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ABSTRACT 

Observations of the neutral sodium (Na) and neutral potassium (K) atoms in 

the tenuous atmospheres of the Moon and Mercury have been made, analyzed and 

interpreted. An atmospheric number density of ",,300 times more Na and ",,100 times 

more K are observed at Mercury than at the Moon. This is not consistent wi th a 

meteoritic source for these constituents unless losses and recycling are very differ

ent. Potassium observations in the lunar atmosphere indicate fewer accommodated 

atoms than expected from thermalization of the extended component through gas

surface interactions. A mechanism for redistributing the thermal and non-thermal 

populations is presented. Thermal infrared observations between 7.5 and 12.5 I'm 

have been made at both bodies in an attempt gain understanding of the relation

ship of the surfaces to the alkali atmospheres. Mercury has been found to have 

a surface composition at three locations more felsic than that of the lunar south

polar highlands. Spectral indications of high alkali feldspar have been observed. 

One mafic location on Mercury's surface has been determined. Calculations using 

a grain-boundary and regolith diffusion model have shown that the differences in 

abundances of Na and K and the ratios of Na/K at both bodies can be explained by 

a supply of atoms dift'using upward through the sub-surface materials over geologic 

time. Enhancements in K seen at the longitude of Caloris and the antipodal point 

of up to five (5) and four (4) respectively, point to a sub-surface source for at least 

part of the tenuous alkali atmosphere at Mercury. 
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CHAPTER 1 

INTRODUCTION 

Atom Counting 

I have estimated that there are 7.8x107 potassium atoms in a vertical column 

with a 1 cm2 cross-section extending upwards from the lunar surface to the inter

planetary medium. If a graduate student, so inclined, were to finish course work 

in the summer of 1987 and begin counting one atom per second for 2 1/2 years 

the determination of the column abundance would be completed by winter of 1990. 

The results could be tabulated, some discourse on counting methods included and 

a dissertation on the subject might follow by spring of the same year. 

Coincidentally, this dissertation is about atom counting - counting atoms of 

potassium and sodium bouncing around the Moon, and the planet Mercury. The 

number of sodium atoms in a vertical column of cross-section 1 cm2 at Mercury 

is so great that each individual atom can't be seen from the ground. The ones 

in front block the light from those behind. This makes the counting job more 

difficult. Counting one atom per second, the task of determining column abundance 

would take ",,5000 years. Not surprisingly, I haven't yet completed the sodium atom 

counting at Mercury. 
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Atom counting is a relatively recent enterprise for people; begun in earnest 

by Lavoisier in the mid 18th century and figured correctly by Avogadro 50 years 

later. The art has been continuously modified since then; ingenious and expensive 

methods devised to count and track sub-atomic particles, in dark, deep caves and 

in the laboratory. Improvements in the quality of optical instrumentation and data 

acquisition systems have allowed remarkable measurements of a variety of atoms in 

the interstellar medium, gaseous envelopes around tiny, ancient, dense stars and in 

the atmospheres of the planets in our solar system, like Mercury and our Moon. 

Sensitive charge coupled devices (CCDs) make photon counting practical. In 1800 

seconds enough photons can be measured by the CCD to determine that there are 

",,10 potassium atoms in a cubic centimeter at the base of the lunar atmosphere. 

The entire lunar atmospheric potassium inventory could be confined in one small 

container with a capacity of ",,2 kg. And these atoms are counted from the ground, 

with ground-based instrumentation! 

Tenuous Atmospheres 

The discovery and study of the tenuous sodium and potassium atmospheres at 

Mercury and the Moon have raised new and interesting questions. '''hat are the 

sources for these atoms? Are the alkali atoms endogenically supplied, collecting in 

subsmface chambers venting through fissures after internal pressW'es reach those of 

the overburden? Are the atoms brought in by meteorites? Are they sputtered out 

of surface rocks by high energy ions from the solar wind? 01' do they slowly migrate 

upwards in geologic time under the influence of a negative density gradient to the 
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vacuum of space? How are they distributed about the bodies and what controls 

their behavior? Are they pushed around by sunlight until they impact with the 

surface where they either evaporate again if it is warm or stick to pile into alkali 

drifts, if it is cold? Can their abundances be associated with surface composition or 

structure? Is there much more sodium at Mercury because a different population 

of meteoritic material exists in the inner solar system than at 1 AU? Or, is the 

bulk composition of that planet really different from the Moon to which it has long 

been called similar? Both sodium and potassium are rapidly ionized by the sun's 

ultraviolet flux. Once ionized, the atoms are quickly caught in electric fields and 

either carried back to the sUlface or swept into the interplanetary medium. To what 

extent are these atoms recycled, to be recounted in the neutral atmosphere? 

The research leading to this dissertation was undertaken to answer these ques

tions. A systematic observing plan using a high resolution echelle spectrograph 

in combination with the 1.54m Catalina Observatory telescope and a CCD data 

acquisition system was devised to study the sodium atmosphere at Mercury. The 

observations were eagerly begun in December, 1985 and reluctantly ended in April, 

1989. 

Mercury can be observed when our sky is dark at most for a few hours each 

elongation. Western elongations follow eastern ones by .-v46 days and eastern ones 

occur .-v73 days later. Mercury hangs on the horizon before sunrise or after sunset 

for a few minutes where its light must pass through the longest paths of the the 

Earth's atmosphere and be subject to the greatest atmospheric refraction, extinction 

and turbulence. Mercury's angular spatial extent in the sky is small, varying from 

6 to 10 arc seconds in diameter from observation to observation. Figure 1.1 shows 
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Figure 1.1 Mercury Visible in Spectrograph Slit Viewer. 

The small, faint crescent surrounded by five ink blobs is seen beneath the spectro
graph slit (thin black line) which subtends fV 40 arc seconds in this picture. The 
orientation of the slit is north-south along the sunlit crescent which is 8.5 arc sec
onds high at the time this image was taken. The sunlit limb is to the east (left) and 
north is at the top of this photo. The corresponding spectrum has been analyzed to 
obtain atmospheric potassium abundance. Results are shown in Figure 2.1 under 
13 March 1987. 
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Mercury beneath the slit at the spectrograph guiding eyepiece where a camera has 

captured the image to document slit placement, guiding efficiency, and 'seeing'. 

The illuminated crescent is tiny, and contrast with the twilight sky is minimal. 

Obtaining spatial information, even with the fine equipment used, is difficult. To 

increase observing time and decrease atmospheric extinction, daytime observations 

were begun. Computer software to remove the scattered light of the daytime Earth's 

atmosphere was perfected. Figures 1.2 and 1.3 show four progressive stages in data 

preparation. An image, taken in daylight, finally is left with only the sodium D1 and 

D2 emission lines from Mercury's atmosphere visible. Similar analysis was used for 

potassium. The project evolved; soon observations included the discovery of Na at 

the Moon and the study of J( in both the Mercurian and lunar atmospheres. Sixty

three observation days yielded over 300 CCD images containing emission lines from 

sodium or potassiwn atoms, suitable for careful analysis and interpretation. 

Results and interpretations are presented in Chapters 2 through 4 and in Chap

ter 6. I begin with what I consider the most exciting in Chapter 2; the association of 

potassium abundance with surface features on Mercury. Chapter 3 takes data from 

one exceptionally fine lunar atmospheric potassiwn image, determines an anoma

lously low thermal population of K and develops a satisfactory explanation based 

upon gas-smface interactions. Some details of the sodium component of the lunar 

atmosphere are presented in Chapter 4 along with the Na independent 'discovery 

spectrum' . 
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Figure 1.2 First Two Successive Steps in Image Preparation 

The top frame shows a daytime CCD image of Mercury before image rectification 
and dispersion correction. The Na Dl and D2 solar Fraunhofer lines in the Earth's 
atmosphere are the darkest, and most outstanding. Mercury's Na emission lines 
can be seen just to the right of each. Telluric absorption, mainly from water is 
responsible for most of the remaining absorption features. The bottom frame shows 
the same image after dispersion has been equalized across the image and lines have 
been straightened. 
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Figure 1.3 Last Two Successive Steps in Image Preparation 

The top frame shows the same daytime CCD image of Mercury after removal of 
the scattered light in the Earth's atmosphere. The light reflected from Mercury's 
surface is now visible along with the reflected solar Fraunhofers at 5889.95 A and 
5895.92 A. Because of a high approach velocity of Mercury with respect to the 
sun, the light scattered by Na in Mercury's atmosphere is really a few tens of 
milliangstroms longer in wavelength than the solar Fraunhofers themselves and 
thus appear longward (to the left) in this image. The bottom frame shows the D2 
(brighter, shorter wavelength) and D 1 (to the left of photo) emission lines after 
removal of the solar continuum reflected from Mercury's surface. 
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Radiative Surfaces 

At the Moon, analysis of reflectance spectra between 0.5 and 2.5 J-lm have been 

successful in determining the pyroxene and olivine content of broad areas of lunar 

regoliths. Other bands in thi,s region, diagnostic of feldspars and oxides have also 

been used successfully to map the composition of outcrops as small as the inward 

facing scarps of crater walls. At Mercury observations of reflectance spectra are 

difficult to obtain for the same geometrical reasons described before. In addition, 

Mercury's high temperature produces large fluxes of thermal infrared radiation at 

relatively short wavelengths and contaminates the absorption bands of reflectance 

spectra in the near IR. Figure 1.4 illustrates this point. High airmasses make 

correction for telluric water extinction near diagnostic absorption bands between 

0.5 and 2.5 J-lm difficult. The need to remove the thermal component from the 2.0 

to 4.5 J-lm region of the near IR requires extensive modeling to analyze reflectance 

spectra in this region. 

Ground-based observations of Mercury in the microwave region of the spectrum 

have been successful in determining the temperature of sub-surface regoliths and 

the thermal inertias of rocks on large scales. Some extrapolations to composition 

have been possible; the elimination of highly porous materials for example. Mariner 

10 imaging determined that Mercury's surface looks much like that of the Moon 

but it reflects slightly more blue light from its surface. Extrapolations based upon 

the lunar analogy indicate slightly more Ti. In summary, very little is known about 

Mercury's surface composition. 
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Figure 1.4 Reflected and Thermal Components. 

The top rectangle shows a 5801( black-body emission curve plotted in a solid line. 
Also shown (dotted line) is the spectral radiant exitance due to reflected light from 
the same temperature surface with an albedo and heliocentric distance similar to 
that of Mercury. Spectral radiant exitance is shown on the left vert.ical axis. The 
bottom rectangle shows the same relationship of reflected vs. thermal infrared 
spectral radiant exitance for a black-body of 3211( with albedo and heliocentric 
distance similar to the Moon. 
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Could the discovery of considerable Na and K in an exospheric atmosphere 

about Mercury be utilized as a clue to its composition, either interior or surficial? 

To answer this question more information regarding Mercury's surface composition 

was badly needed. The receipt of a NASA graduate researcher's fellowship in 1986 

permitted the implementation of a project designed to test and use a remote sensing 

technique utilizing the thermal infrared to determine surface composition. A silicon

arsenide photoconductor and circular variable filter (CVF) in combination with the 

3 m infrared telescope at Mauna Kea, provided thermal emission spectra between 

7.0 and 12 pm. In theory bulk composition can be determined from the location 

of the emission maximum of surface grains radiating directly to space. 

Fourteen observing days have yielded thermal emission spectra from Mercury, 

the Moon, and an asteroid, 15 Eunomia. A first step in comparing silicate surface 

compositions in the solar system has been made using this technique. Chapter 5 

discusses the results of these observations and the suitability of this technique for 

remotely sensing surface compos,ition of other bodies in the solar system. Finally, 

in Chapter 6, a plausible case is presented to include grain-boundary and regolith 

diffusion as a source for Na and K in Mercury's atmosphere. The model satisfies rel

ative abundances at both Mercury and the Moon and explains the large abundances 

at Mercury compared to those at the Moon. 
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CHAPTER 2 

POTASSIUM IN MERCURY'S ATMOSPHERE 

Introd uction 

The potassium (K) data and analysis presented here are the first to be pub

lished (Sprague et al. 1990) following the discovery of K in Mercury's atmosphere 

by Potter and Morgan (1986). Much uncertainty and discussion has been associated 

with the source and distribution of sodium, and potassium has generally been con

sidered to be similar. McGrath et al. (1986) have attributed the source to photon or 

charged particle sputtering and subsequent evaporation from the surface regolith. 

Morgan et al. (1988b) proposed a source composed of a mixture of volatilized 

micro-meteoritic and surface material. Sprague (1990) has fitted observed Na and 

K abundances at both Mercury and the Moon with a model of atoms diffusing from 

rocks at depth along grain boundaries and micro-cracks into the vacuum of space. 

Potter and Morgan (1987) presented evidence that the distribution of Na about 

the planet was affected by pressure due to radiation acceleration. At Mercury, the 

anti-sunward component of radiation acceleration can reach a significant fraction 

of the acceleration due to gravity (372 cm sec-2). For sodium this fraction reaches 

",0.55, for K much larger, nearly ",0.8. One might expect the distribution of K to 

show these effects but none has been reported. Tyler et al. (1986, 1987) reported 
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latitudinal asymmetries in both K and Na as well as north polar enhancements of 

Na. 

The observations of lunar K (Chapter 4) and the interpretation of the ·Mercurian 

K data presented here demonstrate that K has a substantial advantage over Na 

for mapping of a tenuous atmosphere. While cross sections at line center in the 

two fine structure components of K are relatively large (ao1 = 8.6x10-12 j a 0 2 

= 1. 7x10-11 cm2 ), column abundances of K are relatively low (l08 - 1010 K 

atoms/cm2) so optical depths are between 0.001 and 0.17 (r = ao x N). The 

low emission intensity makes observations difficult, but still feasible with modern 

equipment. The typical optical thickness of the more easily observed sodium is such 

that the intensity changes only very slowly with abundance over a wide range. At 

high column abundances, the intensity saturates at a nearly constant value when 

the optical depth exceeds 2 or 3. 

Two factors create conditions favorable to observing both fine structure compo

nents of ground state excitation of neutral K. Because radial velocities reach up to 

10 km/sec between the sun and Mercury it is possible to measure the light emitted 

by neutral K in both fine structure components at 7698.98 A ep 1-2S 1) and 7664.9 
2 2 

A ep i! _2S 1). Large radial velocities shift the wavelength in Mercury's reference 
2 2 

frame and result in excitation of the ground state transition with solar fluxes which 

are enhanced by up to a factor of ",5 over that available at line center. In addition, 

the large radial velocities between Earth and Mercury displace the emission lines in 

Mercury's atmosphere from the telluric 02 bands which appear nearby. Thus with 

proper planning and sympathetic telescope allocation committees observations can 

be made during the brief periods when both lines are visible. This provides two 
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Atmospheric neutral potassium emission at Mercury can be observed from ground
based telescopes despite deep telluric 02 bands because of high Earth-Mercury 
radial velocities. Emission peaks are seen for the weaker D 1 line (top) and D2 
(below). Relative intensities can be inferred by the depth of the telluric 02 bands 
which reach to a depth of '" 0.3 of the solar continuum in the top spectrum and 
are nearly saturated in the bottom. 
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measurements of resonantly scattered light which can be independently converted 

into column abundances of the scattering constituent, in this case K. Figure 2.1 

shows spectral traces of both emission lines obtained in two separate images on 13 

October 1987. Telluric and solar features are labeled. 

The width of the D1 and D2 Na lines has been calculated at 500 K to be ",O.OGO 

A (Chamberlain, 1961), the width of the K D1 and D2 lines is similar. The full 

width half maximum of a spectral resolution element with the high resolution echelle 

grating and CCD is nearly three 0.029 A pixels, thus the hyperfine components 

of each line were not resolved and no estimates of atmospheric temperature based 

upon doppler width were possible. The D2 line is stronger by a factor of 2 over 

Dl due the the stronger oscillator strength. In addition the modulating factors 

of the Mercury-Sun radial velocity which shifts line center in Mercury's reference 

frame, the 1/r2 change in solar flux as Mercury moves in its eccentric orbit cause 

the scattering probability to vary dramatically from the minimum Dl value of ",10 

scatters/sec to the maximum D2 value of ",150 scatters/sec. Details regarding the 

calculation of scattering probablilty can be found in Appendix A. 

Instrumentation 

All observations were made at the 1.54 m cassegrain reflecting telescope at the 

Catalina Observatory, Mt. Bigelow Arizona. An R4 echelle spectrograph which 

gave a dispersion at the region of both lines of 0.029 A pel' pixel in the CCD image 

was used. A blocking filter of ",100 A full width half maximum was used to prevent 
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transmission of light from other wavelengths at higher or lower orders. The spec

trograph slit, approximately 1 cm in height, was placed across the disk of Mercury 

in either a north to south orientation or perpendicular to Mercury's axis in align

ment parallel to Mercury's equator. With a plate scale of the telescope optics of 

9.8 arc sec per mm of slit, the entire planet was subtended along with considerable 

sky at both top and bottom. The spectral images (with spatial information along 

the slit; spectral information in dispersion; intensity information in data numbers) 

were stored in 512 by 512 pixel images by a Texas Instrument CCD. These im

ages were then corrected for dark current and varying pixel sensitivity, variations 

within the electronics of the CCD, imperfections in the optical path of the telescope 

and spectrograph, curvature and non-linear dispersion with wavelength, and, if re

quired, for daylight telluric scattering and absorption. A detailed description of the 

instrumentation used may be found in the Ph.D. dissertation of Schneider (1988). 

Data Obtained 

Table 2.1 shows a log of observations and relevant parameters for each image 

frame analyzed and presented. Given are: the UT date and time, airmass factor, 

planetary phase angle and heliocentric distance. Also shown for the exact time of 

observation are the ionization time, scattering probability and radiation accelera

tion. Figure 2.2 illustrates the positions of Mercury relative to the sun and the 

approximate location of the spectrograph slit assuming an unrealistic condition of 

perfect seeing and guiding. Data were obtained in six observing periods from June, 



Table 2.1. Observations of Atmospberic K at Mercury 

Date. Line. Time 
Frame GT 
:'olumber 

Airmasso Phase Heliocentric Ionization 
Angle· Distance. Time (hr.) 
(deg.) (AU) 

°The air mass factor is given for the beginning of integration. 

• g (sec-I) Radiation 
Acceleration 
(cm sec- 2) 

6The phase angle is measured at the center of an illuminated body between 
the light source and the observer. 
'See APPENDIX A for details. 

19 June 1986 
D2,48 0108 1.7 88 0.416 1.7 81 10; 
D2.58 0253 3.8 88 0.416 1.7 81 10; 
D2,59 0301 4.2 88 0.416 1.7 81 107 
D2,60 0312 4.9 88 0.416 1.7 81 107 

2 Dec. 1986 
D1.63 1334 4.8 68 0.365 1.3 61 81 

13 March 1987 
D1. 99 13 15 6.0 118 0.433 1.9 40 48 
D2, 101 1341 4.0 118 0.433 1.9 76 90 

8 June 1987 
D1,76 2206 1.0 108 0.433 1.9 37 49 

9 June 1987 
02.93 0251 3.7 108 0.429 1.8 70 92 

14 Oct. 1987 
01.291 21 32 1.7 107 0.395 1.6 52 69 
02.296 2222 1.9 107 0.394 1.6 100 134 

22 Jan. 1988 
02.40 01 10 5.5 32 0.331 1.1 129 168 

27 



6/86 '4802 

MERCURY ATMOSPHERIC 
POTASSIUM 

Figure 2.2 Schematic Illustration of Mercury's Orbital Position 
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The schematic illustration above shows the approximate location of Mercury in its 
orbit about the Sun and the approximate location of the slit during the time of 
observation. Date, frame number and emission line observed are noted by each 
Earth-facing disk. Caloris, Homer and Beethoven craters are shown for convenience 
of marking longitudes. Central longitudes are: 370 (Homer), 1250 (Beethoven) and 
2050 (Caloris). Imperfections in guiding and atmospheric turbulence smear the true 
image as illustrated in Figure 2.3. 
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1986 to January, 1988. Because it is of general interest, the total radiation accel

eration imparted to the neutral atom due to resonant scattering is included in the 

table as are the ionization times calculated for the time of observation. Only the 

best frames were chosen for final reduction. Seeing varies on rapid time scales. Day

light exposures are sometimes preferable to those taken after sunset because of low 

airmass and minimal atmospheric refraction. Slit orientation is north-south in all 

cases but one. In the case of frame #48: 19 June 1986, the slit was placed along the 

equator to determine differences, if any, in abundance between the subsolar point 

and the terminator. 

Analysis 

For an optically thin atmosphere such as the K atmosphere at Mercury, the rate 

of emission pAd = gN photons cm-2sec-1j where N is the vertical column abun

dance (atoms cm-2 ), g is the photon scattering coefficient (photons sec-1atom-Ij 

see Appendix A), and J.l is the cosine of the angle made by the local zenith and the 

path from the planet's surface to the observer. The rate of emission from a cm2 col

umn along the line-of-sight, 471'1, is expressed in Rayleighs (l06 quanta cm-2sec- l ) 

after Hunten et al. (1956) and Chamberlain and Hunten (1987). Intensity is directly 

proportional to the line-of-sight abundance of K, along with the geometrical factors 

which are easily calculated. In this work, the brightness of Mercury's surface was 

used as an intensity standard. Details of data analysis are given in Appendices A 

and B where step-by-step procedure is illustrated through an example. 
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Because of smearing due to atmospheric turbulence (seeing) and to drift of the 

slit during exposure, spatial resolution falls short of the theoretical ideal (0.157 

arcsec/pixel) by a large factor. The illuminated longitude range visible from Earth 

typically varies from 60 -1100 since observations are made near greatest elongations 

from the sun. The longitude range beneath the slit is determined by geometric pro

jection effects, guiding accuracy and atmospheric turbulence. Figure 2.3 illustrates 

the relationship between the illuminated portion of Mercury, the beam size (spatial 

resolution element) and longitude for the observing period in October, 1987. In

terspersed observations of stars were helpful in determining the beam size. A one 

dimensional seeing convolution algorithm is used to correct for the smearing of the 

image. It was determined that at most, four spatial elements could be extracted 

reasonably from these observations. In each case the maximum extent of the sun

lit hemisphere was subtended in a direction oriented parallel to the north-south 

Mercurian poles. 

