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FU ORIONIS OUTBURSTS AS THE RESULT OF MAGNETIC FIELD EVOLUTION IN EARLY 
PROTOSTELLAR DISKS Julia Dobrynskaya, St. Petersburg Technical University, Russia. 

This work concentrated on investigating the hypothesis that the outburst mechanism of FU Orionis (Fuors) 
stars is somehow related to dynamical changes in the strength of the magnetic field permeating the circum-
stellar disks, which are believed to surround those stars. FU Orionis outbursts are the most spectacular 
example of brightness variations, common among all very young stars. During a typical Fuor outburst the 
star brightens by a factor of 100 or more at optical wavelengths on the timescale of a year or so. The charac-
teristic time of Fuor outburst decay is 10-30 years, and the statistical analysis suggests that Fuor eruptions 
are repetitive and may occur many times for a typical low-mass star [l]. The energy in a typical outburst 
is about 1045 ergs or the equivalent to the energy that our Sun, in its present stage, emits during roughly 
104 years. Studying Fuor's outbursts is important for a variety of reasons.The most important reason may 
be that Fours represent energetic phenomena that are quite common among young low-mass stars from 
which planetary systems like our solar system may form. The extreme variability of these young stars has 
important implications for the physics of protoplanetary disks, and allows one to place some constraints on 
disk properties. For example, the disk temperature at the region of few astronomical units from the star 
would increase dramatically during the outburst and could have a disastrous effect upon planet formation, 
particularly if the process is repeated many times. Finding a plausible outburst mechanism for Fuors is the 
first step in understanding whether all low-mass stars must go through a period of Fuors episodes, or some 
can somehow escape those drastic changes in their environment. It is important to note that, despite some 
efforts [2], the plausible physical mechanism behind Fuors outbursts has not yet been found. 

The outbursts of Fuors are apparently caused by a rapid increase in mass accretion rate A1 through a 
protostellar disk onto a young star. The increase of A1 corresponds to an increase in the luminosity, Lace, 
because the luminosity of Fuors is believed to originate from the disk, so Lace ~ A1. We do not know, 
however, what causes this rapid increase in M. Because the accretion rate is proportional to the torque,T, 
transmitted across a cylindrical surface aligned with the disk axis, any increase in the strength of the torque 
would correspond to a corresponding increase in M. It is very likely that the total torque in an accretion disk 
is dominated by a magnetic torque [3] Tm ~ B4,B,, where B4, and B, are toroidal and poloidal components of 
the magnetic field, respectively. The existence of a magnetic field in the protostellar disk may be the result. of 
dynamo action [4], which maintains the field against resistive and turbulent dissipation. The strength of the 
dynamo-generated field is limited by nonlinear effects, and by directly including those nonlinear limitations 
we can expect to obtain solutions showing significant changes in the magnitude of the disk's magnetic fields. 

We have considered the very simple modd of the so-called ow dynamo mechanism [5] operating in the 
prot.osoll;u disk . In the ow process the poloidal magnetic field regenerates t.he toroidal magnetic field through 
diffrwnt i,d rolat.ion. The local mot.ions, for example, t.urbul<>nt. mot.ions, are used t.o clos0 the dynamo loop. 
thus allowing tlw poloidal fidd to he' regf'nerated from the toroidal field through the so-c;ilkd o-df1,ct. Tlw 
qu;int.it.y o mPasm<'s the lwlicity of 1.11rhulf'nce. Tll<' ability of the nw dynamo t.o maint.ain t.lw magnetic fif'ld 
in the disk is measured by dinwnsionless dynamo nuniber D = ow.-h:i /172 , which characterizes the strrngt.h of 
rcgcnerat.ion nwchanisms as compar<>d to Jiffu;;ion. Her<' w.- is t.lw angular velocity, h is the disk ·st hicknes:-, 
and 17 is t.he total diffusivity. Fort.he sake of romplt'teness, we have first. considered the linear dynamo. when 
the generated magnetic field is ;isst11ned to han' no influence on eit.her large-scale or turbulent. motions. Using 
tlw num<crical procedure described in [G), which involves solving the large-size eig<>nvalue problem. we haw• 
found t.he dep<'ndence of the magnetic field growth rate •1 on the value of dynamo number D. The purpo,-;e 
oft.his calculat.ion wa:- t.o establish th;it for th,, typical ,·alucs of dynamo numher, which for accr,'t ion di;;k;; 
can lw ah0ut. 100 to 200. the mag1wtic fidd can indeed lw gennatcd (-; > 0) . Figur,' I pr,•s,'nt,-; th,• r,,,.;11lt. 
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It is easy to see from this figure that, for those appropriate values of D, magnetic field is generated and 
amplified with 1' of the order of few. 

1orr-r-,---,--,--.-,.-,--,-,-,--,--,-,......,--r-,--,--,--,-,---,---r-,--,--,--.-,---,--r-,---,c-r.-..-.--.---.-..--,--,-"Ta 

____ FTCS method 

8 

_____ EIGENVALUE method 

6 
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FIG.1. The growth rate of magnetic field I as a function of dynamo number D. The dashed line corresponds 
to results obtained using the eigenvalue method, while the solid line corresponds to results obtained using 
the FTCS method. j 

In the next step we have considered the nonlinear dynamo. The nonlinearity has been limited to taking 
into account the back reaction of the magnetic field on the turbulent portion of the motion. Specifically, 
we assumed that o ~ 1/(1 + B 2 ). Such representation mimics the behavior of helicity in the presence of 
a magnetic field. For a small magnetic field ,B, the helicity is not affected; however, the increase in the 
magnitude of the magnetic field causes the helicity to decrease. This is because the helicity depends on the 
organizing influence of the Coriolis force, but the magnetic field, in turn, is the source of stress, which opposes 
the Coriolis force in making t.he helical turbulent flow. At this step we have developed a computer code that 
integrates t.he dynamo equal.ions from the prescribed initial conditions forward in time . The met.hod used 
wast.he Forward Time Central Space (FTCS) scheme, hetl<'r known as t.hc Eul<>r met.hod. For completeness 
we again calculakd I.he relat.ioi1ship bctwe,:n t.he growth rat.e and/) for the li11ra1· dyna1110. using t.his t.ime 
th<' FTCS sclienw inst.cad nf t.lw <'i!!;e11,·al11e nwthod. The result. is plot.t.ed on Fig. 1. Both. FTCS and 
eigenvalue nwthod,; prod11,,' H'ry ,;i111il:ir r•'s11!1,; for most ,·:-iliws of dyn;nno 1111rnl>er. Finally w,, ,:-ilr-uht,,d 
t.hc t.ime depend,\llC<' of tlw toroidal and poloidal 111:-ig11<'fic fi<•lds as t.h,•y evolv,\ wiih ti111,' from initially 
purely poloida I ll<'ld. Figur<' 2 shO\\·,-; t !J,, r,·s11 It -for the specific ,:tse nf /) = - 20(). Th,, r<',;11 Ji,; fm oflwr 
,·altws of dynamo 1111111lwr,; M<' <p1aliiati\·ely similar. Toroidal rn;1g;11,•t.ic field i11it.ially ris,•,; 011 tlw tinwscal,, 
of !.he ord<'r of I year a11d tlwn dec;1ys on \lw times,ak of aho11t. IO year;; 11111.il «'q11ilil>ri11111 is r,'adwd. Tlw , 
polo id al fi,,Jd just decays on th<' t.inw:acak oft Ii,, <)nkr of IO y,'ars t.oward eq11ilibriun1. The ratio of 111:1xi11n1111 
t.oroidal fidd t.o its \'altw at. <'quilihrium j;: ahout •l, whil,, tlw ratio of 111axi11111111 pol,)idal fi<'ld to its \·alne at 
equilihri11111 is aho11t. 11. Th:1t. me;rn,; that tlw raiio of 111axi11111111 111ag;11Nir torq1w ~ //0 [/r t.o its \·al111' at 
cq11ilihriu111 is about. ·1 -1. 
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FIG.2. The evolution of the magnetic field with time from an initially purely poloidal field. The left part 
of the figure represents the evolution of the toroidal field, while the right part of the figure represents the 
evolution of the poloidal field. 

Thus, our simple model happens to explain surprisingly well the timescales involved Ill Fuors phenomena: 

the rise time~ 1 year, and the decay time~ 10 years. On the other hand, our model implies the maximum 

brightening factor of about 50, within the order of magnitude, but short of the value of 100 or more observed 

for Fuors. \<\1e also can only account for one Fuor's episode in the lifetinw of any individual star, in contrast 
to 10-100 episodes expected on the basis of statistical argument.. N<'vert.hel<'ss, the fact t.hat such a simple 

model can explain t.hc relevant. t.inwscales, as well as come close t.o <'xplaining t.hc brightening factor, is very 

encouraging, and sugg<'sf.s that more detailed investigation of the rol,, played by magnetic fields in the Fuors 
plwnomcna sho11 Id fi,, 11 ndcrl.a ke11. 

Acknowl<'dgcnH!11t.s: I would like t.n thank my advi,-;or To111:1.-;z Stqli11,-ki fnr hi:- )!_11idan,,,.h..,lp ,rnd general 
support..Bri:-in Fessler :111,I Scot.I L<'<' f,,r their as,-;ist.all<'<' with (h,, rn11ql11l<'r:- and :1hl the cntir,' ,-;taff of th,, 

Lun;ir and Pl:rnet.ary i11,-t it ul<' for their ho:-pit:-dily. 

Ilcfcrenc<!S: [l] llart.111:111n. L. (Htll). i11 Thr Phys1rs of Siar F11n11a/1011 and Fady :,;r,llar Lrolu/1(111. ed. 
C.J. Lada and N.D. l,yLdi;; (l,ulw,·r .-\,:1,krni, Puhli;-ll<'r:-) p62:l. [:2] Li11. 11.\.C. ,rnd Papaloiwu (19:30) 
in Protostnrs a11d Planet., fl ed. D.C. Bl;i,k and 1\1.S. \lalllli'\'." (Tu,,-011: lii1iv. of ,\rizo11a Pres,-). [:3] 
Pudrit.z, H.E. and Fahlrn;in. CG. (10,~:2) .\!.\'RAS. 198. pGS!l. [I] S1,,pi114i. TF. (l()\l:2) !rarus. 97. pJ:10 . 
[5] Ruzmaikin. ,\ . .-\ .. Sokolov, D.D .. ,111.J T1ird1a11ino\·. \'.I (l'.lSO) . .'-'111 .,\.,!run . . 2-1. pl.-::!. [6] Stq1i11,-ki. 
T.F. ;ind L<'\'_\'. E.11. (l!Hll) Ap.J., 3m. p:lJ:l 
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Geolo2ic Mappin&: of the Near side of the Moon 
Jeffrey J. Gillis 

University of Massachusetts, Amherst, MA 
Advisor: Dr. Paul Spudis 

Lunar and Planetary Institute, Houston, TX 

Introduction Geologic mapping and knowledge of terrestrial geologic processes permit us to 
understand the stratigraphy and history of the Moon. Geological maps show the four-dimensional 
make up of planetary crusts: lateral extent of units, their relative thickness, and time of emplacement 
[1). I have begun mapping both stratigraphic units and structural features of the entire lunar near side, 
starting with areas in the western limb region of the Moon (from 100 W to about 30 W longitude). 

Approach For a map to be more than just a two dimensional depiction of a planetary surface, one 
must think stratigraphically. The stratigraphic column is made up of discrete rock units and provides a 
glimpse into the internal and external processes that have operated on a planet. Any one rock unit has 
been formed over a specific time span and by a single or unique set of processes, ignoring any post-
depositional modification. The exact processes responsible for unit formation and the absolute time 
over which they have occurred is not usually known, nor must it be, to map a planet. The geologic unit 
is a three dimensional object, having a limited vertical and horizontal extent and is emplaced over a 
finite period of time. It is not merely a surface or a plane. 

I have mapped rock-stratigraphic units on the western limb of the Moon, while attempting to 
construct a stratigraphic column that would be applicable over the entire Moon. After establishing that 
a body of rock was a unit, I compared its appearance with other units and related it to the standard 
stratigraphic column of the Moon [2). Relative ages are determined in three ways: superposition, 
crater density, and morphological freshness. Younger units overlie, or are superimposed, on top of 
older units. Crater dating of units is based on the supposition that older surfaces are more heavily 
cratered than younger surfaces, assuming that cratering is isotropic and that there has been no removal 
of craters. Crater deposits can also be dated relatively on the basis of morphological freshness, 
assuming that degradation of similar sized craters would be equal over time. Laterally extensive units 
like crater rays, fields of secondaries of large impact craters, and mare lava flows serve as local datum 
planes in the stratigraphic column, and permit relative ages to be determined over large areas. 

Findings The Orientate basin is the youngest of the multiringed basins on the Moon and is an 
exemplary model for the structural evolution and stratigraphic character of large basins. I have 
mapped the geology of the Orientate basin with seven rock-stratigraphic units: mare material, 
corrugated and smooth members of a basin "melt sheet" (Maunder Formation), a knobby deposit 
(Montes Rook Formation), a wormy and a radially lineated deposit (Hevelius Formation) and basin 
secondary crater material [2,3). The continuous ejecta from Orientate is distributed elliptically around 
the basin. This ellipse has a principal axis trending north-south with an average radial extent of over 
1200 km, and a secondary axis trending east-west with a radial extent of approximately 700 km [3). An 
ejecta pattern of this configuration suggests that the Orientate basin was produced by an oblique 
impact [2,4). 

Six of the Orientale rock-stratigraphic units are found within the basin. The mare material, 
about 240 km across, occupies most of the interior inside the inner ring (3). Concentric patches of 
mare deposits also are found around the Montes Rook basin rings and the Cordillera scarp. Mare 
material embays the central basin melt sheet and the craters Kopff and Hohmann; therefore the mare 
is younger than the basin units. Moving radially outward beyond the central mare is the Maunder 
Formation, interpreted as the impact melt sheet of the basin [2,4). This unit is subdivided into two 
members on the basis of its texture; one smooth and the other corrugated [5]. The corrugated unit 
drapes both hills and valleys of the inner Rook ring and its cracked texture is probably caused by post-
depositional cooling [5). On the 
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eastern side of the inner Rook ring, an isolated appearance of knobby Montes Rook formation occurs 
within the Maunder Formation; this supports the belief that the Montes Rook Formation is a high 
angle ejecta unit. The outer Rook ring massif separates the Maunder and Montes Rook Formations. 

The area outside the outer Rook ring (interpreted as the basin cavity rim by some workers; 
(3,5]) is divided into three stratigraphic units. The Montes Rook Formation is characterized by its 
lumpy and sometimes elongate mounds that have a weak linear to concentric pattern. This unit seems 
to consist of semi-coherent blocks, and possibly some impact melt, that have been ejected from the 
basin cavity at a high angle. The Montes Rook Formation is contained, for the most part, within the 
Cordillera scarp. However, on the northeast edge of the basin, the knobby Montes Rook Formation 
laps up and overlies the wormy-textured Hevelius Formation. This observation supports the idea that 
the Montes Rook Formation is not impact melt (3) but rather an "overturned flap", displaying inverted 
stratigraphy (4). 

