
Infrared Absorptions near Three Microns 

Recorded over the Polar Cap of Mars 

Abstract. During the Mariner 7 flyby of Mars, the infrared spectrometer 
recorded distinct, sharp absorptions near 3020 and 3300 reciprocal centimeters 
between 61?S and 80?S, at the edge of the southern polar cap, with maximum 
optical density near 68?S and 341?E. These bands, which match in frequency 
the v3 bands of methane and ammonia, can be associated with previously un- 
reported spectral features of solid carbon dioxide exceeding 1 millimeter in thick- 
ness. Possible reasons for the geographic localization are discussed. 

The Mariner 6 and 7 spacecraft (1) 
each carried an infrared spectrometer 
(2) that scans the spectral region from 
1.9 to 14.3 ,u every 10 seconds. The 
instrument telescope has a field of view 
of 2 degrees; thus at closest approach 
(- 3100 km), the geographical area 

sampled is about 120 km square. A 
circular variable-transmission interfer- 
ence filter (3) provided a spectral reso- 
lution of 0.5 to 1 percent. Every 12th 
spectrum was recorded through a poly- 
styrene film to provide frequency and 
photometry calibration in situ. We pre- 
sent here spectral observations in the 

spectral region near 3 /* during the 
Mariner 7 flyby on 4 August 1969. 
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Figure 1 shows a spectrum typical of 
those recorded at latitudes near the 
martian equator. Most of the spectral 
features are attributable to CO,, the pre- 
dominant atmospheric constituent. Also 
visible are two features near 2150 cm-' 
attributable to the P and R branches of 
carbon monoxide and a broad absorp- 
tion near 3250 cm-' attributable to solid 
H20 or, perhaps, to surface hydrates. 
A portion of the 3-/, region is recorded 
twice on either side of the radiometer 

spike, as shown by the instrumental 
background absorption at 2980 cm-'. 

Spectral resolution is slightly higher in 
the low-frequency recording of the 3-I, 
overlap region. 
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The infrared spectrometer first viewed 
the planet on 4 August at 04 hours 48 
minutes 54 seconds G.M.T. [all times 
are G.M.T. data receipt times (4), 5 
minutes and 32 seconds after the data 
were recorded at Mars] at 200N and 
345?E. The instrument view swept south 
to 130S and 5?E. During this period, 
18 spectra were recorded, and none 
showed any evidence for atmospheric 
absorptions between 2900 and 3100 
cm-1. 

At 04: 51: 41 G.M.T. the Mariner 
7 scan platform was pointed so that the 

spectrometer viewed an area at 45?S 
and 315?E, 15 degrees north of the 

edge of the polar cap. Figure 2 shows 
a sampling of spectra recorded as the 
scan track passed onto the polar cap, 
moving toward the martian south pole. 
At 62?S and 330?E (04 :54: 51 
G.M.T.) there were two distinctive 

spectral changes which indicated that 
the field of view of the spectrometer 
was directed toward the polar cap. 
Near 2.7 /u the brightness increased by 
60 percent, and at 2.0 /u the triplet 
structure of the gaseous CO2 absorp- 
tion was lost and the peak intensity of 
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Fig. 1 (left). Near-infrared spectrum recorded at O?N, 359 E. 

Fig. 2 (right). Near-infrared spectrum recorded over the south- 
ern polar cap. 
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the feature more than doubled. In this 
same spectrum, two new absorptions 
are clearly recorded, X and Y (the 
X feature is recorded twice on either 
side of the radiometer spike). These 
features are recorded in every one of 
the subsequent 18 spectra. Both in- 
tensities grow, reaching maxima near 
68?S and 341?E (4:56:05 G.M.T.) 
and then steadily decreasing, becoming 
almost indiscernible at 78?S, 20?E 
(4:58:11 G.M.T.). These two ab- 
sorptions were detected again as the 
scan platform slewed back to northerly 
latitudes at a time approximately cor- 
responding to that at which the spec- 
trometer view would pass over the 
edge of the polar cap, but in none of 
the 120 spectra recorded at latitudes 
more northerly than the edge of the 
polar cap. Plainly, the X and Y ab- 
sorptions are geographically concen- 
trated near 68?S and localized over the 
edge of the polar cap, 61? to 80?S 
(5). The edge of the martian polar cap 
at the date of encounter was near 60? 
to 61?S. 