Correction for atmospheric extinction is made by calibrating the flux in the 

emission lines to the light scattered from Mercury's surface in the same exposure. 

Reflectance factors are calculated using Hapke scattering theory code provided by 

Paul Helfenstein (for details see Appendix B). 

Figure 2.4 shows zenith K column abundances calculated at each longitude of 

the data set. Horizontal sectors represent units of 200 longitude and are labeled. 

Vertical divisions in the figure represent three broad latitudinal sectors, roughly 

described as north polar, mid latitudes and equatorial, and south polar zones. In 

some frames greater spatial resolution was obtained but for consistency they were 

rebinned into three resolution elements. The histogram in each box represents the 
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Figure 2.3 Typical Spatial Resolution or Beam Size at Mercury. 
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The relative sizes of the sunlit portion of Mercury and the average resolution element 
(beam size) are shown. The diameter of Mercury (8.3 arc seconds) is shown for 14 
October 1987, the day during which the longitude range containing Caloris Basin 
was observed. 
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Figure 2.4 Longitudinal Variation ill Atmospheric K at Mercury 

Vertical bars represent potassium column abundances in units of 108 J( atoms cm-2• 
Latitudinal resolution elements are the three rectangular boxes stacked in the ver
tical direction. They represent north polar, mid-north latitude with equatorial and 
mid-south latitude and south polar, respectivelt. The longitude on Mercury's sur
face beneath the atmospheric measurement is shown along the bottom horizontal 
axis. The longitude should be interpreted as roughly locating the center of the 
beam, which can be seen from Figure 2.3 to extend over many degrees. The lon
gitudes for the polar sectors vary slightly from their mid-latitude and equatorial 
counterparts, but are not so indicated in the figure. Dotted vertical lines connect
ing bars in January, 1988 and March, 1987 indicate slit averages and should not 
be interpreted as observations showing no latitudinal variation. Caloris Basin is 
centered at about 2100 longitude. 
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zenith column abundance found for that sector. Where only an average value was 

obtained for the observed area, the same value is shown in each latitudinal box with 

a dotted line connecting them to indicate that the values are not to be interpreted 

as representing uniform distribution. The east-west slit observation of 6 June 1986 

is not shown in the histogram of Figure 2.2. Column abundances were calculated 

for two spatial elements; sub-solar limb and terminator. The corresponding zenith 

column abundances are 9.1x108 and 8.1x109 K atoms cm--2 respectively. Modeling 

is required to understand the combined effects of temperature, insolation, and gas

surface interactions to determine if this observation illustrates the effects of radiation 

acceleration. 

Interpretations 

The outstanding feature of Figure 2.4 is at 2200 longitude where the average 

column abundance is 2.7x109 K atoms/cm2, a factor of 1"V5 greater than the 

typical value from all other data, 1"V5.4x108 K atoms/cm2• This longitude falls over 

Caloris Basin centered at 1"V21O° longitude (Figure 2.3). Because of atmospheric 

turbulence, the sampled atmosphere in these two frames is primarily that from 

above the Caloris Basin and slightly to the southwest. This is the first report 

of such large enhancements associated with a specific surface feature. The high 

column abundance ( 1"V4 times greater than average) seen near 400 longitude may 

be associated with the badly fractured terrain antipodal to Caloris. Troughs viewed 

on the surface by Mariner 10 are interpreted as graben which formed during vertical 

ground motions induced by focused seismic waves from the Caloris impact (Hughes 

et al. 1977). 
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The relatively large column abundances observed in the October, 1987 data set 

can be attributed to the increased diffusion of K from the crust and regolith from 

the Caloris Basin region. There, severe fracturing penetrating to depth creates a 

physically conducive medium for rapid transport of K out of rock assemblages into 

the network of micro-fractures and cracks rapid regolith diffusion carries atoms to 

the surface-vacuum interface where they are liberated into the atmosphere. For a 

more detailed description of how grain boundary and regolith diffusion can provide 

the observed N a and K atmospheres at Mercury the reader can refer Chapter 6 or 

to Sprague (1990). 

The diameter of the inner CalOl'is Basin defined by the CalOl'is Montes range 

mapped by Mariner 10 is roughly 1300 km. Concentric rings appear at greater 

distances outward from these ranges giving a maximum diameter of at least 1700 

km to this impact feature. The basin interior is filled with extensively ridged and 

fractured plains. Lineated, hummocky and well fractured terrain extends outward 

beyond the CalOl'is Montes range for another 500 km or so. The impact which 

created Caloris Basin and associated ridges and fractures is dated by Vlood et al. 

(1977) and placed near the end of the heavy bombardment at Mercury. This is 

consistent with the period following core formation. A more detailed discussion 

of the subsequent evolution of the Caloris area is not appropriate here but can be 

found in a munber of texts including The Geology of the Terrestrial Planets, 1984. 

The atmosphere at Mercury is really a vacuum by terrestrial standards ( _10- 12 

bar). The only collisions of atoms are likely to be with the surface, so atoms can 

be regarded as moving in ballistic orbits intersecting the surface on most occasions. 
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Except in limited regions near the terminator where radiation acceleration is di

rected parallel to the ground, potassium does not move far about the planet before 

it is ionized. Once a neutral Na or K atom is in the atmosphere it is controlled 

by its physical interactions with the solar ionizing flux and with the surface. If it 

leaves on a ballistic trajectory of energy commensurate with the temperature of the 

surface ( ....... 500 K) then the a.verage horizontal trajectory distance is ....... 32 km, the 

scale height. The time of flight T, sustained by an atom in a ballistic trajectory 

is: T = v2rr HI 9 where H is the barometric scale height and g the acceleration 

due to gravity. The migration distance D can be calculated for a random walk of 

atoms from the point of origin by D = H VTioniT. Symbols are defined in Table 

2.2. Details of equations and a general discussion of gas-surface interactions can 

be found in Hunten ct al. (1988). The time of flight at this temperature is ",2 

min. Thus an ensemble of K atoms will make about 50 hops each of ....... 32 km before 

most are ionized. If it is assumed that atoms leave the source region in a random 

walk fashion then the ensemble will spread ....... 225 km from the source region. 

Ionization is the most important loss process of Na and K from the atmosphere. 

Because of Mercury's highly eccentric orbit, the time required for solar ultraviolet 

radiation to ionize all but lie of the neutral population varies as shown in Table 

2.2. Once the neutrals are ionized, electric fields generated by interaction of the 

inherent magnetic field with the solar wind, sweep a large fraction of them into the 

interplanetary medium where they are lost from the atmosphere (Goldstein ct al. 

1981; Ip 1987). Some fraction impacts the surface, is neutralized and is recycled 

into the atmosphere by evaporation or sputtering from the surface. 



Table 2.2. Transport Parameters for Na and K at Mercury. 

Parameter Sodium 

diameter Caloris Basin, 1300 km 

hop time, T 
(minutes) 

scale height, H 
(km) 
at 500 K 

hop distance, d 
(km) 

ionization time, Tion 

(hours) 
perihelion 
aphelion 

distance traversed 
before ionization, D 
(km) 

f'<J 49 

'" 49 

1.4 
3.2 

f'<J 350 

Potassium 

f'<J 2 

'" 32 

'" 32 

1.0 
2.2 

'" 225 

36 
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Potassium, with its smaller scale height, shorter flight distance and shorter 

ionization time becomes the preferred species over sodium for mapping spatial vari

ations. An enhancement of atoms over Caloris Basin is therefore expected as well 

as observed. This is good evidence that the rocks from the Caloris Basin region and 

sub-surface are a major source of the Mercurian neutral Na and K atmosphere. 

Because of the 3:2 spin-orbit coupling of Mercury, the total heating of the sur

face varies greatly. The effects of insolation are permanently locked into the surface. 

Two longitudes, 0 and 1800 are always at the sub-solar point during perihelion. 

These have been termed the 'hot poles' by Soter and Ulrichs (1967). At the longi

tudes of the 'hot poles' sustained subsurface heating could increase the efficiency of 

alkali atoms diffusing to the surface. If the source flux is limited by grain boundary 

diffusion at depth ( ",10 km), the wanner subsurface materials at these longitudes 

will provide only a second order effect as atoms diffuse more rapidly through the 

cracks to the surface. If the source flux is limited by the physical properties of the 

crust and regolith through which atoms must traverse to make their way from the 

deeper source to the sUlface, then the higher subsmface temperatures associated 

with the 'hot poles' could be responsible for some of the increase in abundances 

observed at the longitudes near CalOl'is and the antipodal terrain. 

A source directly coupled to insolation (evaporation or photo-desorption) would 

show maximum enhancements when the hot longitudes are near the sub-solar point 

at perihelion. Although the observation near 400 longitude falls close to perihelion, 

the one near Caloris does not (Table 2.1). Therefore sputtering does not appear to 

be the dominant mechanism. 
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Recycling of ions to the cooler surface beneath the polar cusps of the magnetic 

field where they undergo neutralization and subsequent reintroduction into the neu

tral atmosphere has been suggested by Killen and Morgan (1989) as a source of some 

observed enhancements. Ip (1987) and Goldstein et al. (1981) have estimated re

cycling efficiency to be about 50 %, too small to explain the factor of ,...,5 seen at 

2200 and ,...,4 at 40°. Unless atoms accumulate on the surface for long periods, they 

are rapidly lost again to photo-ionization. 

Auroral excitation due to enhanced electron flux entering the cusps of the mag

netic field during solar events cannot compete with resonant scattering in intensity. 

A typical g value for electron excitation of K at Mercury can be estimated by using 

an auroral electron flux at Earth scaled to Mercury of 1.Ox109 electrons cm-2sec-1 

and an excitation cross section of 10-15 cm2. Multiplying these factors gives an 

excitation rate per atom of 1.OxlO-6 sec-I. Even with temporal enhancements 

during solar events which increase the electron flux by many orders of magnitude, 

it is not likely that this mechanism is dominant: Table 2.1 shows that g values for 

resonant scattering of sunlight are typically 100 sec-I. 

Moreover, where adequate latitudinal information exists, equatorial enhance

ments of a factor of 1"V2 are as frequently observed as polar enhancements of the 

same magnitude. The increased diffusion of alkali atoms from the crust and regolith 

from regions of deep fracture is more probable as a cause of the enhancements seen 

here since observed variations in the K abundance are not consistent with what is 

known about the mechanisms mentioned above. Of course a stochastic process such 

as the serendipitous volatilization of a large impactor cannot be ruled out. Signifi

cantly larger abundances found in this data set occurred when CalOl'is Basin or its 
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antipodal point were in the field of view. This is good evidence that the increased 

fracturing associated with Caloris Basin formation provides localized enhancements 

to the global source mechanism, diffusion of atoms outwards from the crust and 

regolith. 
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CHAPTER 3 

POTASSIUM IN THE LUNAR ATMOSPHERE 

Introd uction 

This chapter describes observations of neutral potassium (K) in the tenuous 

lunar atmosphere. These observations contribute to a growing body of data de

scribing sodium (Na) and K at both the Moon and Mercury which are essential 

to understanding the sources and sinks of these constituents. These observations, 

and those of Na by Tyler et al. (1988a) and Potter and Morgan (1988b), point to 

both a thermal (accommodated to the surface temperature) and a nonthermal (ex

tended, nonaccommodated) component for the neutral alkali atoms. This raises the 

interesting question: is the thermal component the result of a source which provides 

atoms accommodated to the sUlface temperature or, is it an accommodated compo

nent of an initially nonthermal source? A proposed possible thermal source is that 

of diffusion of atoms from the subsurface materials (Cheng et al. 1987; Tyler et al. 

1988a; Sprague 1990) to the surface where they are later released to the vacuum of 

space by evaporation (McGrath et al. 1986). Nonthermal sources include charged 

particle sputtering and meteoritic volatilization (Potter and Morgan 1985). These 

have been extensively considered in later studies by McGrath et al. (1986) and 

Morgan et al. (1988b), respectively, and shown to be able to provide the observed 
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complement of Na and J( at both Mercury and the Moon. The potassium data and 

subsequent analysis presented here may shed light on this important question. 

Instrumentation 

Emission spectra of neutral J( atoms in the lunar atmosphere were obtained 

at the Catalina Observatory 1.54 m telescope using the LPL echelle spectrograph, 

CCD and data acquisition system described in Chapter 2. The spectrograph and 

CCD allow imaging of the resonantly scattered light by J( in both wavelength and 

spatial dimensions. The weaker of the two resonance lines, D1 at 7698.96 A, was 

observed because line blanketing by telluric O2 prohibits observing the D2 line 

from the ground. Spectral resolution of rvSO rnA full width half maximum is not 

sufficient to resolve the line shape. At the plate scale of the telescope (9.8 arcsec 

mm-1) 0.15 arcsec per pixel are obtained on the CCD image. '~lith images 512 by 

512 pixels 77 arcsec angular measurement is recorded in each image. At the time 

of observation, the moon subtended 1903 arcsec at its equatorial diameter, and the 

maximum spatial coverage at the Moon's distance was 142 km. Limitations of the 

data reduction and scattered light on the slit jaws reduce the actual height range 

to 105 km in altitude above the sunlit limb. 

Data Obtained 

The best data were obtained from one spectral image exposed at 10 hI' 41 min 

UT the night of 29 April, 19S9 with an IS00 sec exposure. The moon was just hours 
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Figure 3.1 Composite CCD Image of Lunar Atmospheric K Emission 

Part of 512 by 512 CCD image showing lunar atmospheric K Dl emission before 
(top) and after (lower) scattered light subtraction. Here spectral information is 
shown vertically and spatial information horizontally. The subsolar lunar limb is to 
the left; the emission line extends to 105 km above the surface. 
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Increasing Height Above Lunar Limb 

Figure 3.2 Lunar Atmospheric Potassium Data 

Above is illustrated the effect of smoothing the lunar K data of Figure 3.1 to within 
the resolution of an exospheric distrubution in a ground-based observation. Data 
plots become shorter as more smooths are applied because endpoints are dropped 
in the smoothing routine. The drop in abundance with height above the limb is 
made more obvious by removal of distracting pixel to pixel noise. 
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past first quarter. The spectrograph slit was placed perpendicular to the surface. 

The telescope was guided to keep the bright lunar limb obscured off the end of the 

slit. A 240 sec exposure was taken immediately following the K image 2 lunar radii 

away from the bright side to determine any possible contamjnation from telluric K 

emission. Counts in the sky frame were near zero so we are able to attribute all 

light in the lunar K frame to resonantly scattered light from the K atoms in the 

lunar atmosphere or to scattered light from the lunar surface. To remove the light 

scattered from the latter, a solar spectrum was scaled to the average value in the 

continuum and divided row by row. Figure 3.1 is a composite of the CCD image 

before and after removal of the light scattered into the exposure from the lunar 

surface (increasing height above the sUlface is to the right). Figure 3.2 illustrates 

the effect of box-car smoothing of the data. Because of the kinetics of exospheric 

atmospheres and the turbulence in the Earth's atmosphere, real information rea

garding the distribution of atoms at the Moon is on scales /"Va third of a scale height 

or /"V20 km. Smoothing the data reveals the drop in abundance with height above 

the lunar limb without the distractions of pixel to pixel variations shown in Figure 

3.2. 

Analysis 

Absolute calibration of the instruments was obtained by using a Jupiter spec

trum taken a few hours earlier at a similar airmass. The reflectance of the Jovian N. 

equatorial belt has been well characterized as a function of wavelength with the same 

instrument (Erich Karkoschka, personal communication). The instrument response 

was found to be 187 kR per pixel per data number per second (1 Rayleigh = lOG 
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quanta cm-2sec-1, Chamberlain and Hunten, 1987). Thus calibrated, the emission 

rate along the line of sight 30 km above the lunar limb was found to be 1.38 kR. 

Other values at different altitudes above the lunar surface can be read from Figure 

3.3. Because accurate scattered light correction is most difficult near the surface, 

the data below 6 km are not plotted. Points up to 15 km were not included in the 

least squares analyses. The dip at 43 km and the slight hump between 50 and 60 

km can be attributed to imperfect flat fielding as verified by close visual inspection 

of the frame. The uncertainty in the measured intensity is estimated to be small 

( ",,10 %) arising mainly from removal of the light scattered from the lunar surface. 

An excellent intensity calibration was obtained: conditions were photometric and 

Jupiter was observed at nearly the same airmass. 

Line-of-sight abundances were derived using the theory of optically thin atmo

spheres described in Appendix A. The g-value was calculated to be 2.03 photons 

sec-1 atom-1 at the time of observation. This munber includes small corrections 

for albedo, for the sun-moon distance, and for the doppler shift of 0.33 km sec-1 

(Tyler et aI. 1988a). Implicit in the analysis is the assumption that the observed 

column density N is proportional to no, the number density at the tangent point. 

For a scale height H and radial distance R, the relation is N = no J27r RH (Cham

berlain and Hunten 1987, p. 344); the radical is essentially constant over the small 

height range probed. This relation was used to generate the values of no discussed 

here. 

A straightforward fit to the data gives a scale height H = 90 km, a temperature 

of 686 K, a line-of-sight abundance of 9.4><108 K-atoms cm-2 and a surface num

ber density no = 9.5 K-atoms cm-3• The temperature is much higher than that 
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Figure 3.3 Lunar Atmospheric K Data: Linear Regression Fits 

Potassium Dl emission rates from CCD spectral image taken 29 April 1989. The 
top plot shows the best least squares regression analysis fit to the data (H=90 kmj 
T=686 K). The lower plot shows the same data fitted by the sum of two terms: the 
thermalized component (accommodated to the surface temperaturej H=52 km and 
T=395 K) and the nonthermal component (H=329 kmj T=2500 K). Individual 
components are plotted and labeled below. The emission rate scales are shown on 
the top right and lower left edges of the Figure. 
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expected for the lunar surface, 395 K; a much more reasonable atmosphere would 

include two components, one thermal and one extended and nonthermal represented 

as having some higher temperature, as observed, for example, with at.omic hydrogen 

(H) on Venus. Lacking any other information, we assumed that the extended com

ponent could be represented by a temperature of 2500 K with a scale height H = 329 

km, consistent with the extended sodium observed by Potter and Morgan (1988b). 

Using a scale height H = 52 km commensurate with a surface temperature of 395 

K for the accommodated component, the data were fitted with a surface number 

density for the thermal component of 9.3 K-atoms cm-3 and 1.5 K-atoms cm-3 for 

the nonthermal. Changing the nonthermal component temperature to 3000 K made 

no significant change in the standard error of the coefficients. Thus this method 

cannot be used to constrain the temperature of the nonthermal component beyond 

the range 2500 ± 500 K. Figure 3.3 shows the data fitted with both the one-term 

and two-term models; the individual extended and accommodated components are 

plot ted separately. 

Interpretations 

Results are summarized in the first foul' lines of Table 3.1, along with similar 

results for Na using the data and analysis of Potter and Morgan (1088b). Theil' 

observations extended as high as 1200 km, but were obtained in a number of separate 

exposures over two nights. These results for K and those for Na in Chapter 4 

and Tyler et al. 1988a have scale heights somewhat compatible with the surface 

temperature, but do not extend high enough to reveal the nonthermal component. 
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Also shown in the Table 3.1 are the free-fall and photoionization times for both 

K and Na. The free-fall time tff = ,j2H/g, where g = 162 em sec-2 is the 

acceleration of gravity. The average time for a hop is twice as great. For details of 

ballistic trajectories see Chapter 2 or Hunten ct al. (1988). 

Hot atoms that do not escape must collide with the surface and should quickly 

be accommodated to the surface temperature. For surface number density no and 

mean thermal speed v the collision rate with the surface is nov/4. It is reasonable 

to assume that, on average a nonthermal atom will be accommodated to the surface 

temperature after three hits on the surface. If the source of the observed thermal 

component is 'thermalization' of the nonthermal component and its sole loss is due 

to photoionization, in steady state one-third of the surface collision flux of nonther

mals must be equal to the loss of the thermal component. Using the surface collision 

fluxes, densities, and ionization times shown in Table 3.1, we find that the source 

of the thermal component from the 'thermalization' of the nonthermal component 

is 11 times greater than the observed thermal abundance of K and 3 times greater 

than the observed thermal abundance of Na. We have either overestimated the 

source strength or underestimated the sink. 

Perhaps the hot component density is overestimated. ,~re do not see the ex

tended component directly; the argument for its presence is indirect, although it is 

supported by the Na data of Potter and Morgan (1988b). Or perhaps most of the 

nonthermal component is escaping directly and never reimpacts the surface, a possi

bility considered by Morgan and Shemansky (preprint, 1990). Any K atom on such 

a trajectory must have energy greater than 1.18 e V (equivalent to the escape veloc

ity of 2.38 km/sec). This seems unlikely for meteoroid impact, where temperatures 
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Table 3.1 Relevant Lunar Atmospheric Parameters 

Parameter K Na 
Thermal Nontherm. Thermal Nontherm. 

