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propagation. We assumed that the inertial term
in the dynamic equation is small with respect to
-the elastic and frictional forces. In the continu-
ous limit, slip as a function of space and time
obeys the same diffusion equation as tempera-
ture in 1D heat conduction (22). The problem of
transient conduction in a 1D slab, when the
temperature at one side is suddenly changed
(slip begins) and the other side is kept at con-
stant zero-temperature (no slip at the fault end),
can be analytically resolved (23). The time
evolution of the seismic moment (proportional
to the integral of the slip over the fault) is given
by the time evolution of the integral of the
temperature and is very similar to the signals
recorded by the interferometer (Figs. 1C and
SA). The seismic moment scales with fault
width, and rise time scales with width squared.
The seismic moment thus scales with the square
root of rise time, in agreement with Fig. 4.
Although the diffusion equation does not allow
us to precisely define the velocity of the slip
propagation, the point of maximum instanta-
neous slip-rate (Fig. SB) propagates like the
rupture in the decreasing velocity model used in
(4) to fit the only event of the San Andreas
sequence related to slow rupture propagation. If
the model is realistic, the square root of time
scaling would be a property of velocity-
strengthening frictional systems in case the seis-
mic moment time history is dominated by slip
propagation.
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Possible Ancient Oceans on
Mars: Evidence from Mars
Orbiter Laser Altimeter Data
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High-resolution altimetric data define the detailed topography of the northern
lowlands of Mars, and a range of data is consistent with the hypothesis that
a lowland-encircling geologic contact represents the ancient shoreline of a large
standing body of water present in middle Mars history. The contact altitude is .
close to an equipotential line, the topography is smoother at all scales below
the contact than above it, the volume enclosed by this contact is within the
range of estimates of available water on Mars, and a series of extensive terraces -

parallel the contact in many places.

The northern lowlands occupy about one-third
of the surface area of Mars (Fig. 1) and have
played an important role in its hydrologic and
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climatic history (/). Large outflow channels
empty into the northern lowlands (2), and a
variety of distinctive morphologic features and
geologic units occur there (3-5). Some investi-
gators have hypothesized that large standing
bodies of water, ranging in scale from lakes (6)
to oceans (7—/0), may have existed there in past
Mars history. High-resolution altimetry data
from the Mars Orbiter Laser Altimeter
(MOLA) instrument on the Mars Global Sur-
veyor (MGS) mission have underlined the un-
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usual flatness and smoothness of the northern
lowlands (//-14), have shown that they are
part of the largest watershed on the planet (a
drainage basin constituting three-quarters of the
surface area of Mars) (/5), and have permitted
us to begin to test hypotheses for the presence
of past standing bodies of water (/6).

Parker et al. (7, §) mapped two contacts near
and generally parallel to the southemn boundary
of the northern lowlands and interpreted these
contacts to be shorelines, representing two sep-
arate highstands of a northern polar ocean. If the
mapped contacts are ancient shorelines, then
they should also represent the edge of a level
surface and thus an equipotential line. If no
vertical movement has occurred subsequent to
their formation, the elevation of each contact
should fall on a straight line when plotted as a
function of longitude (Fig. 2). Plotting the ele-
vation along 1136 orbits as they cross contact 1,
we found that contact 1, with a mean elevation
of —1680 m, is not a good approximation of an
equipotential surface; variation in elevation
shows highs in Tharsis, lows in Arabia, and
ranges over almost 11 km (standard deviation =
1.7 km), an amount exceeding plausible values
of postformation vertical movement. Contact 2,
with 1191 orbit crossings, is a closer approxi-
mation to a straight line; the elevation range is
~4.7 km, with a mean value of —3760 m and a
standard deviation of 560 m. The most substan-
tial variations occur in Elysium and Arabia,
where post—contact 2 activity has occurred (17),
and in Tharsis, an area in which possible region-
al uplift has occurred (/8). The variation in these
three areas accounts for about 75% of the vari-
ability of the population of points at contact 2.
Consideration of the influence of the presence of
Tharsis on the geoid (/9) would further reduce
the scatter seen in the elevation of contact 2. We
conclude that of the two contacts mapped by
Parker et al. (7, 8), contact 2 is the closest
approximation to an equipotential line; the ma-
jority of the observed deviation from a straight
line could plausibly be due to postformation
modification and vertical movement.

