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DTh1ENSIONS OF MULTI-RING BASINS FROM CLEMENTINE LASER ALT™ETRY 

Christopher D. Adkins, Virginia State University, Petersburg, VA 
Advisor: Paul D. Spudis, LPI, Houston, TX 

The Clementine mission marked America's first return to the moon since the Apollo missions 
in the early seventies. The spacecraft was launched on Jan. 25, 1994 and reached the Moon on 
Feb. 20, 1994. For 71 days, it mapped the whole Moon, including using a laser altimeter to 
measure surface topography. These data allow us to view lunar elevations globally for the first 
time [l]. Although we know more about the Moon than the other bodies in our Solar System, the 
new data will enable us to discover and understand even more about the processes that have 
shaped the planets. 

I have used the laser altimetry data from Clementine to study the dimensions of large complex 
craters and multi-ring basins on the Moon. Previous studies used different sources of information, 
mostly stereophotogrammetry and shadow measurement, to estimate the dimensions of these 
features [2,3]. Results from these efforts show a wide range of variability and estimates of crater 
dimensions are of poor precision, especially for the largest features, the impact basins [3]. Among 
the questions to be addressed by my study are: Do basins follow the same morphometric trends 
as complex craters?; How much fill of mare lava is in the basins?; Do basin rim heights have age 
significance? Answers to these and other questions will give us considerable insight into the 
processes of large body impact and lunar geological evolution. 

METHOD 
Basin-centered, equal area topographic maps with a 500 m contour interval were produced 

from the laser altimetry data for 21 lunar basins ranging in size from 326 km to 2600 km in 
diameter. Using the IDL program, the volumes of the basins were measured by tracing out the 
areal extent of different contours on the computer produced images. The data for individual 
contours were converted to a volume element with a thickness of one contour interval (500 m). 
These "plates" of volume were then summed to estimate the basin volume in cubic kilometers. 

For each basin, the morphologic features of rim height, average depth, and average rim 
elevation were measured (Fig. 1 ). This procedure involved using contour photographs of the 
basin centered images and outlining the basin rim [4]. Once the rim was traced and the basin 
center defined, azimuths were drawn from each center and elevations were determined along each 
profile. Certain azimuths were determined to be best representative of the original basin 
morphology, based on geologic setting and the proximity of neighboring features. Basin depth ( d) 
was defined as the average elevation of the basin rim crest minus the elevation of the basin center. 
Basin rim height (h) was defined as the rim elevation minus the average terrain elevation along 
radials out from the rim to about a basin radius from the rim crest. These parameters were 
compiled and analyzed for all 21 basins (Figs. 2a, 2b ). 

In order to extend the data set to smaller sizes so that it overlaps with previous work [2,3], I 
measured the volumes and morphologic features of 8 complex craters ranging in size from 130 km 
to 270 km in diameter on the USGS 1:2,750,000 scale topographic maps [7]. Volumes were 
computed by first tracing the crater rim and then tracing progressively smaller contours inward. 
From this I mechanically integrated the volume plates, as was done with the basins in the 
Clementine laser altimetry data. The morphologic features for the craters were determined using 
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the same procedure described above. A cross comparison of data from the two sources for the 
same feature (Mendeleev) indicates that estimates are comparable (d = 5.5 km, from Apollo data; 
d = 4.8 km from Clementine information). I then computed linear fits to data plotted in log space 
(y = axb) for the volume-diameter and depth-diameter relations. From these analyses, I compared 
the relations shown by the Clementine data with previous work [2,3]. 

RESULTS 
The volume data closely follows the relation derived previously for complex craters. Croft [3] 

found that for complex craters with D > 100 km, Vi= 0.238D/-31, where Vi is the volume of the 
interior crater and Dr is the rim diameter. My results (Fig. 2a) show a similar trend with 
comparable slope; for the craters and basins that I measured Vi = l. l 7D/°12 (r2 = 0.95). Croft's 
sample of complex craters [3] was heavily weighted to smaller features (D < 300 km), whereas 
my sample contained many more basins (D > 300 km), a consequence of the newly available 
Clementine altimetry. 

The depth-diameter plot shows clear evidence of a linear trend, but it is also evident that some 
bodies fall below this trend, probably because of the infilling of basin by mare lava (Fig. 2b ). If 
these 7 basins are assumed to be contaminated by infill and are excluded, the relation derived is 
similar to that derived previously for complex craters [2]. I find that di = 0.3D/.437 (r2 = 0.75), 
where Dr is the rim diameter and di is the depth of the interior. The Australe basin is unusual in 
that it is not mare filled, but is anomalously shallow; it may have formed early in lunar history 
when the crust was much more plastic than it was during most of the era of basin formation or it 
may have formed under unusual conditions of impact. 

No correlation of rim height with diameter or relative age is observed. This result is in 
contrast to the claim of Baldwin [5] that basin rim height is inversely correlated with age. My 
results suggests that basins have not significantly relaxed topographically since their creation 4 
billion years ago. The fact that very large impact features do not show an increase in rim height 
with increasing diameter [2, 6] suggests that basin rim crests occur positionally outside the zone 
of maximum structural uplift, which largely accounts for rim height in smaller, bowl-shaped 
craters [6]. This result supports the idea that the transient crater for basin-sized impacts is a 
feature smaller than the presently expressed basin rim crest. 

CONCLUSIONS 
The volume of lunar basins scales according to same relation as complex lunar craters, 

suggesting that they form a continuum population with smaller impact features. The 
proportionality of volume increase supports the concept that volume is determined during the 
excavation stage and preserved during collapse at a constant rate; such a relation is a prediction of 
the proportional-growth model of basin formation [8]. Rim heights were compared to volume, 
depth, relative age, and diameter of the basins, and it is concluded that they do not vary 
systematically for basin sized features, suggesting that rim height in basins is caused dominantly by 
ejecta thickness, not structural uplift as for smaller craters. Mare lavas in filled basins ( circled in 
Fig. 2b) are on order of 1-2 km thick in Lomonosov-Fleming basin to as much as 3-4 km thick in 
the Imbrium basin. These estimates tend to be greater than some previous work would suggest 
[e.g., 9], but are not as great as would be predicted by studies of the model flooding of the lunar 



'95 Intern Confere11ce 3 

Dimensions; Christopher D. Adkins 

crust [10]. This initial quanitative study of the Clementine altimetry data has already yielded new 
insights into lunar processes and history. Continued work with this important data set will 
probably shed new light on a variety of complex geological problems. 
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Buffering Effects on Diurnal H20 Vapor Transport 

BRIAN BREWINGTON 
Callfomla Institute o/Technology, Pasadena, Callfomla 

ADVISOR: STEPHEN M CLIFFORD 
Lunar and Planetary Institute, Houston, Texas 

INTRODUCTION 

Oeomorphic evidence indicates that there was once a great deal of 
water on Mars. However, today the quantity of water stored in the polar 
caps as ice, and in trace amounts in the atmosphere as vapor falls 
considerably short of the amount cxpcc:ted from the size and number of 
relic observed outflow channels (1 ]. Combined with the existence of other 
permafrost-type landforms, this suggests that it is likely that water is 
stored in the Martian rcgolith as ice. vapor, an~ as individual molecules 
adsorbed on mineral surfaces in the rcgolith. 

The presence of adsorbed H:z() in the regolith has always been 
suspected, and a great deal of research has been done in order to 
determine the quantity that might be stable (c.g.,(2,3)). Zent and Quinn 
[3] investigated the effect of any possible competition for adsorption sites 
between H:O and CO,. and how this might affect previously determined 
H:O adsorption isotherms such as those reported by Fanalc & Cannon [2]. 
Their experiments confirmed that the gas that is adsorbed most readily is 
also the one that will condense most easily [4], namely, water vapor. 
Conscquendy, at temperatures found at middle latitudes on Mars, H:O 
adsorption is not affected much by CC>z; indeed, they report that the 
introduction of water vapor into a system in adsorptive equilibrium with 
C(h vapor will displace essentially all adsorbed carbon dioxide with water. 

While these experimental results will improve future invcstigaton' 
confidence in equilibrium states, the dynamic processes of adsorption and 
desorption have not yet been satisfactorily modeled. Adsorption is not an 
instantaneous process, but one that takes at least several houn to attain 
equilibrium with an initially dry soil. The adsorption process is generally 
treated as being instantaneous, an assumption that is only valid for 
calculation time steps longer than the equilibration time. Unfortunately, 
while there is abundant literature on adsorption isotherms, comparatively 
little discussion is found ofH:O adsorption rates. For this reason, we have 
investigated an exponential approach to equilibrium over the time scales 
suggested by tho experimental literature. Specifically, we compare the 
results of two competing models of adsorption: (I) timo-<lcpcndcnt 
adsorption (IDA) and (ii) instantaneous adsorption (IA). By observing 
the diurnal behavior of water within the top 0.30m of the rcgolith using a 
computer model of water vapor transport driven by diurnal temperature 
change, we compare the implications of these two models. 

THEoRY AND MODEI.INO 

Water in the Martian rcgolith is environmentally constrained to appear 
in one of three forms: as (1) vapor, (2) adsorbate on pore walls, or (3) 
condensate (ice). Transport within the rcgolith occun by diffusion of 
molecules in the vapor phase. We consider the atmosphere within the 
pore space to be an inviscid, ideal gas. We then assume the vertical 
transport occun as predicted by the ono-dimcnsional version of Fick's 
second law [SJ: 

(1) 

Here c is the concentration of water vapor (k&'m\ :tt is vertical ~sition 
(m). and I is time (sec). The effective diffiasion coefficient, Dlll'(m 1sec) is 
a function of temperature and pressure, as well as the tortuous path the 
diffusing molecule must follow. 

We model the pores in the rcgolith as a bundle of 10 µm capillaries, 
each 1 meter in length, representing a total porosity of 300/4. To account 
for the f.act that the physical path length for diffusion may be several times 
the net displacement, we reduce the effective diffusion coefficient with a 
factor called the tortuosity. Commonly accepted values for the tortuosity, 
q, in a pulverized basalt (palagonite) arc q•S [6]. meaning that a diffusing 

molecule will travel a path S times the linear distance between where it 
started and where it finished. 

While this soil model appears somewhat crude, when combined with a 
reasonable estimate of the tortuosity, it gives fairly accurate results, 
assuming a homogenous soil. For a non-homogeneous soil, the model is 
readily adapted to cover a broader pore size distribution. 

The molecular diffusion coefficient for water vapor in a carbon 
dioxide atmosphere is given by Wallace and Sagan (7) as: 

where Tis the temperature (K) and P is the total pressure (Pa). Typical 
values for Martian conditions arc on the order of 10·> m2/scc. The effective 
diffusion coefficient, then, is simply the molecular diffusion coefficient 
divided by the tortuosity. 

When the mean free path is larger than the pore radius, there arc 
many more collisions between the gas molecules and the walls than with 
other gas molecules. This is a situation lcnown as Knudsen diffusion. For 
Man, the mean frco path of a diffusing molecule is about 8 µm. 
Therefore, as the pore radius falls below about 80 µm, the diffusion begins 
to enter the Knudsen regime. Clearly, the geometry of the pore space is 
crucial to the determination of bow diffusion will occur within these 
smaller pore spaces. For simplicity, we model the pores as being straight 
and cylindrical. The Knudsen diffusion coefficient (in m2/sec) for H:O 
vapor at temperature T (K) diffusing within a straight cylindrical pore of 
radius r (m) is given [6] as: 

Dx • 221.S40rJT. (3) 

Our chosen pore size (10 µm) lies within the transition range, where the 
mean free path is on the same order as the pore size. Clifford (8] resolves 
this through an appropriate combination of coefficients, in much the same 
way one combines parallel electrical resistances. The effective diffusion 
coefficient, is thus 

(4) 

The atmosphere within the pore space is modeled as a mixture of two 
gases, COz and H:O, that wc treat using Dalton's model [9]. The primary 
assumption is that each component of the gas will behave as if it were an 
isolated ideal gas, or, for the f' component, 

P, •p,R,T• (5) 

The pressure P, (Pa) is the partial pressure, the density p. (k&'m1 is the 
bulk density of the fA constituent, Rt is the gas constant (461.SO J/(lcg K) 
for water). and Tis the temperature of the mixture. The model therefore 
implies that water vapor will condense as ice if the local vapor pressure is 
greater than the saturation vapor pressure for H:O at that temperature. 
This saturation pressure (in Pa) is given in [3] as an exponential of the 
temperature, T (K): 

(6) 

Conversely, ice will sublime if the local vapor pressure falls below the 
saturation pressure. In tho computer model. wc calculate the difference 
between the current vapor pressure and the saturation pressure, and a 
quantity of ice commensurate with that amount condenses or sublimes. 
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However, before any ice can form, water molecules must adsorb onto 
the pore walls. To calculate the equilibrium quantity of adsorbate at a 
given temperature and pressure we use the experimental results obtained 
by Zent and Quinn [3], conducted under Mars-like conditions. These 
adsorption isotherms are given by 

where P and T are the vapor pressure and temperature, p.,,. is the bulk 
density of the rcgolith (measured to be 1300 kg/m3 by the Viking Lander) 
and oJ..T ,P) is the bulk density of adsorbed water within the rcgolith 
(ksat,/m3 ..a). A substantial quantity of water is stable in this state, on the 
orderof0.1 kg/m3 at 220 K the saturation vapor pressure at 196K. 