Abundance (cm-2) 4.84><10' 4.94><107 4.2><108 1.Ox108 

Surface density (cm-a) 9.3 1.5 35'" 2'" 
Scale height (km) 52 329 120'" 500'" 
'Temperature' (K) 395 2500 538· 2240'" 
Free-fall time (s) N 150 N 600 N 300 N 800 
Ionization time (s) 3.7xl0' 3.7xl0' 5.39xl0' 5.39xlO' 
Surface collision flux 1.07xlO15 4.5Ox10' 7.04><10' 1.43xl05 

(cm-2s-1) 

Ionization sink 1.32><103 1.33x103 7.79x103 1.86xl03 

(cm-2s-1) 

Recycling, M+ to M 1.32><103 4.83xl03 

"'from Potter and Morgan 1988b. 
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are probably less than a few thousand K (Eichhorn, 1978j Morgan et al. 1988b). 

Sputtering by heavy solar wind ions will produce some but is not likely to be the 

dominant mechanism. A third possibility is that the estimated number of thermal

ized atoms is too large because some of the nonthermal component is in satellite 

orbits, never joining the thermal population through gas-surface interactions. 

A likely explanation is in the nature of the atom-surface interaction. Returned 

lunar samples of surface material exposed to solar-wind sputtering have amorphous 

crusts of ",100 A thickness (Borg et al. 1980). Another component, that must 

be present in situ but would not survive intact in a sample, is a layer of loosely 

bound molecular and atomic debris. The classic 'fairy castle' structure that exists 

on a microscopic scale must also exist on the molecular scale. An atom that falls on 

such a surface is likely to be adsorbed by sharing one or more dangling bonds each 

of 0.2-0.4 eV (Kittel, 1986). Such atoms are likely targets for photo-desorption or 

photo-sputtering (McGrath et al. 1986; Cheng et al. 1987). 

If a large fraction of the impacting K atoms is adsorbed for a few tenths of a 

second and photo-desorbed by photons of visible and shorter wavelengths the result 

is a large source of nonthermal atoms, a sink of thermal atoms and a greatly reduced 

source of accommodated atoms. Figure 3.4 illustrates the proposed cycle showing 

an unspecified source to the left and loss by photoionization to the right. Observed 

K and Na abundances determine the surface collision fluxes and the photoionization 

loss flux. The steady-state abundance of the atmosphere is controlled by the long 

source and photoionization time ( ",10 hI'S, Kj ",15 hI'S, Na). The surface residence 

lifetime r is required to be ",0.36 sec. which is obtained with an adsorption bond 

strength .$1.0 eV. The solar spectrum peaks in the region of quantum energies ",2 
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eVj such photons would reasonably desorb the K atom, with excess energy going 

partly into the kinetic energy of the extended, nonthermal atmospheric component. 

The desorption rate J = 2.74 quanta sec-1 per adsorbed atom is the product of the 

solar photon flux between 3000 and 8000 A (2.74x1017 quanta cm-2sec- 1) and a 

reasonable desorption cross-section (10-17 cm2). 

Figure 3.4 is based on an assumed sticking coefficient S, defined as the fraction of 

the incident atoms that momentarily adsorb on the surface. The remaining fraction 

(1-S) is assumed to be reflected with partial energy accommodation to the surface 

temperature. With an accommodation coefficient a, the remaining (I-a) x (I-S) 

return as part of the thermal or nonthermal population from which they came. The 

resulting steady-state equations were solved for both components of the desorbed 

and reflected K atoms (see Appendix C) assuming sticking coefficients S from 0.2 

to 0.7 and accommodation coefficient a from 0.2 to 0.7. Results vary, but all give 

satisfactory solutions; the results in Figure 3.4 correspond to the intermediate values 

S = 0.5, a = 0.5. 

Although this proposed solution contains several arbitrary but reasonable pa

rameters, it illustrates that the basic mechanism is self-consistent and compatible 

with available data. Better observations of the lunar atmosphere and study of 

gas-surface interactions in the laboratory will be needed to decide if it is correct. 
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Figure 3.4 Flow Chart Illustrating Redistribution of Atoms 

The flow chart above illustrates the redistribution of the thermal (accommodated 
to the surface temperature) and nonthermal (extended) 1( atmospheric components 
due to interactions with the lunar surface (a = 0.5; S = 0.5). Numbers (exponents 
in parentheses) represent fluxes in K-atoms cm-2sec-1. 
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CHAPTER 4 

SODIUM IN THE LUNAR ATMOSPHERE 

Introd uction 

Previous observations of the Moon's tenuous atmosphere have given dayside 

surface number densities (atoms cm-3) of <10, ,$2xl03 ,and rv1.6x103 , for H, 

He, and Ar respectively (Hodges et al., 1974). Likely sources are solar-wind capture 

for H and He, and radioactive decay of K for Ar. Because Mercury has long been 

considered a planet similar to the Moon with a basaltic surface and a tenuous, 

exospheric atmosphere composed of constituents (0, H, He, and Ar) captured from 

the solar wind or produced from radiogenic decay, it was natural upon discovery of 

Na and K to wonder if these atoms were also present at the Moon. In their review 

of Mercury's atmosphere, Hunten et al. (1988) attempted to compare it with that 

of the Moon and noted that Na and K had not yet been observed. They concluded 

that meteoroid volatilization was the most likely source, because release processes 

including evaporation, ion sputtering, and photon sputtering should rapidly deplete 

surface layers of N a. The accepted dust impact rate for the inner solar system 

varies outward from the sun with distance, a, as a-1.3 (Link et al., 1976). If larger 

particles obey a similar law, meteoroid volatilization could account for a decrease of 

a factor of only 4 in volatilized material at the Moon. The relatively high number 
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density (Na "'1.7- 3.8x104 atoms cm-3 and K ",500 atoms cm-3) in Mercury's 

atmosphere (Potter and Morgan, 1985; Potter and Morgan 1986; Sprague et ai. 

1990) made the failure to see Na and K at the Moon all the more surprising. 

Our search for lunar Na began in March, 1987 when the spectrograph slit was 

placed on the morning side of crater rims. It was hoped N a volatilizing in first 

light would be measurable in the images. Success came after a change in viewing 

geometry placed the slit perpendicular to the subsolar point and allowed imaging the 

maximum column abundance with a minimum of reflected light from the surface. 

Independent searches by Potter and Morgan (1988a) and Tyler et ai. (1988a) 

reported similar abundances and distribution of Na. The most surprising result at 

the time was the much smaller abundance than the expected value calcula.ted by 

scaling the meteoritic flux from Mercury to Earth; a factor of ",,400 times lower 

surface atmospheric number density than that observed on Mercury. 

Instrumentation 

Emission spectra of neutral Na atoms in the lunar a.tmosphere were obtained 

with the same equipment described in Chapter 2. At the slit width used for the 

current observations, the resolution element was ",,60 rnA full width half maximum. 

A spatial scale of 0.15 arcsec per pixel, equivalent to 300 m per pixel was obtained. 

A typical seeing disk has a diameter of ",2 arcsec which corresponds to ",,4 km at 

the distance of the Moon. 
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Data Obtained 

Two observations of the Moon were made. Table 4.1 gives the relevant or

bital and observing parameters for the discovery frame and subsequent observation 

contributing to the determination of Na abundance and scale height. 

The May 26 image was not suitable for absolute calibration of instrwnent sen

sitivity because of forest fire haze but the relative intensities permitted calculation 

of a scale height. Figure 4.1 shows graphs of the discovery lunar Na data. In the 

top rectangle the relative intensities are plotted as a function of altitude above the 

lunar limb. 

Signal to noise ratio is so high that the only significant uncertainty in intensity 

is due to subjective errors in subtracting scattered light from the lunar surface 

into the image. The subtraction process was repeated several times, the results 

recorded, and used to give an estimate of uncertainty in the relative intensity. One 

sigma error bars are plotted in Figure 4.1. Atmospheric turbulence and guiding 

errors contribute to uncertainty in the spatial direction along the slit. Because 

spatial information is smeared, data were binned in 30 row increments, roughly 

commensurate with the 16 pixel spatial resolution element. 



Table 4.1 Orbital and Observing Parameters: Na Discovery 

Date and time (UT) 

1988: 26 May 4 hr 4 min 
1988: 6 June 11 hr 47 min 

Exp. time (sec) Phase 

800 
360 

0.73 
0.59 

Airmass 

1.24 - 1.25 
1.41 - 1.42 

56 



57 

Lunor Atmospheric Sodium 
800 

May 26. 1988 4 hr 4 min ur 

700 • <> 
c 
+ 

600 • 

11 
11 c :sao - <> 
i D 

+ 
~ :g 400 
;t! <> <> 

c c 
300 + + 

200 

100 , 
0 20 40 60 80 100 

AltItude AIIoye Lunar Umb (km) 

Figure 4.1 Relative Intensities From Discovery Lunar Na Data 

Relative intensities from neutral N a emission in the lunar atmosphere (May 26, 
1988) plotted as a function of height above the lunar limb. Vertical error bars show 
one sigma level of uncertainty in removal of scattered light from the image. 
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To obtain an absolute intensity of the Na emission allowing the determination 

of column abundance, it was necessary to return to the telescope two weeks later. A 

360 second exposure and necessary calibration frames were made in time borrowed 

from another observer. Because of this constraint, the lunar exposure was made 

during twilight, rather than the full darkness that would have been preferred. The 6 

minute exposure time minimized the effect of changing sky conditions (eg. twilight 

and possible clouds). Figure 4.2 shows three spectral traces from long to short 

wavelengths. Data shown in the top spectrum are centered 43 km above the lunar 

surface. 

The lunar and superposed twilight emission can be seen emerging from the 

solar Fraunhofer lines. To illustrate the method used for continuum subtraction, 

the solar spectrum has been plotted over the data. The middle spectrum shows 

the emission lines after continuum removal. Close inspection shows that the lunar 

emission lines are Doppler shifted "",0.6 pixel shortward in correspondence with the 

sun-moon approach velocity at third quarter. The twilight airglow, taken 6 minutes 

later, is the bottom spectrum of Fig. 4.2. The instrument sensitivity calibration 

was made using the twilight exposure of Earth N a airglow at a solar depression 

angle of 4° (see Fig. 4.2). The D2/Dl ratio of 1.71 ± 0.05 was used to derive the 

intensity (Hunten, 1967, Eqs. 9 and 8). The 3% uncertainty in the ratio becomes a 

40% error in intensity, 1.32 ± 0.72 kR. This is in good agreement with an evening 

twilight atmospheric sodium measurement, also made at 'lUcson, by Hunten (1967) 

of 1.2 kR at a solar depression angle of 5°. Although this measurement, like ours, 

was made in June, there are large daily fluctuations that make it unsuitable for 

anything more than a confirmation. 
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Spectrum of the region of the sodium D lines, 43 km above the lunar limb, June 
7, 1988. A solar spectrum is plotted over it (top). The emission lines represent 
the sum of resonant scattering by the lunar atmosphere and sodium atoms in the 
Earth's upper atmosphere. Subtraction of the solar component yields the middle 
trace. The twilight lines, similarly treated, from a separate exposure 6 minutes 
later, are shown in the lower trace. 
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Analysis 

Conversion of intensity to column abundance is discussed in detail in the pre

vious chapter, Appendices A and B, by Chamberlain and Hunten (1987) and by 

Brown and Yung (1976). In this case the g-value (photons sec- I atom-I) is 0.93 

for the sum of D2 and DI at 1 AU with no Doppler shift, and 2/3 of this for D2 

alone. Further small corrections allow for the phase function of D2 (0.976), for 

additional light reflected from the surface (1.13), for the Sun-Moon Doppler shift 

(1.02), and the Sun-Moon distance (1.015 AU). The effective g factor becomes 0.584 

photons sec- I atom-I. The phase function is discussed by Chamberlain (1961), eq. 

11.44, and the albedo correction by McElroy and Hunten (1966). Although their 

expression is for a Lambert surface, the error for the Moon should not be serious if 

we use the Bond albedo, 0.067 according to Allen (1973). The 3400 R at the surface 

in Fig. 2 thus corresponds to a line-of-sight abundance of 5.32><109 atoms cm -2. 

The path length at the limb is J27r RHobs = 929 km, and the munber density is 57 

± 20 cm-3 • The uncertainty is due to that of the absolute intensity calibration 

and subtraction of the scattered component from the lunar surface. 

Scale heights with remarkable similarity were obtained from the data in the two 

images. In each case the binned data were fitted with a best fit line using linear 

regression analysis omitting the point nearest the surface which is most subject 

to error in scattered light subtraction. Five trials were made a.t subtracting the 

scattered light from the surface to estimate uncertainty. The excursion in results 

is shown in the plot of relative intensities above the lunar limb shown in Figure 
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4.1. Error bars in point by point values are at the one sigma level. Scale heights 

calculated from the five trials of the 26 May data set range from 54 to 102 km 

giving an average of 75 ± 25 km. A least squares regression fit to the average 

natural logarithm of the five trials at the data gives a scale height of 69 km shown 

in the top portion of Figure 4.3. The bottom rectangle illustrates the fit to the June 

7, 1988 Na emission data which are plotted as average intensity (8 km bins) in 17 

km increments off the lunar surface. Shown are values before and after subtraction 

of Earth twilight airglow. The least squares fit the data as a function of geopotential 

height resulted in a scale height of 85 km in good agreement with that expected 

from a surface temperature of 381 K. Visual inspection of the image shows a defect 

near the wild point at 27 km. The fit to the remaining points reflects the high 

quality of the data. 

Interpretations 

Estimates of the surface temperature at the lunar limb beneath the slit can be 

made using the radiometry of Saari and Shorthill (1972a). An estimated sub-slit 

lunar limb temperature of 309 K at the time of observation on May 26 (waxing 

gibbous) results in a commensurate calculated scale height of 69 km. However 

uncertainty in scattered light subtraction means the scale height could be higher. 

A scale height as large as 102 km could be fitted to these data, corresponding to 

a temperature of 455 K. In this case a substantial nonthermal component could be 

present. A higher sub-slit lunar limb temperature of 385 (third quarter) for the 7 

June frame gives a calculated accommodated scale height of 86 km. The implication 
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Figure 4.3 Linear Regression Fits to Lunar Atmospheric Na Data 

Relative intensities from the two lunar atmospheric Na images are plotted as a 
function of geopotential height above the sunlit lunar limb. In the top rectangle the 
line fitted to the Dl emission (May 26 data) is obtained using the average points 
shown in Figure 4.3. A scale height of 69 km is derived from a least squares fit to 
the logarithms. When scale heights are obtained from each set of data points, the 
average scale height is 75 ± 25 km. Shown in the bottom rectangle is the fit to 
the D2 emission observed in the June 7 image. In this case the slope gives a scale 
height of 85 km with similar uncertainty. 



63 

is that the observed sodium atoms are at least partially equilibrated with the local 

surface temperature. In each case the derived scale height is near to that expected 

if atoms have accommodated to the physical surface temperature. 

According to the survey of the lunar and Mercurian atmospheres by Hunten ct 

al. (1988), the most probable source of sodium atoms is evaporation of meteoroids. 

However, the meteoroid source does not explain the factor of ",400 less sodium on 

the Moon unless the loss rates are vastly different. Two additional source processes 

should be considered. Thermal infrared observations (see Chapter 6) at several 

locations on Mercury's surface by Tyler ct al. (1988b) indicate a surface less mafic 

(containing less Ca, Mg, and Fe) than the south polar lunar highlands. A :Mercu

rian crust and regolith of intermediate rock type which has not undergone volatile 

depletion to the lunar extent would contain more Na and K. Photon weakening of 

bonds which hold Na and K in the silicate lattice structure may enhance photon 

sputtering from the surface layer (McGrath ct al., 1986). A factor of ",7 grea.ter 

photon flux at Mercury over the Moon and a sodium-enriched surface may increase 

the relative importance of surface sputtering as a release process. However, any 

such release will deplete the surface layers of Na and K, and an actual source is 

necessary. 

The second possibility is that Mercury's atmosphere has a large component 

generated by the diffusion of Na atoms through the crust and smoface regolith (see 

Chapter 6 or Sprague 1990). Diffusion coefficients vary strongly with temperature 

and the vapor pressure of metallic Na is large even at 450 K. Thus the temperature 

difference between Mercury and the Moon may result in large differences in supply 

rates to the surface. The increased supply rate coupled with the factor of ",7 greater 
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photon flux for surface sputtering, could contribute to the factor of ",300 higher Na 

surface number density at Mercury. Potassium atoms, with their larger diameter, 

diffuse more slowly than sodium atoms; this difference could explain the smaller 

enhancement of K abundance than Na abundance at Mercury over the Moon. If, 

as mentioned above, Mercury's surface is more alkali-rich than that of the Moon, a 

further enhancement in the neutral Na and J( atmosphere at Mercury would result. 

An alternative explanation of the comparatively low lunar Na abundance is 

faster loss processes. If loss is due entirely to ionization and subsequent solar wind 

sweeping, it is expected that loss processes are more efficient at Mercury than at 

the Moon despite its inherent magnetic field. Loss of neutral Na by photoionization 

is more effective by a factor of at least 6 at Mercury. It is generally believed 

that half the ions created are immediately carried away by the solar wind; the 

other half are precipitated back to the surface. The presence of an intrinsic field 

at Mercury changes the details, but not the general idea. Hunten ct at. (1988) 

speculate that there may be some efficient, but unspecified, recycling mechanism. 

Such a mechanism might be less efficient at the Moon. 

The number densities of Potter and Morgan (1988a) and those presented here 

agree almost exactly, but they obtain a larger scale height, ",,120 km. Subsequent 

observations by Potter and Morgan (1988b) have shown an extended Na component 

observed to 1200 km altitude above the sunlit lunar limb. If one assumes that the 

source of the Na is from volatilization of meteoroids upon impact then the Na 

atmosphere would be characterized by a large scale height at formation wi th a 

component thermalized or accommodated to the physical temperature of the suface 

by energy exchange upon gas-surface interactions. A calculation of the expected 
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thermal component results in abundances larger by a factor of 4 than those observed 

and presented here. This can be explained by adsorption of the atoms momentarily 

on the surface and subsequent photo-desorption by the considerable visible solar 

flux. Thls theory is fully explored in the chapter on lunar potassium (Chapter 3), 

as it was the K observations which led to its development. 

Planned future observations include: 

1. A search for latitudinal variations in Na emission. 

2. A careful calibration of the Na emission from the extended component. 

3. Repeated observations to determine temporal variability, if any. 

4. Searches for other constituents such as oxygen, calcium and magnesium. 

5. A search for variations in Na or K emission which could be correlated with 

solar driven phenomena such as charged particle flux at the lunar position in 

the interplanetary magnetic field. 
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CHAPTER 5 

THERMAL INFRARED OBSERVATIONS 

Introduction 

If we are to understand the sources and sinks of the tenuous atmospheres at 

the Moon and Mercury we must characterize the surface composition and physical 

properties of both bodies. Much is known about lunar rocks and surface fines from 

Apollo sample returns and subsequent laboratory analysis. But this information is 

ground truth for only six locations on the Earth-facing lunar hemisphere. Efforts 

by McCord et al. (1976), Pieters (1978) Spudis et al. (1984) and Davis and Spudis 

(1985) among others have successfully determined composition by use of reflectance 

spectroscopy in the near infrared combined with careful chronology. Yet there still 

exists enormous uncertainty regarding the composition of much of the lunar surface. 

From Mercury there is no 'ground truth'. Mariner 10 imaged slightly over half 

the planet showing it to be heavily cratered, but no instruments measured actual 

compositions. Color ratios (Hapke et al. 1980) indicate a surface bluer than the 

moon in overall reflectance properties. At the time this phenomenon was attributed 

to surface glasses and agglutinates lower in iron and titanium than their lunar 

counterparts. But differences in shielding of the surface from solar wind protons by 
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the inherent Mercurian magnetic field prohibits drawing firm conclusions from the 

albedo and color information regarding the presence of Fe and Ti. 

More recently observations of Mercury have attempted to detect the FeO con

tent of surface materials by analysis of reflectance spectra in the region of the 

pyroxene band centered at 0.9 pm (Vilas and McCord 1976; Vilas 1985). These 

observations were especially difficult because of masking of pyroxene bands centered 

at 0.9 pm and 1.8 pm by telluric water absorption, combined with poor seeing 

and high airmasses of Mercury observations, and no positive identification has been 

made. 

Cosmochemical arguments and solar system condensation models predicting 

volatile depletion, combined with the apparent lack of FeO, point to a composi

tion resembling enstatite achondrites, Mg rich differentiates. The only absolute 

fact is that many more observations designed to determine surface composition are 

needed. A future Mercury orbiter could finally resolve critical issues regarding solar 

system formation pivoted on the composition of Mercury by carrying the appropri

ate suite of instruments. Until that time however, ground-based observations using 

the thermal infrared offer the greatest hope of increasing our knowledge regarding 

the composition of Mercury. 

The Principal Christiansen Frequency 

The interaction of electromagnetic radiation with matter depends upon both 

macroscopic and microscopic properties of the material. The velocity of light 
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through the medium v is equal to c/.JJii where c is the speed of light in a vacuum, 

/-l and f are the permeability and dielectric constants of the material, respectively, 

and may be complex tensors. The complex index of refraction of the medium n 
= ..jiif or c/v + i)"",/47r. The real part n, indicates the speed of the wave pack

ets, '" is the volume absorption coefficient of the medium. When the penetrating 

light is of frequency resonant with the vibrating structures of the medium", passes 

through a maximum and the real part of the index of refraction drops preci pi tously. 

Shortward of the fundamental absorption band, the real part of the index increases 

and the speed of the wave packet is faster, increasing to a point where it equals the 

speed of light in a vacuum just short ward of the resonant absorption frequency. The 

principal Christiansen frequency is this region of the spectrum, slightly different for 

each material, where the real part of the index of refraction increases through 1 on 

the short side of the maximum absorption band. It is here that volume scattering 

wi thin the grain is at a minimum. 

