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Abstract. A large (fivefold) increase in Mercury's potas- 
sium(K) column abundance on 14 October 1987, has been 
reported by Sprague et a/.[1990](SKH), who attributed the 
enhancement to diffusion through the surface in the Caloris 
Basin, from depths of order 10 km. The postulated source 
rate is much larger than any previously estimated diffusion 
rate, and if true certainly affects consideration of the origin 
of other atmospheric species. However, Killen et a/.[1991] 
have pointed out that the claim is not supported by the 
published observations of K or sodium(Na) as a whole. 
Sprague et a/.[1991] have responded by further hypothe- 
sizing the existence of several other sources of gas diffusing 
out of the regolith, all of which are time variable. In any 
case the SKH data indicate large variations in abundance, 
and it is important to understand the cause. With this 
issue in mind we have examined the available abundance 
estimates for correlation with possible controlling physical 
parameters. We have found a significant correlation be- 
tween the average zenith K column abundance and indices 
of solar activity, although we are left with the intrinsic 
uncertainty of a small data set. 

Introduction 

Observations of K in the atmosphere of Mercury show a 
low abundance relative to Na, the other known alkali metal 
constituent. According to Potter and Morgan[1990], Na 
shows moderate global variability in abundance, but strong 
localized and temporal variation. The measurements of K 
are fewer in number but all show a low abundance with 
the exception of two occasions reported by SKH. Twelve 
observations of K in the atmosphere of Mercury have been 
published to date. One of these is the discovery measure- 
ment by Potter and Morgan[1986], and the remainder are 
reported by SKH. The average abundance derived from 
the measurements provides an atmospheric abundance ra- 
tio [Na]œ/[K]t ~ 100, where œ is effective path length. The 
dates of the observations with derived abundances, and ge- 
ometric quantities are shown in Table 1. The average of the 
derived vertical abundances excluding the data obtained at 
the longitude of the Caloris Basin and it's antipode, is [K]œ 
= 0.5 x 10 • cm -2 (Table 1), while the average value on 14 
October 1987 (Table 1) was [K]œ = 2.3 x l0 s cm -2. The 
latter measurement forms the basis of the SKH argument 
for enhanced outgassing through the Caloris Basin near 
220 ø longitude. 

Large changes in atmospheric abundance are of consider- 
able interest because the behavior provides the opportunity 
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to identify source processes. SKH consider only one possi- 
bility as an explanation for the enhancement of 14 October 
1987, although they do not entirely rule out other pro- 
cesses. Sprague et a/.[199I] have expanded on the diffusion 
hypothesis in response to criticism by Killen et a/.[1991] by 
indicating that there must now be several source locations 
in addition to the Caloris Basin and its antipode, and all 
of the sources must now be time variable. Since the vari- 
ability has no evident relationship to particular features 
on Mercury, it is a matter of considerable interest to deter- 
mine whether it depends on any plausible physical source 
process. Initial inspection of solar activity indices immedi- 
ately reveals that the two observations on which the SKH 
postulation depends were obtained on days in which the 
sunspot count was 92 and 66 (14 October 1987 is described 
as a D4 disturbed Sun)[see •offey, 1987]. The remaining 
observations in the data set were obtained at times when 
the sunspot count was zero. On further investigation we 
find that the set of derived abundances show a remarkably 
strong correlation to the variation in solar physical quanti- 
lies, and we argue that the observed phenomenon may be 
related to solar activity. These considerations are discussed 
in more detail below. 

