
our "dry" calculation, we zeroed out the radiative 
effects of water vapor but st11 used the moist adiabat 
for the tropospherc temperature profle This corre- 
sponds to the typical practice In rad~ative-convectve 
modeling of usng the most adabat even in hghy 
subsaturated conditions, as in (2). On Earth, it is 
known that a most adabat can be mantaned even 
if the relative humdty is low almost everywhere in the 
atmosphere [K A. Emanuel, J D. Neelln, C. S 
Bretherton, Q. J. R. Meteoroi. Soc. 120, 11 11 
(1994), K M. Xu and K. A. Emanuel, Mon. Weather 
Rev. 117, 1471 (1 989)l. Our use of the moist adiabat 
IS a conservative choice from the standpont of sur- 

face warming. A totally dry planet would Ikely adjust 
to the dry adiabat, which IS steeper and would yleld 
slghty greater surface temperatures than the "dry" 
case we show. 

21. Adding 10% in mass of 10-+m water ice partcles to 
the cloud of Fig. 2 [particle radus (r) = I 0  +m; 7 = 

101 reduces the absorbed solar energy by 2 W m-' 
and the scattering radative forcng by 1 5 W m-2 but 
increases the absorpton-emisson forcing by 8 5 W 
m-', resulting in a 1.5 K surface warmlng However, 
the effect of the water ice particles depends on their 
temperature. A lower, thlcker water cloud would 
slghty cool the surface. 

Mechanism for the 
Green Glow of the Upper Ionosphere 

Steven L. Guberman 

The generation of the green line of atomic oxygen by dissociative recombination of 02+ 
occurs by the capture of an electron into a repulsive state of 0, followed by dissociation 
along another state of a different electronic symmetry. The two states are coupled 
together by mixed symmetry Rydberg states. Quantum chemical calculations give a rate 
coefficient at room temperature of (0.39':::;) x 1 0-8 cubic centimeters per second. The 
quantum yield of excited oxygen is within the range deduced from ground, rocket, and 
satellite observations. The rate coefficients and yields are needed in models of the optical 
emission, chemistry, and energy balance of planetary ionospheres. 

T h e  dissociative recombination (DR) of 
O,+ with an electron (ep) ,  02+ + ep  --+ 
0 + 0, is an important process in the 
ionospheres of Mars ( I ) ,  Venus (Z), and 
Earth (3). A t  Mars, DR can provide suffi- 
cient energy to the product 0 atoms to 
allow them to escape the atmosphere (1 ). In 
combination with the escape of hydrogen 
atoms, DR has been proposed as one of 
several nonthermal mechanisms for the dis- 
appearance of water from the Martian sur- 
face (1 ). At  Venus, the collision of H atoms 
with energetic 0 atoms produced by DR 
can result in the escape of H from the 
atmosphere (4). A t  all three planets, one of 
the product 0 atoms can be generated in 
the excited 'S state, which is the source of 
the green airglow (2aused by the 'S to 'D 
transition at 5577 A )  near 300 km in the 
terrestrial atmosphere (3,  5-7). A t  Earth, 
numerous ground, rocket, and satellite stud- 
ies have reported an ionospheric O('S) 
quantum yield [that is, the number of 0 ( 'S)  
atoms produced for every two product at- 
oms] from DR of between 0.01 and 0.23 (3,  
5-7). O n  the other hand, theoretical calcu- 
lations with the assumed mechanisms for 
DR have given O('S) quantum yields from 
the lowest ion vibrational level of 0.0016 
(8) and 0.0012 (9). These results have led 
to the suggestion that another process is 
generating O('S) in the ionosphere, al- 
though none could be identified (10). The 
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DR mechanism for the generation of O('S) 
in the ionomhere and in ~ lane ta rv  atmo- 
spheres has remained unknown. 

I have shown that there is only one 
dissociative 0, potential curve, 'C:, that 
produces O('S) from the low vibrational 
levels of O,+ (1 1 ). The 'C: and ion poten- 
tial curves (Fig. 1) cross between the u = 1 
and u = 2 vibrational levels (u is the vibra- 
tional quantum number). The first calcula- 
tion (8) of the rate coefficient included 
only the direct (1 2)  recombination mecha- 
nism (Fig. I ) ,  in which the electron is cap- 
tured into the repulsive state without pop- 
ulating any intermediate states. Once cap- 
tured, the electron can be emitted (auto- 
ionization). or the molecule can dissociate , , 