For radiating granular surface particles the principal Christiansen frequency is 

the frequency at which the real part of the refractive index of the individual particles 

is equal to that of the surrounding medium. At Mercury and the Moon the top 

surface grains radiate directly to space. 

Thermal infrared spectra from cool powdery surfaces underlain by a wann sub

surface (top tens of micrometers) like the moon, have been shown to have a region 

of maximum spectral emissivity characteristic of the mineral assemblages compris

ing the bulk rock. In 1970 Murcray et al. published a paper showing thermal 

emission spectra between 7.0 and 13.5 /-lm from the lunar surface. The spectra were 

obtained at an altitude of 32 km from a balloon-borne spectrometer and circular 
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variable filter with a liquid-helium-cooled Cu:Ge cell as a detector. The only sig

nificant absorption by the atmosphere in the wavelengths recorded was at 9.6 /-lm, 

the center of the ozone band. Figure 5.1 shows the published balloon-borne spec

tra. The emission maxima fall longward of 8.0 /-lm. The ozone band is visible 

near 9.6 /-lm. Absorptions due to CH4 (centered at 7.66 /-lm), N20 (centered at 

7.8 /-lm) and H20 (decreasing as 8.0 /-lm is approached from shorter wavelengths) 

may contribute to the low emissivities short ward of 8.1 /-lm. Careful examination 

shows that the location of the maximum emissivity varies. 

Laboratory studies by Conel (1969) of infrared emissivities from minerals com

monly found in silicates had shown that the emission maximum, or principal Chris

tiansen frequency, varied predictably with composition. Based upon that principle, 

Salisbury et al. (1970) attributed the differences in the lunar spectra to differences 

in the surface materials at the locations from which the spectra were obtained. 

Later, laboratory emission spectra of Apollo 14 and 15 soils and Apollo 16 lunar 

fines (Logan et al., 1972; Salisbury et al., 1973) provided known emissivities for 

a limited suite of lunar samples. Logan et al. (1973) investigated the emission 

spectra of 72 rock types under simulated lunar conditions (vacuum, particle size, 

porosity) which were characterized mineralogically and petrologically. Figure 5.2 

(from Logan et al. 1973) shows emittance spectra of 0 - 74 /-lm granite powder 

measured at different atmospheric pressW'es. They found that the Christiansen fre

quency peak is enhanced by the low pressure and cold background of space and that 

its shift to longward wavelengths occurs predictably with an increase of mafic com

ponent minerals. To date these are the only vacuum emission spectra with which to 

compare remotely sensed data. The location of emissivity peaks in the Murcray et 

al. data all falllongward of the vacuum emission peaks from terrestrial basalts of 
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Figure 5.1 Balloon-borne Lunar Thermal Infrared Spectra 

Shown above are normalized spectral emissivities from various regions on the lunar 
surface as calculated from flight data of Murcray et al. 1970. The Christiansen 
frequency peak can be seen to shift slightly longward from top left frame to bot
tom right as composition shifts from that of highlands to maria. Raw data have 
been ratioed to an internal black-body source but not corrected for atmospheric 
absorption by 03, N20, CH4, or H20. 
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Figure 5.2 Christiansen Frequency Peak Variations 
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The graph at top of figure shows measurements of spectral emissivity of powdered 
granite. The spectral contrast increases with lower ambient pressure (mm of mer
cury (Hg)) and background temperature (figure from Logan et al. 1973). The shift 
to longer wavelength of the Christiansen fl'equency as the SCFM index increases is 
illustrated in the lower graph from Salisbury and \Valter (1989). 
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Logan et al. (1973). The peaks are consistent with the vacuum emissivity maxima 

from Apollo 14, 15 and 16 lunar surface soils and fines. 

Feierberg et al. (1983) found some differences among main belt asteroids by 

observing thermal emission in the region of the strong reststrahlen bands, gener

ally located longward of the Christiansen frequency. Uncertainties in instrument 

aperture effects led to abandonment of the project at that time. 

In 1986 Salisbury suggested the use of overtone bands of stronger silicate funda

mentals for remotely sensing the composition of surface materials at distant planets 

(colloquium, LPL). Following the colloquium, a library search found the compan

ion papers describing the lunar thermal emission observations and interpretations. I 

decided to attempt similar but ground-based observations of Mercury. Larry Lebof

sky agreed to supervise the project. The first proposal was submitted for observing 

time at the Infrared Telescope Facility (IRTF) at Mauna Kea in April, 1987. 

Since that time extensive study of the effects of particle size, porosity (Salis

bury et al. 1988) and composition on the reflectance properties of well-characterized 

mineral and rock samples by Salisbury and Walter (1989) and \\Talter and Salisbury 

(1989) quantified the correlation of composition with silicate absorption bands be

tween 2.5 and 13.5 j.tm. The trend reflects the average Si-O bond length and thus 

the degree of depolymerization of the silica tetrahedra. A quantitative descriptor 

of igneous rock composition which reflects the abundance of major divalent cations 

(Ca, Mg, Fe) most closely associated with depolymerization has been introduced by 

Walter and Salisbury (1989). The SCFM index is defined as Si02/(Si02 + CaO + 
FeD + MgO) where FeD is the sum of FeO and Fe203 as determined by microprobe 

analyses. The bottom part of Figure 5.2 shows the change of Christiansen frequency 
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as a function of SCFM index as determined by Salisbury and Walter (1989). Table 

5.1 lists compositions of illustrative igneous rock types. As composition varies from 

that of the most felsic rocks (eg. granite, rhyolite) through the intermediate range 

(eg. andesite, tonalite, low alkali basalt) to mafic types (eg. anorthosite, basalt, 

diabase, norite) and to ultra mafic (eg. dunite, picrite), the emission peak moves 

longward; typically from 7.5-9.0 pm. Also quantified is the relationship between 

composition and the transparency peak where transmission of radiation maximizes 

through the sample. 

One of the common rock-forming minerals, plagioclase feldspar, is composed 

of a solid solution of differing amounts of two end-members albite (NaAISi30S) 

and anorthite (CaAI2Si20S)' The relative amounts of these two components can 

be discerned in hemispherical reflectance spectra between 4.5 and 5.0 Ilm. Figure 

5.3 shows reflectance spectra from the sodium rich end-member albite in the top 

rectangle. In the bottom rectangle of the same figure is a spectrum from a more 

calcium rich sample with modal composition halfway between the two end-members. 

Notice the sharp rise and subsequent fall in reflectance of the albite sample which is 

not present in that of the more calcium rich specimen. The presence of orthoclase 

((N a,K)Si3 Os) in the feldspar also causes reflectance inflections in this spectral 

region, as does abundant A1203. Figure 5.4 shows reflectance spectra of sanadine 

(top; potassium rich feldspar) and Andalusite (bottom; AI2SiOs, a mineral typically 

found in terrestrial samples in contact metamorphic zones associated with clay 

bearing sediments). Note the series of rapid rise and fall in reflectance near 4.8 

pm. 



74 

Table 5.1 Composition of Illustrative Igneous Rock Types 

OXIDE" GRANITE TONALITE ANDESITE ANORTHOSITE BASALT PICRITE 

5102 76.50 63.08 57.38 113.4l 49.52 44.87 

TI02 0.21 0.69 0.62 0.73 3.11 1.09 

AI20 3 12.6 16.88 18.36 25.79 12.91 7.64 

Fe203 1.0 1.41 4.88 01.15 1.18 1.1 

FeO 1.64 4.08 2.26 1.08 9.45 11.24 

MnO 0.02 0.09 0.07 0.02 0.17 0.18 

MgO 0.23 5.98 2.40 0.25 9.07 24.53 

CaO 0.35 2.39 8.48 9.65 10.54 7.66 

N20 3.5 3.56 2.96 5.31 2.33 0.98 

K20 4.7 1.3 0.74 1.16 0.74 0.21 

H2O 0.56 1.06 0.15 2.25 0.19 0.05 

P20 a 0.0 0.1 0.31 0.04 0.30 0.10 

Cr20 3 0.02 0.06 0.02 

• All compositions are taken Crom Salisbury (1988). 
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Figure 5.3 Hemispherical Reflectance Spectra: Plagioclase Feldspar 

The t,op spectrum shows % reflectance of albite (NaAISi30S), the sodium rich end
member of plagioclase feldspar. When composition shifts toward the more Ca-rich 
end-member anorthite (CaAI2Si20S), in this case AbsoAnso (labol'adorite), the 
rapid fluctuation in reflectance near 4.9 pm is no longer seen (bottom spectrum). 
From Salisbury et al. (1987). 
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25.0 

Figure 5.4 Hemispherical Reflectance Spectra:Sanadine and Andalusite 

The reflectance minimum from 4.6 to 4.9 pm and the rapid rise from 4.9 to 5.0 11m 
characterizes this potassium-rich feldspar (sanadine). In vacuum emission the re
flectance inflection would correspond to relatively high emissivity between 4.5 and 
4.8 J-lm and and emissivity drop at the longward edge. Below, can be seen a series of 
rapid changes in spectral reflectance beginning at 5.0 pm and continuing longward. 
Andalusite is typically found in metamorphic regions associated with clay-bearing 
sediments. In this case the reflectance fluctuations are because of the high Al203 
content. This spectrum is included to be instructive, not because it is suggested as 
a possible cause of the emissivity inflection of Figure 5.12. From Salisbury et al. 
(1987). 
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Hemispherical reflectance spectra of igneous rocks show rapid changes in re

flectance between 4.5 and 5.5 p.m because of their mineral constituents. Figures 

5.5-5.7 illustrate this point. The Christiansen frequency peak in emissivity will 

correspond to the reflectance minimum between 7.0 and 9.0 p.m. Results show it is 

the broad spectral envelope rather than the fine spectral structure which contains 

the information diagnostic of igneous rock composition. The fine structure may 

contain information regarding individual mineral components. Shown in order of 

decreasing Si02 (refer to Table 5.1 for compositions) are spectra of granite (5.5, 

top), tonalite (5.5, bottom), andesite (5.6, top), anorthosite (5.6, bottom), basalt 

(5.7, top) and picrite (5.7, bottom). All figures are from Open-File Reports of Sal

isbury et al. (1987) and Salisbury et al. (1988). Reference to those Reports can 

be made for a more complete description of the corresponding rock and mineral 

samples used in this dissertation. 

The possibility of extracting useful information concerning surface rock type by 

remote sensing is increased by understanding the relationship of reflectance minima 

with grain size, porosity, temperature, ambient pressure and composition. Through 

the physics of electromagnetic interaction with matter the wavelength of emission 

maxima can be predicted from the location of reflectance minima. This is a first 

step in using thermal emission spectra of the Moon, Mercury, and the asteroids to 

determine their surface composition. The sucess of observations such as these at 

comparing petrologic similarities and differences among silicate bodies in the solar 

system may have important implications for the choice of instruments to fly on 

probes such as the Lunar Polar Orbiter and Mars Observer. 
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Figure 5.5 Hemispherical Reflectance Spectra of Igneous Rocks 
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Top: granite. The rapid fluctuations in reflectance seen between 4.8 and 5.0 J.lm 
seen in igneous rock spectra is due to the properties of their constituent minerals, 
in this case Si02 and alkali feldspar. Bottom: tonalite. The reduction in spectral 
contrast of the 4.8 J.lm feature reflects the decrease in Si02. From Salisbury ct ai. 
(1988). 
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Figure 5.6 Hemispherical Reflectance Spectra of Igneous Rocks. 

Top: andesite. Spectra from more mafic (more CaO, MgO, FeO and/or Fe20a) 
igneous rocks than those shown in Figure 5.5 show a decrease in the spectral contrast 
of the 4.8-5.0 pm features associated with quartz and sodium rich feldspar. A 
subdued reflectance inflection is maintained. Bottom: anorthosite. with increasing 
mafic minerals the spectrum is nearly featureless in the diagnostic 4.7 - 5.0 pm 
region. Figure from Salisbury et al. (1988). 
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Figure 5.7 Hemispherical Reflectance Spectra of Igneous Rocks 

Top: basalt. A spectrum from basalt whose composition is given in Table 5.1 shows 
no features associated with alkali feldspar shortward of 5.5 pm. Grain size for this 
sample was 0 - 74 pm. Bottom: picrite. Features in the spectrum between 5.5 
and 6.5 pm obtained from 0 - 74 pm powdered picrite, are characteristic of mafic 
mineralogic content (in this case, olivine). A Christiansen frequency maximum in 
emissivity near 8.7 pm can be inferred from the minimum in reflectance at the same 
wavelength. From Salisbury et al. (1988). 
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Instrumentation 

All data presented here were obtained at the IRTF at 4145 m altitude at Mauna 

Kea, Hawaii. Several spectra of Mercury were obtained between 4.47 and 4.93 pm 

with the cooled grating array spectrometer (CGAS) in July of 1987. These data are 

presented here. All other data were obtained using a Si:As photoconductor with 

circular variable filter (ATl). The instrument, designed for study of faint objects, 

had not previously been used with bright objects like Mercury and the Moon. The 

data of the first run were lost due to a high order light leak contaminating the 

spectra near 7.8 pm. Subsequent data were obtained using a CaF2 filter to prevent 

this problem. To prevent saturation of the lock-in amplifier for most Mercurian 

magnitudes a KRS-5 blocking filter was used along with a 10 X in-line attenuator. 

Data from the September 1988 run were lost because of incorrect installation of the 

in-line attenuator. Modifications were made reducing the sensitivity in December 

1988 following the discovery of a non-linearity in the detector at high signal. In 

October, 1989 the CVF was tested for low order light leakage by inserting a fused 

silica window at the entrance port during bright star observations. No evidence 

of light leakage was seen. Only data thought to be free of instrumental error are 

presented here. 
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Data Obtained 

Thermal infrared emission spectra between 7.2 and 12.2 /-lm have been obtained 

from the Moon, Mercury and 15 Eunomia. Thermal infrared emission spectra be

tween 4.47 and 4.97 /-lm were obtained from Mercury. Table 5.2 gives relevant 

parameters for observations whose results are presented here. 

Because these observations constituted a new type of observations at the IRTF 

a productive observing strategy needed to be developed. Seeing was found to remain 

< 3 arc seconds until a few hours after sunrise. The best spectra were obtained 

in all instances before seeing deteriorated by mid-morning. To reduce signal, an 

east-west slit was used for both Mercury the Moon while a circular aperture of 6.0 

arcsec diameter was used for the standard stars during the March 1988 run. An 

aperture large enough to include the complete earth-facing disk of Mercury with 

its seeing disk was used following the modifications to the instrument in December 

1988. A chopping secondary with a beam separation of 20 arc sec removed the sky 

and telescope components immediately. 

Fluxes were measured in steps of 0.09 /-lm which Nyquist sampled the spectrum 

at a resolution (6.>./>.) of 0.018. Spectra were ratioed to those of standard stars at 

similar airmass to remove telluric features short ward of 8.0 /-lm (H20), centered at 

7.66 /-lm (CH4), centered at 7.8 /-lm (N20), 9.6 /-lm (03), and longward of 11 /-lm 

(C02)' The signal to noise ratio was typically high for both the CGAS and AT! 

observations as the Moon and Mercury are very bright extended objects. 



Table 5.2 Relevant Parameters of Thermal Infrared Observations 

DATE MERCURY 

23 July 1987 CGAS (B) 

9-10 March 1988 ATl*U 

2D Feb. 1989 ATl* 

23-24 June 1989 ATl* 

*CaF2 filter at entrance port 

tKRS5 filter at. entrance port 

UD X in line attenuator 

MOON 15 EUNOMIA STANDARD STARS 

'Y Gem 

ATl*U (J Peg 

(J Peg 

ATl* ATl* (J Peg 
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Figure 5.8 Four Raw Spectra From Mercury: 24 June 1989 

Four successive spectra from Mercury show typical repeatability of spectral thermal 
radiant exitance. No corrections have been made to data shown in this figure. 
Voltages converted to instrumental magnitudes are shown on the vertical axis. The 
airmass factor at the time and location of each observation is shown in the legend. 
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The greatest uncertainties in the raw data are those associated with changing 

temperature after sunrise at the telescope. Heating of the seconday ring can result in 

rapid changes in the focus. Heating of the dark rocks on the flanks of the mountain 

creates local atmospheric turbulence. In theory, beam switching and chopping to 

the sky should remove most drifts in the signal due to heating of equipment and 

sky. Because the objects observed are bright, the signal to noise ratio was always 

high (~ 200). The most repeatable results were obtained by obtaining standard star 

spectra before Mercury rise in dark time and obtaining Mercury and lunar spectra 

before mid-morning when seeing deteriorated. Typical raw spectra (no corrections) 

are shown in Figure 5.8. 

Analysis 

To obtain relative emissivities the spectra of the Moon, Mercury and 15 Eu

nomia are divided by those of calibration stars obtained at the same airmass. The 

result is then multiplied by model black-body spectra of the calibration stars calcu

lated at the appropriate temperature to remove unwanted stellar slope. A thermal 

model is used to generate a model black-body spectrum for the observed object at 

the appropriate temperature determined by phase angle and heliocentric distance 

at the time of observation. Division by this spectrum gives the so-called 'relative 

emissivity'. All points are then normalized to the maximum in the region of the 

Christiansen frequency peak which is given the value of 1. The 'relative ernissivity' 

is not a true emissivity because the relevant black-body temperature is not really 

known. Values exceeding 1 are therefore possible (e.g. Figure 5.9). 
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The sensitivity of the long wavelength end of the relative emissivities to temper

ature reveals the largest uncertainty: that of assumed surface temperature beneath 

the aperture. Quantities such as surface slope, porosity, albedo and emissivity of the 

surface are unknown yet affect temperature. In the case of Mercury a lateral tem

perature gradient across the surface varying with phase angle must be considered. 

The region on the surface providing the overwhelming thermal infrared flux at the 

telescope is found by a thermal model. A non-rotating, smooth body in instanta

neous equilibrium with solar insolation is assumed. A full sun-facing disk is divided 

into bands of equal temperature decreasing in temperature as solar angle increases 

away from the subsolar point. The surface is then rotated about the geographic 

north-south axis until the correct phase and sub-earth longitude and latitude are 

reached. The surface seen during the integration was generated by asswning 3 arc

sec seeing with an appropriate weighting function to simulate the distribution of 

temperatures in the aperture footprint. The resulting spectrum is quite well ap

proximated by that of a black-body with temperature varying from observation to 

observation with difference in phase and heliocentric distance. Departures from the 

actual model spectrum are greatest longward of 10 pm and < 2%. Differences 

between the calculated temperatures and those from a more sophist.icated model 

such as that of Lebofsky and Spencer (1989) are estimated to be small. Radiometric 

brightness temperatures for Mercury determined by Murdock (1974) and Mitchell 

(preprint, 1990) show that the temperatures calculated with the thermal model are 

in reasonable agreement (to within 7%). This may be because our observations 

occur when the phase angle is between 70 and 110° when the difference from the 

simplest model is a minimum. 
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The value of the emissivity at long wavelengths (9.0-12.0 ILm) changes signifi

cantly with model temperature while the Christiansen frequency peak is unaffected. 

To demonstrat,e, spectra of Mercury and the Moon have been plotted for three dif

ferent temperatures and are shown in Figures 5.9 and 5.13. 

Because these spectra were obtained from 'airless bodies' a small correction 

must be made before direct correlation of emission maxima or principal Christiansen 

frequency wavelength can be made with laboratory spectra obtained at atmospheric 

presstrre. Fortunately, the shift in wavelength due to the vacuum environment is 

known and can be easily made (Salisbury and Walter 1989). Vacuum wavelengths 

are slightly shorter than those found in the laboratory for the same composition (see 

Figure 5.2). Wavelengths of Christiansen frequency peaks quoted in this chapter 

are those of the actual data. Conversion to the atmospheric presstrre value is made 

before determining rock type. 

Table 5.3 lists orbital parameters for all observations presented here. Figures 

5.9-5.15 show normalized emissivities of the best data obtained. Error bars in 

Figures 5.10-5.11 and 5.14-5.15 indicate the full excursion in fluxes obtained at 

one point on successive spectra. It typically takes ",,2 minutes to integrate each 

point in the desired spectrum. Stepping through 60 points or more can increase the 

uncertainty of the relative intensity from one point to the next. This is because of 

changes in sky quality, seeing and telescope heating. Because Christiansen frequency 

emissivity maxima typically occur between 7.5 and 8.9 ILm a decision was made to 

limit the range range of integration to that containing the Christiansen frequency 

and omit the longer wavelength regions. This permitted repeated observations at 

the same location within the same hour as a test of reliability. The disadvantage is 
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Table 5.3 Orbital Paral11eters for Tbermal Infrared Observations 

"Locations observed for Mercury are given in degrees Mercurian longitude. 

OBJECT DATE UT TIME PHASE HELIOCENTRIC· LOCATION 
(hr) frac. ill. DISTANCE (AU)OBSERVED 

Mercury 23 July 1987 - 11 0.32 0.368 - 320 
9 March 1988 - 20 0.59 0.462 - 40 
10 March 1988 - 21 0.60 0.464 "" 46 
21 Feb. 1989 - 20 0.65 0.457 - 45 
24 June 1989 ,." 18 0.51 0.337 ,." 305 

Moon 9 March 1988 ,." 18 0.68 0.994 S. polar highlands 
10 March 1988 ,." 19 0.57 0.9940 S. polar highlands 
23 June 1989 -19 - 20 0.78 1.018 Grimaldi & W. highlands 

15 Eunomia 24 June 1989 ,." 15 whole disk 
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that we do not have the information of spectral shape longward of the Christiansen 

frequency peak. At the time it was not known how to interpret the structure 

longward of 8.5 I'm in the spectra shown in Figures 5.9 and 5.13 for the Moon 

and Mercury. It was felt to be more advantageous to obtain several spectra in 

the wavelength region containing the principal Christiansen frequency to determine 

reproducibility. 

