIOD* 

PHB 

EHB 

HB 

EHB 
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SODIUM VOIATILIZATION BEHAVIOR IN CHONDRULES 
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SN-2 Nasa-JSC, Houston, TX. 77058 

Cbondrules are thought to have formed in the solar nebula. By studying the evolution of 
chondrules, clues about conditions and processes within the nebula can be inf erred. Many experiments 
have been conducted with chondrule-like compositions under cooling, oxygen fugacity, and pressure 
conditions thought to be appropriate for chondrule formation in the solar nebula. The sodium content 
of these simulated chondrules is lower than those of naturally occuring cbondrules even though they 
must have experienced similar conditions (1). Therefore a part of the cbondrule forming process bas 
not been adequately reproduced in the experiments. 

Because sodium is very volatile, it may be a major constituent of the solar nebula. If that is true, a 
higher sodium partial pressure would increase the sodium retained by the chondrules (1). Chondrules 
have been found with sodium enriched rims (2, 3). It is possible that sodium, which volatilizes at high 
temperatures, diffuses back into chondrules at lower temperatures. 

Gas-mixing furnaces used to study cbondrules continually flow gases through the system to control 
oxygen fugacity ( 4). This method flushes any volatilized soduim from the sample environment. An 
experimental redox furnace that does not use flowing gas but controls the oxygen fugacity with applied 
voltages to an electrolchemical cell has been developed. This dosed system furnace retains any 
volatilized sodium in the immediate environment of the sample. 

Tsuchiyama (5) has determined the rate of volatilization of sodium from melt droplets of chondrule 
composition as a function of time, temperature, oxygen fugacity, and size of the charge for a 
temperature range of 14500C-1600°C and oxygen fugacities at and above the 1W buffer. Similar work 
bas been done by Donaldson (6) at temperatures of 12300C-1300°C. Both find that as temperature 
increases and oxygen fugacity decreases the rate of sodium volatilization becomes greater. Initial 
experiments were conducted in gas-mixing furnaces to determine sodium volatilization behavior of the 
Knippa basalt, the starting material in this study. Using these results, the next phase of the study was 
carried out in the experimental redox furnace. NaCl was vaporized in the presence of the sample in an 
attempt to maintain and/or enrich the charge in sodium. 

EXPERIMENTAL 

Due to temperature constraints imposed by the redox furnace a composition with a melting point 
lower than typical chondrule melts was required. The Knippa basalt, a MgO rich alkali olivine basalt 
was chosen with a melting temperature of 1320+5°C (Table 1). Powdered samples of about 100 mg of 
Knippa basalt were pressed into pellets and placed in a one-atmosphere, gas-mixing furnance on a 
platinum-wire loop. The samples were melted at 1300°C, 1325°C, and 13500C for durations of up to 72 
hours with an oxygen fugacity at the 1W buff er and air quenched. Charges melted at 132()0C and above 
for over 12 hours were glassy, others have a few olivine crystal remnants. 

An electronically controJied redox furnace was used for the second phase of the study (fig. 1) to 
determine if the sodium content could be maintained and/or enriched in the charge. This furnace 
utilizes a yttria-stabilized zirconia cell which, due to defect structures, passes oxygen at high 
temperatures. The transfer of oxygen through the ceJI is controlled by an applied voltage. Thus the 
oxygen fugacity on the interior of the ceJI is controJled by adding or subtracting oxygen depending on 
the polarity of the applied voltage. This type of stagnant gas system allows volatiles to be preserved 
within the cell. 

Samples of about 75 mg of Knippa basalt were first melted into droplets on the wire loops at 1325°C 
in a gas-mixing furnace for about 1 minute to fuse the sample to the platinum wire. A platinum basket 
containing approximately 375 mg of NaCl was hung below the charge to create a sodium rich vapor in 
the cell. Zircar baffies were attached to the bangrod to help contain the vapor in the sample 
environment. The interior of the ceJJ was pressurized with a 50/50 mixture of CO/COi gas while the 
exterior was pressurized with 02. The experiments were conducted at 1325oC for 24 hours with 



voltages applied to the cell to maintain oxygen fugacities at the 1W buffer. The samples were then 
quenched in air. 
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All samples were analyzed with a electron microprobe at 15KV accelerting voltage with 20nA 
sample current, a large ( 40 KX) rastered beam, and a counting time of 20 seconds to minimize sodium 
loss. 

RESULTS 

Using the gas mixing furnace at constant temperature and oxygen fugacity, the Na20 content of the 
Knippa glasses decreases with time as shown in figure 2. In runs of 72 hours nearly all (up to 98%) 
sodium is volatilized. Similar results have been recorded for chondrule-like compositions by 
Tsuchiyama (5) and Donaldson (6). The loss of sodium from the charge seems to follow a first order 
reaction. Tsuchiyama (5) calculated rates of sodium volatility to be 2.6xlo-4 cm•min-1 at 14SOoC 
compared to 4.25x10-5 cm•min-1 calculated for 130()0C, the lowest temperature used in this study. 
Sodium loss is temperature dependant and it seems reasonable that rates of sodium volatility would be 
less at lower temperatures. Other volatiles (eg. K, P) were also depleted from the charge. Iron was 
lost by diffusion into the platinum wire. 

Two processes control the loss of Na20 from the melt: i) diffusion and/or convection transports 
sodium to the surface of the melt droplet where, ii) the sodium is volatilized. The Na20 content in the 
glass is uniform throughout the charge indicating that the rate of diffusion of the sodium in the liquid is 
greater than that of volatilization and the latter is the rate-controlling process (5). 

Due to technical difficulties, experiments in the redox furnace were not completed. It was hoped 
that the charge in the presence of a sodium rich vapor created by vaporizing NaC~ under reducing 
conditions, would retain and/or increase it's Na20 content. 

The ceramic cell was capable of controlling the oxygen fugacity for the few runs completed in the 
furnace. These cells are very fragile and easily contaminated causing deterioration of the cells 
capabilities. Therefore great care was taken to avoid contamination but it is unclear as to the affect the 
experimentally produced atmosphere may have had on the cell. The temperature parameters for this 
experiment required that the furnace work at it's upper temperature limit eventually resulting in 
heating element failure. A composition with a lower melting point may be needed to continue the 
study in this type of a furnace. The effects of the chlorine gas from the vaporization of NaCl in the 
system are unclear. Perhaps a different sodium source such as sodium metal, taking all necessary 
precautions, could be used to generate the enriched sodium environment about the sample. 
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TABLE 1. Starting chemical composition of Knippa basalt. 