Parker et al. (7, 8) hypothesized that for-
mation of an ocean would be accompanied by
sedimentation, smoothing submarine terrain
below the shoreline. The northern lowlands
are flat and smooth relative to the rest of the
planet (//-14), and MOLA data show that
the average surface below contact 2 is
smoother at all scales (from a few hundred
meters to several tens of kilometers) than the
surface between contacts 1 and 2 and that the
surface is rougher at all scales above contact
1 than below.

Other workers have mapped geologic fea-
tures thought to have been associated with the
presence of bodies of water or residual ground
ice, and the topographic data can be used to
assess their locations. Lucchitta ef al. (20) used
Viking image data to identify the location and
characteristics of possible sedimentary deposits

www.sciencemag.org SCIENCE VOL 286

REPORTS

in the northern lowlands (27). We digitized the
map of the distribution of polygonally fractured
terrain on Mars compiled by Lucchitta et al.
(their Fig. 3) and superposed it on the MOLA
topographic map (Fig. 3A); we found a correla-
tion between the location of the polygonal
ground and the deeper regions of the Utopia and
North Polar basins within the northern lowlands,
consistent with formation in areas formerly oc-
cupied by standing bodies of water (7, &).
Martian impact craters in the 2- to 50-km-
diameter range commonly have ejecta deposits
with distinctive lobe and rampart morphology,
interpreted to be due to the presence of ground-
water or ground ice in the target area that mo-
bilizes the ejecta material (22). Craters on Mars
smaller than a few kilometers generally do not
have unusual ejecta ramparts, and thus the onset
diameter of ramparts may be an indication of the
depth at which groundwater or ground ice is
encountered during cavity excavation. On the
basis of this concept, Kuzmin et al. (23) as-
sessed the onset diameter globally. Using their
map, we found a correlation between the lower
range of onset diameters (<4 km) and the north-
em lowlands (Fig. 3B). The craters with the
smallest diameters (<2 km) correlate with the
position of the two large basins within the north-
em lowlands, a distribution consistent with an
interpretation of groundwater or ground ice oc-

curring preferentially near the surface in the
northern lowlands and particularly in the interi-
ors of the two basins (7, 8).

Assuming that the present topography is a
reasonable approximation of the topography
in the geological past, we found that the total
volume represented by the topography below
contact 2 is about 1.4 X 107 km* and about
10% more if the polar cap (/3) is absent.
These volumes lie between the minimum es-
timates of the volume that flowed through the
Chryse outflow channels (about 0.6 X 107
km?) (1) and the maximum value of 5 to 20 X
107 km* for megaregolith pore space that
might potentially contain water (3). The vol-
ume contained by contact 2, equivalent to a
global layer almost 100 m deep, lies within
the range of estimates of available water (/).

The northem hemisphere topographic map
permits us to assess what would happen if (i)
individual channels emptied into the lowlands at
different times and proceeded to fill them (7-9),
(ii) the lowlands were flooded by a different
mechanism (as in the case of an ancient ocean
older than the outflow channels) (/0), and (iii) a
putative ocean began to recede. We sequentially
flooded the northern lowlands and observed
where water would pond and how candidate
oceans might evolve with changing depth (Fig.
3, C to F). These maps show two distinctive

Fig. 1 (top). (A) Lambert equal-
area projection of MOLA North
Pole-to-equator topography (75).
Black lines indicate positions of
contacts interpreted to be shore-
lines (7, 8). Elevation is given in
kilometers. (B) Major features de-
scribed in the text. Fig. 2
(bottom). Elevation (in meters) of
contacts 1 and 2 as a function of
longitude (in degrees). Data are
through orbit 10464, 15 April
1999 (revision d).
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Fig. 3. (A) Distribution of polygons (stippled areas) (20). Dashed lines
indicate the northern edge of the highlands. (B) Distribution of onset
diameter of impact craters with ejecta lobes (23). Diameters are as
follows: dotted area, O to 2 km; horizontal hatching, 2 to 4 km;
diagonal hatching, 4 to 6 km; and vertical hatching, 6 to 8 km. Black

basins in the northern lowlands, the circular
Utopia basin of probable ancient impact origin
(24) and the irregularly shaped North Polar
basin (Fig. 3C). The lowest topography in the
northern lowlands occurs in the North Polar
basin (~—5250 m). Starting at this elevation, as
much as 5.4 X 10* km? of water might accumu-
late there before the initiation of filling of the
Utopia basin. At a maximum water depth of
500 m, both basins would contain water (Fig.
3C); at a maximum water depth of 1000 m (Fig.
3D), the basins would become interconnected
through a narrow topographic trough, and each
basin would contain in excess of 106 km?®. Con-
tinued filling to the approximate level of contact
2 (about —3760 m) (Fig. 3E) yields a volume of
~1.4 X 107 km? and an average depth of ~560
m. Filling to the mean level of contact 1 (about
—1680 m) yields ~9.6 X 107 km?® in the north-
ern hemisphere (Fig. 3F).