Characteristics of the data 

Data Quality. The available data on the K atmosphere 
do not provide extensive coverage of conditions needed 
for definitive information on source processes, limiting the 
ability to draw firm conclusions. The strong enhancement 
of 14 October 1987 consists of measurements of the D! and 
D2 lines respectively (Table !) separated by 50 minutes in 
time. The latitudinally averaged vertical abundance ob- 
tained from the D2 line is a factor of 3.6 below the value 
from the D1 line. If the lifetime of K is limited by pho- 
toionization, roughly 2 hours, it is very unlikely that a real 
decline in abundance can occur with a time constant of 30 
minutes. Sprague et a/.[1991] originally suggested that the 
lifetime is limited by adsorption to the surface, but they 
no longer support this explanation[D. M. Hunten, private 
comm., 1991]. This suggests that the factor of 3.6 may 
be spurious, rather than a rapid variation in abundance. 
A similar difference occurs in abundances obtained from 
the D1 and D2 lines on 13 March 1987, in measurements 
separated by 26 minutes. However the data as a whole 
indicate no systematic differences between abundances ob- 
tained separately with the D1 and D2 lines. Although SKH 
do not discuss details of data quality, it appears that the 
uncertainty is not limited by photon counting stagistics. 
The main source of error in determining the atmospheric 
column is expected to be due to the effects of atmospheric 
seeing[KilIen, 1988], and possibly to the location of the 
spectrograph slit on the planet. Vie note that the D! line 
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TABLE 1 

MEASUREMENTS OF POTASSIUM 
IN THE ATMOSPHERE OF MERCURY 

DATE EMISSION [K]œ a [K]œ•s/[K]œ•, b'" .•'•;.7 a PttASE(deg) ELON(deg) 
TIME.,(UT) LINE (10 9 cm -•) . [K]œN/[K]œs • H Lya ,. r(AU) ESM(deg) 
11:16:1985 D1 0.72 1.2 581 109 21E 
21:48 1.05 20.4 .355 55 

06:19:1986 D2 0.4 ? 1.4 395 88 24E 
02:53 0.54 14.1 .416 68 

06:19:1986 D2 0.64 1.5 395 88 24E 
03:01 0.55 14.1 .416 68 

06:19:1986 D2 0.70 1.2 395 88 24E 
03:12 0.83 14.1 .416 68 

12:02:1986 D1 0.24 2.1 561 68 20W 
13:34 1.10 20.2 .364 

03:13:1987 D1 0.36 -- 378 118 22W 
13:15 -- 13.2 .433 -86 

03:13:1987 D2 0.14 -- 378 118 22W 
13:41 -- 13.2 .432 -86 

06:08:1987 D 1 0.72 2.1 436 108 24E 
22:06 0.75 14.2 .430 79 

06:09:1987 D 2 0.84 1.2 438 108 24E 
02:51 0.8! 13.4 .433 79 

10:14:1987 D1 3.6 4.2 683 107 22E 
21:32 0.95 18.5 .395 51 

10:14:!987 D2 1.0 1.7 683 107 22E 
22:22 1.10 18.5 .395 51 

01:22:1988 D2 2.1 -- 899 32 17E 

01:10 -- 24.9 .332 56 

"Zenith abundance from Sprague et a1.[1990] and Potter and Morgan[1986]. The quantities derived 
from the data are the average zenith column which is the average of the north, equatorial, and south 
data if that is available, and the average value reported if no spatial data is given. 
b Zenith abundance ratio equator to mean of polar regions. 
• Zenith abundance ratio north to south polar regions. 
a Solar flux quantities from Coffey[1985-1988] and the SME data facility, LASP, University of 
Colorado. Flux units are standard for .T10.7 and 10•cm-2s -1 for H Lya. Values are calculated for 
Mercury's radial position, and adjustments are made for solar phase, but not for possible interven- 
ing temporal variations(see text). 

intensity on 14 October 1987 is very sharply peaked at the 
equator, and the large latitudinally averaged abundance is 
heavily weighted by the equatorial value. 
Morphology of the Observations. In all cases the slit of 
the spectrograph was placed across the apparent, seeing- 
broadened disk aligned N-S and passing over the poles. 
The observations were generally made at phase angles near 
90 degrees with the sub-solar point near the bright limb. 
The apparent diameter of the planet was generally 7-9 
arcseconds. The spectra were spattally resolved along the 
slit, but in most cases, the observers binned the data into 
just three sectors. The distribution of longitudes in the ob- 
servational coverage is limited mainly to the 180 ø - 330 ø 
region, so that uniform statistics are not available in this 
domain. We therefore have no information as to whether 

similar events occur when longitudes in the range 90 ø - 
180 ø are illuminated. In addition, the data span a time 
interval from November 1985 to February 1988, and on the 
scale of a solar cycle long term effects are not easily iden- 
tifiable. 