SiO2 
Al2O3 
TiO2 
FeO 
MnO 
MgO 
cao 
Na2O 
K2O 
P2O5 
Total 

42.49 
3.27 

11.76 
12.23 

0.22 
12.33 
11.59 
3.05 
2.03 
0.83 

99.66 
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The inner solar system is populated by an immense. tenuous oloud of fine grained ( <1 0Ou ) dust whioh is 
continuously being depleted by gravitational and solar effects. and replenished by the breakup of comets and 
asteroids. Since comets and some asteroids have solar composition and are undifferen~ated. they are widely 
believed to be unaltered since their formation in the pre solar nebula. This makes the study of · cosmic dust ' 
both exoiting and rewarding. sinoe the direct sampling of their parent bodies is still beyond reach. 

Because of the increase in frequency of shuttle flights and the planned construction of a permanantty 
manned spaoe station. there is also growing interest in the problem of man made orbital debris. Determining 
the flux and size frequency distribution of the debris could be instrumental in the design of the spaoe station. 
The collection of these particles in low Earth orbit is a relatively new endeavor. ane determining such basio 
parameters as their mass. density. composition. and velocity is complicated by the fact that at typical collision 
velocities with oolleotors (7-20 km/s) the particle is invariably destroyed upon impact. The particle will either 
leave a crater on the collector. or a hole if it impacts a thin foil ( Tfoil< (3-5)"Dproj.). 

Only very recently have any thin foil collections been made. The two most valuable. if incidental 
collectiOns have come from the 1 0 m2 of thermal control blankets from the Long Duration Exposure Faoiltty ( 
McDonnell. 1990) and Solar Max sattelites ( warren. 1989). which aoquired over 10.000 combined perforations 
over a period of 10.3 years in orbit. More recent experiments such as 'capture cells' have a 'witness plate' 
several mm behind the foil designed to catch the ejected foil and proiectile debris. 

Our goal was to derive experimentally a relationship between the resultant hole diameter (Oh) and the 
projectile diameter (Op) at several different soaJes. using foil thicknesses that varied enough to cover the range 
in hole sizes from perforation limited impacts in thick foils ( approaching a cratering event) to very thin foils Which 
would result in hole diameters approaching the size of the projectile. Previous research has depended on the 
perforation limited case. that is. assuming that the projectile creating the hole had the minimum size necessary 
to pass throughthe foil ( e.g. Carey et. al. 1985 ). This leads to a mass-frequency distribution greatly 
underestimating the true flux. We also exclusively used soda-lime glass projectiles in this series of experiments 
to more closely simulate the cosmic dust particles. simce previous experiments have relied almost solely on 
using metal proiectiles. which are a poor analog to the particle population that we are interested in. In addition 
to the study of the foils. a solid witness plate was placed behind each foil at a known distance. in order to study 
the debris cloud's morphological dependanoe on the ratio of the projectile size to the foil thickness. It was 
hoped that the dispersion angle of one or more features in the spray pattern could be related to the projectile's 
characteristics. 

We ran an extensive, systematic series of experiments, covering 3 projectile size scales: 150u. 1 mm, and 
3.2mm in diameter. These projectiles were accelerated via a light gas gun to a nominal velocity of 6 km/s with 
negligable scatter into foils ranging in thickness from 1 um to 12.7 mm. The experimental setup is described in 
fig. 1 . Several types of foil materials were employed including tef1on. kapton. mylar. aluminum and simulated 
thermal blanket material. The macroscopic shots ( Dp>1 mm) were all through tef1on foil. 

The holes were all measured at their widest points. For the microscopic shots the spallation on the baOk 
of the foil tended to obscure the foil so that those hole diameter measurements give a lower limit. In an attempt 
to circumvent this problem. I measured the diameters of the rings encircling the holes in mylar. teflon and 
thermal blanket material. sinoe the ring diameter seems to be proportional to the hole diameter. Aluminum and 
kapton generally heve clean penetrations without rings. The other maior source of uncertainty is inherent in the 
small proieotile sizes. since they are hand seived. giving a typical unoertainty of+/- 5-10%. 

As shown in fig. 2 there is an excellent correlation between the hole diameter and the size of the 
projectile which scales very well between the proiectile sizes. There should be some different scaling involved 
for different foil materials especially for the thiOker foil dimensions. where the material characteristics of the foil 
affect the perforation limit. This must be investigated in greater detail in the future. but for non-perforation 
limited hOles there is a very close correlation between different foil types. 

The study of the debris cloud dynamics via analysis of the witness plates is still under investigation. but 
early results confirm the expected higher fragmentation to the proiectile when rt collides with thicker foils. The 
dispersion angle measurements are also still under study. but initial results are important to note. nonetheless. 
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The total dispersion angle 01 the debris eloud (beta) seems to be neany oonstant With Increasing 10n tt'1fcknen. 
whereas the more subjeotiVe estimation of the dispersion angle 01 partiOle fragments onty (alpha) shOWI a 
general trend toward larger alpha With increasing foil thlol<ness. This oompanson between alpha and be1a vs 
the rano ot foil thiol<ness to proieotile size Is shown In fig 3. I feet that this distinction between alpha and beta IS 
,mportant. bo'ttl for theoretical modeling and the 1uture investiga'tions 01 particle cnaraoteristlos 1rom 1he 
anaiysIs 01 the spray pattems on witness plates. The results 'from crater size distrib~ ana/ySis on the wrtnen 
plates are vague and 01 que51ionaole value sInoe rt has been generally impossible to dl51(lguish between 
craters created by pro1ect1le or foil matenal. 

Future laboratory studies Will lnelude more extensive oblique impaot studies. 'further extension of 1ha 
proiecnle to hole ratio to yet smaller sizes ana eventual devek>pment o1 te0hniques to giVe the retatiYe 
oispersIon o1 foil and proieotile oraters on the witness plates through the use of an SEM. These lnvetUgaUonl 
will also supplement work to be done on the planned COsmI0 Oust COlleotion Facility. to be deployed on 1ha 
space station Freedom near the end of the deoade. 

1 . MOdonnell J. A. M .. et al. ( 1 990 ) Cospar in pnnt 

2. warren J . L .. et a1. ( 1999 ) Proceedings or me 19th Lunar and Aanetac,' SCieoce CQotereooe pp. 
541-657 

3. Carey w. c .. et al. ( 1985) in Propernes anc, loteraotjons ot 1oterp1anetw PYSJ pp. 131-136. 
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MINERALOGY, PETROLOGY, AND MAJOR AND TRACE ELEMENT 
GEOCHEMISTRY OF THE ANTARCTIC DIOGENITE ACHONDRITE EETA79002. 

Benjamin M. Myers, University of Arkansas, 
Fayetteville AR 72701. . 

Advisors: David W. Mittlefehldt, Lockheed ESCO, Houston TX 77058 and Marilyn M. Lindstrom, 
NASA Johnson Space Center, Houston TX 77058. 