An on-board measurement of the fre- 
quency is provided by the polystyrene 
calibration spectrum. Laboratory spec- 
tra measured Ibefore the launch of the 
Mariner 7 spectrometer indicated that 
this particular polystyrene film has ab- 
sorption features centered at 2940 and 
3050 cm-'. Linear interpolation gives 
two independent measurements of the 
X frequency, 3020 and 3027 cm-1. 
A less accurate estimate of the Y fre- 
quency obtained by extrapolation is 
3294 cm-1. 

The most accurate determination of 
X and Y frequencies is based upon 
laboratory reference spectra recorded 
with the Mariner 7 spectrometer be- 
fore launch. Figure 3 shows the su- 
perposition of a laboratory spectrum 
of a gas sample containing about 0.2 
m-atm each of methane and ammonia 
pressure-broadened by 1 atm of air. 
The Q-branch frequency of the lab- 
oratory methane v3 band at 3020.3 
cm-1 matches the X frequency in 
both left and right spectra within the 
possible accuracy, which we estimate 
to be ? 15 cm-1. Similarly, the Q- 
branch frequency of the laboratory 
ammonia v1 band at 3336.7 cm-1 
matches the Y frequency. The band- 
widths at half height are estimated to 
be about 30 cm-1, to be compared 
with an expected resolution of 24 
cm- 1. 

The identification of these features 
is of particular interest because of the 
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close frequency match to bands of 
methane and ammonia, molecules that 
might have biological origin. These 
bands were not initially associated with 
the spectrum 'of solid CO2 for a num- 
ber of reasons: 

1) The intensities of the X and Y 
features do not correlate uniformly 
with each other or with the intensity of 
the rather intense solid CO, absorp- 
tion near 4900 cm-'. For example, 
the ratio of optical density at 4900 
cm-' to that at 3020 cm-1 varies by 
as much as a factor of 2, sometimes in 
successive spectra. 

2) No features have been attributed 
to solid CO2 at these frequencies in 
the spectra reported in the literature 
(6, 7). 

3) No features were detected at these 
frequencies in our laboratory spectra 
of solid CO2 recorded before launch 
with the Mariner instruments or with 
conventional infrared spectrometers. 

4) These features became quite in- 
distinct during the Mariner 7 scan 
period while the spectrometer was still 
viewing the polar cap between 79? 
and 80?S. 

Nevertheless, we felt it necessary 
to prove that these features could not 
be due to solid CO, since the spectra 
recorded near 68?S are so heavily 
dominated by spectral features ob- 
viously attributable to solid CO2. Ac- 
cordingly, two kinds of experiments 
were performed to test this possi- 
bility. 

A flight model spectrometer identi- 
cal to the Mariner instruments was 
placed in an evacuated environmental 
chamber with wall temperatures of 
77 ?K. The spectrometer telescope 
viewed at normal incidence a stain- 
less steel plate that filled the field of 
view. The steel plate, which has an 
emissivity of 0.3 at 3 /, was cooled to 
77?K. Gaseous CO, (Matheson) was 
allowed to condense upon this plate 
at a thickness rate of 0.7 mm per 
hour. The spectrum of the solid was 
then periodically recorded in the 2- 
to 4-4/ region under illumination by 
a concentric ring of tungsten filaments 
heated to about 2800?K. At the center 
of ,the sample, the angle between the 
optical path and the direction of illu- 
mination could be selected to be 73, 
55, or 33 degrees. Figure 4 shows a 
typical "reflection-absorption" spectrum 
recorded with a sample thickness near 
2 to 3 mm. Absorption features corre- 
sponding to the X and Y features are 
clearly visible in the thickest samples. 