These relations are heavily dependent upon temperature, thus, a 
model of subsurface temperature variation is needed. For the purpose of 
this analysis, diurnal temperature variations at the surface are 
approximated (somewhat poorly) by a sinusoid, plotted for 1 Martian 
solar day in Figure 1. We use a 35 K amplitude, a period of 8.8775x104 

seconds (1 Martian solar day). and a mean of215 K, thus giving 

TEMPEllATURE [KJ 

1SO 

240 

130 

no 

210 

200 

1,0 

T(t) •21S-3Sau{7.0776 x10-'1)· (8) 

FIGURE 1: Sinusoidal, diumal surf ace temperature variation. 

The conduction of heat to depth is modeled ono-dimensionally, without 
sources or sinks, and ignores the latent heat effects due to phase changes 
and vapor movement The equation that then governs this process is the 
ono-dimensional heat equation, 

(9) 

where the factor Kl r:£ represents the thermal diffusivity of the soil in 
m2/scc. After (10], we take this coefficient to be 4.06783xl0 ... As our 
initial condition, the temperature within each compartment is set to be its 
value at midnight The surface boundary condition is the temperature 
given by (7). while the lowest compartment is held at the mean 
temperature of215 K. The minimum phase velocity of the thermal wave 
within this region is greater than 03 m/day. 

We tested many sets of initial conditions for the quantity of H:z() 
present in the rcgolith, and settled on an amount corresponding to the 
mass of vapor present at saturation at the "frost point" of the atmosphere, 
196 K. This vapor mass corresponded to a different relative humidity at 
each depth, depending on the local temperature. 

The computer model simulates both tho diffusion of water vapor and 
the propagation of the diurnal thermal wave using forward limo-marching 
finite difference equations. Each compartment is lx10·2 m thick, for a 
total of 30 compartments in the upper 030 m of soil. A time step of 5 
seconds was used, the limiting factor being the stability established by the 
vapor diffusion routine. Even this short time step was only marginally 
stable with some initial conditions. The standard heat conduction routine 
calculates the temperature in a compartment using a linear combination of 
the previous temperatures in adjacent compartments above and below 
[11). The inherent nonlinearity brought on by the interdependence of the 

different phases of H:z() mandated the use of a more basic routine for the 
movement, adsorption, condensation, and sublimation of water vapor. 
The logic implemented in the model, to allow all processes to proceed 
concurrently, is as follows: 

( 1) Set initial conditions and boundary conditions. 
(2) Begin time loop. 
(3) Add new diffilsivc Oux. 
( 4) If no ice is currently present, bring the vapo, and adsorbate 

towards equilibrium, by an appropriate amount (details below). 
(5) Bring the vapor and ice into instantaneous equilibrium. 
(6) Reset boundary conditions for new time. 
(7) Update the surface and compartment temperatures. 
(8) Calculate the flux across compartment boundaries based on 

concentration gradients between compartments and available 
vapor for diffusion. 

(9) Loop back to step (2) until final time is reached. 

ADSORPTION TIME SCALES AND BUFFERING EFFECTS 

For the formation of adsorbate, we follow the development of the 
Langmuir isotherms ([4],(12)). If we assume that a vapor molecule 
impacting a potential adsorption site has a certain probability of being 
adsorbed, then the rate of approach to equilibrium must be proportional to 
the number of remaining sites, or the "distance" from equilibrium. This 
(exponential) mechanism is the same as that used to describe radioactive 
decay or the charging of a capacitor through a resistor. We plot this 
relationship in Figure 2. The decay constant in the exponential depends 
on a number of factors, including characteristic frequencies of vibration of 
the molecule being adsorbed, and the enthalpy of adsorption, and is best 
treated as a lumped parameter calculated from the expected equilibration 
time, determined empirically. For example, if we are monitoring the 
adsorbed mass a within a single compartment, it begins (at time t=O) at 
a=O, and approaches an equilibrium value of a,. The adsorbed mass at 
time I is then given by 

(10) 

,._,a, ... ~#-. ...... -

O.OI 

0.06 

0.04 

0.02 

+-----------------..._ Time(-) 
2000 - - IOOO 1- 12000 

FIGURE 2: Tlme-dependml adsorption (IDA) model In an Initially dry 
soil 

From the conservation of mass, we know that within the compartment 
volume, the sum of the component masses cannot change. Furthermore, 
we know that the equilibrium adsorbate density a1 satisfies relation (7); 
the pressure in this expression is the equilibrium pressure, which is 
proportional to the density by ( 4 ). So. if we express the initial vapo, 
density as Po and the final vapor density as p1, we have: 

This can be solved numerically for Pt using Newton's method, yielding 
the density of vapor that would exist if the compartment were given time 
to equilibrate. The IA model assumes that this solution is to be applied 
immediately, while the TDA model only changes the adsorbate by an 

amount which would be expected in the given time step. A quick 
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comparison reveals that the adsorption process strongly buffers the vapor 
diffusion process, especially if no adsorbate is initially present. If the 
vapor density corresponds to saturation at 196K, namely, 9.Sx10·1 k&'m3, 

and there is no adsorbate initially present. then the equilibrium vapor 
density found from (10) must be on the order of only 10·10 k&'m3• Clearly, 
an initially dry isothermal soil will adsorb a great deal of vapor ( about 
99.9'/4 of that initially present). and will therefore strongly buffer vapor 
diffusion. 

The rate of adsorption largely determines the strength of the buffer: 
if adsorption is instantaneous, as has oft.en been assumed in previous 
models, the buffering effect is large: no diffusion occurs across 
compartment boundaries before the adsorptive capacity of a compartment 
is satisfied. Of course, if the time step used in the finite difference model 
is significandy larger than the equilibration time, then the assumption of 
instantaneous adsorption is valid. This is generally not the case for a 
diurnal simulation. If the rate of adsorption is slow, then the buffering 
effect is weakened considerably; there is vapor "left over" within a 
compartment after each time step, and this vapor.is then free to continue to 
diffuse through the soil column. 

Again, following the Zent and Quinn experiments [3], we implement 
their observation that time to equilibrate is at least four hours, presumably 
longer for low temperatures. Assuming the time scales of adsorption and 
desorption arc similar, we can use the same rate constant k [sec:1] for both 
processes; for a four hour equilibration time and assuming that 99'/4 of the 
equilibrium value denotes completeness, i-3.198034"" scc·1• Therefore, 
from (9). with a compartment volume Ve, we can derive the expression for 
the change in vapor mass Ve due to adsorption, in a time step !J.J. 
This can either be based upon the change in vapor or the change in 
adsorbate; choice of the latter malces it far easier to adequately account for 
the present state of the system. particularly the distance from equilibrium. 
If we also assume that the rate of desorption can be modeled in an equal 
and opposite sense, then we find the change in vapor mass within a given 
time step to be 

(12) 

for all C11 and ao. 
It should be noted these calculations have become approximations at 

best. since the rate constant was determined from a single statement on 
equilibration time, and this time will likely be a strong function of 
temperature. This remains an open subject for future experimentation. 

REsULTS AND CONCLUSIONS 

For brevity, only two simulation results arc presented here. These 
compare the differing effects of instantaneous adsorption and time-
dependent adsorption. As an example, we consider the overnight 
formation of ice in the top centimeter of soil. In Figure 3, we have plotted 
the ice formation in the uppermost compartment over one Martian solar 
day. Most of this mass is near the surface as the saturation pressures arc 
lowest where the temperature is lowest. A three-day simulation revealed 
that this formation of ice is periodic, as would be expected with initial 
conditions so close to equilibrium. Note the phase lag with respect to the 
diurnal temperature curve in Figure I. 
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Because amplitude of the temperature variation lessens exponentially 
with depth. at a depth of0.25 m, the amplitude has fallen from 35 Kat the 
surface to less than 0.12 K. Thus the change in saturation vapor pressure 
is much larger at shallow depths, allowing for the overnight formation of 
ice and its subsequent sublimation during the early morning hours. If we 
were to introduce the actual surface temperature variation in place of the 
sinusoid now being used. we would sec the formation and sublimation of 
ice occurring much more quickly, as the actual thermal gradients can be 
much larger than those in our sinusoid. Indeed, the low thermal mass of 
the atmosphere can cause the surface temperature to drop by some tens of 
degrees within the first few minutes after sunset. 

In Figure 4, we have plotted the formation of ice in the top centimeter 
of soil using the IA model. Though the time period over which the ice is 
stable is identical to that in the IDA model, the instantaneous model 
predicts just over a third of the ice formation predicted by the time-
dependent adsorptive model. (The sharper pca1c in the IA model is an 
artifact. the result of a lower sampling rate.) These results seem 
reasonable, as we expect that the vapor that would have been available for 
condensation in the IDA model has been brought to adsorptive 
equilibrium by the IA model, prior to ice formation. 
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Differences in the formation of near-surface ice is but one example of 
a larger trend: the assumption that adsorption will occur instantaneously 
will likely lead to inaccurate predictions of diurnal behavior. In the 
diurnally active layer, then, proper consideration must be given to the 
dynamics of the adsorption process. This work serves not so much as to 
establish a vastly improved model but to suggest that the current model 
may be inaccurate. 
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Zent AP. ct. al. (1993)JGR, 98, 3319-3337. [II] Habermann R. (1987) 
Elementary and Applied Parlial Differential Equations, pp. 478-507. 
[12) Denbigh K. (1971) The Principles of Chemical Equilibrium, 
pp.436-438. 
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Introduction: Chondritic materials sample the most primitive materials known to 
humankind, including asteroids, comets and Kuiper Belt Objects. In fact, it is believed that "all 
chondrites are chemically primitive in that the ratios of their major, nonvolatile elements - Fe, Si, 
Mg, Al, Ca, etc. - approach those observed in the Sun. [ 1]. The study of chondrites and 
interplanetary dust particles has become of great interest to scientists in recent years. In studying 
the nature of these samples, we can hope to learn much about the early solar system, it's 
formation and genesis. 

This project focuses on carbonaceous and ordinary chondrites and the determination of 
their porosities. Using methods developed by Dahl et al. [2], we can efficiently and accurately 
determine these porosities. Many of the samples are available only in small samples, precluding 
conventional methods of determining the percentage of pore space, therefore the further 
development of this method of measurement will greatly aid us in our research. 

It is believed that these materials have been aqueously altered to varying degrees since 
their initial formation [3]. This alteration seems to have occurred in predominantly parent 
asteroid settings caused by the existence of ice or liquid water on or within the parent bodies [ 4]. 
After determining the porosities of these materials, we will be able to use the new-found 
information to model alteration processes on asteroidal and Kuiper belt bodies. 

Previous work has already been done on interplanetary dust particles (IDPs), and 
resultant porosities were concentrated around 4%. 

Philosophy and Method: The chondrites involved in this project included a full range 
of carbonaceous (CV's, CM's, Cl's and CR's) and ordinary chondrites. These were collected all 
over the world as finds or falls, many coming from Antarctica. In sampling these, we took 
portions from matrix, rims and dark inclusions to obtain information on diverse types of material 
generally composing a chondritic meteorite. 

We embedded 10-100 micron-sized samples of these meteorites in EMBED-812 low-
viscosity epoxy atop previously prepared epoxy bullets. These were then cured in an oven and 
ultramicrotomed to reveal a polished, planar surface of exposed sample. Cutting was done using 
a microtome equipped with a diamond knife. We assume that the sample is fairly homogeneous, 
and that slicing through a random plane will allow us to obtain a sample well-representative of 
the entire meteorite. To further justify this point, we compared the porosity data received by 
sending a core of the meteorite Allende to Core Laboratories, Inc. (Houston, TX) with data we 
computed in our method (see below). The results were similar. With our method, we 
determined the porosity as being 25%, while Core Labs came up with values of 18-19%. For 
further justification and description of method, see [2]. 

After preparing the samples, we placed them into a JEOL 35-CF Scanning Electron 
Microscope and obtained backscattered imagery (in order to enhance the difference between 
background and sample). Voltages used ranged between 13 and 15 kilovolts, as we found that 
using stronger voltage revealed sample below the epoxy, reducing pore space. Magnifications 
used ranged from 600-8600 diameters. 

These photographs were next taken to the Video Digital Analysis Systems Laboratory 
(VDAS) and scanned into a Macintosh computer using a Bercher Illumina Systems Light Control 
Table, a Lumina Leaf Systems Camera and the Adobe Photoshop software package. This 
process involved doing a prescan of the black and white positive, auto exposing the positive, 
cropping it to size and then conducting a final scan of the image. This produced a replica of the 
original photo at a resolution ranging between 270 and 292 dpi. This image was then transferred 
into the NilI Image image processing program. 

Once in NIH Image, a threshold measurement of the entire image was taken using a 
histogram which showed a bimodal distribution of black and white pixels on the screen. The 
threshold value was found in the bottom of the saddle between dark (epoxy) and light (sample) 
pixels. For further philosophy on the development of this method of measurement see [2]. 
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After recording this value, the actual sample within the image had to be isolated. In 
some cases, this posed a problem, since the exact edges of some samples were quite difficult to 
determine. Questions arose as to whether cracks were indigenous or came about during sample 
preparation, and as to whether pore spaces between relatively large masses of sample should be 
considered pore space. In some cases, sample lying beneath epoxy could be seen, though it was 
blurred. In solving these problems, we decided that if pieces appeared to be able to be 
reconnected, like a jigsaw puzzle, then they were probably broken during sample preparation. 
We did not include space between major grains, nor did we include blurred sample in our outline. 
If a sample included many grains of different size, we used the largest grains to obtain the 
superior porosity determination. 