Introduction: Diogenites are a group of differentiated meteorites that consist mostly of homogeneous 
orthopyroxene (Fs23-27 ), but also contain minor chromite, olivine, plagioclase (Anss-90), silica, 
troilite and metal. Most diogenites show a brecciated texture with large fragments of hypersthene 
surrounded by a matrix of fine-grained hypersthene [ 1 ]. The diogenites are grouped with the 
pyroxene-plagioclase achondrites, the eucrites and howardites, and the stony-iron breccias known as 
mesosiderites, in the basaltic achondrite association. Diogenitic clasts are common in mesosiderites, 
while howardites are polymict breccias composed of eucritic and diogenitic material. 

This work was conducted to better understand the petrogenesis of diogenites and the 
howardite-eucrite-diogenite (HED) parent body. The pyroxenes in diogenites are believed to have 
crystallize from magnesian liquids in the HED parent body. Harriott and Hewins (2] separated the 
orthopyroxenes found in diogenites into class I and II, with class I containing more Fe-rich 
pyroxenes, implying different initial Fe/Mg in the parent magmas which then fractionated 
similarly. Harriott and Hewins [2] found EET A 79002 to be a class II member with limited 
pyroxene analyses. Preliminary work on EET A 79002 at Johnson Space Center (JSC) showed a higher 
range in pyroxene mg# than is normally seen in individual diogenites [3] (The mg# is the 
percentage of molar MgO divided by the molar FeO + MgO), but only two samples of EETA 79002 
were analyzed. We hoped to find compositional differences in pyroxene clasts that would lead to 
more clues about the original parent melts and petrogenesis on the HED parent body. 

Description: The exterior of EETA 79002 is covered with broken sections of dull black fusion crust-
and chipping revealed a broad orange-brown weathering rind near the surface. The interior is 
composed of both light grey matrix and dark matrix in a cm sized light-dark structure. The thin 
sections of EET A 79002 show a monomict breccia composed of rounded and angular orthopyroxene · 
clasts in a crushed and broken hypersthene matrix. The pyroxenes show evidence of strain and 
shock, with some recrystallization evident. Back-scattered electron (BSE) images indicated some 
variation in proxene grain composition. Opaque components observed using reflected light 
microscopy and BSE images were metal (Fe,Ni), troilite (FeS), and chromite (FeCr2O4). Troilite 
was observed as various irregularly shaped inclusions in the fine-grained matrix while chromite was 
observed as single rounded particles in and near pyroxene clasts. 

Methods: Fourteen samples comprising four whole rock (two light, two dark) and ten clasts (three 
light, seven dark) of EET A 79002 were obtained from the Meteorite Working Group. Thin sections 
or grain mounts were made for all samples. The EET A 79002 samples were y-radiat~d for 20 hours 
at the University of Missouri research reactor at a thermal flux of 7.6 x 101 n/cm /sec. Counting 
was performed at the Instrumental Neutron Activation Lab at JSC using Ge(Li) and intrinsic Ge 
detectors and a Canberra multi-channel analyzer system interfaced with a DEC MicroVAX 
computer for data reduction. Standards used in the INAA counts were NBS 1633a Flyash for Sc, 
Sr, Ba, La, Ce, Nd, Sm, Eu, Tb, Yb, Lu, Hf, Ta, Th, U, Sb, and Se; USGS DTS-1 dunite for Fe, 
Cr, Co and Ni; and IWG An-G anorthosite for Na and Ca. Raw spectral data were reduced using 
the TEABAGS program, interference corrections and element concentrations were calculated using 
the ABUND program, and final data evaluation was performed using FEAT programs. Two blank 
silica tubes were run to correct for elemental contamination pro2duced frop4 the tube. Only La 
corrections were necessary. The Na counts produced from the 4Mg(n,p) Na reaction were 
corrected using MgO data from the electron microprobe analysis and instrumental neutron activation 
analyses of MgO. Pyroxene compositions were analyzed in all thin sections and grain mounts with . 
the Cameca Electron Microprobe at JSC using 20 KeV potential with 40 nA sample current. 
Standards used were kaersutite for SiO2, TiO2, Al2O3, FeO, MgO and CaO; chromite for Cr2O3; 
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and Fe-Mn garnet for MnO. Data reduction on the microprobe data was performed using the PAP 
method. 

Major Elements: Diogenites exhibit pyroxene compositions with only slight differences in major 
elements. The 35 grains analyzed on the electron microprobe reflect the orthopyroxene (Wo2-
3En72_ 75Fs23-25) composition of EET A 79002 in this work. The JSC preliminary work showed 
(Wo2_3En72_ 76Fs23-25) for one sample, and (Wo2_3En1s-80Fs19-25) for the second. The high 
mg# in the second sample and the total range observed for both samples, led to interest in 
performing a more detailed study of EET A 79002. 

The mg#'s for diogenites are an important gauge for igneous differentiation. As pyroxene 
crystallization procedes MgO is depleted resulting in lower mg#. The mg#'s for Johnston and 
EET A 79002 from the previous JSC study, concentrate between 73 to 77, as most diogenites do, with 
EET A 79002 showing a second concentration around 79-81. Other diogenites have been noted with 
mg#'s out of the 73 to 77 region: Manegaon (78.6), ALHA84001 (72.3), and Garland (70.9) (4). We 
analyzed 35 EET A 79002 grains from 14 samples all of which plot in the typical diogenite range of 
mg#, 73 to 77 (Figure 1 ). The majority of "previous" EET A 79002 grains plot in the high mg# 
group while none of the 35 grains in this study plot in that region. In Figure 2 the mg# for the 
pyroxene grains of EET A 79002 and Johnston from the previous study are plotted together. The 
Johnston pyroxenes are relatively homogeneous and typical of the diogenite range. The mg# data 
on EET A 79002 from this study represent a more homogenous sample than originally thought. 

Trace elements: Diogenites exhibit varied rare earth element (REE) distributions from meteorite to 
meteorite, and from sample to sample of a single meteorite. The clasts in EET A 79002 are in the 
range of other diogenite clasts for the abundances of Se (0.48 +/- 0.02 ppm for EETA79002 to 0.7 
+/- 0.3 ppm for mean diogenite), La (0.0068 +/- 0.0008 ppm to 0.035 +/- 0.042 ppm) and Sm 
(0.022 +/- 0.002 ppm to 0.035 +/- 0.029 ppm), Figure 3. Like mean diogenites as measured at 
JSC, EET A 79002 pyroxenes are rich in heavy REE relative to light REE. The light and dark 
pyroxene clasts in EET79002 had no appreciable difference in REE abundance. 