Figure 5.12 shows normalized spectral emissivity of Mercury's surface between 

4.47 and 4.92 I'm obtained 23 July 1987. Data were reduced in the same manner 

as those from longer wavelength. 
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Figure 5.9 Spectral Emissivity of Mercury: 9-10 March 1988 
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Thermal infrared spectra obtained 9 and 10 March 1988 indicate emissivity maxima 
at "-'7.9 pm. A Christiansen frequency at this location is characteristic of inter
mediate rock types such as anorthosite, and some low alkali basalts. The emission 
minima near 8.9 and 10.1 pm may be associated with reflectance maxima character
istic of plagioclase with high albite modal abundance. From Tyler et al. (19S8b). 



91 

MERCURY 
21 P'EBft\Wn' 1989 

1.10 

1.05 

1.00 

I 0.95 

O.iO 

I 0.155 

0.80 

0.75 

0.7'0 
7.2 7.4 7.S 7.ft a a.2 a.4 a.8 a.a 

WAVELfIIGTH ( ... ~t.CrnRS) 

Figure 5.10 Spectral Emissivity of Mercury: 21 February 1989 

Three thermal infrared spectra were analyzed 21 February 1989 near 45° :Mercu
rian longitude. The vacuum emissivity maximum near 7.82 Ilm is characteristic of 
intermediate rock type. The relatively high spectral contrast may be indicatiye of 
a feldspar component, either crystalline or glassy which is alkali rich. 
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Interpretations 

If we assume that the frequencies of the emissivity maxima are not affected 

by some unknown measurement error then comparison of the data, corrected for 

atmospheric pressure, with Table 1 of Salisbury and Walter (1989) gives an indi

cation of rock type. This project has successfully detected differences in the bulk 

rock type on Mercury. Mercury rotates 6° in an Earth day. Such a rotation can 

bring different rock type into the region being sensed by the detector. The Mercury 

spectra are separated according to day of observation. Examination of spectra from 

9-10 March 1988 in Figure 5.9 shows emission peaks near 7.9 pm from the region 

near 40° longitude, and 7.8 Ilm, near 46°. These exclude both ultramafic and 

granitic compositions. While peaks shown in Figure 5.9 appear to the eye to vary 

by 0.1 pm, the resolution of the CVF (0.14 pm) prohibits certain discrimination. 

The emissivity maxima are all slightly shortward of the emissivities of the south 

polar lunar highlands shown in Figure 5.13. The relatively high spectral contrast in 

the region of the Christiansen frequency emissivity maximum and the minima near 

8.9 and 10.1 pm may be interpreted as indicating an alkali-rich feldspar component 

(Nash and Salisbury, 1990). 

Spectra obtained from Mercury on 21 February 1989 (see Figure 5.10) also 

show emission maxima near 7.85 pm, consistent with intermediate rock types such 

as andesite, anorthosite, diorite, and some alkali rich basalts. A mafic to ultra-mafic 

rock type was seen in observations of 24 June 1989. In Figure 5.11 is shown the 

average of three successive observations of Mercury taken on that date. Radiant 
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exitance measured at the telescope is estimated to come from the equatorial region 

near ",,305° Mercurian longitude. The spectral shape delineating the region of 

emissivity maximum is broader than that of March, 1988 01' February 1989. The 

maximum is seen to be shifted longward considerably to near 8.2 I-lm. These data 

are the first to show thermal emission maxima characteristic of mafic rock types. 

Such igneous types include mafic basalts characteristically containing significant 

amounts of pyroxene, Ca-ricll plagioclase and some olivine. 

The Mercury spectrum from shorter wavelengths shown in Figure 5.12 covers 

the region of rapid changes in reflectance associated with Ca, Na substitution in 

plagioclase shown in Figures 5.3 and Na and K substitution in Figure 5.4. The 

emissivity from ",,320° longitude on Mercury's surface shows a precipitous drop 

between 4.76 and 4.82 Itm and then flattens longward to 4.92 I-lm (vacuum wave

lengths). This is interpreted as characteristic emission from materials which have 

a region of low reflectance shortward of 4.9 I-lm and a sudden rise between 4.86 

and 4.92 I-lm and flattening out longward to 5.05 I-lm (measured at 1 atmosphere). 

This is consistent with the reflectance cllaracteristics of rocks containing plagioclase 

feldspar with modal abundance greater than Abso. At these modal compositions 

significant K can go into the solid solution. Notice the spectrum of laboradorite 

(Abso Anso) shown in Figure 5.3 (bottom) does not have the spectral feature. 

The lunar data shown in Figure 5.13 show a clear difference of composition 

between the two south polar highland locations. A vacuum emissivity maximum 

at ""S.l I-lm on 9 March 19S5 is indicative of mafic composition, such as basalt 

or diabase. Data from March 10 show a bimodal peak centered at ""7.9 pm and 

indicate a more felsic composition. 



, 
94 

MERCURY 
24 JUNE: 1989 

1.10 

1.05 

1.00 

i 0.9::' 

a 0.90 

~ 
~ 0.85 

O.SO 

0.75 

0.70 
7.4 7.6 7.8 8 8.2 8.4 8.6 

WAVELEN3'TH (MICROMETERS) 
c AVERAGE: (500 K) 

Figure 5.11 Spectral Emissivity of Mercury: 24 June 1989 

Four thermal infrared spectral radiant exitance spectra from Mercury's surface were 
analyzed 24 June 1989. Dominant flux was determined to be from the equatorial 
region near 3050 Mercurian longitude. The broad smooth spectral shape with emis
sivity maximum near 8.2 pm is characteristic of mafic rock types. 
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Figure 5.12 Spectral Emissivity of Mercury: 23 July 1987 

Thermal infrared spectra between 4.47 and 4.93 p.m show a sharp drop in emissivity 
between 4.77 and 4.82 p.m. These data obtained 23 July 1987 from the equatorinl 
region near 3200 Mercurian longitude are consistent with rocks containing plagio
clase with modal abundance greater than Ab5o. The low reflectance at 4.75 p.m 
would be seen as an emission high in vacuum spectra slightly shortwnrd. The sub
sequent reflectance increase between 4.9 and 5.0 p.m would be seen as an emission 
low shortward of 4.85 p.m in vacuum thermal emission spectra, similar to the spec
trum above. 
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Lunar spectra shown in Figure 5.14 were taken in the same time period as 

Mercury spectra in Figure 5.9. Emissivity maxima vary slightly between bright 

highlands and Grimaldi, both near the western limb. Subtle differences in the lunar 

spectra are apparent but little shift in the Christiansen frequency is seen. Despite 

the fact that the peak shifted little between the brighter highlands region and 

Grimaldi, the peak location at 8.0 pm is consistent with anorthosite, andesite and 

basaltic compositions. Because color variation was distinct beneath the aperture in 

the two locations, it is surprising such a small shift was seen in light of the shifts of 

wavelength seen by Salisbury et al. (1970). Goetz (1968) observed several regions 

on the lunar surface in the thermal infrared and found differences in spectral contrast 

in the regions of the reststrahlen bands between 9.0 and 11.0 pm to be smaller than 

expected. Perhaps the spectra of Murcray et al. (1970) are misleading because 

they are not ratioed to a calibration star to remove atmospheric absorptions due to 

CH4 and N 20 just shortward of 8.0 Jlm. A telluric spectrum has been obtained 

from Bill Irion, JPL. 'Work is in progress to determine if division of a Murcray et al. 

spectrum by a telluric spectrum synthesized for the same altitude and zenith angle 

will change the location of the spectral emissivity maximum. The lunar spectra 

shown in Figure 5.13 have spectral shape and maxima between 7.3 and 9.3 Jlm very 

similar to the thermal infrared spectrum of Mars obtained by \Vitteborn (personal 

communication) with the Faint Object Grating Array Spectrometer (FOGS) aboard 

the Kuiper Airborne Observatory (KAO) and interpreted in a paper by Pollack et 

al. (1990). 

It is known from reflectance spectra in the near IR that 15 Eunomia has con

siderable pyroxene and some olivine and metal in its surface materials (Gaffey et 

al. 1989). Despite the variations due to the low flux from this object, the spectral 
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Figure 5.13 Spectral Emissivity of the Moon: 9-10 March 1988 

Thermal infrared spectra from the lunar south polar highlands were obtained 9 and 
10 March, 1988. The known anorthositic composition of some highlands material 
is consistent with Christiansen frequency peak seen here between 8.0 and 8.1 11m. 
Also consistent with this observation are Christiansen frequency peaks from basalt 
and andesite. From Tyler et al. (1988b). 
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Figure 5.14 Spectral Emissivity of the Moon: 23 June 1989 

Thermal infrared spectra from Grimaldi (top) and three from brighter material 
to the south west (bottom) were analyzed to give the spectral emissivities shown 
above. Vacuum emlssivity maxima near 7.92 J.lm is consistent with vacuum thermal 
emission spectral measurements of Logan et al. (1973) for returned Apollo 14 and 
15 lunar soils. 
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Figure 5.15 Spectral Emissivity 15 Eunomia: 24 June 1985 

Known from reflectance spectra to have pyroxene, olivine and metal in its surface 
materials, 15 Eunomia should have a thermal infrared spectrum characterized by 
these mafic minerals. Although the average spectrum shown a.bove is somewhat 
noisy, it is consistent with mafic to ultra-mafic composition with a spectral emis
sivity maximum near 8.45 Jlm. 
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shape and emissivity maximum of 15 Eunomia shown in Figure 5.15 is consistent 

with the results of Gaffey et al. (1989). The thermal emission spectrum shown in 

Figure 5.15 is interpreted to be that from an ultra-mafic body with emission peak 

near 8.45 /-lm. Comparing it to the spectrum of Mercury shown in Figure 5.10, 

there is seen similarity in spectral shape and shift of the emissivity maximum to 

longer wavelengths. 
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CHAPTER 6 

A DIFFUSION SOURCE FOR SODIUM AND POTASSIUM 

Introd uction 

A Na component in the atmosphere of between 1/600 and 1/250 of that at 

Mercury is found at the Moon; the K component is between 1/50 and 1/100 (Potter 

and Morgan, 1988a; Tyler et al. 1988b; Kozlowski et al. 1989b and Chapters 

2-4). Na and K atmospheric abundances at Mercury and the Moon are shown in 

Table 6.1. 

Considerable effort has been made to determine the 30urce3 and l033C3 for the Na 

and K atmospheric components at both Mercury and the Moon. Proposed sources 

of Na and K are meteoroid volatilization (Potter and Morgan 1985; Morgan et 

al. 1988; Hunten et al. 1988) and diffusion from the crust and regolith (Cheng et 

al. 1987; Tyler et al. 1988b; Sprague 1990). Once atoms reach the surface layer, 

relea3e proce33C3 act to liberate vapors from grains to the atmosphere. These include 

photon and charged particle sputtering and evaporation (Potter and Morgan, 1985; 

McGrath et al. 1986; Cheng et al. 1987). Loss of neutrals in the atmosphere 

by ionization is rapid (see Table 6.1 for ionization times). At Mercury some ions 

are lost to the interplanetary medium by spiraling around magnetospheric field lines 



Table 6.1 Observed Abundances and Parameters Used 

ATMOSPHERIC PARAMETER 

Na loss flux # cm-2 sec 

K loss flux # cm-2 sec 

Na barometric scale ht., km 

Na observed scale ht., km 

K barometric scale ht., km 

K observed scale ht., km 

Na ionization time, sec 

K ionization time, sec 

[Na] # cm-3 

[K] # cm-3 

[Na]/[K] 

[NaMerc]/[NaMoon] '" 250 

[KM erc]/[KM oon] '" 90 

MERCURY 

'" 1.2x107 

'" 7.4x105 

52 (T=530) 

none 

30 (T=530) 

none 

5.0x103 - 1.2x104 

3.4x103 - 7.9x103 

'" 2x104 

'" 9><102 

'" 22 

MOON 

'" 1.1x104 

'" 1.8x103 

73 (T=325) 

79± 25 
two component? 

43 (T=325) 

90± 4 
two component? 

'" 5.2x104 

'" 3.5x104 

'" 80 

'" 10 

'" 8 

102 
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connecting to those of the solar wind. At the Moon, the solar wind impinges directly 

on the surface carrying some ions into the interplanetary medium. At both bodies, 

some ~ons are returned to the surface by means of electric fields. They become 

neutralized at impact and rejoin the 80urce population. At this point, the amount 

of recycling is not well known. As much as half the ions may hit the surface and be 

neutralized, rejoining the source population for the neutral atmosphere (Goldstein 

et al. 1981; Ip 1987). 

There are difficulties with proposed source and release mechanisms. Sputtering 

requires a fresh supply of Na and K to be brought regularly to the surface over 

the age of the solar system. This requires a large gardening rate or some other 

process. A meteoritic source cannot explain the 250 to 600 fold enhancement of 

Na at Mercury over that at the Moon. Furthermore Apollo 17 observations did 

not reveal the presence of oxygen in the lunar atmosphere (Hodges et al. 1973) 

which would be expected if volatilization of chondritic material were to supply the 

Na and K. At Mercury sputtering from the smface and meteoroid volatilization by 

themselves can only provide the requisite atmospheric Na and I( supply if recycling 

limits the amount of ionized atoms lost to the interplanetary medium. 

McGrath et ai. (1986) suggested that the Na atmosphere of Mercury is char

acterized by the surface temperature and the rapidity of thermal evaporation of Na 

from surface grains. Killen (1989) has examined volume diffu8ion (801id state di.ff1t-

8ion through crystalline lattices) of Na and K in the surface regolith at the Moon 

and Mercury and finds that volwne diffusion out of crystalline lattices of miner

als known to be present on the Moon is too slow by many orders of magnitude 

to produce the atmospheres. Some recycling of meteoritic material may however 
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contribute to the atmosphere through diffusion processes. Recent observation by 

Potter and Morgan (1988b) of an extended, nonthermal ( ",,2250 K) component of 

Na around the Moon points to a hot source mechanism. However, redistribution of 

thermal and nonthermal atoms by photodesorption and subsequent accommodation 

(described in Chapter 4) may mask observational information about the source. 

This chapter demonstrates that evaporation (thermal desorption) of sodium 

and potassium proposed by McGrath et al. (1986) is too rapid to characterize the 

atmosphere (with a total atmospheric column abundance at Mercury of ;S3.0x1011 

atoms cm-2and of ;S5.Oxl05 atoms cm-2 at the Moon unless there exists some 

limiting delivery mechanism to the surface. Even if atoms are on grain sUliaces me

ters below the vacuum-surface interface and must undergo regolith diffusion before 

evaporating to space, the process is too efficient. The supply of N a and K would 

be rapidly depleted and fail to maintain the observed atmospheric abundances. Re

golith diffusion is defined in this paper to be diffusion occurring along cracks and 

the nooks and crannies between grains and rock fragments. In this type of diffu

sion, flow is dominated by the interaction of the atoms with the sUliaces. Because 

diffusion coefficients for grain boundary and volume diffusion are many orders of 

magnitude lower at the same temperature than that of regolith diffusion, a model is 

necessary to compute the relative efficiencies of the three mechanisms at a given set 

of physical conditions. The, regolith diffusion coefficient is limited by temperature, 

total pathlengths and intergranular spaces. The source flux of atoms diffusing to 

the surface by means of regolith, or grain boundary diffusion to the vacuum-surface 

interface is found by this model to be limi ted by the efficiency of grain boundary 

diffusion at depth. Regolith diffusion then transports the atoms under the negative 
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density gradient to the surface-vacuum interface in the observed fluxes despite the 

relatively low temperatures in the well-fractured crust and regolith. 

Fegley and Lewis (1980) predict that Mercury should be depleted of all volatiles. 

Benz (1988) removes a large inventory of volatiles from Mercury by a collisional 

stripping of the mantle and reaccretion. However, these are mere theories, subject 

to refutation or confirmation by real observational data. Some locations on the 

Moon are known to be depleted of volatiles from analysis of returned Apollo sam

ples (Taylor and Bence 1975). The composition of Mercury's surface is unknown. 

Mariner 10 imaged one half the planet and returned reflectance data showing that 

fresh craters on Mercury are brighter than those at the Moon, indicating a difference 

in composition. In addition, reflectance spectra are bluer, possibly indicating less 

Ti, known to be responsible for reddening of lunar spectra at similar wavelengths 

(Hapke et al. 1980). Recent observations of the thermal emission from Mercury's 

surface (Tyler et al. 1988bj Kozlowski et al. 1989aj Chapter 5, this dissertation) 

show Christiansen frequency emissivity maxima at the same or shorter wavelength 

as those from the lunar highlands at four out of five locations observed. This result 

gives an indication of similar or more felsic bulk rock type at those locations. Exam

ination of the facts described above leaves room for a variety of assumed rock types 

on Mercury, many enriched above lunar values in Na20 and 1(20. To demonstrate 

that the diffusion source mechanism is viable even in the least optimal scenario, low 

fractional abundances similar to those found in volatile-depleted surface materials 

returned from the Moon are used in the following analysis (see Table 6.2). 
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Model 

According to the picture of Figure 6.1, there are basically three regions in 

this model: a source at some depth, from which alkali atoms diffuse along grain 

boundaries (grain boundary diffusion) until they reach a crack or grain surface; the 

network of pathways along which the atoms diffuse by means of regolith diffusion 

until they reach the surface-vacuum interface; and the atmosphere, in which the 

residence time is hours. The probability that Na and K will evaporate from the 

surface into the vacuum of space is high. Upward diffusion will occur by atoms 

hopping in a random walk under the influence of the negative density gradient to 

the surface along walls of nool~s and crannies in the surface materials (see discus

sion of residence times above) and becoming part of the source flux for the observed 

atmosphere. The source flux to the atmosphere from the crust and regolith must 

equal the loss flux from the atmosphere. The depth of the source layer is deter

mined by the complicated but predictable relationship between temperature, the 

resulting diffusion coefficient, and the total path length to be traversed either in the 

grain boundary or along the cracks and defects. The source region migrates slowly 

downwards on a geologic timescale. 

The surface regolith on the moon is composed of a mixture of brecciated rocks 

of centimeter to meter size and finely comminuted dust and glasses from working 

by meteoroid impact over geologic time. Mercury's surface is assumed to be similar. 

The subsurface lunar characteristics have been probed by Apollo Seismic Network, 

and Lunar Sounder Experiment. Results show a megaregolith extending to depths 



MODEL CRUSTAL PROFILE FOR MERCURY AND MOON 

TEMPERATURE K 

Diurnal Variations 
<C • .. 100 < T < -400 

• -75 < T <-725 

Rag Diffusion ~. 255 
~. 440 

GB Diffusion <C. 300 
~. 500 

massive crocked, 
mixed, overturned 
mega regolith 

crust, fractured, 
unknown compositions 

twin plones, def.cts 
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Figure 6.1. Model Surface and Subsurface for Mercury and the Moon 

Temperatures appropriate to each depth are shown on the left. Characteristic 
depths of fractured zones are shown on the right. Inset shows fractures, defects, 
interstitial matrix, and grains typical of well fractured lunar materials. Mercury's 
regolith and crust are assumed to be similar. From Sprague (1990). 
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of 1.5 km and a well-fractured crust extending a depth of 30 km on the Moon (Toksoz 

et al. 1973). The rocks are characterized by their seismic velocities and found to 

transmit with low velocities characteristic of dry rocks with micro and macro cracks. 

In this paper these fractures are considered to be well distributed throughout the 

crust and not limited to a few associated with hot spots where 40 AI' or 220Rn may 

vent to the surface (Yaniv and Heymann 1967; Hodges et al. 1974; Hodges and 

Hoffman 1975). A similar model for Mercury is assumed. Figure 6.1 illustrates the 

surface and sub-surface crustal characteristics of this model. Temperature zones 

are shown on the left hand side of the figure. The right hand side shows regolith 

and crustal descriptions at and below the surface. 

The diffusion problems for Mercury and the Moon are similar, varying only 

in physical parameters of temperatures, temperature sensitive parameters such as 

activation energies, surface residence times and crustal weight percent fractional 

abundances (hereafter called fractional abundances) of Na and K 

The same fractional abundance of potassium was used at Mercury and the 

Moon. A slightly higher value of N a was used at Mercury than the Moon. Fractional . 
abundances can be found in Table 6.2. All values remain within the 'preferred 

model' range for Mercury described by Goettel (1988). 

Temperatures for the Moon and Mercury were chosen to best reflect the known 

physical conditions in the regions of interest. In the top 1.5 meters, the surface 

temperatures are affected by the diurnal v~riations (",100-400K). Na and K trapped 

in this region in a physisorption bonding at .$0.2 eV will quickly evaporate in the 

morning sun. The regions of main importance to this model are the relatively cool, 

well-fractured regolith and crust which extends from below the diurnal thermal wave 
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Table 6.2 Grain-Boundary and Regolith Diffusion Parameters 

Regolith Parameter Mercury Moon' 
# -3 Do, em [Na] 5.5x102O 1.6x102O 

# -3 Do, em [K] 1.4x102O 1.4x102O 

Na wt. fraction 0.007 0.002 
K wt. fraction 0.003 0.003 

regolith/crust temp. K 440 255 

source region temp. K 500 300 

grain boundary DNcu cm2 sec-1 1.6x10-10 2.6x10-1S 

grain boundary DK, cm2 sec-1 1.8x10-11 4.3x10-16 

regolith DK and DNa, cm2 sec-1 l.Ox10-9 1.Ox10-9 
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to a depth of 10 kilometers and a warmer region below. In the shallower region the 

temperature is considered to be constant at the measured (Langseth et al. 1972) 

temperature in the case of the Moon (255 K) and at a modeled temperature (440 K) 

for Mercury. Although an estimated temperature gradient of ",2 K per kilometer 

exists, the difference of ",20 K in the region does not significantly change the 

calculation or the results and has been omitted to simplify the model. The second 

region of importance lies at depth, below 10 km, at temperatures close to but less 

than the black-body temperature of each body. Conservative estimates based upon 

thermal modeling (Muhleman 1972; Reynolds et al. 1972) for the Moon (300 K) 

and Mercury (500 K) (Zharkov and Trubitsyn 1978; Burns et al. 1987; Schubert 

et al. 1988) were chosen. 

