
Despite the suggestive character of 
these responses of the Mars sample, the 
environmental conditions on Mars are 
sufficiently different from those on Earth 
to require cautious interpretation. A high 
ultraviolet flux strikes the martian sur- 
face material, and may result in the pro- 
duction of highly reactive compounds ca- 
pable of oxidizing the labeled nutrient. 
However, any explanation must account 
for the kinetics of the reaction as well as 
the heat lability of such oxidants or cata- 
lysts at 170? to 175?C. Similarly, the ab- 
sorption of radioactive gas after the sec- 
ond injection of nutrient may be facilitat- 
ed by alkalinity induced in the martian 
soil by wetting. An absorption of CO2 
was also seen in the GEX upon wetting 
the sample. 

Final interpretation of the results must 
await the results from the investigations 
on the second lander, the completion of 
Viking 1 studies, and ground-based labo- 
ratory experiments. 
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Sanidine: Predicted and Observed Monoclinic-to-Triclinic 
Reversible Transformations at High Pressure 

Abstract. High sanidine, (K,Na)AlSi,Os, transforms reversibly to a triclinic phase 
at high pressure. This is analogous to the high-temperature monalbite transforma- 
tion. Disordered alkali feldspars of various compositions have unit-cell dimensions 
which are very similar at the transition (a = 8.30 A, b = 12.97 A, c = 7.14 A, and 
p = 116.2?), indicating that the transformation is structurally controlled. Changes in 
temperature, pressure, and the sodium/potassium ratio cause similar structural vari- 
ations: angles between adjacent, rigid tetrahedra vary to accommodate changing ef- 
fective alkali cation sizes. 

Sanidine: Predicted and Observed Monoclinic-to-Triclinic 
Reversible Transformations at High Pressure 

Abstract. High sanidine, (K,Na)AlSi,Os, transforms reversibly to a triclinic phase 
at high pressure. This is analogous to the high-temperature monalbite transforma- 
tion. Disordered alkali feldspars of various compositions have unit-cell dimensions 
which are very similar at the transition (a = 8.30 A, b = 12.97 A, c = 7.14 A, and 
p = 116.2?), indicating that the transformation is structurally controlled. Changes in 
temperature, pressure, and the sodium/potassium ratio cause similar structural vari- 
ations: angles between adjacent, rigid tetrahedra vary to accommodate changing ef- 
fective alkali cation sizes. 

A well-known high-temperature phase 
transformation is that of disordered mono- 
clinic albite (monalbite, NaAlSi3O8), which 
becomes triclinic (high albite) at tempera- 
tures below 1 100?C because of collapse of 
the Al-Si framework about the alkali site (1, 
vol. 1; 2). The transformation temperature 
decreases with increasing K/Na ratio, 
and at room conditions metastable dis- 
ordered alkali feldspars more potassic 
than - Or38 (3) are monoclinic high sani- 
dines (4). Mineral crystal structures vary 
continuously with changes in pressure as 
well as temperature, and in many sili- 
cates the changes during compression to 
high pressure are similar to changes dur- 
ing cooling from high temperatures (5). 
On this basis it was predicted that high 
sanidine would transform to the triclinic 
high-albite structure at elevated pres- 
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sures, with more potassic sanidines re- 
quiring higher pressures. This prediction 
has now been confirmed, and the mono- 
clinic-to-triclinic transition has been ob- 
served in two high sanidines: Or67 at 
12 ? 1 kbar and Or82 at 18 ? 1 kbar. 

Single crystals of high sanidine were 
selected from material described by 
MacKenzie (6). Eifel sanidine from 
Wehr and Eifel (Or82Ab7,An,) and Miner- 
al Creek sanidine from San Juan, Colora- 
do (Larsen 10; Or67Ab3,An2), were the 
specimens used. Crystals were mounted 
with a gillespite reference crystal in a 
miniature diamond pressure cell (7), us- 
ing the Van Valkenburg metal-foil gasket- 
ing technique. Index-of-refraction oil 
was the hydrostatic pressure medium. 
Unit-cell dimensions were measured at 
several pressures to 38 kbar using single- 
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crystal x-ray photographic techniques. 
Pressure was calibrated from the known 
volume compressibility of alkali feldspar 
(1, vol. 2) and from the 26-kbar red-to- 
blue gillespite transformation (8). 