In Figure 4 the whole rock and pyroxene clasts abundances are plotted for EET A 79002. The 
whole rock shows considerable enrichment of Co, Ni and Se compared to the pyroxene clasts. Co 
in EET A 79002 whole rock measured 28 +/- l 5 ppm compared to 17 +/- S ppm in the clasts; whole 
rock Ni measured 73 +/- 48 ppm to 37 +/- 8 ppm in clasts; and whole rock Se measured 1.4 +/- 0.7 
ppm to 0.48+/- 0.02 ppm in clasts. The difference of Se from whole rock to clasts in EETA 79002 
suggest that more troilite is present in the whole rock samples, as Se and the S in troilite tend to 
fractionate together. The EET A 79002 whole rock also shows considerable enrichment of Ni, Co 
and Se compared to the abundance in mean diogenite. EET A 79002 was also found to differ from 
Johnstown in Yb abundance. EETA 79002 Yb averages 0.14 +/- 0.01 ppm, with almost no scatter of 
Yb values outside analytical uncertainty. Johnston averages 0.21 +/- 0.03 Yb, with half the samples 
plotting outside its analytical uncertainty. 

Conclusion: The diogenite EET A 79002 was found to contain mostly homogeneous orthopyroxene 
(Wo2_3En72_ 75Fs23-25) and minor chromite, troilite, metal and silica. The meteorite is more 
homogeneous than suspected in mg# and Yb, and conforms to the mean average for diogenites with 
regards to major elements. The clasts are equivalent to other diogenite clasts and exhibit the same 
brecciation history. EET A 79002 whole rock exhibits considerable enrichment of Co, Ni and Se 
compared to the pyroxene clasts and compared to the whole rock of mean diogenite. The meteorite 
indicates a richer metal-troilite content than most other diogenites. 

References:[!] Mason B. (1963) Am. Mus. Novit. 2155,1-13. (2) Harriott T.A. and Hewins R.H. 
(1984) Meteoritics 19,15-23. (3) Mittlefehldt D.W. (unpublished). (4) Mittlefehldt D.W. and 
Lindstrom M.M. (1989) LPSC XX, 699-700. 
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COLLISIONAL DISRUPTION EXPERIMENTS: ANALYSIS OF IDENTICAL IMPACTS. Scott W. 
Rubin, 5106 N. Lamar #277, Austin, TX 78751 

Impact-fragmentation experiments are useful in modeling actual asteroid and planetary collisions. The ratio 
of the mass of the largest remaining fragment to the initial target mass (MR/Mo) is often used as a scaling 
parameter in these experiments. However, a trend with considerable scatter typically results when this ratio is 
plotted as a function of increasing impact energy. By comparing the results of identical impacts into identical 
granodiorite target blocks, this study attempts to determine whether this scatter is experimentally controllable 
or merely randomly induced. 
Target Preparation: Several physical parameters, including target and projectile mass, size, density, strength, 
and velocity are important in impact experiments (1). In order to assure impacts that are as similar as 
possible, each of these parameters must be held constant to the absolute limits of the facilities. A precision 
wafering machine was used to cut identical targets from larger slabs of granodiorite, which was homogeneous 
and generally uniform in density (2.631 ±0.018 g/cm3), except for a few small ( < 1cm) xenoliths. The cut cubes 
were polished on an abrasive wheel to uniform mass, dimensions, and surface texture, yielding targets 
7.066±0.046 cm on a side. Five sets of five cubes will be used in the experiments, with interset masses 
differing by less than 0.75%, and intraset masses varying by no more than 0.10%. As of this writing, three of 
the five series have been completed. 

Experimental Conditions: Spherical stainless steel 440 
(7.68 g/cm3) projectiles measuring 0.635 cm in 
diameter were launched at average velocities of 1.20, 
1.45, and 1.83 km/s, yielding impact energies of from 
7.34 to 17.1 x 109 ergs. Additional impacts in the range 
of 1.0 km/swill be performed. The velocities in each of 
the identical sets varied by no more than 4.7% and by 
as little as 0.3%. The targets were suspended in a thin 
wire loop to minimize artificial reflections of stress 
waves, and impacts were normal to and in the center of 
the uppermost horizontal face. The fragmentation 
products were dry sieved and weighed, with target 
recovery typically greater than 99.5%. 
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FigurT 1. Mass of the largest remaining fragment normalized to the original 
target mass vs. specific impact energy. Five results for each of three impact 
velocities are given. Notice the dramatic decrease in scatter at the highest 
velocity, compared to the lower velocities. 

Largest Remainine Fraement: Earlier results for glass spheres (2), basalt (3), and both cold and warm 
granodiorite targets (4) indicate that the mass of the largest remaining fragment is a function of the specific 
impact energy (the kinetic energy of the projectile relative to the initial mass of the target ). In general, our 
experiments agree with this trend. However, a large amount of scatter in the masses of the largest remaining 
fragments is evident even in identical impacts at the lower specific impact energies (Figure 1). At projectile 
velocities of 1.20 and 1.45 km/s, the mass of the largest remaining fragment differs by as much as 200%, while 
at the highest velocity, the mass of the largest remaining fragment remains fairly constant. While in some 
cases the mass of the largest remaining fragment is much larger than the rest of the debris, in most cases the 
largest remaining fragment is comparable to several other fragments in mass. In the latter cases, even the least 
massive of the largest remaining pieces is much more massive than any of the remaining fragments. Figure 2 
gives the masses of the largest eight fragments normalized to the mass of the largest remaining fragment in a 
typical example of each of the three sets of impacts. Interestingly, within the two lower specific impact energy 
sets, collisions with one large remaining fragment and collisions with several large remaining fragments both 
occur. In the impacts with several large remaining pieces, the combined mass of the largest few remaining 
fragments is comparable to the mass of the largest remaining fragment in the collisions with only one large 
remaining fragment. The scatter of this normalized combined mass (MAIMo) plotted against the specific 
impact energy (Figure 3), is substantially less than the scatter in Figure 1 at the lower velocities. 
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However, the variation at the higher energies is 
actually greater. Apparently, the largest possible 
remaining fragment at lower specific impact energy 
has a tendency to break up into· ·a few smaller 
fragments. Since this tendency is not observed at 
higher specific impact energies, the break-up of the 
largest remaining fragment is not a result of wide 
energy fluctuations, but the result of more subtle 
differences in target strength. Clearly, some type of 
undetected target imperfections have caused a 
significant degree of variation in the mass of the 
largest remaining fragment at lower velocities where 
the amplitude of the shock waves is sufficient to break 

Figure 2. Mass of the largest eight fragments normalized to the original the target preferentially along the imperfections. At 
target mass. The combined mass of the fragments clearly above the break in higher velocities, however, the difference between the 
slope was used in Fig. 3. For example, the largest three remaining fragments 
were IISed for the collision at 1.20 km/s. strength of the target along the weaknesses and the 