The next unit outward is the wormy-textured Hevelius Formation. Its texture apparently is 
caused by surface flow that was deflected around obstacles. Closest to the Cordillera scarp, this unit 
has a slight concentric texture possibly caused by underlying normal faults. Long, dug-out valleys 10-80 
km in length can be detected beneath the Hevelius Formation (3). Their origin seems to be of low 
angle ejecta that plowed through the rim of the basin. The last unit of the continuous basin deposits is 
the lineated fades of the Hevelius Formation. This radially textured unit is thinner and less contiguous 
then the inner wormy facies. Within this unit are concentric deceleration dunes that collect on the 
downrange side of crater walls. 

Orientate secondary craters occur in a variety of forms: linear gorges, long chains buried by 
the basin ejecta, and irregularly shaped clusters. Chain-like secondaries many kilometers in length 
occur throughout the Hevelius Formation, are buried by it in places, and are found as close to the 
basin interior as the outer Montes Rook ring. These secondaries were probably formed by early-
arriving clots of ejecta traveling in low ballistic trajectories from the basin, and were later overrun by 
the slower moving ground surge (2]. Irregularly shaped craters, those with horseshoe shaped rims, 
double rings, pitted bottoms and herringbone chains, seem to have been high angle ejecta that landed 
on top of or outside the basin ejecta. 

Conclusions Through my observations, I have concluded that the transient Orientate crater was 
between the inner and outer Rook ring. Evidence favoring a basin cavity inside the Cordillera scarp is 
a crater at 10 S, 80 W. This pre-Orientate crater has a rim that is detectable across the Cordillera 
scarp and is buried by both Hevelius and Montes Rook Formation material. If the Cordillera scarp 
was the rim of the basin cavity, such a feature should have been obliterated by the basin impact. I 
believe the Cordillera, and other outer basin rings to be structural features caused by lithospheric 
failure upon impact (6). The long ridges covered by the Hevelius Formation, and faintly detectable 
within the Montes Rook Formation, I believe, indicates the rim wall of the crater to be within the outer 
Rook ring of the basin. 

The accumulation of textured ejecta deposits, of various morphologies, occur in three distinct 
phases: low angle, chain-forming secondaries followed by a curtain of ground covering material that 
filled and partially filled chain secondaries and created scattered plains units outside the Hevelius 
Formation, and finally high angle secondaries that were formed on or outside the ejecta deposits. 

5 
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Fig 1. Concentric rings of the Orientale Basin are the Corillera Mountains (1) 900 km across, the outer Rook 
Massifs (2) 600 km across, Inner Rook ring (3) about 480 km and central-basin ring (4) 320 km across. Mare material forms a 
smooth dark surface in basin center. 

Lunar Orbiter IV photograph M 187 
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THE ABSORPTION BANDS FOUND IN HIGH-RESOLUTION REFLECTANCE 
SPECTRA OF PRIMITIVE ASTEROIDS 

Kandy S. Jarvis 
Department of Geology, Wright State University, Dayton, Ohio 45417, U.S.A. 

Introduction 

Asteroids, though too distant for many types of scientific studies, have long generated an interest in the scientific field. 
Various studies have been performed, ranging from radar observations to mean motion studies to photopolarimetry 
observations. Although many studies have been done, and continue to be performed, with broad band photometry, high-
resolution spectrometry offers an intense look at weak reflectance absorption bands. This paper will focus on the results of 
reduced high-resolution data taken at three different observatories from 1988 through 1992. 

Data 

The data that appears in this paper were gathered at the Cerro Tololo Inter-American Observatory (CTIO) in La Serena, 
Chile, on a 1.5-m telescope during 1991 and 1992, the University of Arizona Observatories on a 1.5-m telescope during 
1990, and at the McDonald Observatory on a 2.1-m and a 2.7-m telescope during 1988 and 1989. A two-dimensional 
charged coupled device and spectrograph combination was used to gather the data with an approximate 9 angstrom/pixel 
dispersion at all three locations. Data reduction was performed in a similar manner on all asteroid spectra. Data were scaled 
to 1 at 0.70 µm, and individually scaled asteroid spectra were ratioed to scaled spectra of solar analog stars in order to 
remove the effects of the solar spectrum. The data were 5-point smoothed and then the straightline background continuum 
was removed. An effort has been made to select data with a reasonable signal-to-noise ratio (SNR) as well as data that have 
had most--if not all--effects of the Earth's atmosphere removed. Telluric water absorption bands do not greatly affect the 
primary feature discussed in this paper ( a 0.65-µm feature), but will be noted when they have a bearing on the discussion. 
The features to be presented are admittedly weak absorption features, but the features reoccur in varying types of asteroids, 
asteroids ratioed to different standard stars, as well as data taken from different observing runs at different locations. This 
variety of sources only lends credence to the tangibility of the features and supports the idea that they are not merely 
artifacts of data reduction, standard stars, or location idiosyncrasies. 

Asteroids and Features 

The center of this study is primitive asteroids, i.e. asteroids that are believed to have experienced little or no change 
since their time of formation. The most primitive asteroids are believed to have the lowest albedos. The only asteroids 
with moderate albedos included in this study are G class (the Tholen classification system has been utilized throughout this 
paper (1)). Several weak features are evident among the asteroid spectra presented here, and this paper attempts to offer a 
reasonable explanation for as many of these features as possible. The features thus far identified in the high-resolution 
spectra include a 0.65 µm-centered absorption feature, a 0.60-0.65 µm peak, absorption bands that range between 0.80 and 
0.90 µm, but which may be affected by insufficient removal of telluric water, and a small, peaked shoulder found at an 
average location of 0.63 µm when the 0.70-µm absorption band is in evidence. 

Discussion 

At 0.65 µm, an absorption band. approximately 190 angstroms wide but ranging from 141 angstroms to 244 angstroms 
in width, is found to occur in many high-resolution spectra of primitive asteroids (see Figs. 1 and 2). In some cases, the 
absorption band is obvious, while others reveal a shallow but discemable band. Not only is this band found in asteroid 
spectra, but analogs are found among spectra of select CM2 carbonaceous chondrites such as Cold Bokkeveld and Murray. 

The depth of the feature, the spectral placement of the start and end of the feature, the width of the feature, and the area of 
the feature were all comparatively plotted to properties of the asteroids such as albedo [2], distance (3,4), and classification 
[5]. No interconnecting thread could be found, with one possible exception: there appears to be a very loose trend of the 
depth of the feature increasing with distance. The number of data points is too few to either confirm or dispute the possible 
trend. 

Several minerals possess this 0.65 µm-centered absorption feature which has been associated with charge-transfer bands 
or spin-forbidden bands of transition metal elements. The source of this 0.65 µm band is likely Fe+2 and/or Fe+3 as 
elements such as cr+3, Ti+3, etc, are much rarer than iron in most meteorites. (There is also a solar absorption band at 
0.6563 µm. but it is unlikely to generate such a comparatively broad feature.) The 0.65-µm centered band may have it's 
roots in aqueous alteration, however, determining the actual mineral or minerals is a difficult-to-impossible task until better 
spectra can be obtained due to the SNR and possible atmospheric effects in the near infrared of the spectra available. The 
minerals that are the most probable cause for the overall spectra shapes seen are goethite or hematite. These two minerals 
are good possibilities due to their association with aqueous alteration of iron-bearing minerals (the assumed cause of the 
common 0.70-µm feature is aqueous alteration), their absorption band locations, and their brotherhood with jarusite, which 
may be the cause of the .43-µm feature found in some spectra of low-albedo asteroids (6). The possibility of more than one 

7 
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mineral as a source for this band must be considered as the spectra appear to have a secondary absorption feature at or near 
0.85 µm to 0.90 µm. Goethite has an absorption feature at 0.65 and 0.90 µm. while hematite, the anhydrous version of 
goethite, has bands located at 0.66 and 0.85 µm [7]. Atmospheric effects, unfortunately, have strong bands proximal to 
0.85 µm and 0.90 µm and, at present, most of the spectra have some suspected features arising from incomplete removal of 
telluric water in these particular areas. With better defined spectra that are near 0.90 µm and higher-resolution of the near-
infrared, the mineralogical species may be able to be determined. 

Not much can be said about the absorption bands that appear to range between 0.80 and 0.90 µm, beyond their suspected 
existence in many of these spectra. Asteroid 877 Walkure (F) has been compared with telluric water absorption and the 
0.90-µm absorption apparent in the spectra does not appear to be a result of telluric water. Goethite has been suggested as a 
possible mineral spectra source for Walkure by Vilas and Gaffey [8]. The other spectra is not as well-defined in this area but 
there does seem to be features in some, such as the 0.85-µm feature in 368 Haidea (D), 165 Loreley (CD), and 225 Henrietta 
(F). Asteroid 334 Chicago (C) also seems to have an absorption band near 0.90 µm as does 624 Hektor (D). 

The third feature found within the spectra is a feature that reoccurs at the same location and maintains a very similar 
shape. At approximately 0.60 µm a small upslope begins, peaks near 0.63 µm. and ends near 0.66 µm. It is apparent in 
both spectra of 1 Ceres (G), though more pronounced in one than the other, and is likely attributed to surface mineralogical 
variations evident throughout it's rotational period. This feature is also found in most of the other spectra presented here 
with differences in overall height. The apparent double absorption feature at 0.60 µm and 0.66 µm that generates this peak 
is unexplainable for the moment. A possible explanation may be spin-forbidden absorption bands. This feature is also 
found in other spectra not presented here. 

The last feature is not found in the spectra presented that contain the 0.65-µm absorption feature but rather within the 
spectra of many that contain the 0.70-µm absorption feature (See Fig. 3). In many spectra with the 0.70-µm feature, a 
shoulder occurs at approximately 0.63 µm and !his shoulder may be !he result of !he 0.70-µm feature masking !he 0.65-µm 
absorption feature. A Gaussian fit to !he spectra of !he meteorites Cold Bokkeveld, Murray, Mighei, Murchison and 
Nogoya by Gaffey [9] all display the approximate 0.65-µm absorption feature. The shoulder may also be a result of the 
0.65-µm feature coupled with the seemingly common 0.63 µm peak. This peak may be the actual source for the shoulder and 
may be a means to identify the 0.65-µm feature if !he 0.63 µm is unique to the 0.65-µm absorption band. 

One spectrum (See Fig. 4), taken by Sawyer, deserves a focused look. Four spectra were taken of the asteroid 51 Nemausa 
(CU). Of the four, one stands out as different, a difference !hat may be attributed to rotational variances [IO]. The spectrum 
in question displays a shape not unlike that of the 0.65 absorption feature while !he three other spectra of the CU class 
asteroid clearly reveal !he 0. 70 absorption band. Explanations for the rotational variation could be a low velocity 
accretionary event with a second asteroid that possessed a differing history, or perhaps regolith was tom away and this is an 
area of freshly exposed material that underwent a differing degree of aqueous alteration. This spectra almost appears to be a 
step between the 0.65 and 0.70-µm absorption feature and may offer insight into the history of aqueous alteration among 
the asteroids. 

Conclusions 

The spectra reveal a 0.65-µm absorption feature that is 1) a real feature, 2) likely a result of aqueous alteration. 3) an 
absorption band caused by a Fe+2--Fe+3 charge-transfer or spin-forbidden transition and, 4) caused by a mineral closely 
related to the olivine-serpentine alteration sequence such as goethite or hematite. The 0.80 to 0.90-µm feature may be 
present, but telluric water and the SNR in this area are too poor for confirmation. A 0.60 to 0.66-µm feature exists in most 
all of these spectra and can be sometimes be identified in other spectra that possess a possible 0.65-0.70 µm combination. 
This 0.63 µm peak may assist in identifying a 0.65-µm feature mostly masked by the larger 0.70-µm feature. Some 0.70-
µm features display a 0.65-µm feature which in tum may indicate the 0.65-µm absorption feature occurs as a step in the 
aqueous alteration process prior to a 0.70-µm absorption feature developing. Asteroid 51 Nemausa may be an informative 
source to help unravel the history of aqueous alteration among the asteroids. 
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THE SEISMIC RESPONSE OF A MARTIAN AQUIFER TO THE PROPAGATION OF AN IMPACT 
GENERATED SHOCK WAVE, Ivett A. Leyva, Whitman College, Walla Walla, Washington. (Advisor: Stephen 
Clifford, Lunar and Planetary Institute, Houston, Texas). 

Aquifer dilation from shock waves produced by the 8.4 magnitude Alaskan earthquake of 1964 led to water 
and sediment ejection from the ground up to 400 km away from the earthquake's epicenter. Ground water 
disturbances were observed as far away as Perry, Florida ( ~ 5500 km), where well water fluctuations of as much as 
2.3 m were reported. The martian cratering record provides evidence that the planet has experienced numerous 
seismic events of a similar, and often much greater, magnitude. Given this fact, and the photogeologic evidence for 
abundant water in the early crust, we have investigated the response of a martian aquifer to the propagation of 
compressional waves (P-waves) produced by impacts in the 50 - 1000 km diameter size range. In this analysis, the 
response of basalt, clay, and sandstone aquifers were compared by calculating the change in stress and pore 
pressure as a function of both distance and time. 

After Croft [1985], an impact producing a crater of final diameter DJ, has a corresponding maximum 
transient crater diameter Dtc• given by 

Dtc = Dc°.15+0.04 Df-85+0.04 [1] 

where De is the transition diameter between simple and complex crater morphology, which occurs on Mars at a 
crater diameter of ~ 8 km. According to Cintala and Grieve [1991 ], the relation between the kinetic energy of the 
impactor and Dtc is given by 

D 
E 0.26 - tc 

k - 0.332U-0.09 g-0.22 [2] 
where U is the velocity of the impactor, taken as 10 km s-1, andg is the acceleration of gravity. However, upon 
impact, only a small fraction of Ek is actually converted into seismic energy, Es. After Schultz and Gau/t,[1975a,b] 

Es= kEk [3] 

where k is the seismic efficiency factor taken to be equal to 104 . 