Monoclinic unit-cell parameters vary 
regularly with increasing pressure; a, b, 
and c decrease, while 3 increases slightly 
(see Fig. 1). At sufficient pressure high- 
sanidine cell dimensions reach "critical 
values" of a = 8.30 A, b = 12.97 A, 
c = 7.14 A, and / = 116.2?. At higher 
pressures a and y deviate from 90?, in- 
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dicating a transition to triclinic sym- 
metry (see Fig. 1). Comparison of critical 
cell dimensions with those of monalbite 
at 1100?C [a = 8.28 A, b = 12.96 A, 
c = 7.15 A, and /3 = 116.1? (2)] and of 
Or,3 at room conditions [a = 8.32 A, 
b = 12.96 A, c = 7.15 A, and 
/3 = 116.2? (1, vol. 1)] reveals that the 
monoclinic-to-triclinic transition is struc- 
turally controlled, since cell dimensions 
are nearly constant along the pressure- 
composition (P-X) and temperature- 
composition (T-X) transition curves. The 

Fig. 1 (above). Unit-cell 
dimensions of high sanidines 
as a function of pressure. 
Angles a and y deviate from 
90? at 12 + 1 kbar for Or67 
(squares) and at 18 + 1 kbar 
for Or82 (circles), indicating 
triclinic symmetry. Arrows 
indicate suggested transition 
points. Fig. 2 (left). 
Monoclinic-to-triclinic tran- 
sition surface for disordered 
alkali feldspars. Since unit- 
cell dimensions are constant 
along the T-X and P-X curves 
of this surface, the surface 
may also represent an iso- 
structural region. 
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monalbite-to-high albite transition has 
usually been described as the result of 
"collapse" of the Al-Si framework about 
an alkali site which is too small to sup- 
port a framework with monoclinic sym- 
metry. The size of individual tetrahedra 
does not change appreciably with tem- 
perature or pressure (9), but the alkali 
site may change size in three ways, by 
changing temperature, pressure, or Na/ 
K ratio. When the effective size of the al- 
kali site falls below the critical level (ei- 
ther by cooling or compression or Na 
substitution) the monoclinic framework 
will distort to triclinic symmetry. 

Since changes in temperature, pres- 
sure, and Na/K ratio seem to cause simi- 
lar structural responses, it appears rea- 
sonable to postulate a transition surface 
in P-T-X space which approximates a sur- 
face of constant structure for disordered 
alkali feldspars (see Fig. 2). The cell di- 
mensions are observed to be constant on 
the T-X and P-X faces of Fig. 2, but it 
should be emphasized that no data 
are available on the central portion of 
Fig. 2, and a planar surface has been 
assumed. 

In reversible phase transformations in- 
volving a reduction of symmetry twin- 
ning may occur. The twin law will be a 
symmetry element of the higher-sym- 
metry form, and the twin will result from 
simultaneous nucleation of two different, 
but symmetrically related, orientations 
of the low-symmetry form. In the transi- 
tion from monalbite to high albite (C2/ 
m -> Cl) two types of twins are com- 
mon: the albite and pericline laws. In 
Or67 no twinning was observed above 12 
kbar, but Or82 did twin on the albite law 
above 18 kbar. It is expected that per- 
icline twins could also occur, and that 
the types and extent of twinning will de- 
pend, in part, on crystal defects and mor- 
phology. 