...._ __________________ ...., intrinsic strength of the rock is negligible when 
compared with the amplitude of the shock waves. The specific impact energy above which the shock is 
powerful enough to render the weaknesses irrelevant is probably definable, but not yet determined 
experimentally. 
Grain-Size Distributions: Average grain-size distributions of the highest and lowest energy sets are shown in 
Figure 4. Previous work predicts an exponential relationship between fragmental masses in each size category 
and specific impact energy (1). This type of curve is generally supported by these data, with the normalized 
masses in the smaller size fractions of the higher energy shots understandably plotting well above those of the 
lower energy shots. The plateau around 0.5-1 mm is near the average grain size of the target, and is likely a 
result of the general tendency of rocks to break along grain boundaries (5). A more interesting trend occurs at 
the highest fragment sizes, where considerable scatter is evident and the two curves lose their distinction. 
Since the great majority of the impact energy in such collisions is expended in making the finer fragments (6), 
the scatter in the distribution of the larger pieces could be due to a relatively small difference in energy. The 
same weaknesses in the targets which accounted for the scatter in Figure 1 could therefore be causing these 
variations. 
Surface Areas: Following (6), the newly created 
surface areas from the collisions were modeled using 
the grain-size distributions excluding the finest 
fragments. Since most of the mass lost probably 
consisted of very small ( <0.063 mm) fragments (these 
particles were the most difficult to collect), the surface 
areas calculated for these small size bins would not be 
accurate. As stated above, most of the energy in a 
collision goes into making the smaller fragments. 
Furthermore, since mass is related to the cube of 
volume but to the square of surface area, the least 
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Largest Fragments: Combined Masses 

I • • ic 

Granodiorlte Cubes 
massive fragments remaining after any collision have ,a8 107 
much more surface area per unit mass than the most Impact Energy/Mo (ergs/g) 
massive fragments. The surface area of the smallest Figure 3. Combined mass o( the largest few remaining fragments 
debris of a collision therefore represents a much larger normalized to the original target mass. vs. the specific impact energy. 
expenditure of energy than the surface area of the Notice the tight clustering at the lower velocities and the increase in scatter 

at the highest velocity. 
targets few fragments. In our experiments, the surface L---=------'----------------
area contained in, and thus the energy expenditure represented by, the smallest calculated size bin was 
drastically (on the order of 106 to 107 times) more than the surface area contained in the largest size bin. 
Clearly, the energy required to break one very large fragment into several large fragments is much smaller 
than the energy expended in making a much smaJler mass of fine-grained fragments. The scatter seen in 



33 

COLLISIONAL DISRUPTION EXPERIMENTS: S.W. Rubin 

Figure 1 therefore does represent only minor variations in energy expended to break the largest possible 
remaining fragment. 
Discussion: Scatter in the distribution of the largest 
remaining fragment with increasing specific impact 1---------------... 
energy is both real and pronounced. The variations ffl 
observed Fig. 1 cannot be described as being entirely ::E 
random, since some fragments from each set seem to g, 0-1 
cluster near a "maximum" largest remaining fragment l:::.lil 

for a given impact energy. However, it is clear that the 
normalized mass of the largest remaining fragment is I 0.01 
not appropriate for use as a scaling parameter, at least 

Post-Impact Size Dlstrfbutlon · · 
• C I 

Ukm/1 C • 
C 

D C 
C 

0 C • 
• • • 

• • • 
Granodlorlte Cubes at lower impact energies. It appears likely that a m 

definite but undetermined impact energy exists beyond 
which this ratio could be used effectively. At lower 
velocities, the cumulative mass of a particular number 
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of largest fragments might be more useful, but an 
objective means of evaluating the largest few 
remaining fragments would be the most informative. 
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Grain Size 
Figure 4. Mass or the debris in each or twelve size bins normalized to the 
original target mass. Note the "plateau" in the curve near 0.5-2 mm, and the 
increased scatter in the largest size bins. 

Grain-size distributions and surface-area calculations suggest that the variation in the largest remaining 
fragments is due to random weaknesses within each target, which indicates an uncontroUable factor when 
MR/Mo is used as a scaling parameter. 
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Figure 5. New surface area vs. specific impact energy. The surface area -
computed assuming a spherical geometty for all fragments. Debris smaller 
than 63 µm were not included in the calculations. Note the relatively tight 
cluster at each specific impact energy. 
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V AND Mn VOLATILIZATION: INSIGHT INTO SOLAR SYSTEM PROCESSES 
E. Eve Shaffer, Indiana University, Bloomington, IN 4740S 

Terrestrial and lunar depletion patterns of V, Cr and Mn are strikingly similar. The implications of 
two bodies having similar depletion patterns, with V > Cr > Mn in abundance relative to chondrites, has 
been a matter of much debate. One interpretation is that the depletion patterns reflect a genetic 
relationship between the Earth and Moon. The lunar depletion of these elements cou1d be explained if the 

· Moon was derived largely from terrestrial mantle material that had been previously depleted in these 
elements [1,2,3]. One way to account for depletion of V, Cr, and Mn in the terrestrial mantle is to invoke 
their fractionation into the metallic core. However, studies have shown that this occurs only under very 
reducing conditions and also yields a depletion pattern where Mn abundance> Cr abundance> V 
abundance, the reverse from that observed in the Earth and Moon [4]. An alternative to this explanation 
is that the Earth and Moon share similar abundances of V, Cr, and Mn because of a pre-existing depletion 
of these elements in the solar nebula where the Earth and Moon accreted. A possible mechanism for 
nebular depletion is to volatilize these elements. This explanation has been somewhat neglected because 
the volatility of V has been thought to be too low for this theory to be plausible. To shed some light on 
these questions, experiments investigating the volatility of V and Mn were undertaken. 

METHODS 
An oxide mix having a Sc-doped eucrite composition was prepared, fused into a glass at 1400°c 

under an oxygen fugacity (fO2) corresponding to 2 log units above the iron-wilstite buffer (IW+2) for 30 
min., and ground under ethanol to a particle size of 88 microns. This base composition was then doped 
to 1.0 +/- 0.1 wt% levels of v2o5 and MnO using high purity (99.99%) v2o5 and MnO2. Both base 
mix and dopants were weighed immediately upon removal from a drying oven to prevent hydration. 
Samples of the base mix, V-doped mix, and Mn-doped mix were suspended by Pt wires and run in a 
Deltech gas-mixing furnace at a temperature of 1400°C and under an ro2 of IW+2 for 30 min. The 
resulting charges were mounted in epoxy and analyzed using EPMA to insure the homogeneity of the 
starting material and to verify the exact starting compositions (Table 1). 