The important assumption of this model is that a significant fraction of the alkali 

atoms reside in grain boundaries and in grain surfaces. This is justified because K 

is known to act as an incompatible element in basaltic processes concentrating in 

the interstitial matrix between crystals of pyroxene, olivine and pla.gioclase (Taylor, 

1982). The classic extra-terrestrial example of this is that of the lunar KnEEP 

basalts. On Earth, it is well known that uranium and the radiogenic product, 

radon are located in the grain boundaries of granite. The case for Na is more 

difficult to make because as long as plagioclase is present N a would be likely to go 

into solid solution. Boynton and Wasson (1977) find that volatile metals in the lunar 

regolith are concentrated at surfaces and are mainly of volcanic origin. Magmatic 

gases condense on grain surfaces and in interstitials either heterogeneously or as 

volatile-rich components such as ZnS. A recent meteorite fall (Quinzhen) in The 

People's Republic of China has been analyzed by A. EI Goresy et al. (1983) to be 

an E3 enstatite chondrite. Its remarkable characteristic is the fractionation of Na 
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and K into djerfisherite (K = 8.43%) in the case of K and into caswellsilverite (Na = 

16.4%). The matrix contains numerous clasts with these sulfide assemblages. The 

authors speculate that Qinzhen probably samples a new enstatite parent body. This 

chapter makes no claim that similar assemblages exist on Mercury, although they 

may. The point is that it is possible for Na and K to reside in grain boundaries and 

matrix components where they can undergo diffusion to the surface. Because the 

composition of Mercury is not known, and because there are circumstances where 

Na may act as an incompatible element similar to K, it is justifiable to use the 

model presented in this paper with the asserted limitations. 

The assumption is made that the atmosphere is in steady state. The boundary 

condition of an infinite sink at the atmosphere-surface interface realistically mimics 

the vacuum of space and the photoionization environment at Mercury and the Moon. 

The best available models of the vibrational energy of Na and K adsorbed on the 

surface of a grain by physisorption (Hunten et al. 1988, Appendix B, equa.tion 

B1) give residence times of 2.3xlO-11 - 0.7 sec between 600 and 100 K. The atoms 

leave the surface in ballistic trajectories with flight times of ",5 minutes for Na on 

Mercuryand ",10 minutes on the Moon. For K times are slightly smaller due to 

the larger mass. Path lengths during this flight are hundreds of kilometers and the 

atoms distribute themselves around the planet to some extent before they are lost to 

photoionization. At depth an infinite source was assumed. This is justified because 

there is a more than adequate global abundance present at each body. Calculations 

based on a simple global budget argument for Mercury show that 4.2 km of crust 

for Na and 1.0 km of crust for K are needed to provide the observed fluxes over 

the lifetime of the solar system. On the Moon they are shallower: 0.3 km for Na 

and 0.4 km for K. Such a calculation assumes uniform composition throughout the 
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layer (described by fractional abundances of Table 6.1) and a rock density of 3.0 

g/cm3• This calculation is intended to be instructive only, demonstrating that the 

assumption of an infinite sub-surface source is a valid one. Table 6.1 lists observed 

Na and K atmospheric abundances, scale heights calculated using the black-body 

temperatures, and globally averaged loss fluxes and important observed constituent 

ratios for both the Moon and Mercury. 

Theory 

An analytic solution to the space and time dependent diffusion equation through 

a homogeneous slab is found. The initial condition of a homogeneous composition 

is assumed. This is justified because in the calculation of each type of diffusion 

(regolith, grain boundary or volume) the medium is that which is appropriate to 

the diffusion process. For example in the regolith diffusion case the materials are 

well-fractured and comminuted. It is appropriate to consider the bulk mixture to 

contain a well dispersed fraction of sodium and potassium even though there may be 

local concentrations or depletions. In the grain boundary case, the medium through 

which diffusion occurs is the interstitial matrix between crystals in the igneous 

rock types which may make up the crust and regolith. Again, a well dispersed, 

homogeneous abundance is reasonably expected. In the case of volume diffusion, 

the crystalline lattice cells are predictably repeated making up the mineral phases 

present. 

Diffusion through solids and particulate matter occurs when there is a concen

tration gradient of impurity atoms or vacancies in a solid. The net flux, F net atoms 
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cm-2 sec-I, is proportional to the gradient of the concentration, n atoms cm-3 , 

of this species by Fick's Law: 

Fnet = -D grad n (1) 

where the minus sign indicates diffusion occurs from regions of high to low con

centration. The diffusion coefficient, D cm2sec- l , (sometimes called 'diffusivity') is 

known to follow an Arrhenius law of the form: 

D -D -E/RT - oe (2) 

where the pre-exponential term Do, is the value of D at liT = 0, E is the activation 

energy, R is the gas constant and T is Kelvin temperature. 

It will now be shown that the regolith diffusion coefficient is large, so that such 

diffusion is unlikely to limit the flux. Diffusion coefficients in silicate materials are 

controlled by factors which may generally be described as external or internal prop-

erties of the medium. External factors include temperature, total pressure, water 

pressure (fugacity), and oxygen fugacity. Internal controls are chemical composi

tion, crystallinity, defect concentration and anisotropy for single crystals or porosity 

for polycrystalline materials. Surface diffusion has been studied for a variety of sub-

stances over a wide range of temperatures. Because surface diffusion coefficients for 

Na and K on silicate rocks could not be found, a best guess for the surface diffusion 

coefficients of Na and K has been made by using the formulations for gas-surface in

teractions and gas-surface residence times found in Hunten et al. (1988). Equation 

B1, Appendix B approximates the residence time for adsorption by: 

(3) 
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where To is a vibration time for the Van der Waals potential ( ...... 1.OxlO-13 sec) 

and Balk is the heat of adsorption expressed in equivalent temperature. When 

referring to equation B1 read Doas Bo. The change was made here to avoid confusion 

with a diffusion coefficient. Because the residence times calculated using the above 

formulation are likely to be underestimating actual residence times (smooth alpha

quartz surface vs. real planetary surface) a particularly conservative hop distance 

(1.0xlO-6 m) for the random walk to the surface was chosen; it can be thought of 

as a typical crack size. A good estimation of the number of hops per second can be 

made by 1/Tad. In a random walk, the distance traversed is the number of steps 

times the step size squared. Thus, the equation for the regolith diffusion coefficient 

becomes: 

(4) 

Final values for regolith diffusion coefficients at crustal and regolith tempera

tures are listed in Table 6.2. As a check for determining their suitability a com

parison with the data presented in Barrer (1970) can be made. Values range from 

8.OxlO-6 cm2/sec at 293 K to 7.7xlO-4 cm2/sec at 520 K for surface diffusion of 

Na on OW (tungsten oxide). Slightly lower values are given for K. The values used 

in this model are orders of magnitude lower. This is in keeping with the aim of this 

model to present the most conservative case. 

Grain boundary diffusion coefficients are several orders of magnitude lower than 

surface or regolith diffusion coefficients. Recent empirical determinations of grain 

boundary diffusion coefficients for Cr, 0 and Ni in MgO, Al203 and MgAl203 have 

been made (Stubican, 1984; Atkinson, 1984). Values range from 10-12 - 10-16 

cm2/sec over a range of temperatures between 2200 - 600 K. The values used in 
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this model are extrapolated and believed to be appropriate for N a and K diffusing 

through grain boundaries in silicates at the temperatures used for Mercury and 

the Moon. In view of this major uncertainty, diffusion coefficients were adjusted 

slightly to fit the data for the two atmospheres. As stated in the introduction, 

volume diffusion through the crystalline lattices comprising mineral phases was 

found to be too slow to significantly contribute to the atmospheres. These diffusion 

coefficients are very low: between 10-18 and 10-30 cm2/sec at Mercurian and lunar 

temperatures. These are omitted from the table as the volume diffusion case is not 

relevant to the source of the atmospheres. 

Because Na and K are neither absorbed nor emitted by the silicate regoliths, 

the equation of continuity holds and: 

n + divF = 0 (5) 

where n is the time derivative of the number density in atoms cm-3 sec:-1• The 

time- and depth-dependent diffusion equation (6) has the solution in equation (7). 

n(z,t) = no er!(z/V4Dt) 

This satisfies the limits: 

n(z = depth, t = 0) = no and n(z = depth, t = 00) = 0 

(6) 

(7) 

An analytic solution for the depth and time dependent flux is found. The solution 

to the transcendental error function is integrated using algorithms from Numerical 

Recipes (Press et al. 1987). 

F(z, t) = n(z = depth; t = 0) VD/7rt exp( _z2 /2Dt) (8) 
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which satisfies the limits: 

F - finite at t - 0 and F - 0 at t = 00 

Because of the very slow time rates of change in (7), the atmospheres can be taken 

to be in steady state with loss fluxes equal to source fluxes. Loss fluxes at both 

bodies are obtained by dividing the observed column abundance, noH, where no is 

the surface number density and H is the scale height by the characteristic ionization 

time of the constituent. Ionization times and surface abundances depend on solar 

flux and will vary with distance from the sun. 

Results and Discussion 

Results for grain boundary diffusion show that the diffusion of Na and K out 

of the interstitial matrix of rocks and grains can provide the source flux to the at

mosphere on both Mercury and the Moon. Results for the calculations of equations 

(7) and (8) for grain boundary cases are shown in Table 6.3. Calculated source 

fluxes match the observed loss fluxes at both bodies using reasonable assumptions 

of weight fraction abundances and temperatures determined to be appropriate for 

the depths indicated in Figtu'e 6.1. 

It is also found that regolith diffusion is fast enought to carry the source pop

ulation generated by grain boundary diffusion to the surface-atmosphere interface. 

The atmospheric abundance is controlled by the rate of atoms diffusing from the 

grain boundaries. This is the case at both Mercury and the Moon. The depth of the 
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Table 6.3 Results: Grain-boundary and Regolith Diffusion 

Table 6.3 Results: Grain-boundary and Regolith Diffusion 

Atmospheric Parameter Mercury Moon 

Na source flux, # cm-2 sec-1 1.2><107 1.Ox10" 

K source flux, # cm-2 sec-1 7.4><105 1.8><103 

Na ion. time/scale ht., sec cm-1 1.6><10-3 7.1><10-3 

K ion. time/scale ht., sec cm-1 1.9x10-3 8.1><10-3 

[Na] # cm-3 1. 9x1 0" 87 

[K] # cm-3 1.4><103 12 

[Na]/[KJ -14 -7 

[N aM ercJ/[N aM oon] - 218 

[KMerc]/[KMoon] - 116 
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source region must be below 10 kilometers on both Mercury and the Moon because 

relatively high temperatures are' required. Regolith diffusion calculations show that 

the observed source flux can be delivered from depths equal to or greater than the 

source region using reasonable regolith diffusion coefficients based upon the lower 

temperatures believed to exist in the overlying crust and regolith. This model shows 

that both Mercury and the Moon have an ample source flux of atoms from grain 

boundary diffusion and that the transport of these atoms up through the crust and 

regolith to the atmosphere-surface interface by regolith diffusion can occur easily 

with the diffusion coefficients, temperatures and low fractional abundances chosen. 

In the future, as the source region migrates deeper, some limiting total path length 

will be reached where the flux delivered by regolith diffusion (with a given diffusion 

coefficient, temperature and fractional abundance) to the atmosphere will be lower 

than the present-day observed flux of atoms lost from the atmosphere. This repre

sents the depth below which regolith diffusion controls the observed flux of atoms to 

the atmosphere regardless of grain boundary diffusion efficiency. The source then 

becomes transport limited. 

The grain boundary diffusion mechanism as a source for the neutral Na and K is 

highly temperature dependent. This is reflected by the greater abundances of both 

constituents resulting at Mercury over those at the Moon. Results of this model also 

duplicate the relative abundances of [Na]/[K] at each body. Resulting abundances 

and relevant ratios of [NaJ/[K] are listed in Table 6.3. Atmospheric number densities 

are obtained by taking the source fluxes, multiplying by the appropriate ionization 

time and dividing by the scale heights of the component. This factor is listed in 

Table 6.3 for each body. Calculated scale heights are barometric at the black-body 

temperature in each case. The atmospheric surface number densities obtained (sec 
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Table 6.3) are also close to the observed values listed in Table 6.1. [Na]/[K] ratios 

match the observed values almost exactly. A factor of 218 greater Na abundance is 

found at Mercury than the Moon. Observed abundances are subject to observational 

uncertainty and to fluctuations with orbital distance and radial velocity. This factor 

of 600 greater [N a] at Mercury over that at the Moon is certainly consistent wi th 

the factor of 253 greater value at Mercury relative to that at the Moon observed 

by Sprague, Kozlowski and Hunten in June, 1986 and listed in Table 6.1. Slight 

adjustments to the diffusion coefficient and the fractional abundance can reproduce 

the factor of 600 enhancement seen in the Mercurian data of Potter and Morgan 

(1985). 

In the case of volume diffusion, even in consideration of the steep thermal 

gradients present in the top few centimeters (Hickson 1972; Wechsler et al. 1972) 

of airless bodies in direct radiative equilibrium to the vacuum of space, source fluxes 

are orders of magnitude too low. Using equations (7) and (8), this model finds that 

the top tens of centimeters of surface powders and rocks are no longer providing Na 

and K to the atmosphere. Because distances to the edge of fines in well comminuted 

materials can be short, some diffusion out of the particle is possible at the high sub

solar temperatures of the Moon and Mercury. After times on the order of the age 

of the solar system ( 1'V1017 s) these small particles could be entirely depleted of 

Na and K. This does not occur because charge neutrality must be preserved within 

the micro structure and diffusion slows as unfilled vacancies increase in number if 

other elements such as Ca, AI, Rb, and B are not available to increase coordination 

number and accommodate the anions in nearby locations. At some point the Na 

and K remain tightly bound despite high daytime temperatures and long time 

scales. Returned surface lunar fines contain Na and K in abundances, on average, an 
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order of magnitude lower than those common in highland anorthosites (Taylor and 

Bence 1975). This low but finite abundance is consistent with the statements above 

and reflects the tightly bound component. In the subsurface region at equilibriwn 

temperatures the volume diffusion contribution was found to be negligible when 

empirically derived diffusion coefficients for glasses and lunar minerals (Freer, 1971; 

Jambon, 1983) were used. Because volume diffusion through perfect crystalline 

lattices is not important in contributing to the atmospheres, parameters for this 

case are not listed. 

Conclusions 

This model shows that grain boundary diffusion of N a and K concentrated 

in the interstitial matrix and on grain surfaces of crustal materials provides and 

controls the source of the N a and K atmospheres on Mercury and the Moon. !vIillor 

modifications may be made later to initial Na and K atmospheric abundances by 

magnetic field interactions and solar wind sweeping but these latter mechanisms 

are not needed to explain the observed Na and K abundances in the atmospheres 

of Mercury and the Moon. Grain boundary diffusion of N a and K atoms through 

the regolith and fractured crust in fractional abundances consistent with returned 

lunar samples can provide the observed global budget of atmospheric atoms oyer the 

lifetime of the solar system. There exists enough of these constituents to provide 

the requisite amounts over the lifetime of the solar system with little regard to 

the efficiency of recycling. For Mercury and the Moon rapid diffusion of N a and 

K through the regolith occurs after Na and K have reached fissures and cracks 

in a well-fractured crust and regolith at the source region below ",10 kilometers 
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for both the Moon and Mercury. The higher temperature of Mercury compared 

with that of the Moon results in higher source fluxes of Na and K out of the 

fractured crust, on to grain surfaces, and to the atmosphere. The diffusion model 

described above produces supply rates for both Na and K nearly the same as those 

observed. It reproduces the enhancement of Na at Mercury over the Moon to within 

observational uncertainty and orbital fluctuations. [Na]/[K] ratios on both Mercury 

and the Moon match the observational ratios as well. 

The possibility of a diffusion source for Na and K at Mercury and the Moon has 

been established. It can ,be added to meteoritic volatilization and charged particle 

sputtering of a well-gardened regolith as a viable source mechanism capable of 

providing the observed N a and K atmospheres at the Moon and Mercury. As this 

chapter demonstrates, the diffusion source solves the strange puzzle of the large Na 

enhancement at Mercury and the different, [NaJ/[K] ratio at Mercury compared to 

the Moon. 

Grain boundary diffusion of Na and K out of the interstitial matrix between 

grains and from the surfaces of grains comprising the crust and regolith followed 

by regolith diffusion provides the atmospheres without the necessity of recycling 

of atmospheric atoms to the surface by means of electric fields, so this term has 

not been included in the model. If recycling term were added, there would be no 

substantive change in the conclusion that grain boundary diffusion could be the 

source of the Na and K in the Mercurian and lunar atmospheres. Likewise, the 

temporary sink of adsorbed neutrals on to cool nighttime surfaces is ignored. This 

is justified because regolith diffusion is rapid. Once the sUlface is heated by the 

morning sun and the constituents are liberated from the surface, their ballistic 
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trajectories quickly distribute them about the planet to be lost within hours to 

photoionization. The short timescales of these processes make their effects minimal, 

important only as refinements to the overall picture, not as additional sink processes. 

It is interesting to consider the dominance of one or more mechanisms at each 

body. The presence of the hot Na exosphere at the Moon points to a hot source. If an 

assumption of a hot source (impact, charged particle, or some as yet undiscovered 

mechanism) is made, then a balance between source and loss fluxes can set up. 

Thermalization of fast atoms by collision with the surface is a source of thermal 

atoms; the following estimates suggest that it could be the major source for the 

Na atmosphere at the Moon. Possible sources of the nonthermal component are: 

impact volatilization (",9.7x104 sodium atoms cm-2 sec-I; Potter and Morgan 

1988a) and sputtering by ions or photons (",6.Ox104 sodium atoms cm-2 sec-I; 

McGrath et al. 1986). For the latter source to work, however, an improbably 

large surface coverage of N a atoms would be necessary. Furthermore, both may be 

considered release mechanisms and rely on sunace materials which are constantly 

replenished in N a. 

To estimate the sink of fast atoms, and the source of thermal ones, the observed 

column abundance is divided by the free-fall time for an atom on a ballistic tra

jectory at the temperature of the nonthermal component. The result is ",6.3xlO·1 

sodium atoms cm-2 sec- I which agrees well with the values given above. The 

loss from exospheric escape at the Moon where the base of the exosphere is at the 

surface can be estimated from equation 7.1.47 page 340 Chamberlain and Hunten 

(1987) and is ",1.0x104 sodium atoms cm-2 sec-I. The corresponding estimate 
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by Potter and Morgan, 1988b is seven times larger but there seems to be an error 

in the relevant equation. 

If these processes do produce l.Ox105 thermal sodium atoms cm-2 sec-Ion the 

Moon, they may dominate the source flux of l.Ox104 sodium atoms cm-2 sec- l 

shown in Table 6.3 for regolith diffusion. However, at Mercury the dominant source 

population is almost certainly that from diffusion from the crust and regolith. The 

diffusion source explains this enhancement at Mercury and the relative ratios of 

[Na]/[K] at each body. 

No nonthermal component has been observed at Mercury. It may be that life

times on the hot daytime surface are so short that the redistribution of thermal 

atoms to nonthermals described in Chapter 4 is inefficient. This is purely specula

tion at this point. It is reasonable to assume that nonthermal atoms resulting from 

meteoroid volatilization will be observed at Mercury. Morgan and Zook (1988a) 

suggest the few hundred-fold enhancement of alkali atoms in the atmosphere of 

Mercury over that at the Moon can be explained by a cometary population at 

Mercury which is enriched in alkali atoms relative to the meteoritic population at 

the Moon. They also suggest the greater [Na/K] ratio at Mercury may indicate a 

surface composition at Mercury depleted in K relative to the Moon. This chapter 

demonstrates that neither postulate is necessary. Furthermore, Chapter 5 gives 

strong evidence that the surface of Mercury is enriched in Na and K relative to the 

Moon. 
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APPENDIX A 

RELEVANT EQUATIONS AND PARAMETERS CODED 

Relevant Equations 

The following equations summarize the interaction of light with Na and K at 

the Moon and K at Mercury. 

(1) 

Equation (1) defines the scattering probability for resonantly scattered emission 

from the neutral N a and K in the lunar and Mercurian atmospheres. Called the 

g-value or g-factor, it gives the probability that an incident photon at line center 

will be emitted (resonantly scattered) at the same wavelength per atom per second. 

A more detailed explanation along with more applications is given by Chamberlain 

and Hunten (1987). The g-factor depends upon the number of quanta with the 

resonant energy incident upon the atom per time interval. Fv /(R/1·)2 gives that 

quantity; units of individual terms can be read from Table A.I. The solar flux 

at 1 AU in the continuum near line center (Fv) must be scaled for depth into 

the associated Fraunhofer (f), and relative heliocentric distance (R/1'?' S gives a 

quantified representation of the probability that a quantum of light at the resonant 

frequency will interact with the intrinsic electromagnetic fields of the atom and 
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be scattered. The oscillator strength, or effective number of electrons per atom, 

(variable name, 'fosc') is multiplied by the frequency-integrated cross section per 

effective electron per atom (7I"e2/mec) to give S (Allen 1973). Values used in this 

dissertation are found in Table A.1. 