Once outlining was complete, we used the software's Threshold option to manually set 
the threshold of the entire image. A binary image was then created. The Macro entitled 
Compute Percent Black and White was then employed to do as it's name suggests: to compute 
the percentage of black and white pixels present in the binary image. The percent black 
corresponded to the porosity in the sample. 

Discussion: After determining porosities for a total 32 samples (incorporating at least 2 
measurements for each) of carbonaceous and ordinary chondrites, we plotted them on a 
histogram (see figure 1). We discovered that there seems to be a concentration of porosities 
between 2 and 8 percent. There are a relatively large amount of samples (8) with a porosity of 
2%. Porosities do, however, reach values as high as 26%. In the case of the Allende CV3 
chondrite, these correspond perfectly with data from bulk analyses. The range for C chondrites 
fall between 1 % and 26%. 

These porosities fall in the same range as those calculated for IDPs [2]. Both sets of data 
peak between near 4%, and the bulk of their combined porosities fall below 15%. The only 
striking difference is that some IDPs have porosity levels as high as 53%. 

These results are not surprising, since it is believed that IDPs and chondritic meteorites 
are chemically similar to the sun. It is surprising, however, that these mineralogically diverse 
materials are so similar on a physical basis. 

The fact that our results for the porosity of Allende coincide with those determined by 
measuring the porosity of a bulk sample could mean that the chondrules, CAis, rims, matrix, etc. 
making up the meteorites all have the same porosity. It could also mean that everything that is 
not matrix (mostly used in our study) has balancing porosities, causing the overall porosity of the 
sample to result in the same number as determined by our computer method. 

Antarctic meteorites may pose a problem in this study, as all of them are finds. These 
samples have had years on and under the Earth's surface; more than enough time for terrestrial 
weathering to take it's toll. It is hard to be positive that porosity measurements for these samples 
are equivalent to what they would have been had the meteorites been recovered as finds. 

Future Work: With the data that has now been collected for IDPs and carbonaceous and 
ordinary chondrites, we can move on toward determining it's relevance. Work remains to be 
done to achieve this goal. The next step is to study the processes that took place on the parent 
asteroids by conducting 3-D numerical modeling of the fluid flow and attendant alteration within 
hydrous asteroids, ideally enabling us to determine rates and temperatures of alteration [5]. For 
unaltered meteorites, we will learn how accretion may have occurred. In completely altered 
samples, it may tell us about how water actually moved through the asteroid, causing aqueous 
alteration. Partially altered samples should show how fluid flow through the asteroid affected the 
porosity of the body, either increasing it by dissolution or decreasing it by deposition of material. 
If we determine that the porosity (which is related to the permeability) of the meteorites and IDPs 
is low, then we must reconsider mechanisms for the occurrence of aqueous alteration. 

Acknowledmients: I would like to thank M. E. Zolensky for all of his help and 
instruction throughout this project. I would also like to thank Clyde Sapp, Sue Wentworth, Rene' 
Martinez and Jason Dahl for all of their help with equipment and computer work. 

References: [l] Dodd, R. T. (1981)Meteorites: A Petrologic-Chemical Synthesis., Cambridge 
Univ. Press, Cambridge; [2] Dahl, J.M., Zolensky, M.E., Sapp, C.A., and Burkett, P.J. (1995) 
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Trevor Davenport, Department of Geology and Geological Engineering, South Dakota 

School of Mines and Technology, Rapid City, SD 57701 
Advisor: Dr. Paul M. Schenk, Lunar and Planetary Institute, Houston, TX 77058 

INTRODUCTION 
Late in 1979, Voyager I returned the first photogeologic evidence that Io was the most geologic and 

volcanically active body in the solar system. Its surface, scarred with hot spots, calderas, lava flows, and gigantic 
plumes, represents a "wonderland of physics and chemistry" [I] . The color of its surface suggests that sulfur, or 
allotropes of sulfur dominate at least as a coloring agent, but the extent to which it contributes as a building agent 
remains controversial (2, 5, 7, 10]. One of the most prominent features on Io are the long sinuous flows of lava that 
radiate from the centers of the shield volcanoes. Ra Patera and Maasaw Patera are two classic examples of these types 
of volcanoes. Long finger-like flows are seen emanating from the central calderas, usually in a symmetrical pattern. 
Mountain ranges on Io, such as Euboea Montes seem to be geomorphologically related to the volcanoes and plains, 
but it is still unclear how [3]. 

MORPHOLOGY OF SHIELD VOLCANOES 
The morphologies of volcanoes on Io are similar to terrestrial volcanoes seen on Earth. Dark calderas are 

surrounded by dark linear flows that extend out hundreds of kilometers onto the smooth plains of Io (Figure 1 ). 
Much speculation and controversy has been brought about by the morphology and color of the flows in relation to 
the composition of the crust and lithosphere. The yellow color of Io itself has led most to believe that elemental 
sulfur allotropes play an important role on the surface of the satellite. Clow and Carr [ 4] concluded, however, that 
sulfur does not have the strength to support caldera walls as seen in Maasaw Patera. They submitted that the caldera 
walls of Pele were adjacent to a 650 K hot spot - a temperature far above the melting point of sulfur. Pieri et al. [5] 
argued that the flows of Ra Patera changed color from dark brown at the vent to dark orange near the ends is due to 
the cooling and quenching of sulfur allotropes. These conclusions were invalid according to Young [6], who 
suggests that Io's spectral reflectance values indicate iron compounds are more likely. Carr [7] suggests that silicates 
play a prominent role in remobilizing the volatiles and reshaping the surface. Some have accepted hybrid models 
which equivocate the importance of silicates and sulfur in the role they play during the tectonic and volcanic 
resurfacing of Io [2, 8, 9, 10]. 

Our primary goal, something previously not attempted for Io, is to topographically map regions of shield 
volcanism from Voyager stereo images. Slopes derived from digital elevation maps will help constrain the physical 
and rheologic properties of the lava flows. Our suite of volcanoes, which includes Ra, Maasaw, Dingir, and Talos 
Patera, have no previous height or slope measurements to compare to. We plan to provide slope data from digital 
elevation models and cross-sections for future rheology models. 

PROCEDURES 
Voyager passed within 20 500 kilometers of Io, providing some of the greatest resolution images of the 

Jovian system. The number of images available is limited due to Voyager's brief encounter with Io. Selection of 
target areas were based upon the following: (I) suitable resolution that allows us to map prominent volcanoes 
(2) potential stereo capability - distance and angle between images must be sufficient enough to produce stereo. 

The wide variety of resolutions, angles, and lighting in the Voyager set requires that the images be 
registered using tiepoints. The individual images are then reprojected to a common orthographic map format using 
the same angle and scale for stereo viewing. Points that are not registered correctly cause a misalignment within the 
stereo pair and introduce a greater amount of parallax between morphologic features. 

After the selected area has been displayed stereoscopically, an auto-correlation procedure attempts to sample 
the pixel values in a predetermined "box-car" area in one image and match them in the other. This process of stereo-
photogrammetry determines the stereo parallax from which elevation is derived. Due to intense computational times 
needed for parallax computations, topographic samples were attained only every fifth pixel. To obtain stereo 
matches, a relatively large boxcar (25x25) was implemented to emphasize the long wavelength features that we 
intend to observe. Other information, such as complex albedo patterns, camera distortions, and the resolution of the 
images can affect the accuracy in which points are matched. 

The auto-correlation procedure produces several associated files containing the height errors and correlation 
coefficients of the fits. These two files allow us to select and remove spurious data. Predetermined limitations 
cannot be placed on each set of topography data due to variations in stereo geometry and viewing conditions. 
Therefore, automated error removal must be individualized for each target area. Manual removal of the spurious data 
was also necessary (Figure 2). 
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The digital elevation model can now be utilized in several different visualization techniques. Cross-sections 
of the target areas and their lava flows have been generated. True-color images can be combined with digital 
elevation models to create a three dimensional movie displaying a panoramic view of the Jovian moon. Slope data of 
the target areas will ultimately be generated to better understand the regional morphology and nature of the shield 
volcano flows. 

DISCUSSION 
Preliminary measurements of elevation and slope indicate that the shield volcanoes have little relief. 

Average heights and slopes can be seen in Figure 1. In general, the gross slopes of the volcanoes are just under 1 ° 
and between 1 and 2 km in height. These slopes are similar to those of Arsia Mons on 
Mars, shallower than on Kilauea, yet slightly steeper than on the lunar mare. Another shield volcano on lo 
identified by Moore et al. [8], however, slopes 8-14° near the edifice, 1-2° near the base, and has an elevation of 
approximately 2.5 km. As an example, the main flow of Talos Patera (A on Figure 2), extends -200 km to the 
southwest across and has slopes averaging half a degree. Cross-section B-B' (Figure 4), which is taken directly from 
the topographic data in Figure 3, demonstrates the gently sloping topography and the associated slopes of Talos 
Patera. 

CONCLUSION 
The heights and slopes of shield volcanoes on Io are broadly consistent with those of basaltic volcanoes on 

other planets. The preliminary objective of this project will be to help constrain and better define the physical 
properties of the Java flows from the topographic and slope data. This along with rheology modeling, may help us 
better understand the complex geomorphology and composition of Javas on Io. In December of 1995 Galileo will 
provide images of previously unmapped areas of Io, in which our methods will prove useful to map the topography. 
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Figure 1. Average height and slope 
measurements for shield volcano suite. 

Figure 2. Talos Patera (frame 0076Jl +000) 
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Figure 3. Digital elevation model of Talos Patera. 
The gray scale runs from -4 km at the dark 
end to 5 km at the lightest end. Spurious 
data is bright white. 
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Figure 4. Cross-section B-B' of Talos Patera 
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Introduction. In 1968, Lunar Orbiter Doppler tracking data showed that there are large positive 
gravity anomalies over certain mare basins on the nearside of the Moon [1]. A gravity high 
would not be expected over a basin because of the apparent lack of mass of this feature. Muller 
and Sjogren [ 1] called these areas of high mass concentration or 11 mascons. 11 In the last 27 years, 
many models have been developed to explain these mascons. The two major types of models are 
those that use near-surface structure, such as high-density basalt flows on the floor of the basin 
[2], and those that use deep-structure to explain the gravity anomalies, such as the "mantle plug" 
proposed by Wise and Yates [3]. In this model, the basin is super-isostatically compensated by 
an uplift of the mantle beneath the basin after impact. Most models include both a basalt fill in 
the basin and an elevated Moho [ 4, 5, 6, 7]. New topography and gravity data provided by 
Clementine provide better constraints for a basin model [8]. 

Constraints. Constraints for our model were provided by many sources. Global gravity 
modeling of the Moon, combined with Apollo 12 and 14 seismic data, gives a mean nearside 
crustal thickness of 60 km and of 90 km in the area of Mare Orientate [8]. We used values of 
3.4 g/cm3 for the density of basalt in lunar basins [9], 2.9 g/cm3 for the lunar crust [5], and 3.3 
g/cm3 for the mantle of the Moon [7]. The relationship between the diameter and depth of 
impact craters provides constraints on the pre-fill depth of the basins [ 1 O]. Clementine altimetry 
data provides constraints for the present depth of the basins and the surrounding topography [8]. 

Approach. Using these constraints, we constructed sample models of the basement topography 
of mascon basins [Fig. l]. We assumed that the basins were Airy-compensated before basalt 
infilling occurred. Because an impact produces a large amount of heat [11] which weakens the 
lithosphere and allows mantle uplift beneath the basin [12], this is a reasonable assumption. We 
also assumed that the load of the basalt was not further compensated after emplacement. The 
basalt flows observed on the floors of basins are hundreds of millions of years younger than the 
original impact basin [13], so the crust would be cool enough and rigid enough to support the 
basalt without too much flexure of the crust. The system of ridges and grabens which are 
circumferential to the basins support the idea of a thick elastic lithosphere at the time of basalt 
emplacement [14, 15]. We then calculated the gravity contribution of the surface topography, 
the mantle, and of the basalt fill within the basin, using mass sheet approximations of each, over 
a grid with one-degree (30.3 km) spacing. This model was accurate to within approximately 
10% of expected values for mass distributions whose gravity signatures are known analytically. 
Our final step was to apply a filter program which reduced the resolution of the gravity data to 5 
degrees, which is comparable to Clementine gravity data. 

Results. We found that approximately 2-4 km of uncompensated basalt fill was necessary to 
explain the gravity anomalies at mascon basins. We found that approximately 1-2 km of 
uncompensated basalt fill and a crustal thickness of 90 km is sufficient to explain a gravity 
anomaly similar to that of Mare Orientale. Solomon and Head [ 15] used an estimate of 1. 7 km of 
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fill for Mare Orientale and a gravity model developed by Bratt et al. (6] produces a fill thickness 
of 3. 8 km for the same basin. 

Using a crustal thickness of 60 km and a fill thickness of 3 km, we calculated a gravity 
anomaly of approximately 300 mgals [Figs. 2 and 3] for a basin with a diameter of 1000 km and 
a depth of 6 km [Fig. 1]. This model resembles mascon basins such as Mare Imbrium and Mare 
Serenitatis. This matches closely with the results of Adkins and Spudis (10] who calculated that 
there is approximately 3.5 km of fill in Mare Imbrium, using Clementine topography data. This 
is also close to the 4-4.5 km calculated by Bratt et al. [6] for Imbrium and Serenitatis. This is 
less than the 8.25-9.25 km estimated by Solomon and Head [15]. The larger fill thicknesses can 
only be consistent with current gravity data if the basalt is partially or entirely isostatically 
compensated. 