-Outflow channels emptying into the north-
ern lowlands from Chryse and Amazonis would
flow into the North Polar basin, whereas chan-
nels originating in western Elysium would

empty into the Utopia basin. Total amounts
of water for individual outflow channel
floods are poorly constrained (I, 9). Carr
estimated that water volumes for individual
channels might range up to ~3 X 10° km?
(I). Such a channel event could have filled
the North Polar basin to about —4900 m (a
maximum depth of ~350 m; 120 m average),
and it would take at least eight to nine such
channel events to fill the basin before it over-
flowed into the Utopia basin. At least 40
events would be required to fill the northern
lowlands to the level of contact 2. Outflow
channel formation occurred over an extended
period of time (2, 25, 26), and it seems likely
that at least some of the water emplaced in
the northern lowlands by each event would
disappear between events (9). If a shoreline
corresponding to the position of contact 2 (7,
8) originated solely through the cumulative
emplacement of Hesperian/Amazonian-aged
outflow channel events, very high volumes,
multiple discharge events through each chan-
nel, or a narrow range of emplacement times (or

central area was not analyzed by (23). (C to F) Sequential flooding
(black areas) of the northern lowlands. Flooded to a total depth of
(C) 500 m, (D) 1000 m, (E) 1490 m (level of contact 2), and (F) the
mean level of contact 1 (—1680 m), with level of contact 2 shown
underneath.

several of the above) would be required (9).
Other hypotheses suggest that large-scale
standing bodies of water may have existed in
the northern lowlands since the Noachian Peri-
od (9-10), before the formation of the Hespe-
rian-aged outflow channels. If such an early
ocean existed at the time of the emplacement of
the outflow channels, then evidence for the
interaction of the outflow channels and the
ocean may exist. Noting that the distinctive
landforms of the distal portions of outflow
channels commonly end abruptly in the north-
emn lowlands (I, 26), we examined the eleva-
tions of the terminations of the six major out-
flow channels that empty into Chryse Planitia,
reasoning that these elevations would be vari-
able depending on such factors as discharge,
age, subsequent events, and the level of a pos-
sible standing body of water (7, 8) at the time of
their emplacement. The elevations of the termi-
nations of each of six channels differ by a
maximum of 340 m, even though channels are
separated by several hundred kilometers each
and are spread over a total lateral distance of

10 DECEMBER 1999 VOL 286 SCIENCE www.sciencemag.org



1 a s 9
Slope in degrees

Fig. 4. (A) Slope map of the northern lower
flanks of Alba Patera, showing the absolute
value of surface slope at ~15-km baseline de-
rived from the 1/8 degree per pixel digital
elevation model (75). Parallel lines (middle)
representing linear slope changes are seen be-
tween Alba Patera (bottom) and the North
Polar cap (top). Width of map is ~3000 km. (B)
Perspective view of the southern margin of
Utopia Planitia looking west from the flank of
Elysium Mons showing topographic terraces
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parallel to contact 2; MOLA digital elevation model with Viking Orbiter mosaic superposed, and the
basin flooded to just below the —4350-m contour, the elevation where the Utopia and North Polar
basins become interconnected. Vertical exaggeration is ~X200. (C) MOLA profile (10190) in

southern Utopia Planitia.

2200 km. In addition, the mean elevation of all
channel terminations lies within 60 m of the
mean elevation of contact 2 (27). These obser-
vations suggest that a large standing body of
water existed at about the position of contact 2
at the time of emplacement of the outflow
channels; in this scenario, the abrupt termina-
tion of distinctive channel morphology is due to
the channels debouching into an existing stand-
ing body of water and changing from a predom-
inantly erosional regime to a predominantly
depositional regime.

