Table 1 Observational parameters

Date ZRy) 4nlR) vkms) ¢() ¥ g6 Nangent €M)
7July1998 225 384 7.561 79 014 1046  3.67 x 107
19 July 1998 1.4 422 2249 101 00852 229  18x10°

The observational parameters, emission intensity, and derived Ca abundance for the selected
emission spectra of Fig. 1. The radial distance, Z, is measured from the planet’s centre to the
tangent point of the line-of-sight to the observer in units of planetary radii (Ry); 4=/ is the column
emission intensity in Rayleighs (1 R) = 10° photonscm ~2 s~ '); vis the velocity of the planet radial to
the sun; ¢ is the Sun—Mercury—Earth phase angle; v is the fraction of solar continuum at the line
centre wavelength as seen by atoms at rest in Mercury’s atmosphere; g is the scattering coefficient
described in the text; and Niangent is the column abundance tangent to the line of sight.

energy'™'; therefore, the assignment of an equivalent temperature
of 12,000 K probably underestimates the mean energy of the gas.
This high temperature is expected for an ion-sputtered source"’, but
is at least twice that expected from an impact vapour source'®, and
ten times that expected from a photo-sputtered source’. The
localization of Ca in the vicinity of the polar regions, if verified by
subsequent observations, along with increased column abundance
in the anti-solar direction, supports the hypothesis that the Ca in the
atmosphere is sputtered by ions directed poleward by Mercury’s
magnetosphere. We note that the Ca—O bond strength is 4.8 ¢V, in
contrast with 2.6eV for the Na—O bond, so that Ca may be
sputtered in a larger proportion bound as Ca—O than is the case
for Na and Na-O.

The low-Ca zenith abundance (1.1 X 10® cm ~?) is much less than
previous predicted (6.4 X 10°cm 2, ref. 19) and observational
upper limits (7.4 X 10°cm ™2, ref. 20). Although the refractory
nature of Ca will limit is supply to the atmosphere, the observed
low density and apparent polar concentration of Ca are consistent
with a surface composition that is more volatile-rich than that of the
Moon". The recent identification of labrodorite feldspar, a 30%—
50% Na-rich albite, on Mercury”, along with other infrared
observations®, is additional evidence for a Ca-poor material.
Alternatively, there may be patchy locations of Na-rich, K-rich
(Ca-poor) materials®. O
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Polar processes can be sensitive indicators of global climate, and
the geological features associated with polar ice caps can therefore
indicate evolution of climate with time. The polar regions on Mars
have distinctive morphologic and climatologic features: thick
layered deposits, seasonal CO, frost caps extending to mid
latitudes, and near-polar residual frost deposits that survive the
summer"’. The relationship of the seasonal and residual frost caps
to the layered deposits has been poorly constrained®*, mainly by
the limited spatial resolution of the available data. In particular, it
has not been known if the residual caps represent simple thin frost
cover or substantial geologic features. Here we show that the
residual cap on the south pole is a distinct geologic unit with
striking collapse and erosional topography; this is very different
from the residual cap on the north pole, which grades into the
underlying layered materials. These findings indicate that the
differences between the caps are substantial (rather than reflect-
ing short-lived differences in frost cover), and so support the idea
of long-term asymmetry in the polar climates of Mars.

Data from the Mariner 9 and Viking missions established the
distribution of the three basic polar units on Mars. Layered deposits
centred approximately on the poles, consisting of unknown pro-
portions of water ice and dust averaging 1,200 km across and up to 3
km in thickness’, seasonal carbon dioxide (CO,) frost caps that
remove about 25% of the martian atmosphere, and residual
summer caps of frost: water ice in the north, CO, in the south®™,
The northern residual cap is nearly coextensive with the layered
deposits; the southern one is very much smaller in extent than the
layered deposits. Mariner 9 and Viking images could not resolve the
relation of the residual frost caps to the underlying layered deposits.
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Images from the Mars Orbiter Camera (MOC) on the Mars Global
Surveyor spacecraft, with pixel scales as good as 1.5 m (ref. 9; 30—50
times better than most previous images) now provide comparisons
of the residual caps and layers in both polar deposits.