A super-isostatic uplift of the Moho is not necessary to obtain the proper magnitudes of 
the gravity anomalies observed. This result disagrees with the recent work of Neumann et al. [7] 
and of Zuber et al. [8], who believe that the presence of an uncompensated high-density basalt 
fill is not enough to account for mascon anomalies. 

Conclusions. Although this model is far from complete, we have achieved good results so far. 
The basin does not appear to need to be initially super-isostatic to produce the gravity anomalies 
we find in these regions. Because our values for fill thickness match so well with those 
calculated using topography data, it would also seem that not very much compensation has 
occurred since the emplacement of the basalts. In the future, to expand this model, it will be 
necessary to incorporate spherical geometry instead of using a flat planet, and to account for the 
lower density ejecta surrounding the impact basins. It will also be necessary to develop a more 
detailed representation of the vertical structure, rather than using mass sheet approximations. 
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Fig. 1. Basement topography of a sample basin, with a depth of 6 km and diam~ter of 
1000 km, Fig. 2. Gravity pro.file calculated over the basin in Fig. 1, with a.fill thickness 
of 3 km and a crustal thickness of 60 km, Fig. 3. Plot of the peak gravity value as a 
function of several fill thicknesses; the relationship is nearly linear, as expected 
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VISUAL CRATER IDENTIFICATION AND THE EFFECTS OF VARYING THE SEPARATION DISTANCE 
BETWEEN TAR GET FOIL AND WITNESS PLATE 

David Gwynn, Rutgers University, New Brumwlck, NJ 08854 
Advisor: Dr. Friedrich Horz, NASA Johnson Space Center, Houston, TX 77058 

INTRODUCTION 
It is probable that cosmic-dust particles could contain information on the primitive composition of the solar 

system that is unavailable from any other source. The purpose of this project is to examine systems for collecting 
cosmic-dust particles above Earth's atmosphere in the least destructive way (e.g., for LDEF, MIR type collectors). 
Collection of such particles, however, is complicated by the fact that they are moving at hypervelocities (5 to 20 km/s). 
The need then exists to develop a collection system that meets extreme demands: Stop these very small, fast particles 
gently enough to recover at least pieces of them intacL The ability to collect cosmic dust particles in low Earth orbit for 
subsequent retrieval and compositional analysis then depends on the development of suitable flight instruments. These 
instruments might use thin foil which are penetrated by these hypervelocity particles. Upon impact with the foils, the 
particle and part of the foil fragments hitting a subsequent series of foils before corning to resL Differentiating between 
the impacted foil and the dust particle on the collector is then necessary for subsequent compositional analysis of the 
cosmic-dust particles. In addition, the size-frequency distribution and the radial dispersion pattern of these fragments 
can be used to determine the amount of material per unit surface area which can be collected on the final substrate. 
This spatial density of impactor residue dictates which analysis methods may be suitable (or unsuitable) for studying 
particle compositions. 

The fragmentation process is studied in the laboratory using powder propellant and light-gas guns that launch 
small glass spheres from 1 to 7 km/s into foils (aluminum, copper, teflon) of varying thicknesses. In the system used in 
these experiments, the projectile impacts/penetrates the target foil; both projectile and target debris are deposited on a 
witness plate, which is separated from the foil by a predetermined distance. In order to determine the optimum 
separation distance between the target foil and witness plate, the distance between the foil and witness plate was varied 
while the projectile speed and foil thickness were held constant. Because the debris deposited on the witness plate 
includes fragments of both the foil and the projectile, a method to distinguish between the two must be utilized. 
Though it has been asserted that distinction of projectile from target is possible with visible inspection (1 ), more 
rigorous analysis is necessary to verify such visual interpretations. Complicating this visual interpretation is the fact 
that differentiation is not possible based solely on morphologic criteria. Therefore, Scanning Electron Microscope 
(SEM) and Energy Dispersive X-Ray Spectroscopy (EDS) methods were examined as a means of revealing the actual 
fragment composition responsible for each crater on the witness plates. 

METHODS AND RESULTS 
Four 27 5 X 27 .5 cm copper witness plates were analyzed in this study. Each witness plate was coated with 

blue ink before the shot (to aid in crater recognition), and received the demi& produced when the projectile penetrated 
an aluminum foil A spherical soda-lime glass projectile of 3.175 mm diameter (Op) was used in each of the four shots. 
The target foil in each case was a aluminum 1100 (1) whose thickness (T) was held constant for these experiments. 
The ratio of the diameter of the projectile to the thickness of target (Dp/f) then remained constant in this witness-plate 
series (previous study [2) on aluminum foils employed varying Dptr). The velocity of the projectile was also held as 
constant as possible in these shots. The standoff distance (the distance between the target foil and witness plate) was 
varied in this series of experiments (6.0, 12.4, 48.6, and 49.0 cm) in order to ascertain the separation distance where the 
surface area covered by the projectile debris was greatesL 

Visual Crater ldentlftcatlon 
Before the aaters on each plates were quantified, a study to determine the accuracy of visual aater 

identification was done. 1ne center section of one witness plate (Plate 1477) was cut into three 8.2 x 8.2 cm sections 
and the craters in these sections were assigned a composition based only on visual (naked eye, hand lens, light 
microscope) observations. Silicon (Si) was used as an indicator of projectile material, while aluminum (Al) was 
obviously from the foil. On these copper plates the differentiation of projectile from target debris was principally done 
by variations in color: Silver aaters are produced by aluminum target material and copper-colored craters are produced 
by glass projectile material. A 75.60 cm2 radial section of Plate 1477 was then analyzed using Scanning Electron 
Microscope (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS) methods in elemental mapping mode to 
verify/refute the composition assignment given to each crater via visual inspection. A total of7Sl craters were 
analyzed, of which 724 were correctly identified (see Table 1). This study shows that, in this case, visual 
differentiation of projectile and target materiel on a witness plate is 96.4% accurate. 

Digitizing the Wltne9 Plates 
Measurement of craters was performed with a large digitizing tablet and enlarged photographs (about 25 X) 

of the plates, using the original plates as reference for craters not easily identified on the photographs. Only craters 
with diameters equal to or larger than 0.2 mm were included in this study. The aaten in one quadrant of each witness 
plate were assigned a composition (Si or Al) using visual inspection. The location, orientation, size. and composition 
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of the craters on each of these plates were recorded as they were digitized. The crater density and the surface area 
covered by the craters was then calculated (fables 2 and 3, respectively). In this set of four plates of varying standoff 
distances, the greatest surface area of the witness plate is covered by the projectile at a standoff distance of 48.6 cm on 
Plate 1477. On this plate, the surface area covered by target material is a minimum and the crater density is a 
maximum at 6.27 craters/cm2. 

Analyzing the Dispersion Patterns 
The distribution of projectile crater size on each plate was analyzed with histograms of crater diameter versus 

relative frequency (Figure 1). These histograms show that the crater distribution remains fairly constant at varying 
separation distances, with slight variations evidenL The modal crater size generally decreases with increasing standoff 
distance (from 0.7 to 0.6 to 0.4 to 0.5 mm) and the overall distribution becomes skewed toward the lower crater 
diameters with increasing standoff distances. Additional analysis of these data is currently being carried ouL 

DISCUSSION AND CONCLUSION 
Visual (naked eye, hand lens, light microscope) differentiation of751 projectile and target craters on a 

witness plate was 96.4% accurate when checked using SEM-EDS methods in the elemental mapping mode. These 
results support the assertion [1) that silicon projectile residue can be distinguished visually from aluminum foil residue. 

Among the four plates studied, Plate 1477 (standoff distance of 48.6 cm) had the greatest surface area of the 
witness plate covered by projectile debris, the least surface area covered by foil debris, and the overall greatest crater 
density. These results suggest that there is an optimum standoff distance for maximizing the surface area of a captured 
projectile. 

Quantitative analysis of projectile crater size indicates that smaller crater sizes increasingly dominate the 
distribution at greater standoff distances. This information, combined with the crater density information, supports the 
idea that there is an optimum standoff distance at which we can resolve projectile craters. Essentially, when the 
separation distance is too small, the smaller craters are masked by overlapping craters, so the entire distribution is 
erroneously skewed toward larger cratei- sizes (and there are fewer craters overall). More study at larger separation 
distances may help constrain an optimum, longer standoff distance. 

Little to no change is expected in the overall crater size distribution as the standoff distance between the 
target foil and the witness plate increases. However, our ability to separate individual craters at short standoff distances 
is hindered by the tight central clustering of craters since apparent individual craters may be composites of numerous 
overlapping craters. With increasing standoff distances, the ability to resolve more craters is expected because there are 
fewer overlapping craters. Similarly, the crater size distribution is expected to become more representative of the 
actual distribution because the suite of smaller crater sizes is not masked by overlapping impacts. The results from 
quantitative analysis of crater size supports this assertion: At closer standoff distances there are fewer craters overall 
and the modal crater size is large. 

While there seems to be overlapping of craters on the plates where the standoff distance is small (i.e., 6.0 cm 
on plate 795), there is little to no overlapping of craters where the standoff distance is high (i.e., 49.0 cm on plate 1479). 
Because the characteristic features (such as central clusters and halos) are not lost in the more dispersed patterns 
produced by larger standoff distances, these greater standoff distances provide the best opportunity for detailed study of 
crater distributions on the witness plates. As has been suggested by this study, an optimum separation distance can be 
obtained from empirical data where projectile velocity and Dp/f are held constanL Numerical models which can 
determine the optimum standoff distances for collecting projectiles that are traveling at various velocities would then be 
useful. Fine tuning of such a model can be made via analysis of additional sets of witness plates where the separation 
distances are varied. 

The morphology of different craters on the witness plates varies systematically with composition. Almost 
every crater produced by target debris was perfectly rolDld ( the ratio of major to minor axes approximates 1 for each). 
However, the craters produced by the projectile debris were dominantly irregular in shape (the ratio of major to minor 
axes varied greatly), and the craters tended to exhibit elongate shapes which were connected by thin tendrils when the 
dispersion pattern was greatly spread ouL 1ltls suggests that the target material was almost completely molten upon 
impact, but the projectile material was dominantly solid and "chunky" upon impact. This is further supported by the 
observation that angular chunks of projectile were found in the bottom of a number of projectile craters using SEM-
EDS methods, but no such chunks of target material were found at all. 

Acknowledgments- I would like to thank Fred Horz for providing me with the opportunity to work on his scientific 
team, Mark Cintala and Ron Bernhard for their technical assistance and advice, and Bill Davidson and Gerry Haynes 
for their help in the lab. 
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Crater Diameter (mm) 

Plate• Standoff # of Crater• Ratio of Plata SA Crater Density 
Distance (cm) SI Al Both SI/Al cm2l 111cm2) 

795 6 207 140 347 1.4786 736.0353 1.8858 
1465 12.4 234 202 436 1.1584 736.0353 2.3695 
1477 48.6 1002 164 1166 6.1098 732.513 6.3671 
1479 49 607 73 680 8.3151 736.0353 3.6955 

Table 2. Crater density distribution on each wimess plate. 

Plata# Plata SA SA of Cratara (mrn2) Ratio of SA % of Total SA 
SI Al Both of SVAI SI Al Both 

795 73603.53 348.1927 372.5421 720.7348 0.9346 0.47307 0.50615 0.97921 
1465 73603.53 502.1733 544.74~4 1046.9197 0.9218 0.68227 0.74011 1.42238 
1477 73251.3 1406.608 180.6684 1587.2764 7.7856 1.92025 0.24664 2:16689 
1479 73603.53 949.3719 209.1088 1158.4807 4.4501 1.28985 0.2841 1.57395 

Table 3. Surface area (SA) on each wimess plate covered by craters. 
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Scattering of Light by Individual Particles and the Implications for Models of 
Planetary Surfaces 

Beth N. Hartman, Geology Department, Smith College, Northampton, MA 
Advisor: Deborah Domingue, Lunar and Planetary Institute, Houston, TX 

INTRODUCTION: Hapke's theory (1,2,3) has been widely used to describe surface physical 
characteristics by modeling planetary surface reflectance variations with viewing geometry. 
Incorporated into Hapke' s model is a function describing the scattering behavior of individual 
particles. The scattering of light by individual particles in a regolith is a key aspect of any model that 
attempts to describe the photometric properties of a planetary surface. Early studies modeled these 
regolith particles as perfect spheres using Mie theory, which satisfactorily describes both transmitted 
(forward scattered) and reflected (backscattered) components of light from perfect spheres. When 
imperfections such as internal scatterers or irregular shapes are introduced, the Mie theory proves to 
be inadequate for describing single particle scattering behavior. Neither the single Henyey-
Greenstein (HG) function nor a first-order Legendre polynomial are able to account for both back 
and forward scattered components, thus only giving rough approximations to the single particle 
scattering behavior. 