A series of experimental charges were then run. 100 mg. pellets of V- and Mn-doped mix were 
affixed to loops of Rh60\Pt40, 0.008 mil. diameter wire loops by partially melting the pellet bottoms. 
Pt\Rh wire was used instead of pure Pt in order to prevent hangwire failure. These loops were then 
attached to an alumina rod which was connected via Pt\Rh wire to the hangwires. This charge set-up 
allowed the samples to be rapidly quenched. Samples were placed in the furnace and run at 1400°C and 
an fO2 of IW-1 for 4 hours. After that time, a continuous vacuum of about -30 in. Hg was maintained 
on the furnace to remove any gaseous V or Mn species, thus reducing their partial pressures and 
encouraging volatilization. This was done because previous experiments run without evacuation showed 
no unambiguous V or Mn loss. The actual vacuum is unknown, but was probably between 10-2 and 10-
3 bars. In the first experimental run, only a trace leak of the original CO-CO2 gas mixture was allowed. 
However, in later runs a small flow of gas was maintained to try to insure a reducing atmosphere despite 
air leaks in the system. Runs of 24 and 47 hours under vacuum were made. Charges were quenched, 
mounted in epoxy, and analyzed using EPMA. 

RESULTS 
Results of these volatilization experiments (Figure 1, Table 2) show significant V-loss in both 1 and 2 

day runs. A 35% +\- 5% depletion is seen in the sample kept in vacuum for 24 hours, and a 70% +\- 5% 
depletion for the 47 hour charge. Because V loss in the silicate charges could be caused by solid solution 
within the Pt\Rh loops as well as volatilization, an EDS analysis was done on the sample loops via SEM. 
No V was found. More significantly, a Mn charge run alongside a V charge showed an increase in V 
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content of about 0.15 wt%, indicating definite V volatilii.ation. Mn, thought to be more volatile than V, 
showed no significant depletion after one day under vacuum. The two- day Mn charge did not remain on the 
wire loop and was unable to be recovered. The other elements composing the charges also showed no 
depletion. 

EDS analysis found no Fe in the wire loops, nor were there blebs of FE metal in the sample. These 
observations indicate that, because of vacuum leaks, we were unable to maintain the fO2 at IW-1. We can 
roughly bracket the fO2, however. No iron oxides were present in the charges, and spinel didn't crystallize. 
This sets the upper limit on fugacity. The lower ro2 limit is set by the absence of Fe in the Pt wires. 

M0ssbauer spectroscopy will be run on the charges to determine the (Fe2~'{Fe3+) ratio and better constrain 
the oxygen fugacities of the samples. 

CONCLUSIONS 
Demonstrable V volatilization at these conditions must cause the definition of V as "refractory" to be 

rethought. These experiments show that under some circumstances V can be very volatile indeed. Given 
this, it becomes plausible that solar nebula volatilization of V and Cr (which is known to be volatile at 
more oxidizing ro2's) prior to terrestrial and lunar accretion could be responsible for the similar depletion 
pauems seen in the Earth and Moon. It will be important to evaluate whether the requirement of high ro2 
for V volatilization is geologically and cosmochemically realistic. However, there is evidence that the solar 
nebula was inhomogeneous and oxidizing in some areas. Inclusions in Allende, a CV chondrite, give 
evidence of formation in an oxidizing environment. Interestingly, these inclusions show depletions in V 
and other elements which are generally considered "refractory" [5]. CV chondrites, as a class, are rich in 
other refractory elements, but are anomalously low in V. This could well be a result of V volatilization. 
Further work must be done to determine the ranges of temperature and oxygen fugacity over which V 
volatilizes significantly. The question of Mn depletion via volatilization also requires further 
experimentation to determine if there are cosmochemically reasonable fO2 and temperature ranges over 
which Mn can be seen to volatilize. 

REFERENCES 
1. Ringwood, A.E. (1986) Nature, p.323-28. 2. Wlinke, H. and Dreibus A. (1986) Origin of the Moon 

p.649. 3. Ringwood, A.E. and Seifert, S. {1988) Earth, Moon and Planets, p.45-70. 4. Drake, M.J. 
et.al.(1989) G.C.A. p.2101-110. 5. Davis A.M. et. al. (1982) G.C.A. p.1627-51. 

TABLE 1 
ST ARTINQ COMPOSITIQNS-WT~ 
MgO A12O3 SiO2 eao Sc2O3 FeO SUM 

undoped eucrite mix Avg. 9.31 12.72 49.32 9.92 0.87 17.99 100.13 
Std. Dev. 0.08 0.09 0.41 0.08 0.02 0.29 

MgO A12O3 SiO2 eao Sc2O3 FeO V2O5 MnO SUM 
Mn doped starting mix 

Avg. 9.24 12.77 48.75 9.84 0.85 17.42 0.01 1.07 99.95 
Std. Dev. 0.05 0.07 0.18 0.07 0.01 0.08 0.01 0.03 

V doped starting mix 
Avg. 9.12 12.59 48.79 9.79 0.85 17.24 1.15 0.04 99.56 

Std. Dev. .0.09 0.05 0.21 0.07 0.01 0.08 0.03 0.01 

Samples run at IW+2 for 0.5hr. Temperature= 1400°C 
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TABLE2 
;EXPERIMENT AL RESULTS-WT% 

MgO Al2O3 SiO2 eao Sc2O3 V2O5 MnO 
Mn doped charge 
vacuum 21hr. 

Avg. 9.26 12.59 47.74 9.76 0.84 0.16 1.06 
Std. Dev. 0.07 0.03 0.13 0.12 0 0.01 0.03 

V doped charge 
vacuum 21hr. 

Avg. 9.05 12.87 49.39 9.77 0.86 0.69 0.04 
Std. Dev. 0.15 0.23 0.87 0.11 0.02 0.05 0.01 

V doped charge 
vacuum 47hr. 

Avg. 9.34 12.84 48.92 9.86 0.85 0.26 0.05 
Std. Dev. 0.15 0.09 0.20 0.09 0.02 0.08 0.01 

Samples run at IW-1 for 4hr. then evacuated. Temperature= 1400°C 

Figure 1 

Mn and V loss with evacuation time 
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ZEOPONICS: SUPPLYING CALCIUM, NITROGEN, PHOSPHORUS, AND POTASSIUM IN A 
SYNTHETIC ZEOLITE:APATITE SYSTEM 
Kelly G. Spencer, Texas A&M University. 
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The success of long-duration space exploration may depend upon the achievement of plant growth to 
support human crews. Several systems (e.g., hydroponics, aeroponics, solid-support substrates) have been 
suggested for use in plant growth; however, most systems have tended to be of a hydroponic nature. Solid-
support substrates have not been fully investigated for their potential use in space activities. These investigations 
will have to be made before a decision is made on which system would best suit the needs of space exploration. 