A mass spectrometric analysis of the 
carbon dioxide used showed that less 
than 10 parts per million CH4 or NH3 
were present as an impurity. 

In addition, using a conventional 
cold cell (8) and a Beckman IR-7 
spectrophotometer, we recorded trans- 
mission spectra of thick solid CO2 sam- 
ples. Gaseous CO2 (Matheson) was 
deposited at a rate of 0.005 mole per 
hour onto a CsI salt window held at 
77 ?K [the temperature was measured 
with a thermocouple (Au-Co versus 
Cu) embedded in the window]. The 
transmission spectrum was recorded 
with a solid sample 1.5 mm thick. A 
distinct absorption at 3013 cm-' was 
observed, and absorption near 3350 
cm-l was discernible, though not dis- 
tinct. This same sample displayed no 
absorption at 1305 cm-t that could be 
attributed to methane suspended in 
solid CO, (9). 

At first consideration, it seems sur- 
prising that these absorptions have not 
been reported earlier. Herzberg (10), 
for example, does not list them among 
the 43 transitions observed in the infra- 
red and Raman spectra of gaseous CO,. 
Nevertheless, there are possible transi- 
tions that correspond to these fre- 
quencies. The transitions (0,0,0) -> 
(0,1,1) and (0,0,0) - (1,3,0) are 
calculated to be near 3016 and 3320 
cm-l, respectively. The first transition 
is harmonic oscillator-forbidden (as a 
binary combination), and it is also 
selection rule-forbidden (g ,-- g). 
The second transition is harmonic oscil- 
lator-forbidden (as a quaternary com- 
bination). Among the 43 transitions 
listed by Herzberg, none involve odd 
changes of both quantum numbers v2 
and v3 as required for the transition at 
3016 cm-1. 

Solid CO2 has crystal symmetry T1,, 
and the CO2 molecules occupy sites of 
symmetry C3i with four molecules per 
unit cell (6). The combination of v2 
(symmetry II,,) and v3 (symmetry 
E +) gives a state of symmetry 11. 
which does not lead to an infrared- 
active component either in the site 
group or in the factor group analysis. 
These facts are sufficient to explain the 
absence of the band-we must explain 
its appearance. 

There is, perhaps, an analog in the 
spectrum of solid oxygen (11). Despite 
a completely forbidden selection rule 
for this homonuclear diatomic mole- 
cule, the fundamental transition at 
1549 cm-' can be observed in very 
thick samples comparable to those used 
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Fig. 3 (left). Calibration with the laboratory spectrum of gaseous methane and ammonia. 
infrared "reflection-absorption" spectrum of solid CO2 (77 K). 
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Fig. 4 (right). Laboratory near- 

in the present work. In the case of ox- 

ygen, the intensity of the forbidden 
band is sensitively dependent upon 
deposition conditions; it becomes about 
four times more intense if the deposi- 
tion is carried out at 4?K. All of the 
evidence indicates that the feature ap- 
pears because of lattice imperfections, 
a thesis strongly supported by the en- 
hancement of the band after the delib- 
erate addition of inert-gas impurities 
(12). The evidence suggests that the 
band at 3013 cm-1 observed in the 
laboratory spectra is due to the for- 
bidden (0,0,0) -* (0,1,1) transition of 
solid CO,, appearing because of lattice 
imperfections (surface sites, impurity 
sites, vacancies, stacking faults, or 

grain boundaries). We believe that the 
same explanation is probably applica- 
ble to the martian spectral feature at 
3020 cm-1. The appearance and fre- 
quency of the feature are also con- 
sistent with the spectrum of gaseous 
methane, but the more mundane ex- 
planation seems more likely (13). 
Though the band near 3300 cm-' was 
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difficult to obtain in transmission 
spectra, its presence in the "reflection- 
absorption" spectra suggests that this 
band, too, should be attributed to solid 
CO>2. 