The K data shows a large range of values (from 0.14 x 
l0 s atoms cm -2 to 3.6 x 10 • cm-2). In contrast, there is no 
evidence in the Na data for changes in the global column 
by equivalent factors of 25. It is possible that Na would 
not show similar variability because of a longer intrinsic 
atmospheric lifetime, and to some degree spatial variations 
are moderated by optical thickness. Surface composition 
variations are another source of variability that have not 

been previously men.tioned. Strong regional variations in 
the surface expression of K are found on the Moon. Large 
increases in the K exosphere are possible, because of the 
low atmospheric abundance. 

Statistically significant correlations 

Since there is no case for a persistent source near longi- 
tude 220 ø , are there any significant correlations with other 
processes? At any epoch the average zenith column of 
K might depend on a number of factors in addition to 
the portion of the planet in the sunlit planetocentric disk 
- distance from the Sun, radiation pressure, and solar 
wind anomalies. In Table 1, we give the observed average 
zenith column densities of all the K observations, the ratios 
[K]tE/[K]/•p and [K]t•N/[K]œs, two indices of solar activity, 
the 10.7 cm flux (.•o.•) and the H Lya flux, which are 
available for every day in the table. The solar flux indices 
given in Table 1 are adjusted in solar phase for the position 
of Mercury. It is not clear that this is the most appropri- 
ate correction because of possible solar temporal effects. 
A calculation, using indices for the day of observation(i.e., 
uncorrected for phase differences) shows slightly but not 
significantly better correlations with the data. The obser- 
vations were made near solar minimum with early 1988 on 
the rising tail of the 11 year cycle. Solar activity was such 
that the 28 day cycle was not recognizable in the data, 
with daily variability in H Lya emission generally at the 
5% level. Using standard correlation theory, the data were 
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examined for statistically significant correlations with the 
indices of solar activity, distance from the Sun, and radi- 
ation pressure. A list of calculated correlations is given 
in Table 2. Briefly, three strong correlations (R = 0.8 or 
better) were found: (1) The correlation between the aver- 
.age zenith column of K and the •10.7 flux; (2) the corre- 
lation between the average zenith column of K and solar 
t! Lya; and (3), the correlation between the ratio abun- 
dances at the north and south poles ([K]œ•v/[K]œs) and the 
Zx0.r flux. The corresponding value of correlation required 
at several significance levels are also given in Table 2. [Fig- 
ure 1 shows a plot of the •:0.r flux, adjusted for Mercury's 
radial position and phase relative to the Earth, against 
derived K abundance. A linear regression line is drawn 
through the data points, calculated excluding the 14 Octo- 
ber 1987 abundance obtained from the D1 line (solid point 
shown in Figure 1). The solid point in Figure 1 is clearly 
well away from the linear regression line, indicating that 
the event was either controlled by additional physical fac- 
tors, or as we suggest above on the basis of timing, the 
quality of the measurement was poor. The linear correla- 
tion coefficient (R) for the result in Figure 1 is R = 0.83, 
giving a < 1% confidence level that the data are uncorre- 
lured (Table 2). A similar result is obtained for the solar 
H Lya line, but at a < 2% confidence level. A calculation 
of the correlation of the abundance with range to the Sun 
shows a significant value, similar to but lower than H Lycr, 
suggesting that the correlation may simply reflect the role 
of radial position in determining the magnitude of the solar 
flux at Mercury. The ratio [K]œE/[K]œp appears to show no 
correlation to the solar quantities (Table 2), but the ratio 
of polar abundances [K]tN/[K]ls does have a surprisingly 
high correlation with •'70.7 as shown in Figure 2 and Ta- 
ble 2. The correlation of H Lycr with [K]ey/[K]es is not 
particularly good, at the < 10% level (Table 2). The trend 
of higher correlation of the observed quantities with .•10.r 