along the repulsive potential. The direct 
cross section and rate constant are approx- 
imately proportional to the square of the 
overlap between the continuum vibrational 
function for the 'C: repulsive channel and 
the bound ion vibrational wave function. 
For u = 0, direct capture into 'C,+ at low 
electron energies (for example, E in Fig. 1)  
occurs in the nonclassical region, where this 
overlap is small. The  calculated quantum 
yield for O(lS)  was 0.0016. Later calcula- 
tions (9) included the indirect (1 3)  recom- 
bination mechanism (Fig. 1) .  In indirect 
recombination, O,+ + e- + 02(RYD) + 
0 + 0 ,  intermediate neutral Rydberg 
(RYD) states are populated that are predis- 
sociated bv the same dissociative state used 
in the diiect mechanism. These calcula- 
tions gave a quantum yield for O('S) of 
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23. J. F. Kastng, D. P. Whitmre, R. T Reynolds, lcarus 
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0.0012, which is smaller than the earlier 
results because of destructive interference 
between direct and indirect recombination 
and an order of magnitude below the yields 
derived from atmospheric observations. 

A n  assumption common to all previous 
calculations of the DR mechanism is that 
molecular dissociation occurs along the 
same repulsive potential involved in the 
initial electron capture in direct DR (Fig. 
1 ). The interaction between states of differ- 
ent electronic symmetries has never been 
accounted for in the DR mechanism. Only 
five states in addition to 'C:('S + 'D) can 
provide routes for DR from the low vibra- 
tional levels of the ion, 311,(3P + 3P), 
111,(3P + 3P), 3C;(3P + ID), lAu(lD + 
ID), and 1C;(3P + 3P) (where the states of 
the product atoms are shown in parenthe- 
ses) (1 1 ). All of these curves, except '2; 
and 'nu, cross the ion potential curve be- 
tween the turning points of the u = 0 
vibratlonal level and have more favorable 
initial capture probabilities than that of 
'C:, the only channel that yields O('S). 

A small interaction usually neglected 
in these calculations is spin-orbit cou- 
pling, the interaction of the magnetic field 

Internuclear distance (bohrs) 

Fig. 1. Mechan~sms of DR for dissociation along 
the '2; route. Direct recombination is shown by 
the solid arrows at electron energy E .  Indirect re- 
comb~nation is shown by the dashed arrows at 
electron energy E ' .  Also shown are the v = 4 
vibrational level of the n = 7 'Z; potential curve 
(dashed lines) and the lowest seven vibrat~onal 
levels of the Ion (solid lines). 
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due to an electron's orbital motion, with 
the magnetic field due to the electron's 
spin. The selection rules for spin-orbit 
coupling (14) allow states of 'C: symme- 
try to couple to states of 3C, and 311, 
symmetry. Calculation of the spin-orbit 
matrix element between the Rydberg 
states of these symmetries shows that only 
the matrix element between the 3C; and 
'1: Rydberg states is not negligible. In 
the multiconfiguration wave functions, 
both of these Rydberg states have an inner 
02+ core with an orbital occupancy that is 
dominated by la: lo: 2a: 2a t  3 4  171.: 
l n ,  and a diffuse nn, Rydberg orbital. The 
spin-orbit interaction is primarily due to the 
inner valence 7. orbital. Because this orbital 
is mostly singly %ccupied, there is no equiv- 
alent orbital of ovvosite svin to cancel the 

A A 

spin-orbit interaction. Because the T,  orbital 
is in the O,+ core, the interaction is con- 
stant along ;he ~ ~ d b e r g  series. As the prin- 
cipal quantum number n increases along the 
3C; and 'C: Rydberg series, the unper- 
turbed levels with different electronic svm- 
metry but the same n and u become close; in 
energy and are degenerate in the limit of n 
+ m. At this limit, the energy splitting of 
the verturbed Rvdberg levels is identical to , " 

the energy splitting between the lower 211112, 
and upper 2n3j2g spin-orbit split 02+ ground 
state, 200 cm-' (15). The spin-orbit inter- 
action matrix element is therefore 112 of this 
value. 100 cmp'. 

My calculations show that for the u = 1 
levels, the n = 9 states are the lowest n 
states above the u = 0 level of the 2r1112g 
02+ ground state. The unperturbed n = 9, 
u , =  1, '2: and 3C; levels are separated by 
onlv 12 c m ' .  An  interaction of 100 cm-'. 

varies with the energy spacing between Ryd- 
berg levels, that is, with n. The lowest - 
amount of mixing occurs for n = 3, at 
which the unperturbed energy difference is 
572 cm-'. However, the n = 3 levels play 
an important role because they have the 
highest predissociation coupling to the 3C; 
and 'C: dissociative valence states. Com- 
pared with the Rydberg-Rydberg state spin- 
orbit couplings, other spin-orbit couplings 
are smaller and have been neglected. These 
couplings include spin-orbit coupling be- 
tween the dissociative states (small because 
of low vibrational overlap) and spin-orbit 
coupling between the dissociative and Ryd- 
berg states of the other electronic symmetry. 