The geothermal gradient of the crust 
averages =15?C per kilometer, or 45?C 
per kilobar, assuming 1 kbar per 3.0 km 
(10). The slope of the transition surface 
(Fig. 2) in the P-T section is somewhat 
steeper (-70?C per kilobar). Therefore, 
some alkali feldspars which are mono- 
clinic at surface conditions may have 
been triclinic at depth, especially if local 
thermal gradients are low. On the other 
hand, volcanic sanidines which have not 
been reburied were probably monoclinic 
throughout their histories. Since the 
monoclinic-to-triclinic transition is dis- 
placive (and probably second-order) 
there will be no obvious evidence of tri- 
clinic history in disordered monoclinic al- 
kali feldspars. Unlike the slow ordering 
and exsolution transitions in feldspars, 
the reversible high-pressure transition is 
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of no help in determining the thermal or 
pressure history of a feldspar-bearing 
rock. However, it is possible that the 
pressure-induced monoclinic-to-triclinic 
transition interacts with the order-in- 
duced monoclinic-to-triclinic (ortho- 
clase-to-microcline) transition. In this 
event pressure would enhance the forma- 
tion of the triclinic ordered form. Fur- 
thermore, it is anticipated that partially 
ordered monoclinic feldspars will trans- 
form to triclinic symmetry at lower pres- 
sures than disordered feldspars of the 
same composition. 

Perhaps the most intriguing aspect of 
this work is the evidence of possible 
isostructural P-T-X surfaces, and their 
close relationships to phase transition 
surfaces. The stability of many minerals 
is limited by geometrical packing limits 
of adjacent groups of polyhedra (such as 
micas, pyroxenes, amphiboles, and oli- 
vines). Since changes in temperature, 
pressure, and composition may all have 
the same effect of varying polyhedral 
size ratios (9), the concept of isostructur- 
al stability fields in P-T-X space does not 
seem unreasonable for these minerals. 
Of course, other phase regions will inter- 
sect the geometrically limiting surface. 
Still, the existence of isostructural P-T-X 
surfaces, and their close relationship to 
phase transition surfaces, may allow pre- 
diction of some phase equilibria from 
basic structural data. 

ROBERT M. HAZEN* 

Department of Mineralogy and 
Petrology, University of Cambridge, 
Cambridge CB2 3EW, England 
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of no help in determining the thermal or 
pressure history of a feldspar-bearing 
rock. However, it is possible that the 
pressure-induced monoclinic-to-triclinic 
transition interacts with the order-in- 
duced monoclinic-to-triclinic (ortho- 
clase-to-microcline) transition. In this 
event pressure would enhance the forma- 
tion of the triclinic ordered form. Fur- 
thermore, it is anticipated that partially 
ordered monoclinic feldspars will trans- 
form to triclinic symmetry at lower pres- 
sures than disordered feldspars of the 
same composition. 

Perhaps the most intriguing aspect of 
this work is the evidence of possible 
isostructural P-T-X surfaces, and their 
close relationships to phase transition 
surfaces. The stability of many minerals 
is limited by geometrical packing limits 
of adjacent groups of polyhedra (such as 
micas, pyroxenes, amphiboles, and oli- 
vines). Since changes in temperature, 
pressure, and composition may all have 
the same effect of varying polyhedral 
size ratios (9), the concept of isostructur- 
al stability fields in P-T-X space does not 
seem unreasonable for these minerals. 
Of course, other phase regions will inter- 
sect the geometrically limiting surface. 
Still, the existence of isostructural P-T-X 
surfaces, and their close relationship to 
phase transition surfaces, may allow pre- 
diction of some phase equilibria from 
basic structural data. 

ROBERT M. HAZEN* 

Department of Mineralogy and 
Petrology, University of Cambridge, 
Cambridge CB2 3EW, England 

References and Notes 

1. J. V. Smith, Feldspar Minerals (Springer-Ver- 
lag, New York, 1974). 

2. C. T. Prewitt, Am. Mineral., in press. 
3. Natural feldspars consist predominantly of three 

components: NaAlSi308 (albite), KAlSi308 (K- 
feldspar), and CaAl2Si208 (anorthite). The com- 
position of a given specimen is usually abbrevi- 
ated Or,AbyAn, where x, y, and z give the mole 
percentages of the K-feldspar, albite, and anor- 
thite components, respectively. In this report 
the use of Or, alone implies the approximate 
composition OrxAb,_,. 