Images from the MOC show that the north-polar residual cap
surface has a rough ablational topography of pits, cracks and some
knobs (Fig. 1). The residual cap surface grades into exposures of
layers (each typically 1-3 m thick) at the edges of dark lanes that
expose the underlying layered deposits in low-slope cross-
section'®!" (Fig. 1c). Layers exposed in the dark lanes are commonly
expressed as subtle ridges or troughs'? on the slopes, and usually
have a disaggregated appearance.

In contrast to the north, the south residual cap has distinctive
erosional or collapse topography (Fig. 2) affecting four or more
layers, each about two metres thick (determined from shadow
measurements). The top surface of the upper layer has polygonal
depressions suggestive of thermal contraction cracks (Fig. 2a).
Circular and cycloidal depressions, individual troughs with varying
curvatures and groups of nearly parallel troughs giving ‘fingerprint’
patterns are also observed.

These distinctive morphologies occur throughout, but only
within the south residual cap as mapped by Viking in 1977 (ref.
13). Isolated examples of degraded depressions and ridges are found
in a few locations outside the residual cap in the south-polar layered
deposits, but are not readily assigned to versions of the forms seen
on the residual cap. These areas of the layered deposits have been
thermally modelled" as dust-covered and mechanically distinct
from the residual cap. Exposed layers or unconformities in polar
deposits in both hemispheres do not show the kind of relief found
on the southern residual cap.

Thicknesses of layers in the south residual cap area are not much
greater than that predicted for seasonal CO, deposition near the
pole (0.5—1 m; refs 1 and 8); this similarity raises the possibility that
the features might be short-lived. Images at 1.5 to 5 metres per pixel
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Figure 1 North-polar residual cap topography. a, Individual and connected pits in surface
of residual cap. Portion of Mars Orbiter Camera (MOC) image M00-00547 (mapping
phase 0, image 547), 82.1°N, 329.6° W, solar incidence angle /= 73°. Texture on most
of the north-polar residual cap is a variant of pitting of approximately similar width
depressions; length and connectivity of depressions varies. Depths inferred from minimal
evidence of shadows are probably less than 2 m. Scale bar is 200 m. lllumination is from
upper right. Aerocentric longitude of the sun (Lg) is 120° (0° is northern spring equinox). 5
April 1999. This and other images shown have been contrast enhanced. b, North-polar
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acquired over five (Earth) months of the southern spring show no
changes in the topography. Dark markings observed by Mariner 9 in
1972 at 120 metres per pixel correlate with arcuate remnants of the
upper layer imaged by MOC. The persistence of a few metres of
relief, less than a kilometre wide, for 27 years (scarp retreat of less
than a few metres per year) in an area where material has been
removed over horizontal scales of tens of kilometres, suggests that
these distinctive forms may have survived for more than 1,000 years.
Patterned materials at the bases of scarps (not shown here) may
suggest long periods of thermal cycling'?, which at polar latitudes is
nearly all seasonal; thus modification of the aprons alone might
span hundreds of years. There are no obvious impact craters with
diameters greater than 100 m in the 550+ MOC images of the south
residual cap with pixel scales less than 20 m. These images cover
about 35% of ~48,000 km’ of the residual cap accessible to MOC
(to 87 S). The lack of craters suggests a crater retention age of less
than 10° years, substantially less than the more than 107 years
inferred for the southern layered deposits outside the residual
cap'®".

The MOC images of the southern residual cap also indicate that
coverage by the seasonal cap is either thin, nearly transparent’, or
both. Although there might be a small component similar to the
CO,ice ‘slabs’ inferred for other parts of the seasonal cap®, the upper
surface of the residual cap has a very high albedo in the spring and
shows albedo features indicative of differential defrosting of some
areas. However, there are no thick accumulations of drifted snow,
and the crispness of the topography viewed with solar elevation
angles of only two degrees suggests less than a metre of seasonal
covering within the residual cap area.