There remains the need to explain 
the lack of intensity correlation be- 
tween the bands at 3020, 3300, and 
4900 cm-1, if they are all to be at- 
tributed to solid CO.>. Furthermore, we 
must rationalize the disappearance of 
these features at the more southerly 
latitudes if the polar cap near the pole 
is attributed to solid CO.. Several pos- 
sibilities are under investigation. The 
edge of the polar cap could be 
shrouded by a solid CO,2 cloud (or 
fog) which the spectra suggest clears 
at the more southerly latitudes and 
more easterly longitudes. This would 
explain both discrepancies since cloud 
height, thickness, and coverage could 
vary during the 10-second period 
needed to obtain a spectral record. 
Such a cloud should, however, be de- 
tectable through poorer definition in 
the television pictures near the edge of 

the polar cap, an observation that has 
not been reported. If the solid CO2 we 
observe is on the ground, then its spec- 
trum at the edge of the polar cap must 
differ quite significantly from that 
nearer the pole. The difference may be 
due to the thickness of the layer, par- 
ticle size, the inclusion of impurities 
(such as water), or different growth 
conditions. It may be significant that 
the southern polar cap may recede only 
to latitudes near 80?S. 

It is clear that our continuing studies, 
directed at laboratory reproduction of 
the spectra of the martian polar cap, 
will settle more definitely the proper 
assignment of the two 3-,t features. 
For the present, the interpretation that 

they are due to solid CO2 must be pre- 
ferred, despite the fact that other ques- 
tions remain that must be considered 
further. 

KENNETH C. HERR 
GEORGE C. PIMENTEL 

Chemistry Department and Space 
Sciences Laboratory, University of 
California, Berkeley 94720 
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Glacier Oxygen-18 Content and 

Pleistocene Ocean Temperatures 

Abstract. The mean oxygen-18 content of continental ice sheets during the last 
glacial maximum is estimated to 8018 - -30 per mille or less, and the consequent 
change in the isotopic composition of the oceans at that time to 1.2 per mille or 
more. This means that at least 70 percent of the oxygen-18 variations found in 
shells of planktonic foraminifera from deep-sea cores between times of glacial 
maximums and minimums are due to isotopic changes in ocean water, and at 
most 30 percent to changes in ocean surface temperature. Hence, Emiliani's 
"paleotemperature" curve rather depicts the amount of ice on the continents in 
excess of that present today. In this sense it may be renamed a "paleoglaciation" 
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The 018/O16 ratio in shells of pela- 
gic and benthonic foraminifera depends 
on the temperature of formation and 
on the isotopic composition of the 
ambient water (1). The empirical rela- 
tion between these quantities was given 
by Epstein et al. (2) as 

T= 16.5 - 4.3 (af - o,) + 
0.14 (f o- e)2 (1) 

where 8f and Soc are the relative per 
mille deviations of the 018/016 ratios 
from the SMOW (standard mean ocean 
water) standard (3) for foraminifera 
and ocean water, respectively. It is seen 
that temperatures derived from this 
equation depend critically on the iso- 
topic composition of ocean water. Dur- 
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ing the Pleistocene this composition 
varied in response to the amount and 
the isotopic composition of excess con- 
tinental ice. 

Emiliani (4-6) has measured 8 values 
of planktonic foraminifera from sev- 
eral deep-sea cores raised from the 
Caribbean and the equatorial Atlantic 
and has deduced a well-known gen- 
eralized paleotemperature curve for 
Atlantic equatorial surface water, cov- 
ering about 425,000 years. Paleotem- 
peratures were calculated from Eq. 1 
by assuming a mean isotopic composi- 
tion of Pleistocene glaciers 8g=--15 
per mille and a maximum variation in 
aoc = +0.5 per mille. In Emiliani's 
measurements peak-to-valley variations 
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of 8f between glacial maximums and 
minimums averaged 1.65 per mille. 
With the above-mentioned assumptions 
this corresponds to a temperature 
variation of 5? to 6?C in Atlantic 
equatorial surface water. 