In this analysis, the propagation of the resultant seismic wave is represented by a sine wave with a period 
T = 4*t0 , where t0 is the time of formation which, after Schmidt and Housen [1987], is given by 

[4] 

This quantity represents the elapsed time from impact until the wavefront reaches the maximum radius of the 
transient cavity, r O ( = Dtc/2) . The maximum stress of the P-wave occurs at r O and is equal to 

7.3p c Es 
q2= ---- [5] 

O 1rr25 
0 

where p is the density of the Martian crust and c is the velocity of the P-wave given by 

c2 = >,, + 4' 
p ' [6] 

>.. andµ are the Lame parameters. As the shock wave propagates outward, the maximum stress decreases 
inversely with distancex [Schultz and Gault, 1975b] 

0 oro 
o=--. m 

X 

The displacement of a particle at this distance, is assumed to oscillate according to the equation 

u = A 0 sin( k x -w t) (8] 

wherew is the angular frequency ( = 'br /r), k is the wave number(= w /c), andA0 is the maximum amplitude given 
by [Jaeger and Cook, 1976] 

0 CT 
Ao= 21r E 

where Eis the Young's modulus. The straine is then calculated from du/dx 

(9] 

• 



de =A0 k cos(kx - wt). (10] 

Pande et al. (1990] developed an equation to relate the change in pore pressure dp, to the change in strain 
and effective stress for a unit volume of soil. For one dimension this yields 

<1' 
dp = Kt(de - -) [11] 

Ks 
where Kt is given in terms of porosity of the material n, the bulk modulus of the solid matrix Ks, and the bulk 
modulus of water Kw (3.3 x 109 kg m-1 s-2) 

1 n 1-n 
- +- [1~ 
Kt Kw Ks 
Pande assumes that the change in total and effective stress is related to the change in strain through the 

respective matrices D and D*. Thus 

dn = D*de 

dn'= D de 

[13] 

[14] 

and D* and Dare related by 
K[D 

D* = D + Kf- [15] 
3Ks 

For the one-dimension case, D* reduces to the Young's modulus and D can be solved from [15]. 
Substituting these values in [11], the final equation for the change in pore pressure is found to be 

_ E-KJ 
dp - de Kf ( 1 - 3 Ks + £) [16] 

Of the three lithologies investigated in this analysis, basalt exhibited the greatest stresses (Fig. la) and the 
smallest pore pressure changes (Fig. lb). Basalt is also the best approximation to the composition of the Martian 
crust; thus, it served as the reference medium for comparisons with the hydrologic effects produced by the great 
Alaskan earthquake of 1964. At a distance of 400 km away from the epicenter, the Alaskan earthquake resulted 
in pore pressures on the order of 200 kPa which produced water and sediment ejections that rose as much as 30 m 
above the ground. On Mars, this same pressure is generated at a distance of 130 km by an impact of equivalent 
seismic energy (Dr= 50 km). Craters with final diameters in excess of 500 km should produce similar or more 
pronounced effecfs on a global scale. As a further development of this work , we plan to investigate the possibility 
that seismic disturbances produced by large impacts may have triggered the formation of the martian outflow 
channels. For example, preliminary calculations suggest that a 1000 km impact could have disrupted a 100 m thick 
layer of ground ice out to distances of over 2000 km. 
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Figure 1. Impact-induced stress and pore 
pressure variations as a function of distance in 
a Martian aquifer. Fig. la shows the stress in 
a basaltic aquifer produced by impacts with 
final crater diameters of 50--1000 km. Figs. lb-
Id show the corresponding pore pressures 
resulting from impacts into aquifers composed 
of basalt, sandstone, and clay. 

Figure 2. Decay of an impact-generated P-

wave as a function of distance and time for a 
Martian impact with a final crater diameter of 
50km. 

Table 1. Crustal Parameters Used In Calculations 

Unit 

Basalt 
Clay 
Sandstone 

Young's modulus Poisson's ratio Porosity 
E(kgm~ , n 

7.58E10 
3.9E7 
2.32E9 

0.25 
0.30 
0.16 

0.17 
0.42 
0.34 
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Sub-microscopic lamellar structures in synthetic Shergotty pyroxenes 
Troy A. Marino: Dept. of Geology Arizona State 

University, Tempe, Az 85281-1404 

Introduction 
The Shergottites, of the 'SNC meteorites," contain cumulus clinopyroxenes (Cpx) [1] and have 
characteristics which suggest they are samples of the martian crust [ 2,3]. In-depth studies of 
these acondritic meteorites give insight to magmatic processes on Mars. In such a study by 
McKay et al. [4],synthetic Cpx were grown then analyzed by microprobe to determine REE 
partition coefficients . D(REE, Cpx/L), REE partition coefficient, is defined as concentration of 
REE in Cpx /REE in surrounding melt (glass). McKay et al. [ 4] found that increasing 
Wollastonite (Wo %) correlated to increasing D(REE, Cpx/L) (fig. 1). McKay et al. [5] 
proposed that these D patterns reflect crystal chemical control, but two alternative mechanisms 
may be involved: (1) the Cpx may consist of solid solution over fairly large ranges of Wo 
content; or (2) the Cpx may consist of sub-microscopic domains of high and low Wo content 
(e.g., lamellae). In the first case, increasing occupancy of Ca in the M2 site "expands" the 
structure allowing REE ions to fit into the same site. In the second case, with high and low Ca 
domains, apparent D analyzed by microprobe would be a weighted combination of Ds for the 
two phases [5]. 

0.3 

Fig. 1 VariationofD Pattern ? 0.1 
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We have used TEM studies to try to discriminate between these two possibilities, including high 
resolution and dark field (DF) imaging, selected area electron diffraction (SAED) patterns, and 
energy dispersive x-ray spectroscopy (EDX). We studied synthetic Cpx samples from runs 165C 
and 162 of [4]. 

Procedure 
Charges containing synthetic Shergotty Cpx and glass [ 4] were ground to fine grains 
( <.50 µm), and emplaced on "holey" Carbon films on Cu grids, using wet techniques. High 
resolution imaging and SAED was performed on the JEOL 2000fx, and EDX on the JOEL 
lOOcx. a, p, y(where applicable) and latticed spacings (determined from r spacings) were 
measured directly from SAED negatives. High resolution negatives viewed under hand lens, 
along with enlarged prints from same, were used to measure fringe angles, resulting in both 
qualitative and quantitative observations. DF images were used to help distinguish augite from 
pigeonite in lamellar structures. 

Observations 
The following data was obtained from an image showing lamellar structure along (001) in a 
"large" grain (-1.5 µm) from synthetic Shergotty charge 165C. Si03 tetrahedral chains ·p~llel 
c. Based on high resolution photos, SAED, and DF imaging, we believe this grain (g.26) 
contains 2 phases, pigeonite and augite. 
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~. for both pig. and aug., L\~, and d spacings of g.26 (table 1) are in reasonable agreement with 
published data [6]. Pig. diffraction along zone axis a is (h,00), whereas aug. is (2*h,00). Page 
149 in [6] demonstrates the diffraction pattern produced by auglpig. lamellar structure. Grain 
g.26 yielded a comparable diffraction. The unit cell structure of pig. and aug. respectively, is 
that of a primitive and body centered Bravais lattice, thus accounting for the systematic 
cancellation of all odd (hOO) diffraction in aug. [7]. This effect, I believe, may also account for 
Table 1 showing measurements from grain g.26. 

B M (100) (001) 

Buseck, et al. [6] n/a 1.83° -9.3A -5.02 A 
From diffraction 105.0° (aug.) 2.5 8.89 3.89 

(this study) 108.5° (pig.) 
From images n/a l.7±o.28 n/a n/a 
(this study) 

the observed width differences of SiO3 tetrahedral chains between each lamellae (e.g., aug. SiO3 
chains (200) are -2x the width of pig. chains (100) in high resolution images of g.26.). In a high 
resolution image of g.26, single SiO3 tetrahedral chain form repeating "zigzags" along c. 
Measurement corresponding to differences in orientation of f3 = l.7±o.28 is in good agreement 
with [6]. DF imaging using (hOO) distinguished pig. lamellae from an aug. host. Based solely on 
observed area of section from DF images, host/lamellae-1.5±~0.5. It must be assumed that the 
DF image can be translated continuously into 3D space. Also, width of host and lamellae are 
fairly consistent throughout g.26. 
Four other easily analyzed grains were found in the mount prepared from 165C. Two contained 
lamellar structures. These features, I am quite certain, are the result of 2 distinct phases. This I 
base on data obtained from same techniques used to distinguish 2 phases in g.26. Of the five 
165C grains analyzed. all are -~ 1 µm. Of those containing lamellar features. 
host/lamellae- l±o.5. where the host is thought to be augite. Here too width of host and lamellae 
are fairly consistent throughout the grains. Five small Cpx grains (~S 1 µm) from 165C did not 
contain lamellar structures. 
Both "small" and "large" grains were found in a grain mount from synthetic Shergotty charge 
l 62C. All small (-S 1 µm) grains had no apparent lamellar structure. Of four large grains 

lµm), only one (g.1) contained lamellar structures (100) with host/lamellae-13±-25%. Not 
unlike lamellar features found in 165C, g.1 is characterized by uniform host and lamellae widths. 
This much larger host area is likely to be augite based on several SAEDs which yielded entirely 
aug. diffraction. Because of lacking DF imaging and slightly out of focus imaging, it could be 
argued that these are twins rather than two separate phases. I believe these features are indeed 
lamellae because known twin grains observed in this study yielded diffraction of several 
differently oriented lattice structures. Grain g. l did not. Table 2 includes observed structure and 
EDX analysis of the four large grains. Chemical analyses fall within the range of reported by 
McKay et al. [4]. These crystals are similar in composition to Shergotty cumulus Cpx [1,4]. 

Table 2 showing structure and analysis from l 62C "large" grains. 
Grain Structure EDX analysis 

g.1 lamellae W025En51Fs24 
g.3 twins Wo34En37Fs29 

g.10 none W025EnsoFs25 
g.13 none W 030E114gFs22 



Case for exsolution 
The observed 2 phases in 165C and 162 (g.1 only) may have formed by: (a) exsolution during 
quench; (b) exsolution during cooling of the charges from 1170 to 1140°C @ 1 °/hour and/or 
during 66 hour hold at 1140--exsolution due to solid state diffusion; or (c) epitaxial growth. 
Because fairly low solid state diffusion rates are though to be incompatible with such a rapidly 
declining temperature during quench, case a is very unlikely. Arguments for b include uniform 
host and lamellae width, and repeating orientation of B in augite and pigeonite chains. I believe 
that the grain began as a homogenous augite which exsolved pigeonite upon cooling. Parallel 
orientation of aug. tetrahedral chains (regardless of which lamellae they are in) supports this 
interpretation. Tetrahedral chains in seperated pig. are also oriented parallel to one another. It is 
energetically favorable for seperated lamellae of a single phase to remain continuously orientated 
during exsolution. It might follow that orientation would not be restricted during epitaxial 
growth [8]. 
Microprobe data [4] of 165C was plotted on a 1 atm. polythermal Cpx phase diagram [9]. 
Several data points fall in the forbidden regions as does the grain g.1--grain containing lamellar 
structure from 162. This might suggest that lamellar features of g. l are a product of epitaxial 
growth and the chemical analysis is a weighted average of W o content of the two phases. 
Alternatively, it is conceivable that the pyroxenes formed metastabley in the forbidden zone as a 
homogenous augite phase and later exsolved pigeonite to reduce this instability. Such pyroxenes 
are common in lunar mare basalts. The fact that pig. lamellar structures extend continuously 
across these -micron size grains also supports exsolution over epitaxial growth. 

Future work and conclusions 
It would be useful to obtain compositions of more grains having both lamellar structure and 
none, in order to distinguish more readily between case band c. It is especially desired to 
determine chemical composition of the three lamellar grains found in 165C. It has been 
reasonably shown that these three grains are two phases formed by exsolution. If EDX analysis 
places these grains within the forbidden region it is very likely that these grains grew metastabley 
and later exsolved into two phases. 
Originally, we sought to distinguish between two possibilities of crystal chemical control of REE 
partitioning (e.g., continuous solid solution, and sub-microscopic growth donains) in synthetic 
Shergotty pyroxenes. Based on observations above, both possibilities remain viable, with 
continuous solid solution present in small grains (-~ lµm), and lamellae (two phases) in large 
ones (-~ l µm). However, the lamellar structures have features that are much more 
characteristic of thermal exsolution from a homogeneous phase, than oscillating epitaxial growth 
of two phases. 
I would like to thank G. McKay, A. Treiman and L. Keller for both guidance and TEM training 
during this study. 
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Type C Calcium-Aluminum Inclusions with 
Igneous Textures in the Allende Meteorite 

Gwendolyn C. Miner, Bryn Mawr College, Bryn Mawr, PA 

INTRODUCTION 
Type C calcium-aluminum inclusions (CAls) have been interpreted as condensates 

from the solar nebula although there is debate over the amount of recrystallization 
and/or melting that has modified the original assemblage. CAls as defined by 
Wark (1) are plagioclase-rich with 30-60 vol.% anorthite, and up to 35 vol.% each of 
1) Ti-Al pyroxene (Tpx), having 2-12% TiOz and 10-25% AI2O3, 2) melilite 
(Ca2[Mg,Al,Si]307), 35-55 % ak, and 3) spinel. For type C CAis there is particularly 
strong evidence, based on textures and paragenetic sequences, that they have 
crystallized from a melt. Wark ( 1) argues that they condensed as liquids directly 
from the nebula while Beckett and Grossman (2) contend that they are remelted solid 
aggregates. In this study, five CAls from the Allende meteorite were examined to 
provide detailed petrographic and mineralogic descriptions and to determine the 
origin of these "igneous" inclusions. 
METHODS 

A survey of eight thin sections of CV3 carbonaceous chondrites yielded three 
coarse-grained inclusions with igneous textures. Three additional inclusions from 
two slabs of an Allende meteorite sample from the Houston Museum of Natural 
Science were made into polished thin sections. In total, six inclusions exhibited 
possible melt textures and five of these contained plagioclase: 25S-1-TW-l, 3529, EK-
459-5-1, EK-459-7-1, and EKPB 4Al. These thin sections were examined with an 
optical microscope under transmitted light and reflected light, and with a scanning 
electron microscope at Johnson Space Center to obtain back scattered electron images 
of mineral relationships. Mineral analyses were obtained using the electron 
microprobe at Johnson Space Center. 
DISCUSSION 

Table 1 summarizes the data on these five inclusions. Each inclusion shows pre-
terrestrial alteration within or along melilite grain edges, and this alteration product 
consists of very fine-grained pyroxene, sulphides, and opaque material. Some 
inclusions also experienced terrestrial oxidation. Inclusion EK-459-5-1 contains the 
least amount of alteration and is the coarsest-grained. Spinel occurs as 0.1mm 
euhedral crystals densely packed within pyroxene crystals (1mm) with rounded 
corners. Scattered anhedral plagioclase crystals (0.25mm) are common. On three 
sides of this inclusion is a 3mm gehlenite (Ca2Al 2SiO7) rim with twinned features. 
Inclusion 25S-1-TW-1 contains 0.8mm laths of anorthite surrounded by 0.5mm 
anhedral pyroxene grains with ubiquitous spine!. Altered melilite grains (0.2mm) 
are commonly completely surrounded by pyroxene. The other three inclusions are 
much smaller and are extensively altered. Inclusion EKPB 4Al has a core of ophitic 
plagioclase and pyroxene and minor clusters of spinel. This core is surrounded by a 
zone of Fe sulphides and then an outer rim of fine-grained pyroxene crystals. 
Olivine is concentrated in one corner of the outer rim. Inclusion 3529 has a core of 
coarse-grained anorthite and pyroxene with olivine surrounded by very fine-
grained aggregates and by Fe sulphides. Inclusion EK-459-7-1 is almost equigranular 
and contains euhedral spinel, anorthite, pyroxene, and anhedral melilite with 
heavily altered grain boundaries. 

Anorthite and pyroxene crystallize together throughout most of the crystallization 
sequence. It is difficult to determine with certainty which phase is the first to 
nucleate. The sequence of crystallization for four of the inclusions is similar: spinel 
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followed by anorthite and pyroxene, and lastly melilite or olivine. However, the 
sequence for EK-459-7-1 is quite different: spinel-melilite-pyroxene-anorthite, 
suggesting different bulk composition and/or physical conditions. 