Table 2 

CORRELATION FACTORS FOR ATMOSPHERIC 

POTASSIUM ABUNDANCES AND SOLAR QUANTITIES 
Y•' X b N c R d Confidence level ' 

0.10 0.02 0.01 

[K]œ! •':o.? 12 0.75 0.497 0.658 0.708 
[K]œ• .•':o.•' 1! 0.83 0.521 0.685 0.735 
[K]œ g'a -•x0.? 10 0.91 0.549 0.716 0.765 
[K]œ• H Lyc• 11 0.68 0.521 0.685 0.735 
[K]œ •,•' H Lyc• 10 0.85 0.549 0.716 0.765 
[K]œ• r -2 11 0.65 0.521 0.685 0.735 
[K]œ•,a r -2 10 0.83 0.549 0.716 0.765 
[KIœr/[K]œP ! .•'x0.7 8 0.0! 0.707 0.789 0.834 
[K]œE/[K]œp ! H Lyc• 8 0.25 0.622 0.789 0.834 
[K]œN/[K]œs ! .•10.7 9 0.82 0.582 0.750 0.798 
[K]œN/[K]œs ! I-ILyc• 9 0.57 0.582 0.750 0.798 
[K]œN •' .•'x0.7 8 0.78 0.622 0.789 0.834 
[K]œ•v •'• •':o.7 7 0.78 0.669 0.833 0.875 
[K]œ• •'a -•o.• 7 0.70 0.669 0.833 0.875 
[K]œs • .T•0.• 8 0.62 0.622 0.789 0.834 
[K]œs •'• •xo.7 7 0.31 0.669 0.833 0.875 

• Potassium observational data quantity. 
b Solar data; see Table 1. 
c Number of data elements; statistical dimension = N-2. 
a Linear correlation coefficient. 
* Correlation coefficient • limit for indicated confidence that a 
null result is obtained[Fisher and Yeares, 1957]. 
'• All available data numbers. 
• Excluding 14 October 1987 D1 data. 
a Excluding 02 December 1986 data. 
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Fig. 1. The relationship between the .•70.• Solar flux at 
Mercury and the measured zenith abundance of potassium 
(see Table 1). The line drawn on the plot is the linear re- 
gression fit to the data, calculated by excluding the data 
point plotted as a solid circle (see text). The linear corre- 
lation coefficient is R = 0.83 (see Table 2). 
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Fig. 2. The relationship between the ,•'10.7 Solar flux at 
Mercury and the measured ratio of zenith potassium abun- 
dances ([K]iN/[K]œs)in the north and south polar regions. 
The line drawn on the plot is the linear regression fit to all 
of the available data. The linear correlation coefficient is 

R = 0.82 (see Table 2). 

is consistent throughout the tested data. The correlation 
of -•0.r with the latitudinally separated components of K 
abundance is also shown in Table 2 (see Killen et a!.[1991] 
for a description of the latitudinal binning of the data). 
The R value declines from north latitude to south with 

values in the south tending to a null result. This presum- 
ably explains the basis for the strong correlation of 
with the [K]œ•v/[K]œs ratio, at the < 1% confidence level. 