Images from MOC indicate the following sequence of events in
the south-polar residual cap area: (1) Deposition of at least the four
upper layers on a lower surface. (2) Sag in areas a few tens of metres
to a few hundred metres across in a large fraction of the residual cap
area. (3) Collapse over sags and lateral expansion of depressions,

residual cap surface, portion of image CAL-00433; 86.9° N, 207.5° W; scale bar is 50 m.
[llumination is from upper right. Ls = 107°. 8 March 1999. ¢, Merging of pits and fissures
of residual cap topography with exposure of layers in walls of one of the dark lanes
(troughs with wall slopes generally less than 10°) that traverse much of the northern
layered deposits; area at bottom of image is largely frost-free. Portion of MOC image
M00-02072; 85.9°N, 258.1°W; j= 70°. Scale bar is 100 m. lllumination is from upper
right. Ls = 124°. 13 April 1999.
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perhaps aided by insolation effects at the steeper parts of collapse
depressions. (4) Removal of large areas of volatile materials leaving
lag surfaces with less than 2 m of relief. (5) Formation of debris
aprons around higher (9 m) scarps. (6) Production of moats around
higher residual areas either by deposition of 1-2 m of material
around debris aprons followed by loss of some apron material, or by
further compaction of underlying materials by debris aprons and
subsequent loss of some material from the debris aprons. (7)
Further development of debris aprons, with a horizontal change
of less than 20 m in scarp positions. Time scales associated with each
specific step are unknown, although as noted above, the total time
could greatly exceed 1,000 years.

Important features in the above sequence of events are the initial
generation and form of collapse (sags), depression growth (possibly
by sublimation), removal of large amounts of material (8 m by
several thousand square kilometres) and a possible additional
depositional period.

What causes the initial sags and collapse? The volume change at
depth could be due to compaction or to removal of material.
Compaction of layers that were anomalously porous might occur
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with further deposition in combination with heating owing to rising
isotherms with increasing time of burial. The plan form of com-
pacting material could reflect variations in thickness or texture of
the original deposit, such as snow dunes. Removal of material would
most probably be caused by sublimation of CO, or water ice. In
either case, the collapse regime is apparently restricted to the area
currently showing summer residual CO, at the surface. The circum-
stances suggest that CO, rather than water constitutes the collapsing
unit. Carbon dioxide is the most likely constituent that could
sublimate to initiate the sags because of its much higher vapour
pressure and because of the apparent lack of collapse in areas of the
water-ice-covered north-polar residual cap, or in the outlying
south-polar layered deposits. That is, if water ice is the chief volatile
constituent of the polar deposits'’, CO, deposits in the residual cap
area would provide the contrast in volatility that the surface
morphology suggests.

Although thick accumulations of CO, ice are probably not
possible', a few metres of coverage could occur as they would
have minimal basal pressure (0.6 MPa for 10 m of solid CO, ice) and
would extract a very small fraction of the atmospheric CO,

Figure 2 South-polar residual cap topography. a, Nearly circular depression and nearby
sag surface on top layer. Polygonal cracks are prominent on undisturbed sections of the
upper layer surface, but do not affect the margins of circular depressions. Portion of MOC
image M09-00609; 87.0°S, 5.9°W; j= 70°. Scale bar is 100 m. lllumination is from
lower right. Ls = 237°. 3 November 1999. b, ‘Fingerprint’ pattern of depressions.
Elongated sags in other areas of residual cap suggest precursors of this topography.
Steeper sides (right) of the troughs face in a more northerly direction, suggesting
sublimation in expanding depressions, as with the more circular ones. Portion of MOC
image M03-06756; 86.0°S, 53.9°W; /= 88°. lllumination is from lower right. Scale bar
is 500 m. Lg = 182°. 4 August 1999. ¢, Circular collapse features, leaving mesas on
upper surface with debris aprons and moats. Largest scarps here are about 4 m high. The
uppermost layer is capable of supporting scarp slopes of ~20°; the aprons frequently
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have slopes of order 1°-3° (Fig. 2b); slopes are estimated from presence or absence of
shadows as the sun gained elevation in the southern spring. Portion of MOC image
M03-06646; 85.6°S, 74.4°W; /= 88°. Scale bar is 500 m. lllumination is from lower
right. Ls = 181°. 3 August 1999. d, Residual mesa exposing four layers and surrounding
moat. Formation of moats probably requires additional deposition and sublimation or
compaction following removal of material from height of top layer exposed here. Portion of
MOC image M07-02129; 86.9°S, 78.5°W; /= 81°. Scale bar is 100 m. lllumination is
from bottom, right. Ly = 204°. 11 September 1999. e, Complex covering of depressions
which suggest burial and exhumation of topography on part of the southern residual cap
area. Portion of MOC image M04-03877; 84.6°S, 45.1°W, /= 81°, scale bar is 200 m.
lllumination is from lower right. L = 196°. 29 August 1999.
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reservoir. The removal of wide areas of the upper 8—10 m of the
residual cap (Fig. 2c and d) after initial sag and collapse implies that
most of those upper layers are also subject to sublimation, especially
once the upper surface is fragmented or disturbed. Most of the eight
metres that are removed is probably CO,; the lag might be less
volatile water ice. Radar data returns from the south-polar residual
cap are very different from the north-polar cap'’, and can be
interpreted as indicative of clean ice with large cavities.