The minerals in these CAis are nearly pure end member compositions (Table 2) of 
calcic plagioclase, magnesian spine!, and magnesian olivine. The pyroxene is a 
titaniferous fassaite with high Ti and Al content. There is a conspicuous absence of 
Na and Fe in all of these minerals indicating that the parent material contained low 
amounts or none of these elements. The only substantial amount of Fe is present in 
rims of silicate phases within vugs. This occurrence suggests that some Fe was 
introduced as a vapor phase. Rims in some clasts are outlined by abundant iron-
sulphides again indicating iron was introduced during a post-solidification event. 

Modal compositions (Table 3) for these inclusions were determined by point 
counting photomicrographs of the core of the inclusion. Errors in determining 
volumetric proportions are high because of the small size of the clasts. Bulk 
compositions were then calculated from the modal compositions and mineral 
analyses. The calculated values show that these inclusions have different bulk 
compositions and are not from the same source. 
CONCLUSIONS 

One of the unresolved questions about type C CAis is whether they are liquid in 
origin and whether these are primary or secondary liquids. These five inclusions 
show textural relations between anorthite and pyroxene grains which are indicative 
of crystallization from a liquid. However, there are no compositionally zoned 
minerals which would indicate crystal-liquid fractionation. The calculated bulk 
compositions, when plotted on the system CaMgSi2OG-CaAl2SiOG-CaTiAl2O6-MgA120 4 
yield a crystallization sequence of spinel-anorthite-pyroxene and then melilite. This 
is consistent with the petrographically determined sequence for two of the 
inclusions (Table 1 ). In contrast, pyroxene crystallized before anorthite in EK-459-
5-1. However, Wark (1) states that such a sequence may be common because 
plagioclase crystallization is often delayed by nucleation difficulties. Four 
inclusions: 25S-1-TW-1, 3529, EK-459-5-1, and EKPB 4Al are similar in terms of 
textural relationships, mineral chemistry and crystallization sequence to CAis 
defined by Wark (1) to be liquid condensates. The other inclusion, EK-459-7-1, has a 
different crystallization sequence (Table 1) which is consistent with the calculated 
equilibrium order for solid condensates from a solar gas: perovskite-melilite-spinel-
pyroxene-forsterite-anorthite (3). Beckett and Grossman (2) calculated that melilite 
is a stable condensate over a wide range of pressures and temperatures in a cooling 
solar gas. If melilite, spinel, and perovskite were primary condensates, then a lower 
temperature reaction between melilite, spinel and SiO2 could produce anorthite and 
diopside. 

From these observations there is evidence that four of the five inclusions 
crystallized from a liquid phase. The four calculated melt compositions are similar 
but not identical and there is no evidence that the compositions are controlled by 
crystal-liquid fractionation. The simplest hypothesis to explain the variation in 
composition is that these four inclusions formed from complete melts of pre-existing 
solid condensates. The paragenetic sequence and texture of inclusion EK-459-7-1 is 
inconsistent with crystallization from a melt: thus this inclusion probably formed 
from solid-state recrystallization of a primary solid condensate. 
REFERENCES 
(1) Wark, D.A. (1987) Geochimica et Cosmochimica Acta, p. 221-242. 
(2) Beckett, J.R. and Grossman, L. (1988) Earth and Planetary Science Letters, p. 1-14. 
(3) Grossman, L. ( 1972) Geochimica et Cosmochimica Acta, p. 597-619. 
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Table 1. Summary of data on mineral compositions and textures of five Allende type C CAls. 

Clast 25S-1-TW-1 3529 EK-459-5-1 EK-459-7-1 EKPB4A1 
Size (length) 1 cm 2 mm 1.5 cm 4 mm 2.5 mm 
Shape wave crest ovoid half a heart ovoid irregular 
Plagioclase % an 98-99 90-99 98-99 99 96-97 
Tpx %TiO2 3-7 1-4 4-12 7-15 0-2 

%Al2O3 14-21 5-14 18-21 18-23 1-18 
Melilite % ak 53-83 - core 54-58 34-68 -
Olivine %to - 96-98 - 59 83-99 
Texture sub-ophitic ophitic equioranular ioranular ophitic core 
Sequence of spinet spine( spine! spinet spinet 
Crystallization anorthite anorthite Ipyroxene melilite anorthite 

IPvroxene ovroxene anorthite I pyroxene IPvroxene 
melilite olivine melilite anorthite olivine 

Table 2. Representative analyses of phases in type C CAls (weight%). 

Mineral Anorthite Melilite Ti- Al pyroxenes Spinet Olivine 
low-Ti med-Ti high-Ti extreme analyses 

Clast EKPB4A1 EK-5-1 EKPB EK-5-1 EK-7-1 EKP8 EK-7-1 EKPB EKPB 
SiO2 43.77 35.11 46.05 41.95 34.28 47.63 32.65 0.47 42.47 
TiO2 0.03 0.03 1.19 5.55 15.67 0.02 12.99 0.25 0.05 
Al2O3 36.91 16.33 14.1 17.61 19.53 6.61 23.33 70.74 0.13 
Cr2O3 0.04 0 0.58 0.07 0.06 0 0.06 0.96 0.22 
FeO 0.1 0.06 0.22 0.03 0.03 11.01 0.01 0.73 1. 71 
MnO 0 0 0.02 0 .02 0 0 .67 0 0.06 0.05 
MoO 0.32 8.42 13.28 10.83 6.77 9.34 6.85 27.34 55.59 
Ole) 19.95 41.25 24.83 25.35 25.1 23.67 25.18 0.46 0.83 
Na20 0.31 0.16 0.01 0 .01 0 0.34 0 0 0.02 
K2O 0.01 0.01 0 0 .01 0.01 0.02 0 0 0 
Total 101.44 101.37 100.3 101.43 101 .45 99.31 101.07 101 101 .1 

Table 3. Modal compositions and calculated bulk compositions of type C CAls. 

Clast 25S-1-TW-1 3529 EK-459-5-1 EK-459-7-1 EKPB 4A1 
Modal (Vol. %) 
Composition 
Plagioclase 35 23 20 39 
Tpx 31 too 42 35 36 
Melilite 14 fine-grained 7 35 0 
Spine! 20 28 10 8 
Olivine 0 0 0 9 
Opaques trace trace trace 8 
Oxide (Wt.%) 
SiO2 31.8 27.2 34.3 40.6 
TiO2 2.2 4 .8 3 .2 0.8 
Al2O3 35.5 39.1 29 .6 25 .8 
Cr2O3 0.1 0.1 0 0 .5 
FeO 0.1 0 .1 0.1 0.4 
MnO 0 0 0 0 
MgO 11.2 13 8 .2 14.1 
Ole) 20.4 17.6 26 18.4 
Na2O 0.1 0 0.1 0.1 
K2O 0 0 0 0 



IMPAS:T GLASSES FRO~ 1POLLO 17 SOILS 72501 AND 78221. J. A. Norris1, L. P. 
feller , and D. S. McKay-. Dept. of Geol., Univ. Georgia, Athens, GA 30602 and 
Code SN, NASA Johnson Space Center, Houston, TX 77058. 

Introduction. The chemical compositions of microscopic glasses produced during 
meteoroid impacts on the lunar surface reveal the various fractionation processes which 
accompany these events. To learn more about these fractionation processes, we studied 
the compositions of submicrometer glass spheres from two Apollo 17 sampling sites using 
electron microscopy. The majority of the analyzed glasses show evidence of enduring 
varying degrees of impact-induced chemical fractionation. Among these are HASP 
glasses (high-Al, Si-poor) which are believed to represent the refractory residuum left 
after the loss of volatile elements (e.g. Si, Fe, Na) from the precursor material [l, 2, 3]. 
In addition to HASP-type glasses, we also identified a group of VRAP glasses (volatile-
rich, Al-poor) that represent condensates of vaporized volatile constituents, and are 
complementary to the HASP compositions [3]. High-Ti glasses were also found during 
the course of this study, and are documented here for the first time. 

Experimental. Samples from the <20 um size fractions of two Apollo 17 soil samples 
(72501 from Station 2 at the base of the South Massif, and 78221 from Station 8 at the 
base of the Sculptured Hills) were embedded in low viscosity epoxy and cut into -80 -
l 00nm thin sections using diamond-knife ultramicrotomy. The thin sections were 
analyzed using a PGT energy-dispersive X-ray (EDX) spectrometer with a JEOL l00CX 
TEM. EDX analyses were obtained for 107 spheres from 72501 and 115 from 78221. 
The apparent diameters of these spheres in thin section were typically between l 00 and 
400nm, although the true diameter of any actual sphere may have been slightly larger. 
The relative errors associated with the EDX analyses were estimated by analyzing a 
grossular standard. The relative errors for Al, Si, Ca, and Fe are -5%. These relative 
errors increase significantly for concentrations <10 wt.%. 

The glass compositions were initially divided into a "high-Si" group (SiO2 > 
60wt.%) or a "low-Si" group (SiO2 < 60 wt.%). For the "low-Si" compositions a standard 
CIPW norm was calculated. However, many of these glasses contain insufficient Si to be 
used with this method. For these Si-poor compositions, a new normalization scheme was 
developed using 3 groups of progressively Si-deficient normative minerals. Group l 
compositions contain insufficient Si to calculate any normative anorthite (AN). Instead, 
the Group 1 normative mineralogy includes gehlenite (GH) + spine! (SP) + Ca-
aluminates. Group 2 compositions consist of normative GH + AN ± SP ± OL ± Ca-
aluminates. The Group 3 compositions are cordierite- or mullite-normative, and contain 
excess Al2O3 and SiO2 after using all of the Ca, Na, and K to make normative feldspar. 

Results and Discussion. The compositions of the 107 glasses analyzed from sample 72501 
and the 110 from 78221 are plotted in Figs. 1 and 2. The compositions range from 
being of nearly 95% refractory components to others composed entirely of volatile 
components. HASP compositions comprise - 75% of the total glasses analyzed in each 
sample. The Group 1 HASP glasses comprise -6% of the total analyses from both 7250 l 
and 78221. These glasses are the most refractory of all as they have endured the highest 
degree of impact-induced fractionation toward extreme loss of volatiles. A cluster of 
high-Ti glasses were included within Group 1 and plot about the origin in Fig. I. The 
Group 1 high-Ti glasses contain little Ca or Al, but nonetheless have undergone extreme 
volatile loss in the form of nearly complete removal of Fe from what was once ilmenite. 
The other Group I members are probably derived from mostly anorthositic material 
which has lost most of its original SiO2 content. All but one of the 72501 Group 1 
HASPs are high-Ti glasses, whereas 78221 contains a larger proportion of the Ca- and 
Al-rich members of this group. 

The Group 2 HASPs span a much wider compositional range in both samples, 
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and comprise 29% of the analyses from 72501 and 27% of those from 78221. These have 
undergone a lesser degree of volatile loss than those of Group 1, and generally retain 
significant amounts of SiO2 and FeO, even though considerable amounts of these 
components have been lost. The average composition of Group 2 glasses (in wt.%) from 
both samples is: MgO = 9.7, Al2O3 = 34, SiO2 = 30, CaO = 18, TiO2 = 3.1, FeO = 5.8. 
The similarity in both the relative proportions and in the average compositions of the 
Group 2 glasses in these two samples reflects the similarities of bulk soil composition 
and the soil maturity at these two sites. It should be noted that glasses fractionated to 
the extent of the Group 1 & 2 compositions seem to occur only among the finest size 
fractions, such as those studied here. 

The Group 3 glasses are the least fractionated HASP compositions. The glasses 
of this compositional type in both samples comprise a larger proportion of the analyzed 
population than does any other single group ( 44% of 72501 and nearly 42% of 7822 I), 
and the average composition of this group is very similar in both samples. The average 
Group 3 composition from both 72501 (47 analyses) and for 78221 (48 analyses) is MgO 
= 6.1, Al2O3 = 27, SiO2 = 49, CaO = 11, TiO2 = 1.1, FeO = 5.5. 

Group 5 glasses are dominated by the volatile-rich component (VRAP), and are 
compositionally complementary to the HASP glasses. These compositions make up 13% 
of the 72501 analyses and 11% of the 78221 population. The compositions of these 
glasses in both samples span the range from nearly pure SiO2, sometimes with other 
associated volatiles such as Na, K, P, and S, to other Si-rich compositions with high Fe 
concentrations. It is believed that the compositions of this group represent the 
recondensation of vaporized volatiles from precursor materials [3]. As with most of the 
HASP glasses, these Si-rich compositions (VRAP) are only found among the finest size 
fractions of lunar soils. This suggests that such extreme fractionations only occur at 
sizes where the surface-area to volume ratio is high enough to allow the degree of 
melting and vaporization required to produce these extreme compositions. 

In both samples, the glasses of basaltic composition constitute a relatively small 
group, being just over 8% of the analyses from 72501 and nearly 14% of those from 
78221. These compositions display little or no significant volatile loss. The average 
composition of this group (in wt.%) from the 72501 sample is: MgO = I 6, Al2O3 = I 2, 
Sio2 = 46, CaO = 8, TiO2 = 2, FeO = 14; while its average for the 78221 sample is: 
MgO = 12, Al2O3 = 15, SiO2 = 44, Cao= 10, TiO2 = 4, and FeO = 14. 

Conclusions. We found that the vast majority of the analyzed glasses in both soils have 
either refractory compositions resulting from volatile loss or are volatile-rich condensates 
of impact-generated vapors. In both samples, the three HASP groups comprise ~ 75% or 
more of the total number of glasses analyzed. These HASP glasses are derived from the 
bulk soil and from the feldspathic component of the soils through the loss of major 
amounts of Si and lesser quantities of Fe and alkalis. The volatile-rich glasses (Group 
5), with their probable origin as condensed vapors, rival the number of the generally 
nonfractionated basaltic glasses. The effects of pronounced fractionations (volatilization 
and condensation) which occur at this size range result from the large surface area to 
volume ratio of the glasses. 

This is the first report of high-Ti glasses from lunar soils. Considering all high-
Ti glasses from both samples together, a trend is observed which begins with Ti-Fe-rich 
compositions and extends to glasses that consist of nearly pure TiO2. We conclude that 
these compositions originate by the loss of Fe from ilmenite. These high-Ti glasses are 
one of the few types of impact glasses derived from a specific mineral constituent of 
lunar soils. 

References. [l] Naney, M. et al., (1976) Proc. 7th LPSC, 155. [2] Vaniman, D. (1990) 
Proc. 20th LPSC, 209. [3] Keller, L. and McKay, D. (1992) Proc. Lunar Planet. Sci. 22, 
137. 
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™PACT CRATERING ON MERCURY: STRATIGRAPHIC UPLIFT AND 
CRUSTAL INHOMOGENEITY 

Michelle Olmstead, Northern Arizona University 
Advisor: Paul Schenk, Lunar and Planetary Institute 

Although the process of impact on planetary scales cannot be studied directly, the 
resulting morphology can give us clues to the process. It is believed that the surface 
gravity and composition of the target affect the shape and structure of craters (e.g. 1), but 
it is not clear how. The velocity of impact may also be a factor (e.g. 2). Of interest for this 
study are central peaks. These structures are formed at the centers of large craters and are 
comprised of material uplifted from several kilometers depth. Composition of the various 
crater units was also examined. 