The spin-orbit mixing of Rydberg states 
results in the DR mechanism shown in Fig. 
2. Initial direct electron capture is predom- 
inantly into the 3C; state, which is coupled 
to mixed symmetry Rydberg levels. One 
example, namely then = 7, u = 4 symmetry 
mixed level, is shown in Fig. 2. These mixed 
symmetry Rydberg levels &e predissociated 
by both the 3C; and '2: repulsive states. 
The flux exiting along the 'C: channel 
produces O('S). Thus, to generate O('S), 
initial electron capture occurs mostly into a 
state that does not dissociate directly to 
O('S). 

I updated my previous calculations us- 
ing larger [5s, 4p, 3d, 2f, lg] basis sets (16). 
The orbitals were determined in complete 
active space multiconfiguration self-con- 
sistent field (1 7) calculations in which 
eight electrons were active and the lo,, 
lo,, 20,, and 2a, orbitals were kept dou- 
bly occupied in all configurations. In the 
contracted, multireference configuration 
interaction wave functions (18), all single 

although small, will almost completely mix 
these Rydberg levels. The amount of mixing 

. . - . . - - 
1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6 

Internuclear distance (bohrs) 

Fig. 2. The spin-orbit coupling mechanism for DR. 
Initial d~rect capture into the dissociative 32; state 
IS shown by the vertical arrow at electron energy F .  

The Rydberg state (dashed lines) is of mixed 'Z: 
and 32; character. Flnal dissociation to O('S) oc- 
curs along the '2; channel. 

1 0 - 9 9  
100 1000 

Electron temperature (K) 

Fig. 3. Calculated rate coefficients for DR that 
produces O('S) from the v = 0 level of 02+ 
X2111,,, (solid line), from v = 0 qn,,,, (dotted Ilne), 
for a Boltzmann vibrational temperature of 300 K 
(short-dashed line), and for an ionospheric tem- 
perature of 800 K (long-dashed line). The crosses 
show rate coefficients from (23). 

and double excitations to the virtual or- 
bitals were taken from a set of reference 
configurations in which 12 electrons (in- 
cluding those in the 2 a  orbitals) were 
active. The calculated and experimental 
spectroscopic constants agree well and in- 
dicate that the shapes of the calculated 
potential curves are accurate (19). All 
potential curve calculations were done 
with the MOLPRO programs (20). 

The cross-section calculations were 
done with the multichannel quantum de- 
fect theory (MQDT) (9, 21) approach, re- 
vised to handle the spin-orbit coupling, 
lnultivle dissociative states, and the two ion 
core states. All vibrational wave functions 
were determined on a 0.001a0 (la, = 
0.529177 X lop8 cm) grid between 1.0 a, 
and 8.0 a,. The cross sections were calcu- 
lated on a 0.0001-eV grid between 0.0001 
and 1.0 eV. The electronic widths were 
calculated with high Rydberg orbitals (9). 
For the auantum defects. I used (for all n)  
those appropriate to the n = 3 ~ydberg  
states (9). The MQDT calculations were 
done in ;he secondorder of the K (reac- 
tion) matrix. Nineteen vibrational levels 
were included in both the fl = 312 and 112 
ion core states. The 40 by 40 K matrix 
included these 38 vibrational levels and the 
3C; and '1: dissociative states. Because 
the mixing caused by the spin-orbit inter- 
action varies with n, a special approach was 
needed. The high vibrational levels (u 2 

10) occur only once for n = 3 within the 
region up to 1.0 eV above the u = 0 levels. 
Therefore, the mixing for these important 
vibrational states was fixed at the n = 3 
value. The lower vibrational levels occur 
more than once for different n values below 
1.0 eV. To account for the n-dependent 
mixing for these vibrational levels, I repeat- 
ed the calculations for mixings correspond- 
ing ton  = 4, 5, 6, 7, 8, and 9, while keeping 
the u r 10 levels at the n = 3 mixing in 
each case. These calculations were also 
done with potential curves at the calculated 
and experimental excitation energies. The 
rate coefficients reported below are the av- 
erage values over all these calculations. " 