This temperature variation has been 
questioned by a number of authors 
from various points of view (7). In the 
present report the mean isotopic com- 
position 8g of continental glaciers dur- 
ing the last glacial maximum, and 
hence the variation in 8o,c is estimated 
on the basis of recent isotopic measure- 
ments on precipitation in presently and 
previously glaciated areas, on present 
ice caps, and even on ice actually 
formed during the last glaciation and 
still preserved in Greenland. These data 
have greatly improved the reliability of 
estimates of the isotopic composition 
of the large Pleistocene ice sheets at 
their maximum extension. 

The disagreement between previous 
estimates of the isotopic composition of 
Pleistocene glaciers apparently is due 
not only to the scarcity of data, but also 
to a number of misunderstandings re- 
lating to ice-sheet dynamics. It may 
therefore be mentioned that a glacier 
is in a state of steady mass exchange, 
with accumulation of snow above the 
firn line and melting of snow and ice 
in the ablation zone. According to gen- 
erally accepted theories of flow pat- 
tern in ice sheets (8), ice formed in the 
accumulation zone follows tracks that 
go deeper in the ice sheet (that is closer 
to the bottom) the closer to the ice 
divide the site of formation is (8). Ice 
formed in the periphery of the ac- 
cumulation zone follows relatively su- 
perficial tracks and is melted in the 
ablation zone within a comparatively 
short time. The bulk of ice in an ice 
sheet, therefore, originates from precip- 
itation far inland on the glacier (9). 
This also applies to an expanding 
glacier. 

In agreement with this flow pattern 
it has been found that a considerable 
part of the ice in the ablation zone has 
a much lower 8 value than precipita- 
tion in the source area of the upper 
layers. Isotope measurements on a core 
drilled to the rock bed in Antarctica, 
only 700 m from the coast at Adelie 
Land, and 86 m above sea level, 
showed this relation (10). The mean 
isotopic composition of the upper 31 m 
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still preserved in Greenland. These data 
have greatly improved the reliability of 
estimates of the isotopic composition 
of the large Pleistocene ice sheets at 
their maximum extension. 

The disagreement between previous 
estimates of the isotopic composition of 
Pleistocene glaciers apparently is due 
not only to the scarcity of data, but also 
to a number of misunderstandings re- 
lating to ice-sheet dynamics. It may 
therefore be mentioned that a glacier 
is in a state of steady mass exchange, 
with accumulation of snow above the 
firn line and melting of snow and ice 
in the ablation zone. According to gen- 
erally accepted theories of flow pat- 
tern in ice sheets (8), ice formed in the 
accumulation zone follows tracks that 
go deeper in the ice sheet (that is closer 
to the bottom) the closer to the ice 
divide the site of formation is (8). Ice 
formed in the periphery of the ac- 
cumulation zone follows relatively su- 
perficial tracks and is melted in the 
ablation zone within a comparatively 
short time. The bulk of ice in an ice 
sheet, therefore, originates from precip- 
itation far inland on the glacier (9). 
This also applies to an expanding 
glacier. 

In agreement with this flow pattern 
it has been found that a considerable 
part of the ice in the ablation zone has 
a much lower 8 value than precipita- 
tion in the source area of the upper 
layers. Isotope measurements on a core 
drilled to the rock bed in Antarctica, 
only 700 m from the coast at Adelie 
Land, and 86 m above sea level, 
showed this relation (10). The mean 
isotopic composition of the upper 31 m 
of the core (total length 98 m) cor- 
responded to a 8 = -20 per mille, 
similar to the mean 8 of precipitation 
in the area, whereas that of the lower 
45 m corresponded to a 8 =--44 
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