If recession of a standing body of water did
indeed occur, one would predict that the mar-
gins of the body of water would approximately
follow the reverse order of the filling sequence
outlined in Fig. 3, C to E. If such a recession
was nonlinear (for example, due to modulation
by outflow channel events, climate change, or
other factors), then evidence might exist for the
position of regional “stillstands” in the form of
changes in depositional environments, wave-
cut terraces, or ice-margin processes if the body
was frozen over. All of these processes could
produce changes in slope at the position of the
boundary, as is commonly seen in retreating
bodies of water on Earth (28). We compiled
regional slope maps of the northern lowlands
and searched for evidence for slope changes
arrayed in a linear fashion. We found distinctive
linear slope changes within the Utopia basin
and the North Polar basin (Fig. 4). These linear
slope changes (Fig. 4A) extend for many tens of
kilometers, parallel one another and topograph-
ic contours, occur near or below contact 2, and

www.sciencemag.org SCIENCE VOL 286 10 DECEMBER 1999

are faint or absent in the lowest parts of the
Utopia and North Polar basins. Linear slope
changes are most prominent along the lower
northern flanks of Alba Patera (Fig. 4A) and
along the southern margin of the Utopia basin
(Fig. 4B) (29), although some occur around
other margins of Utopia. Detailed assessment of
individual profiles crossing these linear slope
changes (Fig: 4C) shows that some of the most
prominent ones in Utopia are near the position
of contact 2 and the approximate elevation
where the two basins would first become inter-
connected (29) (see Fig. 3D).

Other processes (volcanic, eolian, and gla-
cial) have contributed to the shaping of the
northern lowlands throughout its history as they
have elsewhere on Mars. We found that no
single alternative process, however, emerges as
a dominant factor in the shaping of the northern
lowlands or is as consistent with all of the
observations as the presence of former standing
bodies of water. We conclude that MOLA data
used to test a large number of predictions are
consistent with hypotheses calling on large
standing bodies of water in the northern low-
lands in the past history of Mars and that these
hypotheses should be seriously considered and
tested further (30). Among these tests should be
further analysis and interpretation of data from
martian meteorites and landing sites. Recent
theories for the evolution of samples from Mars
call on the presence of ancient bodies of water
in their evolution (3/). Viking 1 and 2 landed
below contact 2 and Pathfinder landed near it
(32), and some of the anomalous chemistry (for

example, unusual abundances of S and Cl and
their possible presence as sulfate minerals and
chloride salts) (33) may be related to the pres-
ence of former standing bodies of water.

References and Notes

1. M. H. Carr, Water on Mars (Oxford Univ. Press, New
York, 1996).

2. V.R. Baker et al., in Mars, H. H. Kieffer, B. M. Jakosky,
C. W. Snyder, M. S, Matthews, Eds. (Univ. of Arizona
Press, Tucson, AZ, 1992), pp. 493-522.

3. S. W. Squyres et al., in Mars, H. H. Kieffer, B. M.
Jakosky, C. W. Snyder, M. S. Matthews, Eds. (Univ. of
Arizona Press, Tucson, AZ, 1992), pp. 523-554.

4. P. Thomas et al., in Mars, H. H. Kieffer, B. M. Jakosky,
C. W. Snyder, M. S. Matthews, Eds. (Univ. of Arizona
Press, Tucson, AZ, 1992), pp. 767-795.

5. K. L. Tanaka and D. H. Scott, U.S. Geol. Surv. Misc.
Invest. Ser. Map 1-1802-C (1987).

6. D. H. Scott et al., U.S. Geol. Surv. Misc. Invest. Ser.
Map 1-2461 (1995); D. H. Scott et al., Proc. Lunar
Planet. Sci. 22, 53 (1992).

7. T. ). Parker et al., Icarus 82, 111 (1989).

8. T. ). Parker et al., J. Geophys. Res. 98, 11061 (1993).

9. V. R. Baker et al., Nature 352, 589 (1991).

0. S. Clifford and T. ). Parker, Lunar Planet. Sci. Conf. 30,
1619 (1999).

11. D. E. Smith et al., Science 279, 1686 (1998).

12. O. Aharonson, Geophys. Res. Lett. 25, 4413 (1998);
M. A. Kreslavsky and J. W. Head, J. Geophys. Res. 104,
21911 (1999).

13. M. T. Zuber et al., Science 282, 2053 (1998).

14. ). Garvin et al., Geophys. Res. Lett. 26, 381 (1999).

15. D. E. Smith et al., Science 284, 1495 (1999).

16. ). W. Head et al., Geophys. Res. Lett. 25, 4401 (1998).