The double HG function, however, can mathematically describe both components of scattered 
light from a particle. There are two forms of the double HG function; one with two independent 
parameters (excluding the phase angle) which assumes the width of the back and forward scattered 
components are equal, and another function with three independent parameters which allows the 
widths of the back and forward scattered components of the particle scattering function to vary. The 
objective of our study was to examine the difference in the quality of fit between the two double HG 
functions in describing single particle scattering behavior as used in Hapke's model. While a 
function with three independent parameters can mathematically better describe a data set, the question 
remains of whether the quality is significantly better when the equation is applied to single particle 
scattering data. The importance of this question is related to the uniqueness of fit of Hapke's model 
to planetary reflectance data, since an increased number of free parameters results in a more 
constrained model. Thus the goal is to minimize the number of parameters while still accurately 
describing the surface in physical terms. The approach we took was to apply both double HG models 
to the laboratory data of McGuire and Hapke (4), and to examine the quality of fit between the 
models and the data. 

METHODS: McGuire and Hapke measured the scattered light as a function of viewing geometry 
of eight separate types of particles, large compared to the wavelength of observation ( - 1cm 
diameter). They varied the wavelength of the incident light to examine single scattering albedo 
effects. Table 1 gives a list and description of the particles examined. For more details on their 
laboratory study, the reader is referred to McGuire and Hapke (4). We fit the results of their 
laboratory measurements using a modified least squares grid search. The form of the two-term 
double HG function we used is given by 

where g is the phase angle, and b2 and c2 are the single particle scattering parameters. The form of 
the three-term double HG function we used is given by 

where g is the phase angle and b3, c3, and d3 are the single particle scattering parameters. 
After fitting the data we examined the role of the particle scattering function in Hapke's disk-

integrated and disk-resolved bi-directional reflectance models. Using both two- and three-term 
double HG functions we created phase curves based on the results of our fits to the laboratory data. 
We examined the difference produced in the phase curves based on the type of single particle 
scattering function used. We took values of the single particle scattering functions from our fit to the 
laboratory data. 
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RESULTS AND DISCUSSION: The results of our least squares fit of the laboratory data to these two 
functions, along with McGuire and Hapke's results from fitting the data to a two-term HG function, is 
summarized in Figure 1. This figure plots the rms values for each particle we examined in order to 
compare the quality of fit between the two HG functions. While the figure demonstrates that the 
three-term function clearly provides a better description of the laboratory results, graphs of the data 
versus the model predictions show that the two function curves both closely fit except when the shape 
of the particle is highly irregular. This indicates that the two-term function is an acceptable choice to 
model any particles whose shape closely approximates a sphere. 

When McGuire and Hapke plotted b2 versus c2 for each particle type, they found that their values 
tended to cluster according to particle characteristics. We observe very similar types of clustering and 
particle trends with our scattering parameters for the two-term function. As the b2 values decrease 
and the c2 values increase, the particle type deviates increasingly more from a perfect, smooth sphere. 
The smooth, pitted (virtually smooth, since the pinholes are less than the incident wavelength) and low 
internal scattering particles all have b2 values ranging from 0.45 to 0.65 and c2 values of 
approximately 0.2, while the particles with the most irregular surfaces and most internal scatterers are 
defined by b2 values of approximately 0.3 and c2 values ranging from O to 1. Our b3 versus c3 versus 
d3 plot was necessarily more specific and yielded less obvious clusters; however, we observe that 
particle roughness increases and internal scattering decreases with increasing c3 values. 

Our preliminary comparison of the two different HG functions with Hapke's disk-integrated 
model showed that the choice of single particle scattering function will effect the goodness of fit at 
phase angles less than 50°, if at all. Our preliminary comparison of the HG functions with Hapke's 
disk-resolved model showed that the three term was a markedly better fit. 

CONCLUSION: Mischenko (5) expressed concern over the inadequacies of the Hapke photometric 
theory and partially attributed these problems to the HG function included in it. Ironically, he used a 
first-order HG function in his study. Our research attempted to refine the Hapke model by addressing 
this particular concern. Based on our results using both natural and artificial particle data, we 
concluded that a two-term Henyey-Greenstein function is quite adequate for purposes of modeling 
disk-integrated light curves of planetary regoliths. Use of a two-term equation raises questions as to 
whether the forward and back scattering lobes of the phase function are similar enough to justify the 
HG function's assumption that they are of the same shape and size. This is a particular concern 
because Helfenstein et al (6) recently showed that while both back and forward scattering does occur 
on planetary surfaces, forward scattering is detectable in the data only at phase angles greater than 
approximately 150°. Since most data returned by planetary probes is below that value, we must be 
sure that a model satisfying a goodness-of-fit for back scattered data also is capable of estimating the 
forward lobe adequately. While we demonstrated that the two lobes are usually similar enough to 
rationalize the use of the two-term equation, this entire aspect of modeling planetary regoliths needs 
to be pursued further. 

Finally, we were able to begin creating guidelines for matching surface descriptions with 
certain solution sets of parameters based on our two-term and three-term HG functions. Though there 
is a great deal of room for more explicit work in matching natural data to these artificial data 
guidelines, these preliminary "maps" will begin to give researchers a better idea of the types of 
surfaces they are working with based on the parameters they obtain from the Hapke photometric 
theory. 

I wouuf Cif?.! to acR__nowfecfge }lmatufa 1(u6a{a for Ii.er infinite computer wiscfom, ancf especia{{y <De6orafi. 
(J)omi11fJue for a{[ Ii.er patience, fi.e[p, ancf support tfi.rougfi. tfi.is project. 

REFERENCES: (1) Hapke, B. (1981) JGR. 86, B4, 3039-3054. (2) Hapke, B. (1984) Icarus, 59, 41-
59. (3) Hapke, B. (1986) Icarus, 67, 264-280. (4) McGuire, A.F. and B.W. Hapke (1995) Icarus, 
113, 134-155. (5) Helfenstein, P., J. Hillier, and J. Veverka. submitted to Icarus, 1995. (6) 
Mischenko, M.I. (1994JJ. Quant. Spectrosc. Radiat. Transfer., 52, 1, 95-110. 
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Mineralogy and Petrology of Antarctic Meteorite DOM85505, and the relationship of unknown inclusions 
to the host meteorite 

Kevin C.A. Peterson, Dept of Geology, Acadia University, Wolfville, N.S., Canada 
Advisor: Arch Reid, Lunar and Planetary Institute, Houston, Tx 

Introduction 

The object of study is the meteorite DOM85505, from the Antarctic meteorite collection. This meteorite is an ordinary chondrite 
containing inclusions of a contrasting texture from the host meteorite which have been sunnised to be achondritic. The objectives of 
this project are: firstly, to describe in detail the mineralogy and petrology of the chondritic portion of the meteorite, with particular 
attention to petrologic type and stage of shock metamorphism; secondly, to determine the nature of the inclusions along with their 
relationship to the host chondrite; finally, to determine a sequence of events of involved in the evolution ofDOM85505. 

Methods 

Petrographic studies were conducted on five polished thin sections of OOM85505 in order to determine the mineralogy and texture of 
the chondritic portion of the meteorite as well as the relationship between the inclusions and the host. Microprobe analysis was 
perfonned to determine the mineral chemistry ofDOM85505. Microprobe analysis was also used in a modal analysis of the inclusion 
material. This infonnation was used to estimate a bulk composition of the inclusion material ofDOM85505. 

Results 

Petrographically, the chondritic portion of DOM85505 appears to be a breccia, punctuated by rounded chondrules and many angular 
clasts which account for nearly 15 % of the chondrite. 55% of the chondritic portion is composed predominantly of olivine and 
orthopyroxene in the fonn of small, irregular grains of brecciated material in the order of tens of microns in size. There are also 
irregularly shaped metal and troilite grains present which embody 5 to 10% of the chondrite. There is a cryptocrystalline matrix 
comprising nearly 20% of the host chondrite, and is dark in color. There are two well rounded chondrules which show a barred 
structure. They have olivine along the center of the bars, surrounded by orthopyroxene, which in turn abuts against the darkened 
matrix. Where the pyroxene meets the matrix, a calcium rich rim is evident. This same rim of enrichment is not evident along the 
boundary of pyroxene and olivine, nor is there any zoning evident in olivine that abuts against matrix in these two chondrules. The 
calcium rich pyroxenes in the chondritic portion of DOM85505 all seem to come from these rims. There are at least two other 
chondrules in the chondritic portion of this meteorite that do not retain their structure nearly as well as the previous although they do 
have a similar mineralogy. There are many angular clasts that range in size from a few microns to nearly a millimeter in length. These 
clasts are predominantly olivine but with some minor orthopyroxene as well. There is a small amount of magnesium rich olivine and 
orthopyroxene that deviates from the average mineral chemistry. These are found exclusively in relict chondrules. The metal and 
troilite grains are anhedral and scattered randomly throughout the chondrite, and range in size from around 1/2 mm to nearly two mm 
across. They occur together, with the metal grains occurring alongside or enclosed in the troilite grains. The mineral chemistry of the 
chondritic portion ofDOM85505 in the fonn of average weight percent and end member composition is given in table l. 

The inclusion material is texturally different from the chondrite in thin section, but is mineralogically similar. The inclusion appears 
heterogenous and shows two different phases. The first is basically troctolitic in composition with partially isotropic plagioclase 
interstitial to euhedral to subhedral rounded olivine crystals. There is some orthopyroxene which occurs with the olivine in these areas, 
and is sudhedral to anhedral. The second phase comprises a larger portion of the inclusion material and is essentially euhedral to 
subhedral olivine poikilitically enclosed in massive orthopyroxene. TI1is orthopyroxene shows exsolution of a composition near to 
diopside. There is very little if any plagioclase feldspar in this second phase. The inclusion material is punctuated by small grains of 
spinel that comprise l % of the area. There is metal and troilite present as well, however only in grains about 10 microns across, and 
they are sparse throughout the inclusion. The mineral chemistry in the fonn of average weight percent and end member composition is 
given in table 2. The variation in Ca content of the pyroxenes in the inclusion is shown in the pyroxene quadrilateral in figure 3. 

The bulk chemistry of the inclusion material in DOM85505 is compared with iliat of the St. Mesmin chondrite and known LL-type 
ordinary chondrites [l). This is shown in Table 3. The three analyses all yield similar data. 
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Conclusions 

It has been detemlined that DOM85505 is an LL type chondrite. TI1e metallic iron content of the chondritic portion is low, and the 
total iron content is in a more highly oxidized state. TI1e chondritic portion ofDOM85505 has an iron content that when plotted as end 
members fayalite vs. ferrosilite falls into the range for kno,,n LL-type ordinary chondrites [2). The petrologic type of the chondritic 
portion ofDOM85505 has been detennined to be type 5 after the classification scheme of Van Schmus and Wood [3). The olivine and 
to a slightly lesser degree the pyroxene exhibit unifom1 compositions throughout the chondrite. The exception to this are the calcium 
rich rims in the relict chondrules, however these occur only in the relict chondrules and do not comprise a large portion of the total 
p)Toxene content of the chondrite. The composition of the pyroxenes in DOM85505 are still nearly homogenous. There is no igneous 
glass present, and the chondrules are not sharply defined but are still readily identifiable. The wollastonite content of the chondritic 
portion ofDOM85505 (table 1) is near the upper limit for type 5 ordinary chondrites as described by Scott et al. [4). The presence of 
the calcium rich rims in relict chondrules does not indicate a separate metamorphic event. The high-Ca pyTOxene rims are indicative of 
diffusion of Ca from the opaque matrix into the neighboring pyroxene during the parent body heating that metamorphosed DOM85505 
to a petrologic type 5 [5). 

The inclusions bear little resemblance to known achondritic material. Comparison of mineral chemistry of the inclusions to the host 
chondrite as well as comparison of inclusion bulk chemistry to that of ki10,,11 LL-type chondrites [6) would indicate that they are not 
achondritic in nature but are rather derived from the original chondrite parent body. They represent material from the parent body that 
has been melted and recrystallized. The inclusion has a distinctly different texture than the chondritic portion, but the mineralogy and 
mineral chemistry are very sinular (figures land 2). The inclusion material bears a close resemblance both under the microscope and 
in mineral chemistry to the olivine microporph)1)' in t11e St. Mesmin chondrite described by Dodd and Jarosewich [7). The inclusion 
material in DOM85505 has a higher percentage of pyTOxene (47%) than the St. Mesmin micrporphyry (18%), and it is more coarsely 
grained as well. The end member compositions of olivine fluctuate Jess in DOM85505 tlian in St. Mesmin, but are still witllin 
measured parameters. The critical factor is the bulk chemical comparison, in which the data for DOM85505 inclusion material and St. 
Mesnun compare very closely. The inclusion material is most likely olivine microporphyry tliat has had a slower cooling history t11an 
t11at of the St. Mesmin chondrite. This would account for the larger p)TOXene grains and t11eir exsolution. 

In DOM85505 there have been at least two distinct shock events that have shaped the meteorite. The first event was a massive shock 
event that produced the impact melt of the parent body which in tum resulted in the inclusion material. TI1e second event would have 
occurred after accretion of the inclusion clasts into the breccia. It is t) pica! of a stage S4 of shock metamorphism after Stoffier et al. 
[8). This i:; a moderate shock event and is typified in the chondritic portion of DOM85505 by t11e presence of slight mosaicism in 
olivine, planar fractures in t11e larger grains, the presence of melt pockets and veins, and the absence of phenomena such as planar 
deformation features in olivine that would indicate a higher grade of shock metamorphism. The S4 metamorphic event is typified in 
the inclusion material by the presence of planar fractures, lack of planar defonnation features in olivine, slight mosaic.ism in some 
olivine grains, and t11e presence of partially isotropic plagioclase. 