High resolution images taken by Mariner 10 were used for measuring crater 
dimensions. The images used had a range of 0.13 to 1.09 kilometers per pixel resolution. 
To study composition, two images taken further away from the planet with orange and 
ultraviolet filters respectively were used to create a color ratio image of a large area of the 
planet. All the images were processed using the PICS image processing package. PICS 
now has more accurate cartographic control than has been available for previous studies. 
Morphometry-Crater dimensions were measured by one of two methods. Rim crest 
diameter and central peak width were measured directly, and rim-crest-to floor depth and 
central peak height were measured using shadow lengths to estimate vertical distances. 

Impact craters are most often characterized using depth (d) and diameter (D). For 
this study, depths and diameters were measured for 40 complex craters. The best fit 
solution gave an equation of d=0.762D"0.295 with a standard correlation coefficient (r) 
of 0.574. This differs slightly from Pike's previous result (2), but has a lower r. The 
intercept of this complex crater curve with Pike's simple crater curve was found using 
95% confidence intervals for the complex curve. This transition diameter (Dtr) calculated 
is 5.5 km +6/-3, which is comparable within the range of error to Pike's Dtr=4.2 km (2). 

Central peak height (h) was measured for 34 craters, but no strong relation was 
found between hand D (Fig. 1). However, a fit using only conical peaks (Fig. 2) revealed 
a better correlation of h=0.0296D"0.847, with r=0.779. Peak heights are similar to the 
lunar peak heights (Fig. 3) (3). A more fundamental measure is the difference between h 
and the original surface surrounding the crater, calculated for Mercury using our data and 
Cintala's rim height data (4), and for the Moon using data from Pike (5). As crater 
diameter increases, the peak approaches and then rises above the surf ace. For craters of 
equal diameter, peak heights are consistently higher relative to the surface on Mercury 
than those on the Moon. 

Central peak widths (w) were measured (Fig. 4). The ratio of width to diameter 
for central peaks was found to be scattered, but most of the values were close to the 
approximate average value of 0.2 for terrestrial planets (3), and none exceeded 0.3. For 
conical peaks, the values are slightly less scattered. Height and width of central peaks 
were expected to have an approximately one-to-one correlation, but even for conical 
peaks alone the values measured did not show this. 
Stratia:raphic Uplift-Using the measurements from above in combination with previous 
work, it may be possible to estimate the stratigraphic uplift of the central peak in craters 
on the Moon and Mercury. Rimwall width calculations from Pike (1,6) and relations 
between transient crater dimensions from Dence (7) were used to estimate the original 
crater diameter and hence depth of material prior to uplift. The difference between the 
transient and final crater diameters was estimated using the assumtion that all terrace 
blocks slid along faults parallel to the currently observed rimwall slope, which was taken 
to be 30°. These approximations overestimate the difference between the two diameters. 



We also neglect incoherent slumping and probably overestimate transient crater diameter. 
Also, there was no attempt to account for compression effects during crater excavation 
when calculating uplift. The preliminary relationships suggest that craters on the Moon 
and Mercury have greater stratigraphic uplift than the Earth (8), with uplift highest on 
Mercury (Fig. 5). The difference between the results for the Moon and Mercury may be 
too small to be significant considering the assumptions and approximations used to derive 
these estimates. 
Composition-After identifying features common to both color frames and matching the 
two, the ratio of each pair of pixel values was taken to create a color ratio image. The 
image registration needs improvement, but it is still good enough to show differences 
across craters (Fig. 6). In particular, the floor of Kuiper is one of the darkest surfaces in 
the composite image, and its central peak is one of the brightest. This is consistent with 
studies from both the Moon (9) and Earth (10) showing central peak material as distinct 
from regional surf ace material since it is uplifted from depth. More images and analysis 
will be needed before these conclusions can be confirmed. 
Conclusions-Although central peak heights on the Moon and Mercury are similar, the 
height relative to the original surface tends to be higher on Mercury. This is consistent 
with the idea that gravity plays a role in crater formation and modification. However, the 
high stratigraphic uplift on both bodies relative to the Earth is unexpected. As the 
estimate of uplift is improved, however, these values will be revised. Also, the uplift from 
depth of apparently different crustal materials suggests that Mercury, like the Moon, may 
have an inhomogeneous crust. 

1) Pike, R. J. (1980) Proc. Lunar Planet Sci. Conf 11th, p2159-2189; Malin, M. C. and 
Dzurisin, D. (1978) J. Geophys. Res. 83, p233-243. 

2) Pike, R. J. (1988) Mercury, pl65-273. 
3) Hale, W. S. and Head, J. (1980) Proc. Lunar Planet Sci. Conf 11th, p2191-2205. 
4) Cintala, M. J. (1979) Proc. Lunar Planet Sci. Conj. 11th, p2635-2650. 
5) Pike, R. J. (1974) Geophys. Res. Lett. 1, p291-294. 
6) Pike, R. J. (1976) The Moon, 15, p463-477. 
7) Dence (1973) Meteoritics 8, p343-344. 
8) Grieve, R. A. F. et al. (1981) Mu/tiring Basins, p37-57. 
9) Pieters, C. M. (1982) Science 215, p59-6 l. 
10) Melosh, H.J. (1989) Impact Cratering. 
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Fig. 1. Peak height vs . crater 
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COMMINUTION OF GLASSY TARGETS: IMPLICATIONS FOR REGOLITH EVOLUTION. Sheila 
Smith, Dept. of Physics, Baylor University, Waco, TX 76798. 

The surface of the Moon is covered by a fragmental layer called the regolith, which has been the object of 
extensive study since before Apollo. 1 All of the lunar samples were taken from regoliths and these samples are one 
of the principal sources of information about the moon. A regolith, such as the Moon's, is primarily the result of 
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used as analogs of glasses contained in lunar regoliths. 

impacts by meteoroids. The physical and chemical 
states of lunar, as well as planetary, regoliths can be 
better interpreted by studying the comminution 
behavior caused by impacts. In order to understand 
the processes involved in regolith evolution, rocks 
similar in composition to those on the Moon have been 
comminuted by impacts in the laboratory.2 Previous 
experiments with gabbro have shown that, as impacts 
accumulate, comminution causes vanattons in 
enrichment and depletion of certain elements. 
Experiments similar to those performed with gabbro 
were implemented with monomineralic targets.3 The 
data demonstrated that different minerals comminute 
at different rates and with different styles. Since a 
major component of the lunar regolith is glass, it is 
equally important to understand its comminution 
behavior. This contribution addresses various 
measures of comminution under the conditions of 
repetitive impact for four glassy targets, which were 

Experimental Conditions: A brief classification of these four targets and their densities is as follows: obsidian, a 
basaltic glass, 2.29 g/cm3; tephra, a frothy volcanic glass, 1.32 g/cm3; dragonite, a lead-rich synthetic glass, 3.05 
g/cm3; and cryptobasalt, a very fine-grained 100 ------------------~ 
basalt, 3 .12 g/cm3. The initial mass of each 
target was approximately 500-g, with a grain 
size of 2-4 mm. Stainless steel projectiles 80 

Shot25 Obsidian 

Dragonite 
Tephra 

-11-
····0-· 
-·A-· 

with a diameter of 3 .18 mm and a mass of .-.. I '. 
I '. 

Cryptobasalt --v--
0.13-g were used to impact each target 25 60 I ' 
times. The nominal impact velocity for each 
series was 1.4 km/s, in keeping with that used 
in the earlier monomineralic series. Actual 
velocities averaged at 1.42 km/s. Each impact 
was normal to the target surface and the 
pressure in the chamber was 30-mm Hg 
equivalent for each shot. Stainless steel 
buckets were used as containers, with a lid 
and baffle system utilized to minimize the loss 
of ejected material. After the first, fifth, and 
every fifth shot thereafter, the target was dry 
sieved. After sieving, each fraction was 
weighed and all fractions were recombined 
and mixed for the nex1 shot. Mixing was 

Cl) 
Cl) 
ro 40 

20 

\ 

\•. 
I'. ,•. ,•. 

\· \ \ 
.. 6-.. --~·.-:.:·.-:.:o.•-···•·.(ov1·: ... ··"'·B o-········ 0-··~----- / 

0 .__ _ __. __ __,_ __ ___._ __ ..... _'3/_ __ __._ __ ....__ _ __, 
2 1 I soo 250 125 63 

mm µm 

Upper Bin Limit 
Figure 2. Grain-size distributions for the four targets at the end of each series. Note 
the very flat dragomte distribution, as well as the marked lack of debris in the 
cryptobasalt's 250-125 µrn bin. 
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attained by inverting and rotating the 
bucket 15 times in succession before 
each shot. After the 25 shot series was 
complete, 0.5-g aliquots of the <63µm 
material from each target were wet 
sieved and weighed. 

Data: In the following, only the 
comminuted mass will be considered. 
This is defined as that fraction of the 
target less than 2 mm in dimension. 
Insofar as it was generated by the 
impacts, it is the material of interest in 
this study. 
Comminuted Masses: A graph of the 
comminuted mass for each target as a 
function of cumulative impact energy is 

-E 
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Cumulative Impact Energy (ergs) 
shown in Figure l. The dragonite Figure 3. Median grain size of each target as a function of cumulative impact energy. Note 
displays a noticeable difference from again the unusual behavior of the dragonite. 
the natural glasses, possibly due in part ________________________ __, 

to its synthetic nature. The obsidian and tephra are almost identical over the entire range of energy, excluding shot 
1 for which random effects are often observed in such experiments. The cryptobasalt parallels their pattern of 
increasing comminuted mass, but slightly below their range of masses. 
Grain-Size Distributions: Figure 2 exhibits the mass as a function of the upper limits of the size bins. Ignoring 
the 2 mm size bin for all targets, the dragonite essentially parallels the patterns of the others. The cryptobasalt and 
tephra are identical until the 250 µm size, where the cryptobasalt drops substantially in mass. It then regains its 
mass to somewhat parallel the others. At the 250 µm size, the tephra resembles the dragonite in mass size. The 
obsidian and tephra are identical for the last two bin sizes, 125 µm and 63 µm. 
;;-- 10s ........ -----------------, Median Grain Sizes: Figure 3 displays the 
E median grain size as a function of the cumulative 
(.) ... 

..._, impact energy. In this graph, dragonite is ro ... ~-
markedly different from the others. It showed a 

... • ... • 0 8 'v < slight decrease in grain size until shot 15, when 
(1) 104 • () 
<..> it became constant at a 0.21-mm grain size. The 

erratic difference is possibly due to its spherical :::, (y • en shape; the others are much more angular. 
Observing this plot reveals the similarities of the 103 'v 

§ tephra and cryptobasalt. They had a near 0 
Obsidian • 
Dragonite 0 identical median grain size and showed a 
Tephra ... 

>. consistent decline in size for each shot. The Cryptobasalt 'v i 1 02 ,..._ ____ __. __ ...__::::::::::::::::~.:::::.::__, obsidian exhibited a gradual decrease in grain 
Z 109 101 O 1011 size until shot 15, after which it displayed a more 

Cumulative Impact Energy (ergs) 
Figure 4. Newly fonned surface area as a function of cumulative impact energy. 
Note the similarity in slopes for the three natural targets relative to the steeper 
dragonite. 

rapid drop in grain size with accumulating 
energy. 
Surface Areas: Figure 4 shows the newly formed 
surface areas as a function of the cumulative 
impact energy, calculated after ref. (4). All four 
materials display a consistent increase in surface 
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area, with the obsidian slightly below the tephra. The tephra was the least resistant to the production of surfaces, 
with the cryptobasalt being the strongest. The dragonite lies closest to the cryptobasalt, but its trend displays a 
slightly greater slope. 

Preliminary Conclusions: On the basis of masses alone, the tephra and obsidian were the easiest of the four 
targets to cornminute, an observation supported by the calculated surface-areas. The dragonite was the most 
resistant, but exhibited the greatest changes in cornminuted mass as a function of cumulative impact energy. The 
size distribution of the dragonite's debris is unusually flat; the reason for this is uncertain, but could be due to the 
facts that it was the only artificially generated target of the four, and was in the form of spheres. The dragonite 
was also distinct from the other targets in terms of the median grain size of its cornminution products, while the 
tephra and cryptobasalt were virtually identical in that regard. The severe depletion of the cryptobasalt's 125-250 
µm bin is reminiscent of those observed in other polymineralic targets, a phenomenon attributed to intergranular 
disruption of the rocks along grain boundaries. 5 If this were the case, then the mean grain size of the cryptobasalt 
could be in the range of 125 µm; verification of this figure must await thin-sectioning of the cryptobasalt. 

References: l Surveyor Program Results, NASA SP-184 (Washington, D.C.), 425pp. 2 F. Horz, M.J. Cintala, 
T.H. See, F. Cardenas, and T.D. Thompson (1984) Proc. Lunar Planet. Sci. Conj 15th, inJGR 89, Cl83. 3 M.J. 
Cintala and F. Horz (1992) Meteoritics, in press. 4 M.J. Cintala and F. Horz (1984) Lunar Planet. Sci. XV, 66. 5 
M.J. Cintala and F. Horz (1988) Proc. Lunar Planet. Sci. Conj 181h, Cambridge Press (New York), 409. 
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Cartographic map of Ganymede 
Anton J. Vuorilehto, Helsinki University of 1echnology, Finland 

Prior to today, maps [ref. 1] of Ganymede's surface have been airbrushed by hand. 
These maps contam large positional errors and many features on these maps are 
either missing or misshaped. Furthermore they do not provide the needed accuracy 
required to do extensive work on regional scales at various resolutions. 

These maps were based on images taken by Voyager 1 and 2 spacecraft transmitted 
back 1979. Since processing software (PICS, version: July 9th 1992) has been 
notably updated since 1988, it is now possible to construct accurate digital mosaics 
of Ganymede. These mosaics are the basis for digital, cartographical maps and 
provide proper pointing information for each of the individual images so that 
1nformat1on is consistent from low resolution to high resolution images. This will 
now allow regional studies at various resolutions to be completed with some 
confidence that positions on lower resolution images correspond to the same 
position on higher resolution images. 

To construct these mosaics, all the medium and high resolution images ( except blue 
filtered ones) which were taken by Voyager 1 and 2 were selected. In addition, 
several low resolution images (which were used by Mert Davis [ref. 2] who has 
provided the most recent update to the pointing information) were included to 
provide complete, closed coverage of the surface. A total of 198 images have been 
used. 

All images have been radiometrically calibrated. The first step was to tie all of the 
low resolution images together, making a complete low resolution mosaic of 
Ganymede. After this all the medium resolution images were tied to each other and 
then tied to the low resolution mosaic. And finally the high resolution images were 
tied to each other and then tied to the medium resolution mosaic. This way the large 
number of images could be more easily handled and retain accuracy. 

PICS-software (JIGSAW-program) was used to make best possible fit to all of these 
images. This program proved to be an invaluable tool for fittin~ the images together. 
After fitting, all the images now include new camera pointing mformation. All these 
updated images now contain the most accurate pointing information currently 
available and will be stored and distributed on CD-roms. 

After updating the pointing information on each image, a mosaic was created by 
placing the lowest resolution pictures on the bottom and the highest resolution 
pictures to the top. This way the mosaics show as much detail as possible. Figure 1 is 
mosaic of Ganymede created of pictures which Voyager 1 took on it's flyby. No 
photometric corrections have been applied and this mosaic was constructed from 
images from various filters. 