The evolution of the topography after collapse (steps 4—7 above)
suggests at least two subsequent non-steady-state periods. The wide
area of removal of three or more layers (Fig. 2c and d) indicates
considerable sublimation. The circular and near-circular forms may
develop because at these high latitudes, ablational removal can
become nearly azimuthally isotropic owing to the small change in
solar elevation during the day. The remnant landforms suggest lag
deposits from ablation and further collapse. The small proportion
remaining as lag (Fig. 2a and c) suggests a small non-volatile (or less
volatile) component in the upper layers of the residual cap area. The
moats (Fig. 2c and d) also require some sequence of renewed
deposition and subsequent partial removal, or a period of debris
apron growth followed by apron retreat or compression of under-
lying layers. Additionally, some areas show probable burial and
partial exhumation of the depressions (Fig. 2e).

The MOC data show that the southern residual cap is not simply a
temporary anomaly of residual summer CO, frost; it is a geological
feature indicative of depositional and ablational events recorded
neither in the north nor in the outlying southern polar layered deposits.
The geographical restriction to the CO, residual cap strongly suggests
that CO, ice is involved, as does the apparent requirement for a
component distinct from water ice. The most obvious environ-
mental distinctions of the southern residual cap area are its eleva-
tion, about 6 km above the northern one'"*, and its presence in the
hemisphere that has very low atmospheric water content™.

Indications of burial and exhumation (Fig. 2e, and steps 6 and 7
above) suggest repetitive, or even periodic formation of the dis-
tinctive southern residual cap morphology. Change in hemispheric
asymmetry in polar processes has been attributed to periodic
variations*’** in the orbital eccentricity, obliquity and season of
perihelion of Mars. Even the shortest of these cycles, 51,000 years for
season of perihelion, could easily allow the build-up (or sub-
limation) of the whole of the south residual cap unit. Eight
metres of solid CO, accumulated as net residual in 1,000 years
would require only about 2% of the current seasonal total® CO, to be
retained each year. However, elucidation of the time scale
represented by the residual deposits rests on detection of the net
atmospheric CO, budget and on mapping cycles recorded in the
layered deposits as a whole. O
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A photon in an arbitrary polarization state cannot be cloned
perfectly"2. But suppose that at our disposal we have several copies
of a photon in an unknown state. Is it possible to delete the
information content of one or more of these photons by a physical
process? Specifically, if two photons are in the same initial
polarization state, is there a mechanism that produces one
photon in the same initial state and the other in some standard
polarization state? If this could be done, then one would create a
standard blank state onto which one could copy an unknown state
approximately, by deterministic cloning™* or exactly, by probabil-
istic cloning™®. This could in principle be useful in quantum
computation, where one could store new information in an
already computed state by deleting the old information. Here
we show, however, that the linearity of quantum theory does not
allow us to delete a copy of an arbitrary quantum state perfectly.
Though in a classical computer information can be deleted
(reversibly) against a copy’, the analogous task cannot be accom-
plished, even irreversibly, with quantum information.

Quantum information has the unique property that it cannot be
amplified accurately. If an arbitrary state could be cloned, then by
using non-local resources one could send signals faster than light"?.
However, orthogonal quantum states can be perfectly copied.
Although two non-orthogonal photon-states cannot be copied
perfectly by a unitary process®, they can be copied by a unitary-
reduction process’. More interestingly, non-orthogonal states
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