A = ghv fmc cm sec-2 (2) 

The acceleration A, imparted to the atom due to the instantaneous absorption and 

emission episode described above is defined in equation (2). The expression was 

adapted from a paper by Burns et al. (1979). The factor hv fmc which multiplies 

g, the scatters per atom 'per sec, is the momentum of the photon at the resonant 

energy divided by the mass of the atomic absorber (in this case Na or K). Values 

for acceleration per atom and photon momentum can be found in Table A.1. 

(3) 

In the case of optically thin atmospheres, the line-of-sight column abundance of 

atomic scatterers can be calculated by equation (3). /1.471"1 is the emission rate for 

a line-of-sight column 1 cm2 in cross-section of atomic scatterers and is measured 

at the detector. Because g can be calculated for the emission line of interest by 

equation (1) above, N, the zenith column abundance can be determined. For details 

see Chamberlain and Hunten (1987). 

Table A.1 shows the relationship of the terms in equations (1) - (3) with the 

parameters of computer programs which calculate the g-values, radiation acceler

ations, and column abundances for K at Mercury. Also given are the values and 

units of the terms for both Na and K. 



Table A.I Relevant Paramete~s for Equations and Code 

Parameter Equivalent Units No. K 
Name Name 

gfae1 9 see- 1 1.5 - 23.7 7.4 - 73.8 
gfae2 9 see-1 2.5 - 47.4 10.9 - 148.4 
gad1 "'( dimensionless 0.2 - 0.5 0.19 - 1.0 
gad2 "'( dimensionless 0.19 - 0.5 0.14 - 1.0 
fose1 8/0.0e654 dimensionless 0.327 0.34 
fose2 8/0.02654 dimensionless 0.654 0.68 
radac1 A em see- 1 4.4 - 69.8 9.8 - 98.1 
radae2 A em see- 1 7.4 - 139.7 14.6 - 198.1 
ns N/Il atoms em-2 variable variable 
lI'e2 /me C S/fOlC em2see- 1 0.02654 same 
hVl hv ergs 3.3688 x 10-12 2.5802 X 10-12 

hV2 Iw ergs 3.3719 x 10-12 2.5917 X 10-12 

m m grams 23 x 1.6605 x 10-24 39x 1.6605x 10-24 

Fvl Fv q*em-2sec- 1 Hz-l 628.0 940.0 
Fv2 Fv q*em- 2sec- 1 Hz-l 628.0 945.0 
disfae (R/r)2 dimensionless 4.58 - 10.61 same 

*quanta 
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APPENDIX B 

CALCULATION OF POTASSIUM COLUMN ABUNDANCE 

Use of Computer Programs 

After the raw data from the CCD image are corrected for dark noise, imperfec

tions in the optics and pixel to pixel sensitivity (flat-fielding), non-linear dispersion 

and curvature of the lines (see Chapter 1, Figure 1.2), scattered light in the Earth's 

atmosphere and scattered light from the surface of Mercury (see Chapter 1, Fig

ure 1.3), data numbers from the CCD images (representing the number of photons 

scattered from the atmospheric potassium) must be converted to gas abundance. 

Slight variations occur between the procedures based upon the constituent (Na or 

K) and upon the body observed (Moon or Mercury). Shown here is a specific exam

ple of that process for K in the atmosphere of Mercury. Frame 68648 corresponds 

to an image obtained 19 June 1986 with the high resolution echelle spectrograph 

at evening twilight. The spectrograph slit was placed parallel to the equator and 

sub tended the entire disk. For reference examine Figure 1.1. Rotate the slit by 90° 

for a close approximation to the viewing conditions at the spectrograph during the 

acquisition of this example frame. 
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Definitions of terms used in the examples of Appendix B are in Table A.l and 

the following text. 

Programs Used 

1. Information regarding orbital parameters, and acquisition details are recorded 

in a Lotus2 worksheet which is programmed to calculate the Sun/Mercury 

doppler shift in rnA given two heliocentric distances bracketing the time of 

observation. The worksheet for 68648 is shown in Figure B.1. Definitions of 

terms used in Figures B.l - B.3 are either defined in the text as needed or in 

Appendix A, Table A.1. 

2. A Fortran program utilizing subroutines found in Numerical Recipes by Press 

et al. (1987) and modified for the purpose of determining the seeing at the 

time of observation, the realistic number of spatial resolution elements to be 

extracted and the intensity of the signal. 

a. An input file (see Figure B.2, top) includes information required by the 

program and specific to the frame in question. In order, numbers mean: 

the number of pixels sub tended by the object, the radius of the object 

in arc seconds, the number of data entries for the information pulse to be 

convolved and the information pulse with the appropriate number of leading 

and trailing zeros. The non-zero entries of the information pulse are the best 

guess data numbers (DN) representing the measured intensity. These DN 

are smeared to provide the synthetic 'observed DN' in the output from the 
.:.-



June 19, 1986 1h 08m UT 
frame 48 
EfW 
Crank 2850, 7664.92 Ang.,KD2 
c - 3.0E+10 

EXP TIME 220 DIS2 
DIS1 
DEL V -

PHASE - 0.519 
PH ANGLE 87.8 
MAG - 0.1 
DIS AU 0.416152 
DIAM 7.13 
DEL LAM 0.18707 
0.42098 
0.41615 
8.35959 

b8648mek.prn 

---------------------------------------------------------------------
DATA FOR TOTAL LIGHTS 

ROW WIDTH OF FILE C* C* SPEC TOTALSPEC TOTAL 
COLUMN SAVE SAVE ELEM LIT 1ELEM LIT 2 

236 10 2 300 8 698 8 704 
246 10 2 301 6 880 7 828 
256 10 2 302 7 1584 7 996 
266 10 2 303 7 756 8 754 

CONTINUUM 
ROW COL 84 

236 72 
246 136 
256 164 
266 98 

Figure B.l Lotus2 Worksheet for Mercury Image 68648 
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Each high resolution spectrographic image reduced and presented in this disserta
tion has a corresponding worksheet containing relevant orbital and observational 
parameters. UT date and time, frame number, slit orientation, wavelength, emis
sion line and exposure time are listed in the top left hand corner. The fraction of the 
planet illuminated (PHASE), the angle between the angle measured at the center 
of an illuminated body between the light source and the observer (PH ANGLE), 
magnitude (MAG), distance in AU (DIS AU), diameter in arc seconds (DIAlvI), the 
doppler shift from line center in A (DEL LAM), heliocentric distance (DIS2, DISl) 
and radial velocity (DEL V) are given on the right side of the header. 'TOTAL 
LIGHT' refers to the DN contained within the emission line. The image is divided 
into a number of sectors for spatial analysis (in this case 4). The pixel row number 
at the center of the sector is listed under ROW. The nwnber of collapsed pixel rows 
for the sector is listed under WIDTH OF COLUMN. SAVE refers to a location in a 
save file in the image processor where the resulting spectrum for the sector is saved 
for later referral. C* refers to a scaling factor used for analysis purposes if required. 
Two or more trials at subtracting the continuum from beneath the emission line 
are made. The results are recorded and averaged for the final determination of 
intensity. The width of the line at each trial is recorded as SPEC ELEM, the DN 
in the emission line is recorded as TOTAL LIT. 



40 
3.6 
16 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
00 
210 
270 
o 
o 
o 

68648c.pix 

68648c.8ee 

nopixob 40.0 arsecex 3.6 
arsecob 6.3 arsee 5.2 sig 

respons array in main program follows 
back to main program after convlv 
new ans array in main program follows 

1 -0.000626 
2 -0.000355 
3 0.000635 
4 -0.0003~7 
5 -0.000664 
6 0.000710 
7 -0.000321 
8 -0.000498 
9 0.226318 

10 6.862293 
11 58.026985 
12 160.988358 
13 174.607346 
14 70.314842 
15 8.674878 
16 0.291285 

0.9 normf 

Figure B.2 Input and Output for Seeing Convolution 
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0.5 

Best guess true intensity DN are generated by trial and error using a one-dimensional 
convolution with a gaussian of width determined by the observation itself. The guess 
in the 68648c.pix file is smeared and printed in the 68648c.see file. Once a good 
match to the observed data is obtained, the process stops. 
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seeing routine just described. Experiment and subjective judgment combine 

to determine how many spatial resolution elements can be extracted from 

the data. In this case it was determined that there were two; the non-zero 

entries of 210 and 270 in 68648c.pix (Figure B.2, top) are the best guess 

DN for Mercury's continuum in frame 68648. 

b. The output (Figure B.2, bottom) gives relevant information regarding the 

observation. Some is intentionally redundant to serve as a check on the 

dependability of the program. As one reads from top left to bottom right 

are: number of pixels observed, arc £ieconds expected (this depends upon 

the plate scale of the telescope, the crank rotation of the echelle, the fraction 

of Mercury illuminated at the time of observation, and the location of slit), 

the arcsec observed, the full width at base of the seeing gaussian calculated 

by the routine, sigma (fixed at 1/6 of the width at the base of the gaussian), 

the normalization factor of the gaussian, messages to the operator, and the 

new array of the input data from the information pulse after convolution 

with a one dimensional gaussian described by the previous parameters. 

Entries 9-16 give the smeared DN. These can be checked for suitability 

with the actual DN listed under CONTINUUM on the Lotus2 worksheet 

(Figure B.1) for the image. 

3. To obtain absolute calibration and determine the sensitivity of the instrument 

at the time of the observation, the DN from the light reflected from Mercury's 

surface determined in step 2 above, are used. Input files provide strategic 

parameters to a Fortran program which determines the angles of incidence and 

exitance of the spatial resolution element, the reflectance of Mercury's surface 
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at that location (computer code for all Hapke scattering theory was provided by 

Paul Helfenstein), and uses it to determine the expected signal at the detector. 

a. Figure B.3 (top) shows 686481.dn. The top row of numbers gives best guess 

continuum value for the spatial resolution sector (read from 68648c.pix, 

Figure B.2), the width of column used to obtain the DN, and the exposure 

time in seconds; all for the continuum. In order follow the same values 

for Dl (in this case 0.0, 0.0, 0.0) and then D2 (69.0, 1.0, 220,0). The last 

entry is the phase angle at the time of observation. 686481.dat gives more 

information needed by the calibration routine and redundant information as 

a dependability check. As seen in Figure B.3 (bottom) the first five entries 

from top left to bottom right are: heliocentric distance in AU, rnA doppler 

shift, radius of body in arc seconds, the row number corresponding to the 

center of the spatial resolution sector, the total height of the slit subtended 

by the Earth facing disk given in pixel rows (in this case it is twice the 

value of 40 given in 68648c.pix because it is the total height subtended 

by the slit). Next are the parameters necessary to calculate the angles of 

incidence and emergence and the cosines of those angles, flo and fl, at the 

center of the spatial resolution sector. In this case 0.0 corresponds to the 

offset of the slit in arc seconds from the sub-Earth point. For an east-west 

oriented slit, the angle of rotation is 90.0 degrees, the next number. are sub

Earth latitude and sub-Earth longitude. The last pair are subsolar latitude 

and subsolar longitude of the body. Several trial runs demonstra.ted that 

the angles of incidence and exitance calculated at the center of the spatial 

resolution sector were good approximations to the 'average' angles in thnt 

sector. Data numbers from the extreme limb in the northern and southern 
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latitudinal sectors where Jl or Jlo departs rapidly from the average value in 

the sector were discarded. 

b. The output file, 686481.cal shown in Figure BA (top) contains in the top 

line: angles of incidence and emergence in degrees, the cosines of those 

angles, the phase angle at the time of observation, the reflectance factor for 

the center of the spatial resolution element on Mercury's surface used for the 

flux calculation (determined by the Helfenstein code), and the l/r2 scaling 

factor for Mercury's heliocentric distance. The second batch of information 

gives the omni-directional emission rate of the atmosphere along the line

of-sight at the center of the spatial resolution element for the Dl (bl) and 

D2 (b2) lines. Below that are the calibration factors (Mega Rayleighs per 

DN per pixel per sec) for the two lines which vary due to the difference in 

solar flux at the two wavelengths. 

4. Finally the line intensity in DN is converted to line-of-sight abundance, and 

zenith column abundance by another Fortran computer program. To do this it 

is necessary to calculate the scattering probability or g-factor for the atom and 

an approximation to the surface temperature beneath the slit. 

a. Figure B.3 (top) shows the input data; the same was used by the calibration 

program. For an item by item description see part 3.a above. 

b. The output file (see Figure BA, top) gives both redundant and new information 

on the first line. In order are the angles of incidence and emergence and their 

cosines. Then the calculated black-body temperature of Mercury at' the time 

of observation, and the fractional value of the solar flux at each line which was 



210.0 1.0 220.0 
0.0 0.0 0.0 
69.0 1.0 220.0 
88.0 

0.416152 187.07 
3.57 
55.0 
80.0 
0.0 90.0 
4.8 296.3 
0.0 208.5 

686481. dn 

686481.dat 

Figure B.3 Input for the Absolute Calibration Routine 
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Geometrical parameters and intensities are used to determine the sensith·ity of 
the instrumentation at the time of the observation. 686481.dn (top) provides dntn 
numbers from the CCD, 686481.dat (bottom) provides geometrical values. 
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686481.cal 

inc, emr, muO, mu, g, rr, disfac 
6.655E+01 2. 125E+01 3.979E-01 9.320E-01 8.800E+01 2.320E-02 5. 774E+OO 
here is what you have been waiting for 
b1 and b2 in ki1oray1ieghs 
0.000E-01 6.158E+01 
here are ray1 and ray2 in Megaray1eighs 
1.934E-Ol 1.963E-Ol 

686481.cur 

inc, emr, muO, mu, ternpeq, gad1, gad2 
6.655E+01 2.125E+01 3.979E-01 9.320E-01 4.966E+02 8.500E-01 8.200E-01 

hbark .. 2. 84596160962275136E+06 

ns, n, no, kray1s, gfac1, tauo1 , rad1 
5.000E+08 4. 660E+08 1. 757E+02 2.075E+01 
1.000E+09 9. 320E+08 3. 514E+02 4.150E+01 
1.500E+09 1. 398E+09 5'. 271E+02 6. 224E+01 
2.000E+09 1.864E+09 7.028E+02 8.299E+01 
2.500E+09 2.330E+09 8.784E+02 1.037E+02 
3.000E+09 2.796E+09 1.05[,E+03 1.245E+02 
3.500E+09 3.262E+09 1. 230E+03 1.452E+02 
4.000E+09 3.728E+09 1.406E+03 1.660E+02 
4.500E+09 4.194E+09 1.581E+03 1.867E+02 
5.000E+09 4.660E+09 1. 757E+03 2.075E+02 
5.500E+09 5.126E+09 1.933E+03 2.282E+02 

• 
2.450E+10 2.283E+10 8.609E+03 1. 017E+03 
2.500E+10 2.330E+10 8.784E+03 1.037E+03 
ns, n, no, kray2s, gfac2. tauo2 , rad2 
1.000E+08 9.320E+07 3.514E+01 8.049E+00 
2.000E+08 1. 864E+08 7.028E+01 1.610E+01 
3.000E+08 2.796E+08 1.054E+02 2.415E+01 

. 
4.700E+09 4.380E+09 1.651E+03 3.783E+02 
4.800E+09 4.474E+09 1.687E+03 3.864E+02 
4.900E+09 4.56 7E+09 1. 722E+03 . 3. 944E+02 
5.000E+09 4. 660E+09 1.757E+03 4.025E+02 

a1phao1 - 8.51799503446245205E-12a1phao2-

4. 150E+01 4.259E-03 5.515E+01 
4.150E+01 8.518E-03 5.515E+01 
4.150E+01 i.278E-02 5.515E+Ol 
4.150E+01 1. 704E-02 5.515E+01 
4.150E+01 2.129E-02 5.515E+01 
4.150E+01 2.555E-02 5.515E+01 
4.150E+01 2.981E-02 5.515E+01 
4.150E+01 3.407E-02 5.515E+01 
I~ • 150E+01 3.833E-02 5.515E+01 
4. 150E+01 4.259E-02 5.515E+01 
4. 150E+01 4.685E-02 5.515E+01 

• 
4.150E+01 2.087E-01 5.515E+01 
4.150E+01 2.129E-01 5.515E+01 

8.049E+01 1.696E-03 1. 069E+02 
8.049E+01 3.392E-03 1.069E+02 
8.049E+01 5.088E-03 1.069E+02 

. 
8.049E+01 7.971E-02 1.069E+02 
8.049E+01 8.141E-02 1.069E+02 
8.049E+01 8.311E-02 1.069E+02 
8.049E+01 8.480E-02 1.069E+02 
1.69606100910255318E-11 

Figure B.4 Output from the Calibration and Abundance Programs 

Output file, 686481.cal which gives the sensitivity of the instrument at the time of 
observation and the emission rate for the spatial resolution sector is shown at the 
top of the figure. Output file, 686481.cur which gives the abundance, g-\,alue and 
radiation acceleration is shown in the bottom part of the figure. It has had many 
lines removed for convenience of placement on the page. Explanations to both are 
found in parts 4 and 5, Appendix B. 
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available to scatter from atoms in the atmosphere. These fractions, gad1 and 

gad2, vary as the Sun/Mercury radial velocity varies and light either shortward 

or longward of line center in the solar Fraunhofer is at the scattering wavelength 

in Mercury's reference frame. Next is printed the 'barometric' scale height of 

potassium at 'tempeq'. Seven columns contain the slant line-of-sight abun

dance, zenith column abundance, number density, kRayleighs emission due to 

the line for that line-of-sight abundance, the scattering probability (in this case, 

'gfac2') for the line, the optical depth at line center for the line and the radia

tion acceleration due to resonance scattering in the line. Values are printed for 

D1 first, followed by' the same parameters for D2. The last line of the output 

file (686481.cur) gives the cross sections at line center. 

5. The line-of-sight and zenith column abundances can be read off or interpolated 

from the output file 686481.cur. Slant column abundance is found under Ins' 

and In' is the zenith value. The kilo Rayleighs emission observed (b2 from 

686481.cal) can be matched to 'kray2s' column of 686481.cur (Figure B.4, bot

tom). Interpolation may be required between two printed numbers. 
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APPENDIX C 

DETERMINATION OF REDISTRIBUTION OF K ATOMS 

Relevant Equations and Parameters 

The system of equations used to solve for the fluxes described in Chapter 3 

and in Figure 3.4 are described below. There are four categories of atoms which 

must be counted. Designated 1 are thermal atoms, those accommodated to the 

surface temperature. Population 2 are nonthermals, those with energies falling into 

an ill-defined distribution but generally characterized by higher temperatures than 

the thermalized population. Population 3 are those atoms which are adsorbed on 

to the surface later to be photo-desorbed or evaporated. Population 4 are those 

reflected from the surface. Sources of populations are designated by Qij where i 

represents the contributing population, j represents the receiving. For example, QH 

stands for thermal atoms reflected from the surface. Q31 represents desorbed atoms 

which join the thermal population. Loss to the system occurs through ionization; 

the assumption of 50% recycling is made. Source atoms from an external source 

are also designated by Q but with only one subscript representing the population 

joined. Atoms lost to the system from the thermal and nonthermal populations are 

designated Lli and L2i. The collision rate (OR) with the surface is estimated by 
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nov/4. The sticking coefficient S, represents adsorption efficiency and a parameter

izes the fraction of atoms which undergo elastic reflections with the surface. CR, S 

and a are described fully in Chapter 3. 

Known relationships are: 

a) Q13 = S CR1 

b) Q23 = S CR2 

c) Q14 = (1- S)CR1 

d) Q24 = (1 - S)CR2 

e) Q3 = S(Lli + L2i) 

f) Q4 = (1 - S)(Lli + L2i) 

g) Q31 + Q32 = Q13 + Q23 + Lli + L2i 

h) Q41 = Q14 + a(Q4 + Q24) 

i) Q42 = (1 - a)(Q4 + Q24) 

Two unknowns, Q31 and Q41, must be determined from equations (1) - (3). 

(1) 

(2) 

(3) 
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Solution yields: 

j) Q31 = Q13 + Lli - a(Q4 + Q24) 

k) Q32 = Q23 + Q24 + L2i - (1- a)(Q4 + Q24) 

Given reasonable values for S and a, redistribution fluxes such as those shown 

in Figure 3.4 can be calculated. 



140 

REFERENCES 

Allen, C. W. 1973. Astrophysical Quantities, The Athlone Press, University of 
London. 

Askill, John 1970. Tracer Diffusion Data for Metals Alloys and Simple Oxides. 
IFI Plenum Data Corporation, N.Y. 

Atkinson, A. 1984. Diffusion along Grain Boundaries and Dislocations in Oxides, 
Alkali Halides and Carbides. Solid State Ionics, 12, 309 - 320. 

Barrer, Richard M. 1970. Diffusion In and Through Solids. Cambridge University 
Press. 

Benz, VV., Slighter, W.L., and Cameron, A.J. 1988. Collisional Stripping of Mer
cury's Mantle. Icarus, 74,516 - 528. 

Borg, J., Chaumont, J., Jouret, C., Langevin, Y., Maurette, M. 1980. Solar wind 
radiation damage in lunar dust grains and the characteristics of the ancient 
solar wind. The Ancient Sun pp 431 Eds. R.O. Pepin, J.A. Eddy, R..B. Merrill. 
Geochimical et Cosmochimica Acta Supplement 13. 