The average errors between the low resolution images are 2.0 and 1.6 pixels for 
Voyager 1 and 2, respectively. The average errors between the high resolution 
images are 1.2 and 0.2 pixels for Voyager 1 and 2, respectively. 

Most of the errors are due to the fact that spacecraft's camera angles were not 
accurately known at the moment when each of the images were taken. In addition, 
some of the spacecraft vectors also need updating. This is especially the case with 
Voyager 1. With current software it is not possible to adjust this information. How 



Anton J. Vuorilehto: 
Cartographic map of Ganymede 

ever, the pointing information on the updated images has the needed accuracy for 
regional scale studies. 
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Figure 1. Mosaic of Ganymde. 



Partial Melting of the St. Severin (LL) and Lost City (II) Ordinary Chondrites, Implications for the 
Formation of Eucrites 

Introduction 

Egon Weber, Texas A&M University 
Department of Geology, College Station, TX, 77843. 

Eucrites are meteorites which probably formed by igneous processes analogous to those which formed 
lunar and terrestrial basalts (1). Current chemical evidence suggests that eucrites may have formed from a 
source region having a chondritic composition like primitive solar system material (2). 

The experiments by Jurewicz et al. (3) on the Allende and Murchison carbonaceous chondrites have 
produced partial melts similar to eucrite compositions. The Jurewicz et al. study showed that melt composition 
was strongly influenced by oxygen fugacity conditions. However, natural eucrites are known to have formed 
under an oxygen fucacity of about one log unit below the Iron-Wstite buffer (IW-1); and under these conditions, 
the partial melts generated by the Jurewicz et al. experiments approximated eucrite compositions. Melts from 
Murchison approximated most of the major and minor elemental concentrations in eucrites, with the exception 
of volatile elements like Na and P. Mn, another moderately volatile element, was also depleted in the melts 
compared to eucrites. Accordingly, eucrites may have formed from a source region richer in Mn. 

This study extends these partial melting experiments to include seven experiments on two ordinary 
chondrites: St. Severin and Lost City which are LL and H chondrites, respectively. Being chondrites, these 
meteorites are similar to the starting compositions in the Jurewicz et al. study, but one notable difference is that 
they have higher concentrations of Mn and silica. One partial melt of each meterorite was made at 1W + 2 and 
1200 °c to determine the change in melt composition as fQi changed. Of seven experiments, only the five run 
at IW-1 had a silica content close enough to eucrites to be considered in this study. Only three of these were 
well equilibrated and could be compared to eucrites. Although the melt compositions were broadly eucritic, the 
melts from the Lost City (IW-1 at 1170 °q and St. Severin (IW-1 at 1220 °c and 1200 °q did not exactly 
match the analysis of a typical eucrite, Sioux City (4). 

Methods 

Powdered meterorite material from the U.S. National Museum of Natural History was received in two 
fractions, metal flakes and silicate powder. These were weighed in proportion on a microbalance, but it was 
impossible to achieve homogeneity because the metal flakes could not be ground finer. To homogenize the 
metal the sample was pressed into charges of about 110mg, and partially melted at 1200 °c and an fO2 
equivalent to the Quartz-Fayalite-Magnetite buffer to oxidize the metal phases. Next, these charges were 
simultaneously ground in an agate mortar and pestle under acetone. Finally, aliquots of this processed powder 
were pressed into 90-lOOmg charges and placed in a platinum basket for each experimental melt. 

The experiments were run in a vertical, resistance-heated, controlled-atmosphere furnace. A mixture 
of CO and CQi was passed over the sample to control the oxidizing conditions. The fQi was monitored by 
passing the exhaust gases to a reference furnace with a ceramic electrolyte cell and a reference gas (5). A 
computer program was used to interpret the readings from the cell and to correct for the difference in 
temperature betweeen the two furnaces. After runs of between 5 and 11 days, the samples were drop-quenched 
into deionized water. 

The samples were diamond sawed, mounted in epoxy and polished. Preliminary observations of the 
charges were done with a JEOL SEM. Chemical analysis was done on a Cameca electron microprobe at 15kV 
and 30nA. The WDS spectrometers were calibrated with metal and sulfide standards for the metal phases; and 
oxide, synthetic glass and natural mineral standards for the silicate phases. An analysis was done on several 
samples of each phase. Only phases 10 microns or larger were analysed, except in the case of spinel which had 
a maximum grain si2.e of about 8 microns. 

Results for IW-1 Melts 

The phases observed in the charges were olivine, chromite spine~ Ni-Fe alloy and/or sulfides and melt. 
In addition, Ca poor pyroxene was found in all but the Lost City run at 1200 °c. 
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The analytical results were used to verify that the charges were equilibrated properly. Backscattered 
images of the melt pools showed little quench growth or compositional gradients. Mass balances of the phase 
compositions matched the starting composition well, with the exception of the volatile elements Na and P. 
Table 1 gives the distnbution coefficients for Mg and Fe, which closely match those in Stolper's experiments: 
Ko OI=0.35, Ko Px=0.3 (1). 

Comparison of results with known phase equilibria using a OL-PL-SI pseudo-ternary diagram 
projected from Wo (Figure 1J suggests that two experiments may have attained a metastable equilibrium. The 
melts for St. Severin at 1170 C and Lost City at 1200 °c appear slightly oversaturated in plagioclase and 
pyroxene, respectively. It is possible that the initial pre-processing did not leave any nuclei for these phases to 
crystallae during the subsequent experiments. However, the five experiments run at IW-1 had the expected 
silica content and plotted close to the eucrite field on Figure 1. 

Elemental concentrations of the three well equilibrated melts were compared to several known eucrites 
on a CaO / Al20J vs MgO /MgO + FeO diagram (Figure 2). A more detailed comparison to Sioux Co. was done 
for most major and minor elements (Figure 3). The Lost City and St. Severin melts still showed a Mn 
concentration of about half of Sioux City, comparable to Allende and Murchison melts (3). Ca was also 
consistently low, and the other elements were either low or high compared to Sioux Co. 

Results for 1W + 2 Melts 

The Lost City 1W + 2 melt, with a SiQi wt% of 40.2, was comparable to the 1W + 2 melts of Jurewicz et 
al. (3) which were similar to angrites. However, the St. Severin melt at 1W + 2 with a Si Qi wt% of 56.9 is not 
thought to be analogous to any known meteorite. 

Conclusions 

The partial melts of the ordinary chondrites Lost City and St. Severin have a silica content similar to 
eucrites, but do not closely match the composition of any known eucrites in detail. This suggests that either 
eucrites must have formed from another starting material, or the processes by which eucrites formed are not 
well understood. 
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Table 1 
Analytical results from IW-1 experiments. Phase percentages based on mass 

balance calculations. Silica percentages are weight percent. 
rb Olivine Pyroxene Metal Spinet Melt KO 01 KO Px Sieh 

St. Severin 1170 59.1 25.0 3.2 0.8 11.9 0.35 0.27 50.6 
1200 58.6 22. 7 2.8 0. 7 15.2 0.35 0.28 50. 7 
1220 62.1 16.9 2.5 0.6 17.9 0.35 0.29 48.9 

Lost City 1170 58.9 12.0 8.0 o. 7 12.0 0.36 0.26 49.6 
1200 77.6 0.00 6.0 0.6 15.8 0.36 n/a 50.8 
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ANALLYSIS OF THE PROCESSES OF CHARGING AND HEATING OF COSMIC 
GRAINS Russel J.White, Ohio State University 

1. Statement of the problem and general equations. 
Spectral observations in infrared show that the percentage of the dust mass in interstellar medium is 

about 1 % and much more in circumstellar and prestellar discs and nebulae. The dust plays a key role in 
the processes of stellar and planetary formation and in all spectral observations because it determines the 
polarization of light propagating from stars. 

The most important characteristics of cosmic dust are its distribution of size, mass, composition, temper-
ature and charge. Although it is possible to estimate the size, mass, composition, and temperature of grains 
from spectral observations, there is no direct method to estimate the charge. Information on the charge of 
the grain is critical for understanding the coagulation processes of dust grains in collapsing protostellar disks. 
Such processes leading to the formation of planetesimals is very poorly understood. It has been suggested in 
[l] and [2] that oppositely charged particles may significantly enhance coagulation. A successful analysis of 
dust grains would considerably help our understanding of pre-main-sequence objects. For example, the large 
mass out flow from T Tauri stars as well as their variability at all wavelegths interact considerably with the 
dust cloud, but the consequences of this interaction is not well known. 

The following processes determine the charge of a cosmic grain : 1. Absorbtion of electrons and ions from 
the surrounding medium, 2. Photoemission of electrons, 3. sputtered ions and electrons due to collisions 
with cosmic rays, 4. secondary electron and ion emision due to collisions of the grain with high energy 
particles such as cosmic rays or stellar wind, and 5. emission of charged particles due to molecular processes 
( mainly H - 2 formation ) that occur on the grain surface. 

We present the following general equation for the charge balance of the grains: 

(1) 

(2) 

where Q is the charge ofthe grain, A = 1ra2 is the grain geometrical cross section, e, and me are the electron 
charge, and the mass, ne and n; are the electron and ion number densities. Se and s; are the sticking 
efficiencies for electrons,and ions. he and 6; are the secondary electron emission yeilds for colliding electrons 
and ions. g(x) = e" if x < 0 and g(x) = (1 + x) if x > 0. Here ef, = eU / I<T, U is the grain potential. 
/3 and /Jc are the average charge of the sputtered particles due to colliding ions and cosmic rays. Y; is the 
sputtering yeild for colliding ions. Qab3 is the absorbtion coefficient and F., is the flux of photons. Y., is 
the photoemission yeild. (Ye(E)) is the sputtering yeild for cosmic rays. The first integral is over the entire 
spectrum of incoming radiation and the second one is over cosmic ray spectrum fer(E). 

The general expression for the heat balance has the form 

(3) 

(4) 

where Eph, Ee, E;, E.,, E 3 p, E 3 , E 3 e are the average energies of the photoemitted electrons, the primary 
colliding electrons and ions, the secondary emitted electrons due to electron and ion collisions, and the 
sputtered particles due to colliding ions and cosmic rays. Ee1 is the energy transferred from the cosmic ray 
to the grain, >..M is the fraction of energy from the molecular process which heats the grain, RM is the rate ot 
which this molecular process occurs and EM is the total energy released from the molecular process. B(T9 ) 

is the Planck function for the grain temperature T9 , and Qem is the emission efficiency of the grain. 
In this study we will consider grains in molecular clouds, protostelar nebulae and circumstellar medium. 

Parameters of these objects were taken from (3, 4, 5 ]. Three characteristic grain sizes will be analyzed: 
a= 5. 10- 6 cm, 2. 10-5 cm and 10-4 cm. The charge of the grain is Ze Uae. 



2. Molecular cloud. 
We wiil use the typical parameters of molecular cloud and coefficients of absorbtion, emission etc. from 

the papers [3,4.5] : ne = ni = 103 , T = 20 K, s, = Si = 1, o, = 0.02, z = 1, bi = 0.1 for U < 0 or (1 + Uvolt 
) for U > 0, E, = Ei = 0.01 eV , E., = E,p = E, = 2 eV, ¢ = eU /kT, Q,m = a(a + 0.0Iµm). All other 
coefficients are approximately zero. 

3.Collapsing protostellar disk. 
The typical parameters are: n, = ni = 104cm- 3 , T = 10 K, s, =Si~ 1, z = 1, o, = 0.01, bi = 0.05 for 

U = 0 and 6 = 0.05(1 + Uuo11)- 1 for U ::p 0, E, Ei 0.01 eV, E.e E, 1 eV, >./\f 0.7, RM~ 10- 17 

s- 1 , EM= 4.5 eV for hydrogen molecules, Qem = a2 . 

4.Circumstellar nebulae. 
The typical parameters are: ne = ni 108 cm- 3 , T = 1000 K, Se = 0.3, Si = 0.1, E, = Ei = 2 eV, 

E,. = E,p = l eV, Q,m = Qab, = a 2 , }·~ = 0.5(1- Bev/hv), 
Y, = Y; 0, Be= 1, Ec1 = 8 · 103 eV / s cm- 2 , fer= 3s- 1cm- 2 for£< 2 MeV. All other parameters 

are approximately the same as for the protostellar disk. 
5.Results and Discussion. 
The results of calculations for two typical cases of graphite grain equlibrium charge is presented in fig. 1 

and 2. 
Fig.I corresponds to a grain far f~om any stars where only the electron absorbtion is important. The 

electric charge on the grain is determined by the balance of electron capture rate with ion capture rate. 
Since electrons are moving much faster than ions, the grain must have a negative charge so that it will repel 
electrons and keep the capture rates equal. Fig. 1 shows that as the energy of the particles increase, the 
potential on the grain must also increase to keep the collisional balance. Three grain sizes were considered 
( A = 10-6cm, B = 10- 5cm, C = 10- 4cm ). The smallest grians' potential is limited to the feild emision 
limit. If the potential becomes too large ( Uma:r > 10(a/10- 6cm), then spontaneous electron emission will 
occur and reduce the grain charge. 

Fig.2 correspond to low density regions where the rate of photoemission exceeds the rate of electron 
capture. In this case, in order to retain the collisional balance, the grain potential becomes positive. This 
decreases the rate of photoemission and increases the collisional rate with electrons. As in Fig. 1, the electric 
potential must increase as the energy of the plasma increases. The 2 curves in are equilibrium plots for two 
different density mediums ( A = lcm- 3 , B = lOcm-3 ). These curves show that lower density mediums 
can have larger grain potentials. This is a result of the decrease in electron collision rate in lower density 
environments. 

Spectral observations show that grains may be composed of graphite, Si02, dirty ice, iron or some 
combination of these. The composition of the grain can significantly affect the charge on it. These substances 
above have different photoelectric yields. For example, graphite has a yield much larger than Si02, and thus 
the charge on a graphite grain may be different due to its enhanced electron emission. The size of the grain 
is also a very important parameter. The UV absorbtion efficiency decreases significantly for wavelengths 
longer than the particle size. As a result, grains of different sizes may also have different charges. Taking 
these variables into account, grains of different sizes and composed of different substances may have opposite 
charges in the same region of space. Coagulation of the oppositely charged grains is very effective, and 
this may explain the enhanced rate of grain coagulation that is necessary for the process of planetesimal 
formation in the prestellar nebulae. 

I am grateful for the opportunity to do research at LPI and would like to thank those who had selected 
me as a summer intern. I would also like to give a special thanks to Dr. Dolginov for his guidance and 
instructions, and to the entire staff at LPI for their kind assistance to me. 

35 



36 

-1 ~---~---~~---~ 
10 1 

T{K) 

Fig.I-The graphite grain potential in regions far from stars is plotted as a function of the temperature 
of the surrounding medium for 3 different grain sizes ( A=l0- 6cm, B=l0- 5 cm, C=l0-4cm ). 
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Fig.2-The graphite grain potential in regions near a star is plotted as a function of the temperature of 
the surrounding medium for 2 different electron densities ( A=lcm-3 , B=lOcm- 3 ). 
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Degradation of lunar features based on Apollo 17 Infrared Scanning Radiometer Data. 
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1. Introduction 

The Infrared Scanning Radiometer (ISR) on board the Apollo 17 command service module provided high 
resolution nighttime thermal data of the lwiar surface. Temperature values extracted from these data span the entire 
range of lunar temperatures (85 K to 400 K) and have an accuracy of approximately ±2 K [1]. With a surface spatial 
resolution as high as 2.2 km, many of the observed thermal anomalies correspond to mappable geologic features. 