One such solid-support substrate is zeoponics. Basically, this system is the cultivation of plants in zeolite 
minerals:£Ming, 19~9J- Zeolites are hydrated aluminosilicates of alkali and alkaline-earth cations (e.g., K+, 
Na+, Ca +, and MF_+) that possess infinite, thr e-dimensional crystal structures (i.e., tektosilicates). 
Substitution of AI3 and sometimes Fe3 + for srf + in the central cation position of the tetrahedron gives the 
zeolite a characteristic net-negative charge. The net-negative charge serves as an attractant for monovalent and 
divalent cations which are usually called exchange cations. Such interactions within the structure can carry on 
indefinitely without any major change to the zeolite ftructure. Naturally-occurring zeolites have typical cation 
exchange capacities (CECs) of 200 to 300 cmo1c kg- while synthetic zeolites may have CECs as high as 600 
cmolc 1cg-l (Ming and Mumpton, 1989). High-charged characteristics of synthetic zeolites provide numerous 
possibilities for their use in areas where cation absorption and retention are necessary. 

To date, zeoponics research has been conducted with natural zeolites. These studies have shown natural 
zeolites (e.g., clinoptilolite) to be suitable reservoirs for plant-essential nutrients in solid-support substrates 
(Allen and Hossner, 1988). Because synthetic zeolites have higher CECs than most natural zeolites, synthetic 
zeolites may have a larger capacity to house plant-essential elements. The objectives of this study are (i) to 
determine the feasibility of growing plants in zeoponics systems using synthetic zeolite substrates, and (ii) to 
investigate chemical equilibrium relationships between synthetic zeolites A and X and a natural apatite. 

MATERIALS AND METHODS 
Characterization of Zeolites 

Synthetic zeolite A and synthetic zeolite X (1/16-inch diameter pellets) were crushed to <0.05 mm. The 
powdered zeolites were then mounted for X-ray diffraction (XRD) analysis. All samples were scanned from 2° 
to 45° using a scan speed of 1°2O/minute on a Scintag X-ray diffractometer with monochromatic CuKa 
radiation obtained with a graphite crystal monochrometer. 

Cation exchange capacities of the treated (NH4- or K-saturated) zeolite A and zeolite X were determined 
by displacing exchange site cations with 0.1 N SrCI, decanting the solution, and analyzing solutions for K+ and 
ca2 + by atomic absorption spectroscopy and for NJ4 + using an ion-selective electrode. 
Zeolite/Apatite Equilibrium Studies 

Zeolite A and zeolite X were each saturated independently with 1.0 NH4Cl and 1.0 N KCI solutions by 
the use of specially made zeo-saturators designed at the NASA Johnson Space Center. Each zeolite was placed 
into separate containers and saturated with the appropriate solution for 14 days. The zeolites were then rinsed 
using deionized water for three days and allowed to oven dry at 100°c. NH4- and K-saturated zeolites A and X 
were then ground in a Brinkman ball mill to a particle size of < 0.05 mm. Two mixtures were used in the 
equilibrium experiment, one containing 2.0000 g of K-/NH4-saturated zeolite A and 0.2000 g of North Carolina 
apatite, and the other containing 2.000 g of K-/NH4-saturated X and 0.2000 g of North Carolina apatite 
(zeolite/apatite = 10/1). Seven mixtures of NH4-/K-saturated zeolites were selected: 100/0, 90/10, 75/25, 
50/50, 25/75, 10/90, and 0/100. Four replicates of each ratio were prepared. Deionized water (80 ml) was 
added to each sample, and these were allowed to shake on a reciprocal shaker for seven days at 25°C. After 
seven days, these solutions were centrifuged and decanted for analyses of K, NH4, Ca, P, and pH. Potassium 
and Ca concentrations were measured using atomic absorption spectroscopy, NH4 and pH analyses were 
measured using ion-selective electrodes, and P concentrations were determined colormetrically using a 
spectrophotometer. 



38 

Kz 

1 

... 

... 

... 
u 

' 

.. 

... 

. ...---
.•.. •······· .. 

.. 

NH4s ... ... 

. . .. 
. . . .. .. .. 

.•· .. .. 

... 
.. . .. .. . •· .. 

'!-"' .. .. · 
... ... 
... ... 
... ... 
u u-

•.. •·• NH4s •·• ... 
• 

• 

• 

• 

0 
________________ _, 0 •-----------------' 0 ... ... ... ... 0 0.2 •.. ... ... 

Ka i<s 

Figure 1. Ion-exchange isotherm for Kand NH4 in zeolite A (left) and zeolite X (right). Potassium is 
selective over NH4 (Ks = eq. fraction of K in solution, Kz = eq. fraction of K on zeolitic exchange 
sites, ~s = eq. fraction of NH4 in solution, ~z = eq. fraction of~ on zeolitic sites). 

Zeolite Plant Growth Studies 
The two synthetic zeolites (zeolite A and zeolite X) and apatite were used to form two zeoponic 

substrates. A series of zeoponic mixtures were prepared for each substrate, containing 0, 1, 5, 10, 25, 50, 75, or 
100 vol.% zeolite/apatite, with the remainder being acid-washed quartz sand. Each treatment was replicated 3 
times. The zeolite/apatite ratio was 10/1 (wt. basis) and the K-/NH4-saturated zeolite ratio was 3/1 (wt. 
basis). Wheat (Yecoro Rojo) was planted in each zeoponics mixture. The plants were then visually monitored 
for any physical or chemical problems such as toxicities, deficiencies, or substrate emergence. 

RESULTS 
Characterization of Zeolites 

X-ray diffraction analysis indicated that the synthetic zeolites were zeolite A and zeolite X. The rock 
phosphate from North Carolina was identified as a hydroxylapatite. CECs for NH4 and K-saturated zeolite A 
were 177 cmolc kf1 and 216 cmolc kf1, respectively. CECs for~- and K-saturated zeolite X were 278 
cmolc kg-land 327 cmoic kg-1, respectively. 
Zeolite/Apatite Equilibrium Studies 

Both zeolites A and X had a higher selectivity for potassium over ammonium at the exchange sites (Fig. 
1). Zeolite X had high concentrations of phosphorus (as high as 26 ppm) going into solution at equilibrium 
(Fig. 2). Also, the pH was slightly higher in both synthetic zeolite systems (pHs=8.2 to 8.5) as compared to the 
natural zeolite system (pHs=7.7 to 8.0) (Allen and Hossner, 1988). 
Zeolite Plant Growth Studies 

Poor plant growth in substrates containing zeolite/apatite greater than 10 vol.% suggests a nutrient 
imbalance in soil solution. Also, zeolite particle size may have been too large, resulting in physical limitations 
for plant emergence. 