17. R. Greeley and ). E. Guest, U.S. Geol. Surv. Misc.
Invest. Ser. Map 1-1802-B (1987); D. H. Scott and K. L.
Tanaka, U.S. Geol. Surv. Misc. Invest. Ser. Map
1-1802-A (1986); K. L. Tanaka et al., U.S. Geol. Surv.
Misc. Invest. Ser. Map 1-2147 (1992).

18. W. B. Banerdt et al., in Mars, H. H. Kieffer, B. M.
Jakosky, C. W. Snyder, M. S. Matthews, Eds. (Univ. of
Arizona Press, Tucson, AZ, 1992), pp. 249-297.

19. M. T. Zuber and D. E. Smith, J. Geophys. Res. 102,
28673 (1997).

20. B. K. Lucchitta et al., /. Geophys. Res. 91 (suppl. B13),
166 (1986).

21. G. £. McGill, Geophys. Res. Lett. 13, 705 (1986).

22. M. H. Carr et al., J. Geophys. Res. 82, 4055 (1977).

23. R. Kuzmin et al., Solar Syst. Res. 22, 195 (1988).

24. G. E. McGill, /. Geophys. Res. 94, 2753 (1989).

25. H. Masursky et al., /. Geophys. Res. 82, 4016 (1977).

26. S. Rotto and K. L. Tanaka, U.S. Geol. Surv. Misc.
Invest. Ser. Map 1-2441 (1995); K. L. Tanaka, /. Geo-
phys. Res. 102, 4131 (1997).

27. M. A. Ivanov and ]. W. Head, in Fifth International
Conference on Mars (Lunar and Planetary Institute,
Houston, TX, 1999), abstract 6176 [CD-ROM].

28. E. C. Bird, Coasts (MIT Press, Cambridge, MA, 1969);
P. D. Komar, Beach Processes and Sedimentation
(Prentice-Hall, Englewood Cliffs, NJ, 1976).

29. B. |. Thomson and . W. Head, Lunar Planet. Sci. Conf.
30, 1894 (1999).

30. M. Malin and K. Edgett, Geophys. Res. Lett. 26, 3049
(1999).

31. H. Y. McSween, Int. Geol. Rev. 40, 774 (1998); P.
Warren, J. Geophys. Res. 103, 16759 (1998).

32. T. A. Mutch et al., Science 193, 791 (1976); T. A.
Mutch et al., Science 194, 1277 (1976); M. Golombek
et al., Science 278, 1743 (1997).

33. A Banin et al., in Mars, H. H. Kieffer, B. M. Jakosky,
C. W. Snyder, M. S. Matthews, Eds. (Univ. of Arizona
Press, Tucson, AZ, 1992), pp. 594-625; H. Y. Mc-
Sween et al., /. Geophys. Res. 104, 8679 (1999).

34. We gratefully acknowledge the MOLA instrument
team and the MGS spacecraft and operation teams at
the Jet Propulsion Laboratory and Lockheed-Martin
Astronautics for providing the engineering founda-
tion that enabled this analysis. This effort was sup-
ported by MOLA (NASA Mars Global Surveyor
Project) and NASA grant NAGS5-8283.

8 September 1999; accepted 4 November 1999

2137



http://www.jstor.org

LINKED CITATIONS
-Pagelof2-

You have printed the following article:

Possible Ancient Oceanson Mars. Evidence from Mars Orbiter Laser Altimeter Data
James W. Head |11; Harald Hiesinger; Mikhail A. Ivanov; Mikhail A. Kreslavsky; Stephen Pratt;
Bradley J. Thomson

Science, New Series, Vol. 286, No. 5447. (Dec. 10, 1999), pp. 2134-2137.

Stable URL:

http://links.jstor.org/si i ?si ci=0036-8075%2819991210%293%3A 286%3A 5447%3C2134%3A PAOOME%3E2.0.CO%3B2-

This article references the following linked citations:

Refer ences and Notes

"Topography of the Northern Hemisphere of Marsfrom the Mars Orbiter Laser Altimeter
D. E. Smith; M. T. Zuber; H. V. Frey; J. B. Garvin; J. W. Head; D. O. Muhleman; G. H. Pettengill;
R. J. Phillips; S. C. Solomon; H. J. Zwally; W. B. Banerdt; T. C. Duxbury

Science, New Series, Vol. 279, No. 5357. (Mar. 13, 1998), pp. 1686-1692.