4. Disordered feldspars at room temperature are 
metastable. Slow-cooled feldspars possess or- 
dered Al-Si arrangements, while intermediate K/ 
Na feldspars have the additional complication of 
exsolution of Na- and K-rich lamallae. High 
sanidines, in which there is complete Al-Si dis- 
order and no exsolution, come from rapidly 
chilled volcanic rocks. 

5. R. M. Hazen, thesis, Harvard University (1975). 
6. W. MacKenzie, Am. J. Sci., Bowen Volume, 

319 (1952). 
7. L. Merrill and W. A. Bassett, Rev. Sci. Instrum. 

45, 290 (1974). 
8. R. M. Hazen and C. W. Burnham, Am. Mineral. 

59, 1166 (1974). 
9. R. M. Hazen and C. T. Prewitt, in preparation. 

10. P. J. Wyllie, The Dynamic Earth (Wiley, New 
York, 1971). 

11. I thank J. D. C. McConnell, S. Agrell, A. Putnis, 
and C. T. Prewitt for their thoughtful reviews of 
the manuscript. Supported by a NATO Post- 
doctoral Fellowship in Science. 

* Present address: Geophysical Laboratory, Car- 
negie Institution of Washington, 2801 Upton 
Street, NW, Washington, D.C. 20008. 

16 June 1976; revised 23 July 1976 

1 OCTOBER 1976 

11. I thank J. D. C. McConnell, S. Agrell, A. Putnis, 
and C. T. Prewitt for their thoughtful reviews of 
the manuscript. Supported by a NATO Post- 
doctoral Fellowship in Science. 

* Present address: Geophysical Laboratory, Car- 
negie Institution of Washington, 2801 Upton 
Street, NW, Washington, D.C. 20008. 

16 June 1976; revised 23 July 1976 

1 OCTOBER 1976 

Jupiter's Spectrum Between 12 and 24 Micrometers 

Abstract. Spectroscopic measurements of the thermal radiation from Jupiter be- 
tween 12 and 24 micrometers (420 to 840 reciprocal centimeters) with a resolution of 
4 reciprocal centimeters are used to infer the Jovian temperature structure in the 
pressure region 0.1 to 0.4 atmosphere. The brightness temperature spectrum is in 
good agreement with previous ground-based measurements between 11 and 13 mi- 
crometers and with airborne measurements between 18 and 25 micrometers. How- 
ever, the integrated flux calculated for a filter window and viewing angle equivalent 
to those of the 20 micrometer channel of Pioneer 10 is 20 percent below that mea- 
sured by the Pioneer infrared radiometer. The Q branch of the v5fundamental band 
of acetylene at 730 reciprocal centimeters appears in emission and leads to a mixing 
ratio estimate of 10-6 ? 0. 

Jupiter's Spectrum Between 12 and 24 Micrometers 

Abstract. Spectroscopic measurements of the thermal radiation from Jupiter be- 
tween 12 and 24 micrometers (420 to 840 reciprocal centimeters) with a resolution of 
4 reciprocal centimeters are used to infer the Jovian temperature structure in the 
pressure region 0.1 to 0.4 atmosphere. The brightness temperature spectrum is in 
good agreement with previous ground-based measurements between 11 and 13 mi- 
crometers and with airborne measurements between 18 and 25 micrometers. How- 
ever, the integrated flux calculated for a filter window and viewing angle equivalent 
to those of the 20 micrometer channel of Pioneer 10 is 20 percent below that mea- 
sured by the Pioneer infrared radiometer. The Q branch of the v5fundamental band 
of acetylene at 730 reciprocal centimeters appears in emission and leads to a mixing 
ratio estimate of 10-6 ? 0. 