The sense of the dependence on the solar flux quanti- 
ties is that both the total column of K and the relative 

concentration toward the north pole increases as the flux 
in H Lya and •x0.7 emissions increase. In terms of the 
location within the solar cycle, the K emission column is 
small near solat minimum (September 1986) and reaches 
maximum near solar maximum. Near minimum the abun- 

dance of K near the north pole on the planet is depressed 
relative to the southern region, and reaches parity near so- 
lar maximum. The magnitude of the dependence indicates 
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that the K abundance varies with greater amplitude than 
the solar quantities tested. The reality of these correla- 
tions are clearly testable by continuing the observations of 
K over the rest of cycle 22 (1986 - 1997). 

An investigation of the relationship of K abundance to 
solar wind activity obtained no detectable correlation. 

Discussion and Conclusions 

Our examination of the available measurements of K in 
the Mercury atmosphere leads to the conclusion that the 
data as a whole shows a strong correlation with solar phys- 
ical quantities, particularly in the •'•o.7 emission flux. The 
uncertainty in this conclusion lies in its dependence on a 
small data set. Most of the data was obtained when the 

solar flux quantities at Mercury showed variation of only 
•.. 25 %. The time of the measurement of the D2 line in 

January 1988 (see Table 1) was the only occasion in which 
the solar flux quantities obtained a full factor of 2 in modu- 
lation above minimum values. Short wavelength radiation 
such as the He + line at 304 J• evidently has a larger vari- 
ability, and if this and shorter wavelength emissions play 
a role, then significant variations could occur during solar 
minimum. With the exception of sunspot count the solar 
quantities tested show less modulation than the derived K 
abundances, as we have pointed out in the previous sec- 
tion. It is known that •'•o.7 is more closely correlated with 
short wavelength solar flux than with H Lya, and generally 
has a larger variability. 

Taking the step from correlation of solar indices to infer- 
ence of physical processes is not a simple matter, since it 
is not clear which solar quantity is the direct causal factor. 
The .•0.r and H Lya fluxes are both related to the EUV 
solar emission, and it seems plausible that photon induced 
desorption processes play a role. McGrath et a/.[!986] have 
suggested that the Na atmosphere on Mercury is controlled 
mainly by solar photon interaction at the surface. However, 
in the McGrath et a/.[!986] description, the solar photons 
which electronically excite the subsurface molecules are a 
source of heat and dissociation products for eventual diffu- 
sion and thermal desorption at the surface. However, the 
strong observed variability requires a prompt response. Ex- 
perimental work indicates that EUV photons can promptly 
remove atoms from the subsurface by the production of en- 
ergetic dissociation (atomic) fragments through electronic 
excitation by secondary electrons. The physics of desorp- 
tion processes has been referenced and discussed recently 
by Morgan and Shemansky[1991]. An enhanced source of K 
may be produced by the dissociative ejection mechanism 
through hardening of the solar spectrum along with in- 
creased flux. The spatial and temporal morphology of Na 
is complex, not consistent with thermal desorption, and 
the evidence seems to indicate that other processes control 
the source[Killen et al., 1990; Potter and Morgan, 1990; cf. 
Ip, 1990; Smyth, 1986]. 

The fact that the K abundance varies with greater mod- 
ulation than either of the solar sources tested and shows 

better correlation with .•'m.,, suggests that the effective 
radiation for the process is at wavelengths shortward of 
500 •, if we assume that there are no significant regional 

differences in surface concentration. The latter assump- 
tion could easily be wrong, leading to peculiar deviations 
from a linear regression line. It is unlikely that the source 
would be composed of atoms recycled to physical adsorp- 
tion at the surface, since atoms in this state have a very 
short lifetime. Moreover the adsorbed atoms tend to retain 
their atomic properties and therefore are expected have a 
small cross section for desorption as neutrals by EUV pho- 
tons. The suggestion in the data that the abundance in 
the north polar region is depleted during solar minimum 
implies complexity in the source processes, and possible 
hemispheric surface differences. Long term studies of the 
K and Na exosphere will be required to begin to under- 
stand these phenomena. 
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