Assuming that the lunar surface is composed of materials of similar bulk composition, nighttime temperatures 
are primarily dependent upon changes in bulk density of surface units [2]. Regions composed of loose, fme-grained 
materials would tend to equilibrate at lower temperatures during the lunar night. in contrast to a region composed of 
solid materials, such as boulder fields and exposed bedrock, which would equilibrate at higher temperatures. Since 
the Moon is constantly being hit by micrometeorites, it would be expected that boulders and bedrock, appearing as 
hot thermal anomalies, would tend to degrade over time into smaller and smaller particles. Therefore, hot anomalies 
are most probably young relative to the surrounding region, whereas a well-mixed, mature regolith because of its 
fine grain size would be relatively old. 

2. Data Overview 

Maria-Highland Differences 
The data analyzed here are predominately from within the Procellarum and Northern Orientale Regions. Most of 

the thermal anomalies found in this region are associated with large features such as impact craters and rilles. Both 
types of features are usually thermally enhanced when compared to the surrounding mare or highlands, implying that 
the area includes exposures of coherent bedrock or a significant population of surface rocks. In general, the 
highlands are characterized by a featureless infrared signature, while the maria contain a much larger concentration 
of small thermal enhancements, on the order of one resolution element in size. Resolution size thermal 
enhancements over typical highlands units are approximately 4 K, whereas enhancements over typical maria units 
are 8 K. This suggests that the extensive bombardment of the highlands has thoroughly mixed and reduced the grain 
size of the regolith. The thermal signature of the maria seems to suggest a relatively young surface having a thin 
regolith. Small impacts could easily excavate large rocks and expose bedrock located beneath this thin layer, giving 
the region a slightly higher temperature and a non uniform appearance. 

The maria contain abundant medium to large, 15-90 km, thermally enhanced impact craters (see Table I). 
However, medium to large craters with thermal enhancements greater than 10 K are generally absent from the 
highlands. Two exceptions are the craters Olbers A and a small unnamed crater located at 259E, 2.56N (The latter 
crater is approximately 5 km to the Southeast of Lenz Crater and will be referred to as Lenz A throughout this 
paper.) The remainder of large anomalies within the highlands come from small craters, s; 6 km diameter, having 
high central temperatures and a slight thermally enhanced ejecta deposit. Many highland craters classified as 
Copernican in age, such as Conon, appear relatively featureless and have temperatures much lower than other 
Copernican craters. Tobias Mayer A, Eratosthenes, Conon and SchHiter are all characterized as having enhanced 
temperatures for the crater floor, rim/wall, and peak of approximately 5°, but no enhancement within the ejecta 
deposit 

Although a large crater as Olbers A would be expected to exhume large blocks from beneath the highlands 
regolith, the smaller craters would not be expected to. However, most craters larger than Olbers A do not have 
significant thermal enhancements. Even if these large craters were unable to expose bedrock or exhume large blocks, 
impact melt would be expected to form within the crater floor, giving the crater a large thermal enhancement. In 
order to explain this contradiction, it is proposed that mass wasting rates, such as slumping, avalanching, and the 
downslope migration of surface materials may operate at much higher rates in the highlands. A highly incoherent 
regolith would facilitate the movement of materials from the rim crest to crater floor and would essentially cover 
exposed rock with a cover of fine-grained materials. 

Mass Wasting Along ScCIIJ!s 
Several cool anomalies are found within the infrared. The most noticeable are linear features that lie at the 

boundary between the Apennines and Mare Imbrium. The cool anomalies correspond to a unit mapped by Hackman 
[3] as slope material which is found at the base of steep slopes. Hackman, however, interprets this region as being 
exposed bedrock and partially sorted talus materials. Since cool anomalies are consistent with loose, fine-grained 
surface materials, this unit should be reinterpreted as well-sorted, fine-grained debris. It is possible that these debris 
deposits are continually being formed as a metastable regolith forms on a steep slope and avalanches as minor 
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instabilities arise. Similar deposits are also found along the Carpathians and along the edge of Lacus Veris. If 
bedrock were exposed on the cliffs where the debris originated, it would be expected to have a corresponding hot 
anomaly. The absence of a thermally enhanced cliff suggest that the Apennines may not contain significant amounts 
of surf ace or near surface blocks. 

Crater Halos 
Within the maria, many of the thermally enhanced craters have relatively cool, featureless, halos that are 

concentric to the crater rim or enhanced ejecta, if the later is present. In general they span up to one crater radius 
away from the enhanced ejecta or two crater radii from the crater rim crest. Halos around craters in the highlands 
such as Olbers A are featureless, but are not noticeably cooler than the surroundings. Typically, crater halos located 
in the mare have a temperature approximately 2 K lower than the surrounding region, and there appear to be a 
continuum of states ranging from craters having enhanced ejecta deposits and well defined halos, to craters 
containing only a well defined halo extending from the rim, to craters containing halos that are barely 
distinguishable with respect to the surroundings. Mendell [1] has proposed that crater halos could be a result of the 
blanketing of subresolution (-100 meters) craters with the ejecta of a crater larger than 2 km. The presence of halos 
around craters without enhanced ejecta deposits additionally suggests that cool halos are, in some part, a remnant of 
the degradation of the ejecta deposit. This scenario could work if the ejecta from a large crater completely covered a 
region composed of large blocks or outcrops with an ejecta containing a gradation of large blocks near the rim crest 
to smaller blocks at the edge of the ejecta deposit. Since small blocks erode at a faster rate than larger ones, the halo 
should appear to expand towards the rim crest as the ejecta deposit erodes through time. As smaller craters form 
within the halo, the region should loose its cool appearance because of the excavation of blocks beneath the thin, 
fine-grained cover. 

Table I. 
Crater Classifications Based on Thermal Data 

Crater Central 
Peak Tem 

Class 1 
!LenzA I 12.5 I 201 I 68 I s8 I s1 1 s -so 

Class 2 
OlbersA 43 208 30 25- 38 14-30 5 - 15 
Aristarchus 40 260.5 30 25-40 17 - 29 5 -12 
Class3 
Keoler 32 223 21 8- 12 8 - 18 0-3 
Reiner 31 206.5 20 4- 12 12 - 31 2 
Cooernicus 93 241 28 0-6 11-13 3 
Class 4 
Galilaei 18 222.5 5-8 8- 25 
Bessarion A 13 246 7-10 7-33 
Milichius 13 231 15 - 20 12- 28 
Class 5 
Pytheas 20 265 17 2.5 - 7 7 - 12 
Tobias 15.5 235 5 - 15 5 - 15 
MaverC 
Herman 20 204 14 8 - 13 8- 20 
Class 6 

I Marius I 42 I 234 lo I 1s - 18 
Class 7 <Hle.hlands) 
Schlilter 90 178 6 5-8 5 
Tobias 17 233 5 5 
Maver A 
Conon 20 262 3 4-6 0-4 
Eratosthenes 61 249 8 0-5 0-5 

• 0° = noon, 90° = sunset, 180° = midnight, 270° = sunrise 
t All temperatures are with respect to either the surrounding mare or highlands. 
:(: Ejecta distances measure the amount of thermal enhancement beyond the crater rim crest 

Crater halo distances are measured in crater radii with respect to the edge of the ejecta deposit 

2 

I 1 - 11 

1 
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0.8 
0.7 
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1 - 2.5 ? 
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3. Inferred Sequence of Crater Degradation 

Seventeen craters located in the maria and highlands were grouped into seven distinct classes based on their 
infrared morphology. Temperatures of the central peak, rim/wall, floor and ejecta as well as the distance covered by 
the ejecta and crater halos are listed in Table I-class I being the least degraded and class 7 the most degraded. In 
constructing a series of degradational states the following assumptions were used: I) all impacts form in a similar 
manner and have similar morphologies, 2) the youngest craters will have the largest thermal enhancements because 
of the lack of weathering on exposed impact melt and boulders, and 3) as ejecta deposits erode, a cool, featureless 
halo will be left as a remnant. It should be noted that relative ages cannot be extracted from the different crater 
classes unless the two craters being compared have similar sizes. This is due to the fact that smaller craters are 
expected to degrade faster than larger ones. This is primarily an effect of different erosional rates due to mass 
wasting effects. Larger relief in surface features of large craters will take longer times to be subdued by processes 
such as slumping and the downslope migration of surface materials. From Table I it appears that smaller craters 
occupy a larger percentage of the more highly degraded classes. This is interpreted as being a superficial grouping 
because of the scaling of erosional rates with crater size. 

Of all the craters examined, Lenz A has the largest thermal anomalies within the crater rim and ejecta deposit 
and is interpreted as the youngest, least degraded crater examined. Zond imagery show this crater to posses a high 
albedo ejecta deposit spanning over ten crater radii. The infrared data also show a thermally enhanced ejecta which 
spans about ten crater radii from the edge of the rim crest. Class 2 craters contain an enhanced ejecta deposit 
spanning one crater radius from the edge of the rim crest and a cool halo extending another crater radius from the 
ejecta deposit. Temperatures within the rim are lowered with respect to Lenz A but are still considerably enhanced. 

Class 3, 4, and 5 craters show a general decline in central peak, floor, rim/wall, and ejecta temperatures. The 
peak and rim/wall temperatures are consistently higher than the floor temperatures for classes 3, 4, 5, and 6. This 
suggests that much of the early degradation within the rim is a consequence of mass wasting, avalanching, and the 
migration of surface materials from the crater rim and peak to the floor [4]. As slumping and avalanching occur, 
impact melt and boulders within the floor will be covered by loose material and at the same time expose new 
outcrops on the walls and peak. Because the crater rim spans more surface area than the central peak, it would be 
expected that the floor would first lose its thermal enhancement, followed by the central peak, and finally by the rim. 

Class 3 craters show a slight decrease in the ejecta radius and halo radius with respect to class 2, whereas class 4 
craters are characterized primarily by their lack of an enhanced ejecta. In its place, however, is a cool featureless 
halo that spans from the crater rim to a distance of about two crater radii. Temperatures within the crater rim are 
again appreciably decreased with respect to class 3. Class 5 craters show the final result of crater ejecta weathering. 
Halos and ejecta deposits are entirely absent or have been considerably degraded by the addition of small thermal 
enhancements surrounding the crater. This sequence is interpreted as being due to the effects of small sub-resolution 
impacts excavating blocky material from beneath the thin, fine-grained surface cover. 

Although Marius is the only crater which occupies class 6, an extrapolation of degradation behaviors suggests 
that the last thermally enhanced portion of a crater should be its rim. Marius is characterized by not having a 
noticeable crater halo or enhanced ejecta, and by the absence of a central peak and floor enhancement. Beyond this 
class of degradation there should be no noticeable thermal enhancements within the crater. Class 7 craters are not 
believed to be the end of a crater degradation sequence within the maria even though they are extremely degraded in 
the infrared. In contrast to Marius, the last stage of crater degradation in the highlands seems to be its floor. This 
characteristic thermal signature may be caused by the lack of, or decrease in the number of, buried boulders in the 
regolith, or by accelerated rates of erosion by means of mass wasting. 

4. Conclusions 

The Apollo 17 ISR obtained high resolution nighttime temperatures of the hmar surface that show differences in 
the degradation of lunar features. Evidence of mass wasting processes is found at the base of the Apennine scarp and 
other high relief slopes. Slumping, avalanching and the downslope migration of surface materials are also believed 
to be responsible for the decrease in temperatures of crater floors. Micrometeorite weathering is believed to play a 
major role in the degradation of relatively flat surfaces such as crater ejecta and the maria. 
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AN EXAMINATION OF METAL/SILICATE PARTITIONING IN SILICATE 
MEL TS ABOVE THE LIQUIDUS; 

Michael-Patrick F. Wolfbauer, Bemidji State University, Bemidji MN 
Advisor: Petr Jakes 

Introduction: The partition of elements between the metal and silicate phases is of primary 
importance in the study of the history of meteorites, the formation of the Earth's and other 
planetary cores. The behavior of iron and moderately siderophile elements, i.e., the elements 
that are in both oxidic (silicate) and metallic form within the planet or meteorite parent body, 
is of particular interest. Observations of natural objects, i.e. tektites, ablation spherules 
(Jakes et al., 1992), suggests that very high temperatures in a system having constant oxygen 
fugacity may involve structural and hence viscosity changes in silicate melts and may ultimately 
lead to siderophile behavior of transition elements (Cr, Ti, V, Mo), as well as Ge or Si. 
Observations of the siderophilic behavior of Si were made in experimental melting of enstatite 
chondrites (Dickinson et al. 1992). In order to assess the behavior of elements in 
metal/silicate systems in relation to increasing temperature, we have carried out a series of 
experiments in which we studied the partitioning of elements between silicate melts and metal 
phases (Pt containers). Table I: Starting Compositions 

Preparation:Three significantly 
differing compositions were 
experimentally studied. (Table#1 
presents the compositions). 
[a] lndochinite composition representing 
high Si melts with relatively low Fe 
content; [b] sample LBI, a simulant of 
potential lunar ore composed of 50% 

Si02 
Al203 
FeO 
M9<) 
CaO 
K20 
Na20 
TiO2 
MnO 
Cr2O3 
Mo03 
Total 

lndochinite 
72.56 
13.72 
4.47 
2.06 
1.96 
2.51 
0.67 
0.61 
0.09 
0.00 
0.00 

99 .11 

LBI JAP JAP+Cr203 
20.81 40.74 37.04 

5.30 18.19 16.54 
32.30 0.00 0.00 

4.00 11.16 10.15 
5 .30 25.55 23.23 
0.06 0.00 0.00 
0.26 0.00 0.00 

31.50 4.36 3.96 
0.17 0.00 0.00 
0.26 0.00 9.09 
0.00 0.00 0 .00 

100.00 100.00 100.00 

JAP+Mo03 
37.04 
16.54 
0.00 

10 . 15 
23 .23 

0.00 
0.00 
3 .96 
0.00 
0.00 
9.09 

100.00 

Apollo11 basalt simulant and 50% of ilmenite (This is considered to be a prime ore for oxygen 
production, and is high in Fe and Ti); [c] sample JAP, a composition representing a refractory 
type melt with no Fe; it is close to eutectic composition in the CaMgSi206-CaAl2Si06-CaTiAl206 
system, similar in composition of 
refractory "igneous" inclusions in 
carbonaceous meteorites (Wark, 1987). 
The composition "JAP" was created 
without Fe since FeO is believed to buffer 
the less siderophilic elements(i.e.: Ti, Si, 
Cr, Mo), and prevent them from entering 
the metallic phase. Two derivative 
compositions were also synthesized by 
doping JAP with Cr203 and Mo03 in 
separate samples. 