DISCUSSION 
Synthetic Zeolites A and X 

Both zeolites were effective in nutrient exchange and releasing ~. K, Ca, and P into solution. Zeolite 
X had a higher selectivity for Ca than zeolite A as suggested by higher P concentrations in solutions containing 
zeolite X. The concentration in solution for zeolite X was higher than that found in natural zeolite systems 
(Allen and Hossner, 1988). 
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Figure 2. Phosphorus concentrations in solution after equilibrium experiment for zeolite A (left) and zeolite 
X (right) (Kz = eq. fraction of Kon zeolitic exchange sites, NH4z = eq. fraction of~ on zeolitic 
sites 

Regenerative Life Support Systems 
Synthetic zeolites may prove to be useful substrates for plant growth on manned space expeditions since 

they may have a high reliability for plant growth over multiple cropping seasons. Before such zeolite substrate 
systems can be implemented, however, more studies need to be conducted in various aspects of zeoponic 
systems, e.g., zeolite particle size, zeolite/apatite quantities, micronutrient provisions, and longevity of nutrient 
release. 
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One of the major unsolved problems in Martian geology is the evolution of the 
crustal dichotomy boundary which extends around the entire planet, separating smooth, 
low lying norther~ plains from ancient crater~d highlands. The plains units have a wi~e 
ran~e of ages, datmg from the end of the period of heavy bombardment at the equatorial 
regions to relatively recent times in the Olympus Mons and Tharsis volcanic regions (1). 
Even more complex than the plains units of the volcanic provinces are the high-latitude 
plains between 300N and 40°N (2). These units display a wider variety of erosional features 
than the low latitude plains which generally exhibit depositional volcanic features such as 
wrinkle ridges and flow fronts. Detailed studies of the high-latitude plains units may serve 
to clarify the geologic history of Mars between post-heavy bombardment and the 
emplacement of units in the volcanic regions. Examination of crater populations and 
geologic features may place constraints on the fundamental problem of the origin of the 
lowland/upland boundary and mechanisms involved in development of the martian 
surface. 

The area of study in southwest Utopia Planitia lies slightly east of the crustal 
dichotomy boundary between 263°W and 2800W and 32°N and 37°N (MC6 SW and SE 
subquadrangles). Three distinct units were identified based on differences in morpholo~ 
(Figure la, lb). Unit one lies east the lowland/upland boundary and the fretted terram 
described by Sharp (3) as remnants of what was once a continuous heavily cratered plateau. 
The western portion of unit one is a transition between heavily cratered terrain and plains, 
exhibiting outliers of cratered terrain surrounded by smooth plains. Buried craters of 
differing ages and knobby terrain can also be distinguished. The intercrater material is 
smooth, exhibiting few secondary craters. The boundary between units one and two is 
marked by a decrease in knobby terrain into a ridge and valley morphology similar to that 
described as "thumbprint terrain" (4). Units one and two contain several clusters of 
secondary craters whose alignment suggests they were formed by ejecta from the crater 
Lyot (50.5°N and 330.5°W), - 1300 km to the west-northwest of the study site. Lyot 
secondaries have been identified up to -1500 km southeast of the primary (7) and no other 
young impacts are near the cluster axes, making Lyot the best source candidate. Lyot was 
formed during early Amazonian time (5). The sharp contact between units two and three is 
a well-demarked lobate front encroaching from the east toward unit one. Significantly 
fewer secondary craters and craters having diameters > 5 km are found on unit three than 
on units one and two. To the west, unit three grades smoothly into the polygonally 
fractured terrain described by Pechmann (6). 

Several hypothesis have been suggested for the origin of the plains material. Parker 
et al. (8) suggest that the plains units were formed by a sediment deposition within a 
standing body of water. They concJude that the overlap of gradational boundary materials 
over fretted terrain in the Deuteronilus Mensae region northwest of Utopia Planitia is best 
explained by the presence of a sea formed by water from outflow channels. McGill (9,10) 
has associated the polygonal terrain with a rapid deposition of porous, wet sedimentary 
material or a subaerial emplacement of ignimbrites, based on mechanical models and 
crater counts. Differential compaction over an older, cratered terrain would produce 
required stresses for formation of polygonal terrain, linking the units to a depositional 
rather than a tectonic or periglacial process {13,10). Plains units exhibiting polygonal 
terrain corresponds in age to large outflow channels (11) in topographically low portions of 
the plains (12). 

Crater populations of the region were computed using photomosaics from Viking 
frames 572A01-16, 608Al0-15 and MC6 SW and SE subquadrangles. The craters were 
binned into 1,2,5,16, and 32 km diameters excluding secondary and buried craters in order 
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Figure 1. a) A portion of the study area of southwest Utopia Planitia from MC6 SW 
subquadrangle (329N to 349N and 270°W to 278oW). b) Units one, two and three 
and the N(S) crater densities for the entire region. 
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to correlate with chronostratigraJ?hic boundaries given by Tanaka (5). The population of 5 
km craters is optimum in obtaimng accurate ages for the plains units to avoid obliteration 
effects and to maintain a reasonabfe sample size, although previous investigators have used 
both larger and smaller size craters in age dating studies (14,11). Crater counts on all 
photomosaics show that unit three is younger than units one and two. Fi$Ure 2 shows a 
cumulative plot of units one, three and the polygonal terrain using medmm resolution 
Viking subquadrangles MC6 SW and SE. Larger diameter craters are rare on unit three, 
hence, larger error bars appear. N(5) crater ages determined for each unit (N(5) = the 
number of craters with diameters > 5 km per 106 krn2) yield the following ages in the 
chronostrati$raphic scheme of (5): units one and two are Upper Hesperian (N(5) = 67-
125) and umt three and the polygonally fractured terrain are Lower Amazonian (N(5) = 
25-67). The same relative ages were obtained for N(2) crater densities. Two models for 
determining absolute ages (15, 16) are based on one and four kilometer craters 
respectively, resulting in a discrepancy in crater flux on Mars as large as a factor of 2 and 
absolute ages which may differ by as much as 2.8 b.y. (5) in this case. Although accurate 
absolute ages may not be attainable, consistent crater populations appear to support the 
relative ages of the units. 

Crater populations indicate that unit three is youn~er than unit two. It is difficult to 
reconcile a sedimentary deposition in an ocean environment considering these age 
relations and the lobate shape of the flow front. Furthermore, it is difficult to distinguish 
ancient shorelines of an ocean or large body of water from examining the gradual change 
from units three to the polygonal terrain. Support of a volcanic source for the plains 
material would require explaining why and how unit three was selectively emplaced 
between older units. McGill (9) has suggested the origin of polygonal terrain may be the 
rapid deposition of wet, porous material. Because the polygonal terrain smoothly grades 
into unit three, it is possible that unit three was formed in a similar way; perhaps the 
ultimate source was outflow channels. This view is consistent with crater populations and 
the lobate margin of unit three. -3 
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