The sequence of fonnation for DOM85505 is as follows: A massive impact occurred on the LL-type chondrite parent body that 
produced localized pockets of the impact melt containing t11e olivine micrporphyry. 111.is event would have to have had a minimum 
temperature of 1500°C and a shock pressure between 75-90 Gpa [9). 111.is material was tlien re-accreted into a breccia with unshocked 
chondritic material and was t11en shocked again at a more moderate level indicative of stage S4 shock metamorphism. The shock 
pressure range for tlus event would have been between 30-35 GPa, while t11e temperature would have varied between 250-350°C [I 0). 

The LL-type ordinary chondrite DOM85505 does not represent a previously unkno\\n texture, mineralogy or litliology (inclusions). It 
is an amalgamation of previously studied phenomena of ordinary chondritic material. 
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TABLE 1 l 

I 
OL HIGHMGOLI OPX HIGH CA PX HIGH MG PX SPINEL I 

0.01 0.01 0.08 0.25 0.06 0 i 
0.05 0.07 0.86 4.42 0.98 008 I 
25.29 14.64 15.07 15.1 7.82 31 .87 I 
37.76 39.73 55.14 54,3 57.57 0.82 ! 
0.02 0.01 I 0.1 0.09 0.06 2.89 
0.45 0.31 0.49 0.56 0.3 0.45 
0.03 004 0.42 0.55 0.45 6.31 

0 0 0.01 0.01 0.01 0.01 
36.85 45.83 27.92 24.3 3329 2.2 
0.05 0.06 0.41 0.71 0.42 53.96 

100.51 100.7 100.5 100.29 100.96 96.59 

72.18 84.81 NIA NIA NIA NIA 
27.82 15.19 NIA NIA NIA NIA 
NIA NIA 1.68 8.82 1.86 NIA 
NIA NIA 75.46 67.6 86.61 NIA. 
NIA NIA I 22.86 23.6 11.53 'N!A - --

I 

TABLE 2 
OL OPX HIGH CA PX PLAG. SPINEL 

0.01 0.03 0.64 8.7 0.04 
0.05 1.18 19 9 I 3.89 0.05 I 

25.45 I 15.15 6.15 0.08 28 
37.64 55.01 54.2 63.9 0.13 
0.01 0.2 0.35 0.07 2.35 
0.46 0.46 0.26 0 0.034 
0.02 0.26 0.87 23.96 7.89 

0 0 0.01 0.51 0.01 
36.6 27.5 16.35 I 0.02 4.05 
0.02 0.22 1.18 0.01 55.98 

100.26 100.01 99.91 101.13 98.53 

71 .93 NIA NIA NIA NIA 
28.07 NIA I NIA NIA NIA 
NIA 2.31 41.95 NIA NIA 
NIA 7462 47.94 NIA NIA 
NIA 23.07 10.11 NIA I NIA 
NIA NIA NIA 77.75 NIA 
NIA NIA NIA 299 NIA 
NIA NIA NIA I 19.26 I N~A __ , 

TABLE 3 
I 

p0M85505 ST. MESMIN KNOWN LL 

0.67 1.04 0.9 
2.48 2.n I 1.83 I 

17.5 19.32 19.24 
47.7 44.78 40.33 
0.14 0.27 0.16 ! 

0.4 0.41 0.27 i 
2.13 2.79 2.76 
0.04 0.11 0.16 I 
27.8 27.78 I 25.33 ! 
o.n I 0.56 0.43 

99.63 I 101.32 100.03 

(after Dodd ind J,rosewic:h, 1976) i 



Exogenic Sources of Water For Mercury's Polar Ice 
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Advisor: Julianne Moses, Lunar and Planetary Institute, Houston, TX 

'95 /11/ern Cu11fere11ce 25 

INTRODUCTION: Recent radar observations of the polar regions of the planet Mercury [1] have revealed 
bright reflective areas with unusual polarization ratios. Since the observed radar characteristics are similar to 
those of the icy Galilean satellites and to the residual south polar ice cap of Mars [2], Slade et al. [1] suggest 
that water ice might be present in Mercury's polar regions. Harmon et al. [3] demonstrate that the areas 
that contain the unusual radar properties are correlated with known craters photographed by Mariner 10. 
Due to Mercury's low obliquity, the floors of these highest-latitude craters may remain in permanent shadow, 
so temperatures could remain cold enough for ice to remain stable over long periods of time [4]. Possible 
sources for the water include interplanetary dust particles (in the form of hydrated minerals), asteroids, 
comets, and outgassing from the planet's surface and interior. We investigate the ability of the exogenic 
sources to account for the water at Mercury's poles. 

OBSERVED ICE MASS: Slade et al. [1] and Harmon and Slade [5] report a roughly elliptical northern 
polar radar feature 170 by 340 km and a roughly circular southern polar feature with a diameter of 120 km. 
Assuming a depth of 10 m, this volume of ice corresponds to a mass of roughly 5.6 x 1014 kg. However, 
much larger amounts of ice may have originally been supplied to Mercury's surface. Loss mechanisms such 
as sputtering, meteoritic bombardment, evaporation, and photoionization will deplete the ice reservoir. In 
fact, Butler [6] calculates that up to 90 or 95% of the water delivered uniformly over the planet by outgassing 
or exogenic sources could be lost during migration to the poles. Comets, asteroids, and dust must therefore 
supply at least 6 x 1015 kg in order to be considered viable sources. 

DUST: A great deal of work has already been done on the subject of the influx of interplanetary dust particles 
(IDP's) to the Earth, and several investigators have extrapolated the problem to Mercury [7,8]. We use the 
same techniques as Cintala [7] and Morgan et al. [8], but update their results using the most recent direct 
measurement of the terrestrial influx of IDP's as determined from the Long Duration Exposure Facility 
(LDEF) satellite [9]. The influx of water depends on the velocity distribution of the particles impacting 
Mercury, their mass distribution, and the fraction of vaporized dust that remains bound to the planet after 
a high-velocity impact. Southworth and Sekanina [10] provide a distribution of velocities for meteors in the 
Earth's atmosphere. We modify this distribution to take into account the increase in spatial density and 
orbital velocity of IDP's at Mercury's distance from the sun, and gravitational focusing by both Earth and 
Mercury. 

Since particles impact Mercury at high speeds, the projectiles will most likely be vaporized, and the vapor 
may have enough energy to escape the planet. Following Vickery and Melosh [11], we describe the impact-
derived vapor cloud as an expanding hemisphere of gas in which the vapor in the outermost regions is 
traveling faster than the vapor in the central regions. Those molecules that achieve a velocity greater than 
Mercury's escape velocity will escape the planet. We calculate that only 46% of the total mass of the IDP's 
is lost to the planet due to the high thermal energy of the vapors. 

The total IDP mass flux of water to Mercury per year is: 

where PM is the velocity distribution function at Mercury, f v is the fraction of vapor retained as a function 
of the impact velocity VM, f w is the fraction of water in the ID P's (assumed to be 10%), h(m) is the particle 
mass distribution taken from the LDEF results [9], m1 = 10-9 g, and m2 = 10-3 .5 g. If we assume that F 
is constant with time, then over a period of 4 billion years, the total flux of water to Mercury from IDP's is 
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computed to be 2.2 x 1015 kg. Thus, water from interplanetary dust could provide a sizable fraction of the 
ice present on Mercury. 

ASTEROIDS: Asteroids, although infrequent impactors, are very massive and could carry a significant 
amount of water to Mercury. Since their impact speeds at Mercury are in general very high, much of the 
material is likely to be lost as high-energy vapor. We use a Monte Carlo simulation to determine how much 
water might have been retained by Mercury through sporadic impacts with asteroids. 

Our Monte Carlo model generates fictitious asteroids with orbital elements, masses, and impact angles chosen 
from appropriate distributions. For each object whose orbit intersects Mercury's, the collision probability, 
impact velocity, and fraction of vapor retained is calculated (see Figs. 1 and 2). From this information, we 
can calculate how much water the fictitious objects bring to Mercury over 4 billion years. 

The distribution of inclination i is taken from Rabinowitz [12], who reversed the process of observational bias 
to find theoretical "unbiased" distributions for orbital elements of Earth-crossing asteroids. Although [12] also 
did this for eccentricity e and semimajor axis a, his results cannot be extrapolated far inwards of 1 AU. Thus, 
distributions of e and perihelion distance q were obtained directly from 120 known Earth-crossing asteroids 
(including many new objects found by the Spacewatch telescope) provided in the appendix of Rabinowitz et 
al. [13]. [13] also provide a cumulative distribution of object diameters, which can be translated into masses 
if a density is assumed (Rabinowitz [12] chooses 3.5 g cm-3). Impact angle 0 is taken from a theoretical 
distribution proportional to sin(20). 

Given a threshold diameter, our model generates the appropriate number of fictitious Earth-crossing asteroids 
larger than this lower limit. For each of these objects, the model "randomly" selects orbital elements (i, e, 
and q), a diameter ( and thus, a mass M), and an impact angle 0 for the object, each from its normalized 
distribution. If the orbit of the asteroid intersects with the orbit of Mercury, the impact probability and 
average impact velocity are computed, using a method of integrating spatial densities outlined by Kessler 
[14]. The fraction of vapor remaining on the planet is also calculated (as with dust), allowing variable impact 
angles. The total flux of water from any asteroid is then F = M Pc / 11 fw where M is the object's mass, 
Pc is its impact probability (number per year), / 11 is the fraction of vapor retained, and fw is the fraction 
of water in the object (assumed to be 10%). F multiplied by 4 billion years gives the total contribution of 
water to Mercury from objects of this type. 

For a diameter range of 300 m to 10 km, Rabinowitz et al.'s curve [13] predicts the existence of 16,224 Earth-
crossing objects. Our model generates this many fictitious objects, of which 2,223 are Mercury-crossers . For 
all the Mercury-crossers, the model calculates impact probability, impact speed, fraction of vapor retained, 
and the total flux of water to the planet. Over 4 billion years, 5.3 x 1015 kg of water is brought to Mercury 
from asteroids. This result is of the same order as that of the interplanetary dust source, so asteroids could 
also be a major contributor to the water at Mercury's poles. Since our asteroidal contribution depends on 
"randomly" chosen parameters, we will need to perform this Monte Carlo calculation numerous times. In 
effect, we will generate hundreds of fictitious Mercurys to determine how probable it would be for asteroids 
to supply the observed amount of water. A preliminary study of seven such simulations suggests a range of 
3 x 1015 to 2 x 1016 kg of water from asteroids. 

FURTHER STUDY: In addition to fine-tuning our distributions of orbital elements (especially e and q) 
and updating all our calculations according to the most recent data on interplanetary dust and asteroids, 
other exogenic sources merit attention. Comets are also infrequent but massive, and they carry a great deal 
of water. Olsson-Steel [15] predicts that short-period comets should be about as important as asteroids in 
supplying Mercury with water. Long-period comets, on the other hand, are less frequent and probably have 
impact velocities too high to allow Mercury to retain much water. All the software has now been written to 
run a Monte Carlo simulation of short-period comets similar to our analysis of asteroids. All we need are 
distributions of orbital elements and masses to draw from. In addition, our models have only considered 
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the smallest and largest objects; the possible contribution from the immediate mass range to 1010 kg) 
may also be important [16), and could provide a great deal of water to Mercury. 

CONCLUSIONS: Our calculations show that despite high impact velocities, both IDP's and asteroids can 
supply large quantities of water to Mercury. Short-period comets should also be important sources of water . 
This conclusion is fortunate since some suggest [li] that Mercury may have lost much of its silicate mantle 
due to a gigantic collision sometime in its past. If true, Mercury's mantle may have been devolatilized during 
the collision, and outgassing would then not be a likely source of the water at Mercury's polar caps. Exogenic 
sources then become the only conceivable candidates. 
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Fig. 1. Collision probability versus impact velocity 
for our asteroid calculations. Each circle represents 
one Mercury-crossing object from the Monte Carlo 
simulation. Low velocities imply that the asteroid 
had an orbit similar to Mercury's; although such ob-
jects are rare, they have a greater chance of collid-
ing with the planet. The average impact velocity is 
30.2 km s-1 , and the average collision probability is 
9.5 X 10-:1 yr- 1• 

Fig. 2. Water contribution per object for our aster-
oid calculations. Each circle represents one Mercury-
crossing object from the Monte Carlo simulation in the 
mass range 5 x 1010 to 2 x 1015 kg (e.g., 0.3 to 10 km 
diameter). Note that small asteroids are more prob-
able, but a few chance objects can contribute large 
amounts of water. On average, 31% of the water is 
retained after the impact. 
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FAULT CONTINUATION RIDGES IN THE VALLES MARINERIS, MARS: 
ORIGIN FROM GROUNDWATER 

Karen Spiker, New Mexico Institute of Mining and Technology, Socorro, NM 87801 
Allan Treiman, Lunar and Planetary Institute, Houston, TX 77058 

INTRODUCTION 
Some prominent ridges in the walls of the Valles Marineris appear to be continuations of 

graben-bounding faults seen on adjacent plateaus. Three ways these fault continuation ridges 
(FCR) could have formed are fault zone cementation by groundwater flow, cementation by 
hydrothermal flow, and emplacement of dikes in the faults. Using Viking Orbiter images of the 
Valles Marineris, we found that the FCR mimic the pattern of faulting on the plateau. The FCR are 
never darker than their surroundings, which indicates the ridges are not basalt. The topography 
shows the fault continuation ridges to be as high as the graben walls, implying that hardening was 
synchronous with faulting. With this evidence we believe the fault continuation ridges were formed 
by cementation through groundwater flow. We constrained the time of faulting and cementation to 
have occurred before two-tenths of the elapsed time between Upper Hesperian and the present. 