Experiments: Experiments were run 
in a Deltech™ V-31 vertical furnace. 
(Table 2 presents a listing of 
experimental runs).Samples were heated 
in an N2 atmosphere. A carbon sleeve 
was positioned around the experimental 
charges, to act as a buffer and prevent 

comoosition 
lndochinlte 
1300° 
1425° 
1550° 
JAP · Alone 
1300° 
1425° 
1550° 
JAP + Cr203 
1300° 
1425° 
1550• 
JAP + Mo03 
1300° 
1425° 
1550° 
LB/ 
1300° 
1360° 
1425° 
1550° 
15so 0 

1550• (+Steel! 

Table 2: Experimental Runs 
Time (hours) Caosule Annnearance 

3 Pl Melt: Glass 
3 Pt Melt: Glass 
3 Pt Melt: Glass 

3 Pt Bubbles; non-homogeneous glass 
3 Pt Melt: Glass 
3 Pt Melt: Glass 

3 Pt Bubbles; Striated olass at Pt boundarv 
3 Pt Bubbles; composition inhomogineity 
3 Pt Melt: Glass 

3 Pt Non-homogeneous glass 
3 Pt Melt: Glass; some variation near Pt 
3 Pt Melt: Glass 

3 Pt Not completely melted 
3 Pt Poor melt; Crystals formed 
3 Pt Gas oockets; Not homoaenoeus 
3 Pt Melt: Glass 
3 Al Non-Seeded Fe grain appears 
3 Al Seeded Fe globules; densitv seoaration 

oxidation of the system. The only oxygen vapor in the system while heating was 02 released 
from the melt. It is believed that the carbon sleeve would burn the excess oxygen created in 
heating. No physical contact between the carbon and the melt was allowed. The samples were 
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placed in platinum or alumina crucibles and run at: 1300°, 1425°, and 1550°C, each for a 
period of three hours. At the end of the run, the compositions in platinum crucibles were 
dropped down out of the furnace and quenched in liquid nitrogen. The experiments in alumina 
capsules were not quenched; rather the furnace was switched off and allowed to cool on its own. 
The experimental capsules, both Pt and alumina, were cut using a diamond tipped saw, polished, 
coated, and examined optically and using the electron microprobe. 

Table 3: Content of Material in Platinum as a Function of Temperature 
Table 4: Chemical Composition of Melts In Presence of Metal 

l.BI JAP+Cr JAP+Mo 
1300° 1425° 1550• 1360° 1425° 1550• 1300° 1425° 1550° 1300° 1425° 1550• 

JAP+Mo· Mo content 0.10 2.11 3.73 SI02 24.01 19.41 20.37 39.78 37.71 44.88 40.07 39.64 40.43 
JAP+Cr; Cr content 0.18 0.49 0.99 TI02 27.29 34.58 35.46 3.24 3.66 1.48 4.21 4.18 4.23 
LBI; Fe content 2.67 4 .71 3.34 Al20 6.11 5.46 5.97 17.11 16 .00 17.23 16 .97 16.60 17.14 

Results: Tables 3& 4 show analytical FeO 31.54 30.57 28.02 0.00 0.00 0.00 0.00 0.00 0.00 
MnO 0.20 0.12 0.15 0.00 0.00 0.00 0.00 0.00 0.00 

results and Figure 1 illustrates MaO 4.02 4.09 4.09 10.88 10.39 11.16 10.05 9.87 10.33 

compositional profiles across the CaO 6.18 5.05 5.19 21.97 23.65 25.22 24.04 24.47 25.11 
Na20 0.37 0.30 0.33 0.00 0.00 0.00 0.00 0.00 0.00 

melt/metal boundary. K20 0.09 0.08 0.08 0.00 0.00 0.00 0.00 0.00 0.00 
Cr203 0.19 0.34 0.36 7.02 8.58 0.03 0.00 0.00 0.00 Generally, the reaction of FeO (or metal 

oxide) with the metallic phase (represented by Pt capsules) is dependent on temperature. 
There is a positive correlation between the temperature and the amount of metallic oxide 

Oistrobutlon ol Fe in lndochinije Melt 
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entering a metallic state. None 
of the experiments could be 
considered to have reached an 
equilibrium. The duration 
would have to be much longer 
than 3 hours, a factor 
prevented by furnace and 
material capacities. Also 
illustrated is the temperature 
dependence in relation to the 
siderophility of the element. 
As temperature increased, 
more took place, 
apparently releasing 02 as a 
byproduct of superheating. The 
formation of voids/bubbles on 
the boundary of viscous melt 
and metal is a characteristic 
feature of high temperature 
runs in high viscosity melts . 

lndochinite is a highly 
siliceous, and hence highly 
viscous melt. It is evident that 
there is a compositional 

Fig. I Melt:Aboue; Below:Metel gradient because of slow rates of 
Fe diffusion in the melt and metal. The viscosity of a melt effects the partitioning of in 
the phases. The analysis of products of LBI runs in Pt, the starting composition 
of which has been done using the trivalent Fe oxide, shows a gradient diffusion of Fe and a slight 
entrance of Ti from the melt in to the Pt. The melt is less viscous, partitioning of all elements is 
more uniform across the melt, though sharp gradients are apparent within the metal. The 
temperature dependence of partition (apparently influenced by the diffusion rate of Fe 
into metals) is seen from the element analysis of the metal and bulk melt. FeO content in melt 
significantly decreases as a function of increasing temperature suggesting progressive release of 
02. 

41 

When running LBI alone in alumina crucibles for the 3 hour period, a few metallic 
grains of Fe were precipitated from the melt (identified by both SEM and electron 
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microprobe)(Figure 2). In one instance a few micron sized Pt metal contaminant was 
overgrown by large iron grains - apparently due to a "seed" or catalytic effect of metal 
precipitation. In order to examine the role of seeding (and to approximate the lunar 
environment where metallic iron is present), the LBI composition was examined also in the 
alumina crucible in a run seeded by balls of "stainless" steel. The precipitation of Fe metal was 
vigorous, exceeding the volume of seeded material. It should be noted however that the seeded 
metal has approximately 13% of Cr whereas the metal "precipitated" in the form of irregular 
iron globules has 0.1 % of Cr. Slight gravitational separation was evident from the position and 
shape of the globules. Note the apparent falling configuration of the metal (Fig.3}. Crystalline 
phases present in cooled charges contain little Fe; dominant phases are Cr, Ti, and Al oxides. 

The JAP composition represents an Fe free silica-rich system. No evidence of metallic 
diffusion of either Si or Ti at any of the temperatures was observed. Again being a melt of low 
viscosity, JAP+Cr203 should have been uniform in composition across the melt. At 1300° and 
1425°, the samples did not show the characteristics of a homogeneous melt with respect to 
Cr2O3, therefore averages for composition were compiled for the melt. There was depletion of 
Cr2O3 in the melt, as well as a significant diffusion of Cr into the metal at 1550°C. The amount 
of Cr entering Pt was smaller at 1425° and 1300°. A similar pattern, though order of 
magnitude lower, has been noted for Ti. In JAP+Mo03 there was again a significant percentage 
of Mo entering into the platinum at 1550°, higher than those at 1300° or 1425° runs, depleting 
the original melt of MoO3. There were no other elements which were depleted to any degree. 

z 

Fig. 2: Iron particles in melt of 
LBJ at 1550° in alumina crucible 

SEM image 

Fig 3: Section of lower part of LBJ 
in alumina crucible . 
Back scattered electron image. 
Scale bar a 100 microns 
white particles represent metal 

Conclusion: The formation of metallic species, from silicate melts (oxide form), is definitely 
temperature controlled. Experiments also indicate that the temperature itself induces reduction 
of metal oxides and can thus be used to generate 02. The experiments suggest that other 
transitional metals (Cr, Ti) do not enter the metal phases as long as FeO is present in the 
system. There is a sequence of metal precipitation from silicate melt as a function of 
temperature that corresponds to a decrease in siderophility of the elements. 

References: (1) Wark, D. A., 1987: Geochim et Cosmochim Acta p 221-224; (2) Dickinson, 
T.L. et al, 1992: LPSC XXIII p 309-310 ; (3) Jakes, P. et al, 1992: LPSC XXIII p 597-600 
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Miranda-- The Role of Tidal Dissipation on the Evolution of the Satellite 
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Advisor: Renu Malhotra, Lunar and Planetary Institute 

1. INIRODUCTION 

When Voyager 2 made its flyby of Uranus on its tour of the outer planets, it made many 
interesting discoveries. One of the most interesting and perplexing of these discoveries is that Miranda, the 
smallest and innermost of Uranus' major satellites, has areas in which extensive resurfacing has occurred. 
Since Miranda is a small icy satellite whose surface temperature is only - 70°K, it is truly a mystery where 
the extra-200°K needed to melt some portions of the satellite came from. 

There have been several speculations regarding the source of the energy, but perhaps the most 
promising-- and the one in which we are interested-- is tidal heating. Significant tidal heating can be 
induced in a synchronously spinning satellite if the satellite moves on an eccentric orbit This was most 
dramatically illustrated at Io, whose extensive volcanism is a result primarily of tidal heating; Io is forced to 
move on an eccentric orbit because of resonant perturbations from its neighboring satellites, Europa 
and Ganymede. Recent work [1,2] has shown that Miranda is likely to have been trapped in a 1 :3 resonance 
with Umbriel in the past. During this resonance, Miranda's orbit is perturbed at regular intervals. If certain 
conditions are satisfied, these perturbations cause Miranda's orbit to become more and more eccentric. 
Consequently, the tidal bulge on Miranda caused by the pull of Uranus' gravity begins to flex with greater 
and greater amplitude, and the ensuing friction heats the satellite. If the eccentricity is excited to a 
sufficiently high value, it could help explain the resurfacing of Miranda. 

For an eccentricity e, the rate of energy dissipation in the satellite is given by 
Etidal= •21 (k2s M ns3 Rs5)las3) e2 (I.) 

2 
where k2s is the Love number of the satellite, M is the mass of the planet, ns, Rs, as, Qs are, respectively, 
the mean motion, radius, semi-major axis, and tidal dissipation function of the satellite [3]. If this value is 
greater than the rate at which the satellite is conducting the heat out, then there will be melting. It was 
estimated in ref. [4] that and eccentricity of 0.03 or more was necessary to cause significant tidal heating in 
Miranda 

In previous papers, [1,2] it was shown that the eccentricity can be boosted to a few percent by 
capture into the 1 :3 eccentricity resonances. However, those studies neglected the effects of dissipation in 
the satellites which acts to damp the orbital eccentricity. In addition, these studies were limited to using 
tidal dissipation factors, Qp, for Uranus on the order of 100 in their numerical simulations. (The tidal 
dissipation factor Q is defined as the ratio of the peak tidal energy to the energy dissipated in one tidal 
period.) The physical values of Qp are expected to be in the range of 11,000 to 39,000 [2]. Using the 
small value (100) means that the simulated rate of tidal expansion was 2 orders of magnitude higher than in 
the physical system. It was argued that the rate was sufficiently small to preserve the adiabatic nature of the 
evolution. 

In the work presented here, we have investigated the details of the dynamical evolution of Miranda 
in the 1 :3 eccentricity resonances with Umbriel, particularly the effects of tidal dissipation in the satellites. 
In addition, we investigated the effects of using different rates of orbital expansion (parameterised by Qp) in 
order to test whether adiabatic invariance is preserved. 

2, METHODS OF INVESTIGATION 

To model this system, we used an algebraic mapping program which basically integrated the 
equations of variation of the orbital parameters due to the gravitational interaction among the satellites and 
the planet, the oblateness of the planet, as well as the resonant perturbations arising from the mutual 
interactions of the satellites. The effects of tidal dissipation in the planet and the satellites were also 
included; these were parametrised by constant Q values for each body. 

Using this mapping routine, we evolved several sets of 20 trajectories, each with $2=0° and ct>I = 
00 = 0° + 18°(0-1), where n= # of trajectory, toward the 1 :3 resonance. This mapping method enabled us to 
map the evolution of the eccentricity of the two satellites. As in previous efforts, due to computer resource 
limitations, we were unable to use the actual physical values for Qp, although we were able to go about 
one order of magnitude beyond the previous work. 
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The initial eccentricities were set at a plausible value of 0.001; for such eccentricities. capture into 
the resonance is almost certain. The system was allowed to evolve for time periods on the order of 107 
years. With this time scale, we could realistically use values of Qp as high as 750 in order to evolve the 
satellites through the resonance. We thus simulated the resonance passage with the following values of Qp: 
750, 500, and 250. For each of these, we used two sets of values of Ql and Q2 (the Q's of Miranda and 
Umbriel, respectively): (5,10) and (50,100). 

3, RESULTS AND CONCLUSIONS 

The results of our numerical simulations are represented in Figures 1-5. Figure 1 shows the 
evolution of the eccentricity for a typical run: the satellites get captured into the 1:3 resonance, and the 
orbital eccentricities begin to grow; at some point, the satellites get captured in a secondary resonance and 
are "dragged" into a chaotic state[l,2]. The eccentricities continue to grow for some period of time, but 
eventually the satellites escape from the resonance. Thereafter, the eccentricities decline as a result of 
continuing dissipation in the satellites. We found that the time spent in the chaotic state and the maximum 
eccentricity reached during the resonance passage were very sensitive to the initial conditions as well as tl1e 
dissipation rates. 

Figure 5 shows the distribution of the maximum eccentricity attained by Miranda during the 
resonance passage for each set of 20 runs. Figure 4 shows the distribution of the amount of time Miranda 
spent in the chaotic zone. These statistics are preliminary, however, because we have yet to do our data 
analysis. We are currently in the process of trying to find a correlation between the maximum eccentricity 
and the time spent in the chaotic state. With this correlation, we could, perhaps, find a way to predict tlle 
length of the satellites' stay in tlle chaotic zone. Then we could determine approximately how high we 
could get the eccentricity. 

Besides our data analysis, there is still work to be done witll tl1e modeling of the effects of tidal 
dissipation on the orbital evolution of Miranda. The next step should be to add a Q that is dependent upon 
the eccentricity to our mapping program. In the real system, once the eccentricity gets to a high enough 
value, the satellite's physical properties change as it warms up; in fact, if parts of the satellite begin to 
melt, the effective tidal Q is likely to rapidly drop to very small values. This will of course feed back into 
the resonance dynamics. 
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Figures 1-3. Evolution of Miranda's and Umbriel's 
eccentricity. (a) figures represent the evolution of Umbriel's 
eccentricity, and (b) figures represent the evolution of 
Miranda's eccentricity. All of the figures have <!>:z=0° and 
cl>t =18° (For each value of Qp we ran 20 trajectories through 
the evolution, each with <!>:z=0° and <!>:z=0°+(n-1)18°, where 
n= to the number of the run [l-20).) and have Qm and Qu 
equal to 5 and 10, respectively. However, each run 
has a different Qp-- (1) Qp=750, (2) Qp=500, and 
(3) Qp=250. 
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Figure 4. Amount of time Miranda spent in chaotic region. 

(a)-(c) arc from runs with Qm= 5 and Qu = 10; (d)-(f) are 
from runs with Qm= 50 and Qu = 100. In (a) and (d) 
Qp = 750, in (b) and (c) Qp = 500, and in (c) and (f) Qp = 250. 4 
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Figure 5. Maximum eccentricities reached by Miranda 
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