The rate coefficients were determined 
from a Maxwellian average of the cross - 
sections over the electron energy (Fig. 3). 
The spin-orbit coupling splits the ion 
ground state into 2rIl12, and 2r1312g states, 
separated by only 0.025 eV. Nevertheless, 
the rate coefficients are quite different, es- 
pecially at low electron temperature Te be- 
cause of the role of Rvdber~ resonances. At , - 
Te = 300 K, the calculated rate constant 
from u = 0, 2rIl12g is (0.39'; :;) X lop8 
cm3/s, and from u = 0, 2{312,, the rate 
constant is (0.16'; :$) X 1 0  cm3/s. For Te 
= 800 K, the u = 0 2r111zg and 2r131z, rate 
constants are (0.31'::;) X lop8 and 
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(0.221;::i) x lo-' cm3/s, respectively. 
The  plateau in the 211112, rate and the peak 
in the 211312, rate (Fig. 3 )  are caused by 
increasing Franck-Condon overlap be- 
tween the w = 0 wave fi~nction and the 
continuum vibrational wave filnction in 
the 'C: dissociative channel as the elec- 
tron energy increases. Dividing these rate 
constants by the total experimental DR 
rate constant (22) from e, = 0 of 2.0 x 
l op7  x (T,/300)p0.6' cm3/s gives the 
quantum yields for O('S). For 2r1112,, these 
yields are 0.0201:,::2 at Te = 300 K and 
0.029 2 0.003 at Te = 800 K. For a 300 K 
ion temperature (including only the 2111i2, 
and 2r1312, u = 0 levels) and T, = 300 K,  
the cluantiun yield is 0 . 0 1 6 ' ~ : ~ ~ ~ .  A t  an 
800 K ion temperature and T, = 800 K, 
the quantum yield is 0.0261:.:::. 

The calculated yields at 800 K fall with- 
in the 0.01 to 0.23 range of yields derived 
from atmospheric measurements. The rate 
coefficients reported here are in good agree- 
ment with those derived from plasma spec- 
troscopy ineasurements (23) (Fig. 3) ,  in 
which the effective vibrational tempera- 
tures indicate that between 67 and 85% of 
the ions are in w = 0 (24). Queffelec e t  al. 
(25) have reported a quantum yield for w = 
0 of 0.1 from a flowing afterglow experi- 
ment in which the 02+ ions were in e, I 2. 
However, their experiment has high plasma 
densities (6)  at which the recombinatioll is 
dominated by processes other than two- 
body DR. A charge transfer experiment 
(26) that generates 0, high Rydberg states 
and detects dissociation products gave a 
quantum yield for O('S) from e, = 0 of 
0.033, similar to the result reported here. A 
recent heavy-ion storage ring experiment 
(27) reported a quantum yield of 0.05 t- 
0.02, also in agreement with my result. 
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Mantle Fluids in the San Andreas 
Fault System, California 

B. M. Kennedy, Y. K. Kharaka, W. C. Evans, A. Ellwood, 
D. J. DePaolo, J. Thordsen, G. Ambats, R. H. Mariner 

Fluids associated with the San Andreas and companion faults in central and south- 
central California have high 3He/4He ratios. The lack of correlation between helium 
isotopes and fluid chemistry or local geology requires that fluids enter the fault system 
from the mantle. Mantle fluids passing through the ductile lower crust must enter the 
brittle fault zone at or near lithostatic pressures; estimates of fluid flux based on helium 
isotopes suggest that they may thus contribute directly to fault-weakening high-fluid 
pressures at seismogenic depths. 

T h e  San Andreas fault (SAF) is known to 
be a weak fault, and explanatioi~s for its 
weakness include either low-friction fault- 
zone inaterials or si~perhydrostatic fluid 
pressures within the fault zone (1-3). Ab- 
norinally high fluid pressures have been 
measured in pores at shallow crustal depths 
within the SAF systein (4) .  For example, 
fluid pressure in the Varian-Phillips well, 
1.4 kin from the main trace of the SAF, is 
- 12 MPa over hydrostatic values at a depth 
of 1.5 kin (5). 

Models of fault weakening by elevated 
fluid pressures call on different fluid origins. 
Crustal fluids, connate or meteoric, may be 
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drawn into the fault zone in response to 
fault rupture and become trapped by min- 
eral reactions; the high fluid pressures re- 
quired to weaken the fault are reestablished 
by compaction of the sealed fault-zone ma- 
terials (6-8). In this model, the base of the 
seismogenic zone, defined by the brittle- 
ductile transition, is treated as an imperine- 
able boundary. In an alternative model, 
fault-weakening fluid pressures are generat- 
ed by a high flux of deep crustal or mantle 
fluids that are continually supplied to the 
seislnoeenic zone from the ductile lower " 
crust at superhydrostatic pressures (9). 

To  iilvestieate fluid source and influence " 

on  SAF dynamics, we conducted a chemical 
and helium isotooic studv of selected 
springs, seeps, and ;ells assodiated with the 
SAF and companion faults. Elevated dis- 
charge temperatures or salinity, unusual sol- 
ute chemistry, high gas or water flow rates, 
or other indications of deep circulation or 
extensive water-rock interaction were used 
to select sampling sites. We  found that the 
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