METHOD 
To study fault continuation ridges we examined clear and red filtered Viking Orbiter images 

of the Valles Marineris area. United States Geological Survey controlled photomosaics and 
mosaics of orthographic Viking images provided the basis for mapping FCR and graben bounding 
faults. We concentrated mapping FCR on Candor Labes and Melas Labes and mapped fault 
patterns on Ophir Planum. Focusing on the fault continuation ridge defining the boundary between 
Ophir and Candor chasms, we used the TVSTEREO manual mode of the PICS image processing 
system to find elevations to construct topographic cross-sections of the area. The automated 
mode, AUTOSTEREO. was used to construct a topographic map of this ridge. 

RESULTS 
Some ridges on the walls of Valles Marineris 

seem to be extensions of graben-bounding faults on 
the plateau surface (Fig.1 ). The grabens are part of 
the fault system radiating around Tharsis, and have 
an en echelon pattern of formation that is also seen 
in FCR. Fault continuation ridges are common 
throughout Valles Marineris and sometimes support 
the chasm walls, especially on the north wall of 
Coprates Chasma. The FCR are typically found in 
pairs, mimicking the paired graben-bounding faults 
seen on the plateau surface, but occur singly and 
multiply. Not all grabens continue to FCR. However, 
some ridges on the chasm a walls do not connect to a Figure 1. Fault continuation ridges between Ophir Chasma 
graben but still display the same en echelon pattern. and Candor Chasma. 70 Km x 63 Km. Nt. 

We measured four north-south and two east-west topographic traverses (see Fig. 2) to find 
out how tall the ridges are in relation to both the plateau and the graben floor. We concentrated on 
the Ophir/Candor ridge because it is the largest, best-preserved, set of ridges. The PICS system 
calculates absolute elevations dependent on spacecraft pointing data, so we measured relative to 
the mesa on the south ridge assuming it to be at 10 Km elevation. Elevations measured with PICS 
have uncertainties of ±1 to ±.06 kilometers. The south ridge crest varied from 9-10.5 Km which is 
basically even with the plateau surface. The FCR stand up to approximately out one kilometer 
above the graben floor. The FCR do not form fins but act as the skeleton for eroding material 
which slopes at 30°, the angle of repose. 
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As viewed in Viking red and clear filter images, the fault continuation ridges are commonly 
brighter than the surrounding materials and are never darker. This suggests that the ridges are 
composed of bright material. The fault continuation ridges appear lighter than parallel erosional 
spurs of the same height, showing that the light color is not a topographic effect. Viking image 
815a78 shows a patch of black material (basaltic sand?) on both sides of a bright FCR at similar 
heights, illustrating the contrast in albedo. 

Because FCR are clearly related to the graben forming faults, we can estimate the time of 
fault hardening by calculating the age of faulting. We mapped and measured diameters of all visible 
craters on the part of Ophir Planum between Candor and Coprates Chasma. We found 163 craters 
from 0.4 Km to 12.4 Km diameter, 24 of which interact with the graben-bounding faults. None of 
the craters were older than the faulting as indicated by cross-cutting relationships. With this data 
we can estimate the age of faulting (see Discussion). 

A topographic map of the Ophir/Candor ridge will allow us to view the relative heights of 
the ridges. This map is still in progress. 

DISCUSSION 
ORIGIN OF FAULT CONTINUATION RIDGES 

Fault continuation ridges are clearly related to the graben-forming faults. However, fault 
zones are usually eroded faster than the surrounding material, so we investigated ways that the 
fault zones could have been hardened. This could have been accomplished by cementation during 
groundwater flow, cementation during hydrothermal flow, or by lava emplacement. Our favored 
hypothesis is cementation by groundwater flow. 

Because the elevations of the FCR are as high as the plateau surface, the presently 
exposed graben walls must have been hardened also. For the hardening to have been caused by a 
single mechanism, hardening must have started after fault formation yet before significant fauit 
movement. Otherwise, it would be impossible for the fault zone to be cemented below and above 
(i.e., the graben walls) the present ground surface. To continue hardening throughout graben 
subsidence, the hardening mechanism must have a lifetime comparable to that of the faulting. This 
appears to be inconsistent with hardening by lava emplacement and with cementation by 
hydrothermal flow, since they are usually short-lived phenomena. Only cementation by 
groundwater flow fits this evidence. 

The light color of the FCR, indicating that they are made of bright material, is consistent 
with common precipitates from groundwater such as carbonates, silica and sulfates. Cements 
formed by hydrothermal flow are also commonly light colored. However, basalt dikes, typically 
dark, are inconsistent with the coloring seen in the Viking images. 
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AGE OF FAULTING AND CEMENTATION 
The approximate age of faulting and fault zone cementation can be constrained by standard 

crater counting techniques; the more cratered a surface is, the older it is. The total number of 
craters on the Ophir Planum surface (see Results) date it to be Upper Hesperian [1], an age 
confirmed by [2] . However, there is no consensus on when the Upper Hesperian was in absolute 
terms. Two well-known models are those of [3] who date the Upper Hesperian to be 1 .8-3. 1 By 
and (4) who estimate it at 3.5-3.7 By. 

We can estimate the time interval between plains formation and cessation of faulting from 
the fact that no craters are cut by the faults. So we calculated the probability, P, of no craters 
forming on the part of Ophir Planum between Candor and Coprates Chasmas in a time interval T', 
assuming that the craters form at completely random times. For simplicity, we took the time 
interval from plains formation to the present to equal one. Using a standard statistical relationship 
[5] 

where the fall rate,µ, is 24, total number of cross- cutting craters. Since the grabens formed 
before any craters, Pis the complement of the probability, P', that all the grabens formed in that 
time interval. 

T' 
.1 
.2 
.3 

p 
.09 

.008 
.0007 

P' (100%-(Px100%) 
91 % 

99.2% 
99.93% 

So, we can be reasonably sure that faulting took place within two-tenths of the time interval 
between plains formation and the present. This age is an upper limit for the time that cementation 
took place within the graben bounding fault zones. 

CONCLUSION 
Fault continuation ridges (FCR) are prominent on the walls of Valles Marineris, where they 

appear to be continuations of graben fault lines. These fault continuation ridges were most likely 
cemented by light colored material precipitated by flowing groundwater. Cements composed of 
silica, carbonate, and/or sulfate are most likely, at least from our terrestrial experience. The heights 
of the FCR match the heights of the surrounding plateaus, suggesting that the ridges formed 
synchronously with the grabens. With this in mind, we can date the timing of faulting and fault 
cementation to be within two-tenths of the time from plains formation (Upper Hesperian) to the 
present . 
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MINERALOGICAL VARIATIONS ON THE SURFACES OF LOW-ALBEDO ASTEROIDS 
Catherine A. Thibault 

Department of Physics, Denison University, Granville, Ohio 43023 

Introduction: When they were first studied, asteroids had been thought to be primitive objects; remnants of the 
early formation of the solar system with characteristically homogeneous surfaces. It was not until the past few 
decades that these bodies have been studied individually, rather than as a collective whole, and it was not until Gaffey 
[ 1] discovered rotational spectral variations on the surface of the asteroid 4 Vesta that the idea of varying lithologies 
on the surface of asteroids took hold [2]. Most asteroids located in the inner belt exhibit strong absorption features 
in their reflectance spectra which allow for relatively simple interpretations of their surface composition. The spectra 
of low-albedo asteroids in the outer belt, however, exhibit very weak absorption features which make it more 
difficult to characterize the composition of their surface [3]. This paper presents the results of an effort to search for 
evidence of mineralogical variations on the surfaces of several low-albedo (pv < 0.10) asteroids by analyzing their 
reflectance spectra. 

Reflectance Spectra: The reflectance spectrum of an asteroid is the spectrum of sunlight that has hit the 
asteroid's surface, interacted with the top -200µrn of surface material, and then been reflected out of iL These 
reflectance spectra reveal information about the asteroid's surface mineralogy. If an asteroid's reflectance spectrum 
can be matched to the spectrum of a known mineral, then it can be inferred that that mineral is present on the surface 
of the asteroid If an asteroid has a homogeneous surface mineralogy, reflectance spectra taken from various 
positions on the asteroid's surface should appear identical, indicating that the same minerals are present However, if 
variations in the spectra are detected, then it can be inferred that different minerals are present, and the asteroid's 
surface is not homogeneous. This project analyzed telescopic narrowband reflectance spectra of several low-albedo 
asteroids in the visible and near-infrared wavelength range, searching for variations which would indicate a change in 
each asteroid's surface mineralogy. 

Data: The data presented in this paper are from four sets. The first set was gathered by Scott Sawyer at the 
McDonald Observatory on 2.1-m and 2.7-m telescopes over a period of 5 years (1986-1990). Sawyer used 
Cassigrainian spectrographs and a two-dimensional charged coupled device (CCD) detector to survey asteroids whose 
spectral wavelengths ranged from 0.4-1.0µm with a spectral resolution ranging from 13-26A [4]. The second set of 
data was gathered by Alan Fitzsimmons on 3n/91 and 3/8/91 at La Palma using the 4.2-m William Herschel 
Telescope and its Faint Object Spectrograph. This CCD spectroscopy covers 0.48-0.96µm with a spectral 
resolution of 20A [5]. The final two sets of data were gathered by Faith Vilas at the Cerro Tololo Inter-American 
Observatory (CTIO) on the 1.5-m telescope in La Serena, Chile in 1991, 1992, and 1995. The combination of a 
two-dimensional CCD camera and a Cassegrainian spectrograph was used to cover a wavelength interval of 0.495-
0.990µm with a resolution of 16A [6]. 

Before the onset of this project, all the data had been corrected for the sky background, airmass, and the 
noise generated by each detector. In addition, all but the raw spectra gathered in 1995 had been reduced to relative 
reflectance spectra. Therefore, as an initial step to this project, reduction of the 1995 data was conducted. The 
asteroid and standard star spectra (spectra of solar analogue stars taken along with the asteroid reflectance spectra 
during each night; the solar analogue stars used in 1995 were SAO120107 and SA0159706) were scaled to 1.0 at 
0.7µrn. The solar analogue spectra were shifted into alignment and then combined into one spectrum using a median 
filter technique The asteroid spectra were then shifted into alignment with each standard star spectrum, and these 
shifted asteroid spectra were individually ratioed to the scaled, shifted solar analogue spectra in order to eliminate the 
signature of the solar spectrum. 

At this point, rotational rates were found for almost all of the asteroids whose spectra were taken on more 
than one night by a single observer and whose spectral wavelength covered the range of0.5-0.9µm [7]. Individual 
spectra were smoothed with a five-point running box average, and then were fit with a simple linear least squares 
equation. This resulted in a simple linear continuum. The smoothed spectrum was then divided by this continuum 
in order to remove the sloped background. Using the rotational rates of the asteroids and the dates (and times, if 
known) that the spectra were taken, relative spectral positions on the surface of each asteroid were determined. 

Discussion: Small, yet significant, rotational variations are suggested in the spectra of five asteroids, indicating 
that mineralogical variations could be present across their surfaces. The spectra of the remaining twenty-one 
asteroids do not exhibit any evident variations, suggesting that no changes in the surface mineralogy of these 
asteroids are present (see figure 1). 

The spectra of asteroid 375 Ursula show a significant variation from night to night Whereas the 
spectrum taken on 4/21/91 exhibits a 0.65µm absorption feature (with an initial drop at 0.55µm and a final peak at 
0.83µm), the spectrum taken on 4/22/91 exhibits a 0.7µm absorption feature, known to exist in phyllosilicates and 
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credited to an Fe2+ _pe3+ charge transfer transition in oxidized iron, revealing that the object has probably undergone 
aqueous alteration. The 0.7µm feature is both deeper and wider than the 0.65µm feature; it peaks at 0.54µm, drops 
to its deepest reflectance at 0.7µm, and rises again until 0.86µm. The relative positions of these reflectance spectra 
are on opposite sides of the asteroid, approximately 153.4 ° apart (see figure 2). The variation in the spectra reveals 
that a significant change has occurred on the asteroid's surface. The transition from the 0.7µm to the 0.65µm feature 
is not understood, although an unsubstantiated possibility is that the 0.65µm feature is the result of dehydration 
occurring in phyllosilicates which produce the 0.7µm feature (8]. 375 Ursula is not alone in portraying evidence for 
this possibility. 

The spectrum of asteroid S2 Europa, taken by Sawyer on 1n190 shows a stronger absorption feature 
centered around 0.65µm than do the remaining four spectra for this asteroid. Although there is a significant time 
interval between the dates the spectra were gathered, there is also a well-detennined pole position for this asteroid 
which could help to qualify the argument for the existence of this variation. The telluric water absorption bands in 
this particular spectrum are more problematic than those in the other three, and this could be an argument against the 
reality of the depth of this feature and therefore against the reality of the spectral variation. However, the possibility 
that the variation is real cannot be ruled out simply on the basis of these few spectra. Additional reflectance spectra 
for this asteroid need to be taken in order to confirm (or deny) this variation. 