Stable URL:

http://linksjstor.org/sici ?sici=0036-8075%2819980313%293%3A 279%3A 5357%3C1686%3A TOTNHO%3E2.0.CO%3B2-A

“ Observations of the North Polar Region of Marsfrom the Mars Orbiter Laser Altimeter

MariaT. Zuber; David E. Smith; Sean C. Solomon; James B. Abshire; Robert S. Afzal; Oded
Aharonson; Kathryn Fishbaugh; Peter G. Ford; Herbert V. Frey; James B. Garvin; James W. Head,
Anton B. lvanov; Catherine L. Johnson; Duane O. Muhleman; Gregory A. Neumann; Gordon H.
Pettengill; Roger J. Phillips; Xiaoli Sun; H. Jay Zwally; W. Bruce Banerdt; Thomas C. Duxbury

Science, New Series, Vol. 282, No. 5396. (Dec. 11, 1998), pp. 2053-2060.
Stable URL:
http:/links.jstor.org/sici 2si ci=0036-8075%2819981211%293%:3A 282%63A 5396%63C2053%3A OOTNPR%3E2.0.CO%3B2-G

“The Global Topography of Marsand Implications for Surface Evolution

David E. Smith; Maria T. Zuber; Sean C. Solomon; Roger J. Phillips; James W. Head; James B.
Garvin; W. Bruce Banerdt; Duane O. Muhleman; Gordon H. Pettengill; Gregory A. Neumann;
Frank G. Lemoine; James B. Abshire; Oded Aharonson; C. David Brown; Steven A. Hauck; Anton
B. Ivanov; Patrick J. McGovern; H. Jay Zwally; Thomas C. Duxbury

Science, New Series, Vol. 284, No. 5419. (May 28, 1999), pp. 1495-1503.

Stable URL:

http://linksjstor.org/sici ?sici=0036-8075%2819990528%293%3A 284%63A 5419%3C1495%3A TGTOMA %3E2.0.CO%3B2-H

NOTE: The reference numbering fromthe original has been maintained in this citation list.



http://www.jstor.org

LINKED CITATIONS
- Page2of 2 -

“The Surface of Mars: The View from the Viking 1 Lander

Thomas A. Mutch; Alan B. Binder; Friedrich O. Huck; Elliott C. Levinthal; Sidney Liebes, Jr.;
Elliot C. Morris; William R. Patterson; James B. Pollack; Carl Sagan; Glenn R. Taylor
Science, New Series, Vol. 193, No. 4255. (Aug. 27, 1976), pp. 791-801.

Stable URL:

http://linksjstor.org/sici ?sici=0036-8075%2819760827%293%3A 193%3A 4255%3C791%3A T SOM TV %3E2.0.C0%3B2-P

“The Surface of Mars: The View from the Viking 2 L ander

T. A. Mutch; S. U. Grenander; K. L. Jones;, W. Patterson; R. E. Arvidson; E. A. Guinness; P. Avrin;
C. E. Carlston; A. B. Binder; C. Sagan; E. W. Dunham; P. L. Fox; D. C. Pieri; F. O. Huck; C. W.
Rowland; G. R. Taylor; S. D. Wall; R. Kahn; E. C. Levinthal; S. Liebes, Jr.; R. B. Tucker; E. C.
Morris; J. B. Pollack; R. S. Saunders; M. R. Wolf

Science, New Series, Vol. 194, No. 4271. (Dec. 17, 1976), pp. 1277-1283.

Stable URL :

http://links.jstor.org/si ci ?sici=0036-8075%2819761217%293%3A 194%3A4271%3C1277%3ATSOMTV %3E2.0.CO%3B2-1

“Overview of the Mars Pathfinder Mission and Assessment of Landing Site Predictions

M. P. Golombek; R. A. Cook; T. Economou; W. M. Folkner; A. F. C. Haldemann; P. H. Kallemeyn;
J. M. Knudsen; R. M. Manning; H. J. Moore; T. J. Parker; R. Rieder; J. T. Schofield; P. H. Smith; R.
M. Vaughan

Science, New Series, Vol. 278, No. 5344. (Dec. 5, 1997), pp. 1743-1748.
Stable URL:

http://links.jstor.org/sici?sici=0036-8075%2819971205%293%3A 278%3A 5344%3C1743%3A OOTM PM %3E2.0.CO%3B2-4

NOTE: The reference numbering fromthe original has been maintained in this citation list.