Boynton, W.V. and Wasson, J.T. 1977. Distribution of 28 Elements in Size 
Fractions of Lunar Mare and Highland Soils. Geochem. Cosmochem. Act. 41, 
1073 - 1082. 

Brown, R. A., and Yung, Y. 1976. 10, Its Atmosphere and Optical Emissions. 
Jupiter. Editor T. Gehrels. 1102-1145. University of Arizona Press. 

Burns, J.O., Gisler, G.R.., Borosky, J.E., Baker, D.N., and Zeilik, M. 1987. Radio 
Interferomic Imaging of the Subsurface Emissions From the Planet rvlercury. 
Nature, 329,224 - 226. 

Burns J. A., Lamy, P. L., and Soter, S .. 1979. Radiation Forces On Small Particles 
in the Solar System. Icarus, 40, 1 - 48. 

Chamberlain, J. W. 1961. Physics of the Aurora and Airglow. Academic Press, 
New York. 

Chamberlain, J.'V. and Hunten, D.M. 1987. Theory of Planeta.ry Atm.ospheres. 
International Geophysics Series, 36, Academic Press. 

Cheng, A. F., Johnson, R. E., Krimingis, S. M., AND L. J. Lanzerotti 19S7. 
Magnetosphere, Exosphere and Surface of Mercury. Icarus, 71,430 - 440. 

Conel, J. E. 1969. Infrared Emissivities of Silicate: Experimental Results and a 
Cloudy Atmosphere Model of Spectral Emission From Condensed Particulate 
Mediums. J. Geophys. Res., 74,6, 1614 - 1634. 

Crank, J. 1975. The Mathematics of Diffusion. Oxford University Press. 



141 

Davis, Philip A. and Paul D. Spudis. 1985. Petrologic Province Maps of the Lunar 
Highlands Derived from Orbital Geochemical Data. Proc. Lunar Planet. Sci. 
Coni., 16th , Part 1. J. Geophys. Res., 90, Supplement, D61 - D74. 

Eichhorn, G. 1978. Heating and Vaporization During Hypervelocity Particle Im
pact. Planetary and Space Sci., 26, 463 - 467. 

Fastie, W.G., Feldman, P.D. Henry, R.C. Moos, H.W., Barth, C.A., Thomas, G.E. 
and Donahue, T.M. 1973. A Search for Far-ultraviolet Emissions From the 
Lunar Atmospehre. Science, 182, 710 - 711. 

Fegley, B. and Lewis, J. S. 1980. Volatile Element Chemistry in the Solar Nebula: 
Na, K, F, Cl, Br, and P. Icarus, 41,439 - 455. 

Feierberg, M. A., Witteborn, F. C. and Lebofsky, L. A. 1983. Detection of Silicate 
Emission Features in the 8 - 13 11m Spectra of Main Belt Asteroids. Ica.rus, 
56, 393 - 397. 

Freer, Robert 1981. Diffu.sion in Silicate Minerals and Glasses: A Data Digest 
and Guide to the Literture. Contrib Mineral Petrol, 76, 440 - 454. 

Gaffey, M. J., Bell, J. F, and Cruikshank, D. P. 1989. Reflectance Spectroscopy 
and Mineralogy of Asteroid Surfaces. Asteroids II, (Binzel, P., Gehrel, T, and 
Matthews, M.S. Eds.) 98 - 127. Univ. of Arizona Press. 

Goettel, K. A. 1988. Present Bounds on the Bulk Composition of Mercury: 
Implications for Planetary Formation Processes. Mercury, (Vilas, F., Chapman, 
C.R, and Matthews, M.S. Eds.) 613 - 621. Univ. of Arizona Press. 

Goetz, A.F.H. 1968. Differential Infrared Lunar Emission Spectroscopy. J. Ceo
phys. Res., 73, 4, 1455 - 1466. 

Goldstein, B. E., Suess, S. T., Walker, R J. 1981. Mercury: Magnetospheric 
Processes and the Atmospheric Supply and Loss Rates. J. Ceophys. Re,q., 86, 
A7, 5485 - 5499. 

Goresy, EI, A., Yabuki, H., Pernicka, E. 1983. Quinqhen: A Tentative Alphabet 
for the Enstatite Chondrite Clan. Meteoritics 18,293 - 294. 

Hapke, B., Christman, C., Rava, B., Mosher} J. 1980. A Color ratio Map of 
Mercury. Proc. Lunar Science Conf. st I, 817 - 821. 

Hickson, P. J. 1972. Lunar Surface Temperatures from Apollo 11 Data. Thermal 
Characteristics of the Moon John VY. Lucas, editor, Progress in Astronautics 
and Aeronautics, 28, MIT Press, Cambridge Massachussetts. 

Hodges, RR., Hoffman, J.H., Johnson, F.S. 1973. Composition and Dynamics of 
Lunar Atmosphere. Proc. Lunar Science Conf. 4tli , 3, 2855 - 2864. 

Hodges, R R, Hoffman, J. H., Johnson, F. S. 1974. The Lunar Atmosphere. 
Icarus, 21, 415 - 426. 

Hodges, R R and Hoffman, J. H. 1975. Implications of atmospheric 40 AI' excape 
on the interior structure of the moon. Proc. Lunar Science Conf. 6th , 3039 
- 3047. 



142 

Hood, L. L. and Schubert, G. 1979. Inhibition of Solar Wind Impingement on 
Mercury by Planetary Induction Currents. J. Geophys. Res., 84, A6, 2641 -
2647. 

Hughes, H.G., App, F.M. and McGetchin, T.R. 1977. Global seismic effects of 
basin-forming impacts. Physics Earth Planet. Interiors, 28, 251. 

Hunten, D. M., Roach, F. E. and Chamberlain, J. W. 1956. A Photometric Unit 
for the Airglow and Aurora J. Atmos. and Ter. Physics 8, 345 - 346. 

Hunten, Donald M. 1967. Spectroscopic Studies of the Twilight Airglow. Space 
Science Reviews, 6, 493 - 573. 

Hunten, Donald M. 1974. Reshaping and Stabilization of Astronomical Images. 
Methods of Experimental Physics. 12, Part A., 193 - 220. Editor N. Carleton, 
Academic Press, New York. 

Hunten, D. M., Morgan, T. M. and Shemansky, D. E. 1988. The Mercury Atmo
sphere. Mercury, (Vilas, F., Chapman, C.R., and Matthews, M.S. Eds.) 561 -
611. Univ. of Arizona Press. 

Ip, W. F. 1987. Dynamics of Electrons and Heavy Ions in Mercury's Magneto
sphere. Icarus, 'n, 441 - 447. 

Jambon, Albert 1983. Diffusion dans les silicates fonus: un bilan des connaisances 
actuelles. Bull. Mineral, 106, 229 - 246. 

Killen, R. M. 1989. Crustal Diffusion of Gases Out of Mercury and the Moon. 
Geophys. Res. Letters, 16, 2, 171 - 174. 

Killen, R. M. and Morgan, T. M. 1989. An Explaination for the Distribution of 
Sodium in Mercury's Exosphere. Bull. Am. A.9tron. Soc., 21, 3, 975. 

Kittel, Charles. 1986. Introduction to Solid State Physics. ·John '\Tiley and Sons, 
Inc. New York. 

Kozlowski, R. W. H., Tyler, A. 1., and Hunten, D. M. 1988. The Moon's Sodium 
Atmosphere. Bull. Am. Astron. Soc., 20, 3, 809. 

Kozlowski, R. W., Sprague, A. L., Lebofsky, L. A. 1989a. Comparison of the 
Thermal Emission Spectra from the Surfaces of Mercury and the Moon. L1tna.r 
and Planeta.ry Science Conf., XX abstracts, 540 - 541. 

Kozlowski, R. W., Sprague, A. L. and Hunten, D. M. 1989b. Potassium in the 
Lunar Atmosphere: Cold and Hot Components. Bull. Am. Astron. Soc., 21, 
3,970. 

Kozlowski, R. W., Sprague, A. L. and Hunten, D. M. 1990. Observations of 
Potassium in the Tenuous Lunar Atmosphere. sumbitted to Geophys. Res. 
Letters, . 

Langseth, M.G. Jr., Drake, E.A., Nathanson, D. and Fountain, J.A. 1972. Deyel
opmcnt of An In Situ Thermal Conductivity Measurement for the Lunar Heat 
Flow Experiment. Thermal Characteristics of the Moon (J. Locas ED) 169 
- 214, Progress in Astronautics and Aeronautics, 28, MIT Press, Cambridge 
Massachusetts. 



143 

Lebofsky, L. A. and Spencer J. A. 1989. Radometry and Thermal Modeling of 
Asteroids. Asteroids II, (Binzel, P., Gehrel, T, and Matthews, M.S. Eds.) 128 
- 147. Univ. of Arizona Press. 

Link, H, Leinert, C., Pitz, E., and Salm, N. 1976. Preliminary Results of the 
Helios A Zodiacal Light Experiment, it Interplanetary Dust and Zodiacal Light, 
H. Elsasser and H. Fechtig, Eds., Lecture Notes in Physics, 14, 24 - 28. 

Logan, L. M., Hunt, G. R., Balsamo, S. R., and Salisbury, J. W. 1972. Midinfrared 
emission spectra of Apollo 14 and 15 soils and remote compositional mapping 
of the moon. Proc. Lunar Science Conf. Srd, 3, 3069 - 3076. 

Logan, L. M., Hunt, G. R., Salisbury, J. \V. and Balsamo, S. R. 1973. Composi
tional Implications of Christiansen Frequency Maximums for Infrared Remote 
Sensing Applications. J; Geophys. Res., 78,23,4983 - 5003. 

McCord, T. B., Pieters, C. and Feierberg, M. A. 1976. Multispectral mapping of 
the lunar surface using ground-based telescopes: Icarus, 29, 1 - 34. 

McGrath, M.A., Johnson, R. E. and Lanzerotti, L. J. 1986. Sputtering of Sodium 
on the Planet Mercury. Nature, 323, 694 - 696. 

Mitchell, D. 1990. Thermal Mapping of Mercury. Limited Distribution preprint. 

Morgan, T. H., Zook, H. A., and Potter, A. E. 1988a. Impact-Driven Supply of 
Sodium and Potassium in the Atmosphere of Mercury. Icarus, 74, 156 - 170. 

Morgan, T. H., Zook, H. A., and Potter, A. E. 1988b. Production of Sodium 
Vapor from Exposed Regolith in the Inner Solar System. Lunar and Planetary 
Science Conf., XIX abstracts, 806 - 807. 

Murcray, F. H., Murcray, D. G., and Williams, \V. J. 1970. Infrared Emissivity of 
Lunar Surface Features 1. Balloon-Borne Observations. J. Geophys. Res., 75, 
14, 2662 - 2669. 

Muhleman, Duane O. 1972. Microwave Emission From the Moon. Thermal 
Characteristics of the Moon (J. Locas ED) 51 - 81, Progress in Astronautics 
and Aeronautics, 28, MIT Press, Cumbridge Massachusetts. 

Murdock, Thomas 1974. Mercury's infrared phase effect. The Astron. J., 79, 12, 
1457 - 1464. 

Nash, D. B. and Salisbury J. ·W. 1990. Infrared Reflectance Spectra of Plagioclase 
Feldspars. Lunar and Planetary Science Abstracts XXI, 845 - 846. 

Pieters, C. M. 1978. Mare basalt types on the front side of the Moon: A summary 
of spectral reflectance data: Proc. Lunar Planet. Sci. Conf. 9th, 2825 - 2849. 

Pollack, J. B., Roush, T., \Vitteborn, F., Bregman, J., Wooden, D. Stoker, C., Toon, 
O. B., Rank, D. Dalton, B., Freedman, R. (1990) Thermal Emission Spectra 
of Mars (5.4 - 10.5 pm): Evidence for Sulfates, Carbonates, and Hydrates. J. 
Geophys. Res., IN PRESS. 

Potter, A. E. and Morgan, T. H. 1985. Discovery of Sodium in the Atmosphere of 
Mercury. Science, 229, 651 - 653. 



144 

Potter, A. and Morgan, T. 1986. Potassium in the Atmosphere of Mercury. Icarus, 
67, 336 - 340. 

Potter, A. E. and Morgan, T. E. 1987. Variation of Sodium on Mercury with Solar 
Radiation Pressure. Icarus, 71, 472 - 477. 

Potter, A. E. and Morgan, T. H. 1988a. Discovery of Sodium and Potassium 
Vapor in the Atmosphere of the Moon. Science, 241, 675 - 680. 

Potter, A. E. and Morgan, T. H. 1988b. Extended Sodium Atmosphere of the 
Moon. Geophys. Res. Letters, 15, 13, 1515 - 1519. 

Press, W. H., Flannery, B. P., Teukolsky, S. A. and Vetterling, W. T. 1987. Nu
merica~ Recipes, Cambridge University Press. 

Reynolds, R. T., Fricker, P. E., Summers, A. L. 1972. Thermal History of the 
Moon. Thermal Characteristics of the Moon John W. Lucas, editor, Progress 
in Astronautics and Aeronautics, 28, MIT Press, Cambridge Massachussets. 

Roewe, Douglas A. Gille, John C. and Bailey, Paul L. 1982. Infrared limb scanning 
in the presence of horizontal temperat.ure gradients: an operational approach. 
Applied Optics, Vol 21, No. 20, 1982. 

Saari, J. M., and Shorthill, R. VV. 1972a. The Sunlit Lunar Surface I. Albedo 
Studies and Full Moon Temperature Distribution. The Moon, 5, 161 - 178. 

Saari, J. M., and Shorthill, R. W. 1972b. The Sunlit Lunar Surface II. A Study 
of Far Infrared Brigthtness Temperatures. The Moon, 5, 179 - 199. 

Salisbury, J. W., Vincent, R. 1(., Logan, L. M., and Hunt, G. R. 1970. Infrared 
Emissivity of Lunar Surface Features 2. Interpretation. J. Geophys. Res., 75, 
14, 2671 - 2682. 

Salisbury, J. W., Hunt, G. R., and Logan, L. M. 1973. Infrared spectra of Apollo 
16 fines. Proc. Lunar Science Conf. 4th , 3, 3191 - 3196. 

Salisbury, J. W., Hapke, B., and Eastes, J. W. 1987. Usefulness of Weak Bands 
in Midinfrared Remote Sensing of Particulate Planetary Surfaces. J. Geophys. 
Res., 92, No. Bl, 702 - 710. 

Salisbury, J. W., 'Valter, L. L. and Vergo, N. 1987. Mid-Infrared (2.1 to 25.0 ,um) 
Spectra of Minerals. 1st Editions. Open File Rebpor 87-263. USGS Reston, 
Va. 

Salisbury, J.W., 'Valter, L.S. and D'Aria, D. 1988. Mid - Infrared (2.5 to 13.5 
,um) Spectra of Igneous Rocks. Open - File Report 88 - 686, Reston Va. 

Salisbury, J. W., and 'Valter, L. S. 1989. Thermal Infrared (2.5 to 13.5 ,um) 
Spectroscopic Remote Sensing of Igneous Rock Types on Particulate Planetary 
Surfaces. J. Geophys. Res., bf 94, B7, 9192 - 9202. 

Schneider, N. M. 1988 Sodium in Io's Extended Atmosphere. Ph.D. Thesis, 
University of Arizona. 



145 

Schonfeld, Ernest and Meyer, Charles Jr. 1972. The abundances of components 
of the Lunar Surface by a least-squares mixing model and the formation age of 
KREEP. Proc. Lunar Science ConI. 9rd, 2, 1397 - 1420. 

Schubert, G.,M.N. Ross, D.J. Stevenson and T. Spohn 1988. Mercury's Thermal 
History and the Generation of its Magnetic Field. In Mercury (F. Vilas, C~R. 
Chapman and M.S. Ma.tthews, Eds.) pp. 429 - 460. University of Arizona 
Press, Tucson, AZ. 

Shemansky, D. E., and Broadfoot, A. Lyle 1975. Interaction of the Surfaces of the 
Moon and Mercury With Their Exospheric Atmospheres. Reviews 0/ Geophys. 
and Space Phys. 15,34. 

Shorthill, R. E. 1972. Infrared Moon. Thermal Characteristics 0/ the Moon John 
W. Lucas, editor, Progress in Astronautics and Aeronautics, 28, MIT Press, 
Cambridge Massachussets. 

Shultz, P. H. and Gault, D. E. The Moon 12, 159 - 177 (1975). 

Smith, Gerald R., D. E. Shemansky, A. Lyle Broadfoot, and Wallace, L. 1978. 
Monte Carlo Modeling of Exospheric Bodies: Mercury. J. Geophys. Res., 83 
pp. 3783 - 3790. 

Soter, S. L. and Ulrichs, J. 1967. Rotation and Heating of the Planet Mercury. 
Nature, 214 1315. 

Sprague, A. L. 1989. A Diffusion Source Mechanism for the Atmospheres of Mer
cury and the Moon. Lunar and Planetary Science Con/., XX abstracts, 1040 
- 1041. 

Sprague, A. 1., R. W. H. Kozlowski, and D. M. Hunten 1989. Potassium at Mercury 
and the Moon: A Comparative View. Bull. Am. Astron. Soc., 21,3,974. 

Sprague, A. L. 1990. A Diffusion Source for Sodium and Potassium in the Atmo
spheres of Mercury and the Moon. Icarus, 84, 1, 93 - 105. 

Sprague, A. L., Kozlowski, R. W. and D. M. Hunten 1990. Caloris Basin: An 
Enhanced Source for Potassium in Mercury's Atmosphere. Science, In Press. 

Spudis, P. D., Hawke, B. R. and Lucey, P. 1984. Composition of Orientale Basin 
Deposits and Implications for the Lunar Basin-Forming Process. J. Geophys. 
Res., 89, C197 - C21O. 

Strom, R. E. and Neukum. G. 1988. In Mercury, (F. Vilas, Chapman, C.R., and 
Matthews, M.S. Eds.) 561 - 611. Univ. of Arizona Press, 'Thcson, AZ. 

Stubican, V. S. and Osenbach, J. W. 1984. Influence of Anisotropy and Doping 
on Grain Boundary Diffusion in Oxide Systems. Solid State Ionics, 12, 375 -
381. 

Stubican, V. S. 1987. Grain Boundary and Surface Diffusion in Oxides. Progress 
Report Aug. 15, 1986 - Oct. 1, 1987. Penn. State University, Department of 
Mineral Sciences and Engineering, University Park, PA. 

Taylor, S. R. 1982. Planetary Science: A Lunar Perspective. Lunar and Planetary 
Institute, Houston, TX. 



146 

Toksoz, M. N., Dainty, A. M., Solomen, S. C. and Anderson, K. R. 1973. Proc. 
Lunar Science Con/. 6th , 1121 - 1141. 

Taylor, S. R. and Bence, A. E. 1975. Evolution of the lunar highland crust. Proc. 
Lunar Science Conf. 6th , , 1121 - 1141. 

Tyler, A. L., Schneider, N. M., Wells, W. K., Hunten, D. M., and Kozlowski, 
R. W. H. 1986. Mercury Observations Indicating Spatial Variation in At
mospheric Sodium and the Presence of Atmospheric Potassium. Bull.· Am. 
Astron. Soc., 18, 3, 781. 

Tyler, A. L, Kozlowski, R. W. H. and Schneider, N. M. 1987. Mercury's Atmo
sphere; Latitudinal Asymmetries in Sodium and Potassium. Bull. Am. Astron. 
Soc., 19, 3, 862. 

Tyler, A. L., R. W. H. Kozlowski, and Hunten, D. M. 1988a. Observations of 
Sodium in the Tenuous Lunar Atmosphere. Geophys. Res. Letters, 15, 10, 
1141 - 1145. 

Tyler, A. L, Kozlowski, R. W. H. and Lebofsky, L. A. 1988b. Determination of 
Rock Type on Mercury and the Moon Through Remote Sensing in the Thermal 
Infrared. Geophys. Res. Letters, 15,8, 808 - 811. 

Vilas, F. and McCord, 'T. G. B. 1976. Mercury: Spectral Reflectance Measure
ments (0.33 pm -1.06 pm) 1974/75. Icarus, 28, 593 - 599. 

Vilas, Faith 1985. Mercury: Absence of Crystalline Fe2+ in the Regolith. Icarus, 
64, 133 - 138. 

Walter, L. S. and Salisbury, J. W. 1989. Spectral Characteristics of Igneous Rocks 
in the 8 - 12 pm Region. J. Geophys. Res., 94, B7, 9203 - 9213. 

Wechsler, A. E., Glaser, P. E., Little, A. D., and Fountain, J. A. 1972. Thermal 
Properties of Granulated Materials. Thermal Characteristics of the Moon John 
W. Lucas, editor, Progress in Astronautics and Aeronautics, 28, MIT Press, 
Cambridge Massachussetts. 

'\Tood, C. A., Head, J. W., and Cintala, M. J. 19'77. Crater Degradation on 
Mercury and the Moon: Clues to Surface Evolution. Proc. Lunar Science 
Con/. 8th , 3503. 

Yaniv, A., and Heyman D. 1967. Atmospheric Ar40 in lunar fines. Proc. The 
Lunar Sci. Con/. , Geochim. Cosmochim. Acta, Supplement 2. 

Yund, Y. A. 1983. Diffusion in Feldspars. Reviews in Mineralogy (Paul Ribbe, 
ED) 2, 211. 

Zharkov, V. N. and Trubitsyn, V. P. 1978. Physics of Planetary Interiors. ('W.B. 
Hubbard, ED) Pachart Publishing House, Tucson, AZ. 