The four spectra taken by Sawyer of asteroid 51 Nemausa reveal a similar 0.65µm/0.7µm absorption 
feature variation. The spectrum taken on 4/17 /89 exhibits only the 0.65µm feature, whereas the spectrum taken on 
4/16/89 exhibits primarily the 0.7µm feature, though it appears that a small dip occurs at 0.65µm. Relatively, 
these spectra represent positions on the asteroid's surface 80.5° apart; they are not on completely opposite sides of 
the asteroid, yet they are at a significant distance from one another. Sawyer also surveyed this asteroid in July 1990, 
taking reflectance spectra two days, or 161.0° apart. When these spectra are compared with the two taken the year 
before, it is apparent that the 0.7µm feature which they exhibit is deeper than the one seen on 4/16/89 and that, as 
the 0.7µm feature deepens, the 0.65µm feature becomes less pronounced. That is, the 0.65µm feature increases in 
depth as the 0.7µm feature decreases in depth. These spectra could indicate a change on the surface of51 Nemausa; 
they could indicate the existence and dehydration of phyllosilicates, a process that this paper proposes as possibly 
having occurred on asteroid 375 Ursula. These two asteroids could be keys to understanding the processes affecting 
the products of aqueous alteration on the surfaces of low-albedo asteroids. 

The spectra of another asteroid, 914 Palisana, show variations. However, these spectra are quite noisy, 
with intennittent telluric water problems. Still, variations in the depth of the 0.7µm feature are evident Seven of 
these spectra were taken by Vilas on two different observing runs, four years apart (in 1991 and 1995), and one was 
taken by Fitzsimmons (in 1991). If the rough rotational rate for 914 Palisana (> 14. hrs.) is correct, Vilas' spectra 
cover various positions on the asteroid with a maximum angular difference of 154.3° in 1991 and 116.5° in 1995. 
All but one of the spectra portray the 0.7µm feature and, of these seven, only one spectrum (4/21,91) shows a depth 
variation; the other six are in alignment with one another at a shallower reflectance. The one spectrum that does not 
exhibit the 0.7µm feature was taken on 4/23/91. This spectrum portrays the 0.65µm feature, though it is much 
shallower than the 0.7µm feature present in the other spectra. The quality of the spectra portraying the 0.7µm 
feature are too poor (low SNR and intennittent telluric water) to make out any obvious existence of the 0.65µm 
feature. 914 Palisana is an asteroid with a significant history. Its aqueous alteration is signified by the presence of 
the 0.7µm feature and this alteration itself has a history that is signified by the presence of the 0.65µm feature at 
another position on the asteroid's surface. If a more accurate rotational rate could be determined, the relative 
positions on this asteroid's surface could be better distinguished, revealing valuable infonnation about the history of 
914 Palisana. 

Of all 26 asteroids presented in this paper, only one exhibits a rotational spectral variation that could 
indicate a complete change in mineralogical composition on its surface. Asteroid 444 Gyptis is classified as a C 
with a well-known rotational rate [9]. These reflectance spectra, taken by Vilas in 1995, are relatively positioned to 
represent the surface of the asteroid at two places, 148.8° apart; the spectra reveal infonnation about opposite sides of 
the asteroid's surface. The spectrum taken on 4/17/95 reveals the 0.7µm feature, typical ofC-class, aqueously altered 
asteroids. The spectrum taken on 4/20/95, however, reveals no evidence of any absorption feature (see figure 3). 
These blatant spectral differences indicate a variation in the surface mineralogy of 444 Gyptis. At one point the 
surface has been heated enough to melt water, resulting in aqueous alteration creating phyllosilicates. At another 
point, no such event is indicated by the spectrum. Perhaps an impact event on one side of the asteroid caused 
heating which melted a portion of the asteroid's surface while the other side remained unaltered. Perhaps the entire 
object once underwent aqueous alteration, then another smaller object that did not undergo such a change was accreted 
on one side of the asteroid, creating what is known today as 444 Gyptis. Perhaps 444 Gyptis is a fragment of a 
larger body that once underwent a complete surface differentiation process, and the spectrum with the 0.7µm feature 
reflects the mineralogy of this differentiated surface whereas the flat spectrum reveals information about the now-
exposed, previously unaltered interior of the larger parent body. 
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Conclusions: Of the reflectance spectra of 26~asteroids taken on sequential nights between the years 1986 and 
1995, most exhibit consistency and few exhibit variations from night to night. This indicates that the surfaces of 
most of these asteroids are mineralogically homogeneous, and that few asteroids do not have such purely 
homogeneous surfaces. 444 Gyptis is the sole asteroid whose spectra show a night to night variation indicative of a 
change in surface mineralogy composition. Asteroids 52 Europa, 51 Nemausa, 375 Ursula, and 914 Palisana have 
some spectra that contain the 0.7µm absorption feature, and others that exhibit the 0.65µm absorption feature. An 
unsubstantiated possibility for these variations is that the asteroids were heated and aqueously altered, creating 
phyllosilicates which were then somehow dehydrated. These asteroids may hold the clues to understanding the 
mineralogical surface history of similar objects; they may be the keys to unlocking an astronomical mystery. 
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and continuing support throughout this project and this summer. I would also like to thank Dr. Mike Mickelson for 
his useful suggestions and advice. 

References: [l] Gaffey, M.J. (1983) Lunar Planet. Sci. XIV. 231-232. [2] Reed, K.L. private communication. 
[3] Vilas, F. and M.J. Gaffey (1989) Science. [4] Sawyer. S.R. (1991) PhD. Dissertation. University of Texas. 
(5) Fitzsimmons, A. et al. (1994) Astronomy and Astrophysics, 282, 634-642. [6] Vilas, F. et al. (1993) 
Icarus 105, 67-78. [7] Harris, A.W. private communication. (8) Vilas, F. and MJ. Gaffey. private 
communication. (9) Tholen, DJ. (1989) Asteroids II. 1139-1150. 

1.10 

1.0, 

: 
C ; 

1.00 

i 

'·" 
0.IO 

o., 0.1 a. 

1256 Normannla 

0.7 

··"'"""" '""'' 
••• ••• 

71h0251 
lh 

b. 

figure l: a.spectra of 1256 Normannia showing no variations. b. relative positions of spectra on the surface of Normannia. 

1.10 375 Uraula ... 0- uo 444 Gyptla 

1.06 1.06 

b. : 
C • 

1.00 
;; 1.00 • 

O.M 0·· 171tl ---- "17/IO ---- "21191 
0111 -- 4112/tl 

0.IO o., 0.1 0.7 o., 0 .t 
wnetenfl~ ,,.., 

figure 2: a. spectra of asteroid 375 Ursula showing the 0.6Sµ,n 
and 0. 7µ.m absorption features. b. relative positions of spectra 
on the surface of Unula. 

b. 0.IO 
o., 0.1 0.7 o.• 0.t ............ 1..-1 

figure 3: a. spectra of uieroid 444 Gyptis showing the pres~~ · 
and absence of the 0.7µ.m absorption fcaNre. b. relauve pos1uons 
of spectra on the surface of Gyptis. 

33 



34 '95 Intern Conference 

Oxygen Derivation From Lunar Volcanic Glass 
John Woodell, North Carolina State University, Raleigh, NC 

Carlton C. Allen, Lockheed Martin, NASA Johnson Space Center, Houston, TX 

Introduction 
Large deposits of glass beads have been emplaced at several points on the lunar surface by volcanic 

eruptions. These microscopic particles are sparsely distributed in most samples collected at each of the Apollo 
landing sites. Orange soil collected by the Apollo 17 astronauts consists entirely of glass beads [ 1]. Recent 
research has shown that these glass particles can serve as excellent ·'ores" for lunar oxygen production [2]. We 
examined individual glass beads from lunar soil samples v,-bich have been experimentally reduced to release 
o:-..-ygen. Our goal was to predict o:-..1•gen yields for glass compositions not empirically determined by correlating 
chemical and textural changes to changes which occurred in samples of known yields. In addition, we used the 
recent Clementine data to examine several volcanic glass deposits on the lunar surface. By using filters most 
sensitive to the differences between mare basalts and volcanic glasses. we have been able to demonstrate the 
feasibility of using Clementine data to delineate deposit boundaries and locate areas of relatively pure glass. 

Background 
Use of indigenous lunar materials will be a necessity for any significant, permanently-manned base on the 

Moon. The costs of transportation of o:-..-ygen from Earth is prohibitive for such a sustained program. Oxygen can, 
however, be derived from the lunar regolith itself. In particular. volcanic glass beads, which lie exposed over a 
significant portion of the lunar surface. can release relatively large amounts of o:-..-ygen. The Earth-to-Moon oxygen 
transport costs are serious enough to justify further investigation of the possible production of o:\-ygen from such 
lunar resources [3). 

Lunar samples have been found to contain at least 25 distinct volcanic glass types [4]. These glass 
particles are tens to hundreds of micrometers in diameter and span a large range of chemical compositions. Green 
and orange glasses represent low-Ti content and high-Ti content, respectively [4]. It has been shown that the 
orange glass can release up to 4 wt% o:\-ygen through a hydrogen gas reduction process [2]. 

Reflectance spectra of three of the distinct glass types have been measured. Sample 74220 from Shorty 
Crater is a high-Ti orange glass. Sample 74001 is a core with portions comprised almost entirely of a black. 
devitrified glass with a composition identical to the 74220. The glass in Sample 15401 is mostly a low-Ti green 
glass [5]. Chemical compositions can be correlated to the samples' reflectance spectra. By using the reflectance 
spectra, surface compositions can be determined by remote sensing. In areas oflunar glass heterogeneity, however. 
such determinations may not be possible [6]. Earth-based telescopes used for multispectral imagery typically have 
resolutions greater than 5km at the lunar surface. Such resolutions prevent identification of smaller, possibly 
homogeneous deposits of volcanic glass, and may prevent accurate mapping of volcanic glass/mare basalt 
boundaries. 

The recent Clementine mission mapped the entire Moon in eleven bands, with a minimum resolution of 
about 200m. The eleven bands allow detailed spectral analysis of the lunar surface [7]. By using known spectra 
for both volcanic glasses and mare basalt and comparing them whh the Clementine-obtained spectra data. it is 
possible to more accurately delineate the boundaries between the two materials [7] . With the increased resolution. 
it also should be possible to locate homogeneous glass deposits too small to be identified from Earth. 

Methods 
We first located individual glass beads in thin sections of soil samples from each of the Apollo landing 

sites using an optical microscope. One sample, 74220, was pristine, and all other samples had been previously 
reduced to release oxygen. In this process, each sample was heated to I 050°C and hydrogen gas was allowed to 
flow past the sample for three hours. Iron oxide in the samples was reduced and o:-..-ygen released as illustrated by 
the following equation [2]: 

The glass beads were examined with an SEM and analyzed using EDS. Both the te:\1ures of the beads and 
qualitative data on their compositions were recorded. Several of the beads were then analyzed using a microprobe 



'95 Intern Conference 35 

Lunar Oxygen -- Woodell and Allen 

equipped with WDS spectrometers. Elemental maps were made for Mg, Ca. Ti. Fe. and 0. Textures. qualitative 
spectral data. and elemental maps were visually compared among the samples. 

Raw data from Clementine was obtained for the Sulpicius Gallus and Rima Bode volcanic glass deposits 
on the Moon's nearside. Data from the 415nm. 750nm. and 1000nm filters were radiometrically corrected and 
mosaiced together for both regions. We then created false color images using ratios of brightness measured 
through the filters. The ratios were 415/1000. 750, and 1000/750, which appear bright for mare basalt, high 
albedo material, and volcanic glass respectively. The ratioed images were then visually compared with previous 
Apollo and Lunar Orbiter photographs and USGS geologic maps. 

Results 
Our qualitative compositional analyses of the reduced glass beads revealed four main compositional types. 

There were samples low in Ca. Ti, and Fe, samples high in only Ca, samples high in Ca and Fe, and samples high 
in Ca, Ti, and Fe. Figure l shows representative EDS spectra. Both the pristine and reduced glass beads showed 
relatively uniformly distributed O:\.)'gen. All of the samples also exhibited iron metal, indicating reduction had 
occurred and o:..-ygen had been released. Figure 2 shows o:..1'gen and iron concentrations for samples from each of 
the compositional types identified as well as a pristine sample from Shorty Crater. 

The Clementine data showed a distinct boundary between the basaltic mare and the volcanic glass deposit. 
Areas of low albedo allowed the most differentiation between the two materials. In addition. several locations of 
relatively pure concentrations of volcanic glass could be identified in the low albedo regions. Some craters that 
had excavated dark mantle material and exposed orange. apparently pristine volcanic glass, could be correlated 
with craters shown in the Apollo imagery. 

Discussion and Conclusions 
The uniform distribution of o:..-ygen in the reduced glass bead samples, particularly in those which showed 

o:..-ygen release, suggests that the o:..-ygen is released from throughout the entire sample rather than just along the 
surface. Although four compositional types were recorded, there were not enough samples available to determine 
how these compositional types related to o:..-ygen release. More samples need to be analyzed to determine whether 
the release of o:..-ygen in glasses with compositions differing from those that have already been tested can be 
predicted. 

The Clementine data and false color images suggest that it is feasible to delineate the boundary between 
volcanic glass deposits and basaltic mare material with reasonable accuracy. It also appears possible to locate areas 
of high glass concentrations, which would provide excellent sites for additional research. The results suggest that 
it may be possible. once areas of pure volcanic glass are located, to measure the spectra and determine the 
composition of the glass. This would allow pinpointing of deposits of high oxygen-yielding glass for future lunar 
oxygen production. 
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