The spectrum of Jupiter between 12 
and 24 txm is dominated by the S(1) rota- 
tional line of the collisionally induced H2 
dipole, with a maximum opacity near 17 
txm. We have observed Jupiter in this 
spectral region on 15 and 23 October 
1975, using the 91-cm telescope of the G. 
P. Kuiper Airborne C141 Observatory 
operated at an altitude of 12,000 m. At 
this altitude the amount of CO2 in the line 
of sight is reduced by nearly a factor of 7 
compared to that at ground-based sites 
and, except for the region 14.3 to 15.9 
am, the brightness temperature spec- 

trum of the region containing the center 
and the high- and low-frequency wings of 
the S(1) line can be obtained with a single 
instrument. For wavelengths X < 13.8 
/um, ground-based measurements have 
been made by Gillett et al. (1) and Gillett 
(2) with a resolution of AX/X = 0.015, by 
Aitken and Jones (3) with AX/X = 0.007, 
by Ridgway (4) and Combes et al. (5) 
with a resolution of 1.3 cm-' (AX/ 
X 0.0018). For X > 18 ,/m, aircraft 
measurements with AX/X = 0.03 have 
been published by Houck et al. (6). In ad- 
dition, the Pioneer 10 infrared radiome- 
ter has made broad-band (16 to 24 g/m) ra- 
diance measurements from an aspect 
similar to that viewed from the earth, re- 
ported by Ingersoll et al. (7). 

Our observations were made with a 
stepping Michelson interferometer using 
a KBr beam splitter and a Ge:Ga bolome- 
ter detector operated at 2?K. The in- 
strument field of view was 36 arc sec- 
onds, while Jupiter subtended a mean di- 
ameter of 46 arc seconds. Telescope and 
sky background were canceled by oscil- 
lating the telescope secondary mirror be- 
tween Jupiter and a point on the sky 3 
arc minutes away at a rate of 28 hertz. 
The integrated signal from the residual 
background was less than 2 percent of 
the signal from Jupiter. Three spectra 
with a resolution of 1.95 cm-' and nine 
spectra with a resolution of 3.9 cm-1 
were obtained. 

For absolute calibration, observations 
were made near the lunar limb 
(53? 

0 
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the crater Aristarchus, located in the 
northwest quadrant of Oceanus Procella- 
rum. The solar meridian at the time of 
the observation was 49?W. For the 
emissivity and the temperature we have 
adopted E = 0.90 ? 0.05 and T = 394? + 
7?K, respectively, in the wavelength 
range of interest. The emissivity is based 
on a number of observations summarized 
by Linsky (8); the temperature was de- 
duced from Apollo 17 observations by 
Low and Mendell (9), Apollo 17 heat 
flow experiments by Keihm and Lang- 
seth (10), and theoretical thermal re- 
sponse models by Schloerb and Muhle- 
man (11). 

Since here we are mainly concerned 
with the accurate definition of the contin- 
uum absolute brightness temperature 
spectrum, we present in the following 
the results of the analysis of the spectra 
obtained with a resolution of - 4 cm-. 
A more detailed description of the in- 
strumentation, calibration methods, and 
analysis of the 2-cm-' spectra will be pre- 
sented elsewhere (12). The center line in 
Fig. 1 shows the calculated spectral 
brightness temperature of Jupiter (aver- 
age of nine 4-cm-1 spectra, each requir- 
ing approximately 6 minutes of in- 
tegration time) based on the lunar ratio 
spectrum, with Tm,,oon = 394?K and 
Emoon = 0.90. No data are shown below 
400 cih-1, between 640 and 700 cm-1, and 
above 850 cm-1, where the combined sys- 
tem and atmospheric transmission drops 
below 20 percent of its maximum value. 
The brightness temperature increases at 
frequencies above and below the center 
of the S(l) line at 587 cm-', indicating a 
rising temperature with depth, except for 
frequencies below 450 cm-', where the 
influence of the S(0) rotational line near 
350 cm-' is observed. The relatively con- 
stant brightness temperature between 
560 and 640 cm-', a region where the 
opacity significantly increases toward 
600 cm-1, indicates the presence of a lev- 
el where the temperature is constant or 
increases with height. 

The center line in Fig. 1 is bounded by 
the spectra representing ? 1 standard de- 
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