EXTENDED PDF FORMAT
SPONSORED BY

Travel Grants Available
AACR Annual Meeting 2014
Application Deadline:

st
January 31 KD

>Apply Now

http://www.rndsystems.com

Evidence for Precipitation on Mars from Dendritic Valleys in the
Valles Marineris Area

Nicolas Mangold et al.

Science 305, 78 (2004);

AVAAAS DOI: 10.1126/science.1097549

This copy is for your personal, non-commercial use only.

If you wish to distribute this article to others, you can order high-quality copies for your
colleagues, clients, or customers by clicking here.

Permission to republish or repurpose articles or portions of articles can be obtained by
following the guidelines here.

The following resources related to this article are available online at
www.sciencemag.org (this information is current as of February 3, 2014 ):

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/content/305/5680/78.full.html

Supporting Online Material can be found at:
http://www.sciencemag.org/content/suppl/2004/06/30/305.5680.78.DC1.html

A list of selected additional articles on the Science Web sites related to this article can be
found at:
http://www.sciencemag.org/content/305/5680/78.full. html#related

This article cites 22 articles, 7 of which can be accessed free:
http://www.sciencemag.org/content/305/5680/78.full.html#ref-list-1

This article has been cited by 65 article(s) on the ISI Web of Science

This article has been cited by 8 articles hosted by HighWire Press; see:
http://www.sciencemag.org/content/305/5680/78.full.html#related-urls

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2004 by the American Association for the Advancement of Science; all rights reserved. The title Science is a

registered trademark of AAAS.

Downloaded from www.sciencemag.org on February 3, 2014


http://oascentral.sciencemag.org/RealMedia/ads/click_lx.ads/sciencemag/cgi/reprint/L22/1545086289/Top1/AAAS/PDF-R-and-D-Systems-Science-140201/R_n_D_130201.raw/1?x
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/305/5680/78.full.html
http://www.sciencemag.org/content/305/5680/78.full.html
http://www.sciencemag.org/content/suppl/2004/06/30/305.5680.78.DC1.html 
http://www.sciencemag.org/content/305/5680/78.full.html#related
http://www.sciencemag.org/content/305/5680/78.full.html#related
http://www.sciencemag.org/content/305/5680/78.full.html#ref-list-1
http://www.sciencemag.org/content/305/5680/78.full.html#ref-list-1
http://www.sciencemag.org/content/305/5680/78.full.html#related-urls
http://www.sciencemag.org/content/305/5680/78.full.html#related-urls
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/

78

REPORTS

4. B. Asfaw et al., Nature 416, 317 (2002).

5. E. Abbate et al., Nature 393, 458 (1998).

6. G. C. Conroy, C. J. Jolly, D. Cramer, J. E. Kalb, Nature
276, 67 (1978).

7. G. P. Rightmire, Am. J. Phys. Anthropol. 61, 245
(1983).

8. G. P. Rightmire, J. Hum. Evol. 31, 21 (1996).

9. J. J. Hublin, in Human Roots: Africa and Asia in the
Middle Pleistocene, L. Barham, K. Robson-Brown, Eds.
(Western Academic & Specialist Press, Bristol, UK,
2001), pp. 99-121.

10. J.-L. Arsuaga et al., J. Hum. Evol. 37, 431 (1999).

11. G. Manzi, F. Mallegni, A. Ascenzi, Proc. Natl. Acad. Sci.
U.S.A. 98, 10011 (2001).

12. G. Manzi, E. Bruner, P. Passarello, /. Hum. Evol. 44,
731 (2003).

13. W. H. Gilbert, T. D. White, B. Asfaw, J. Hum. Evol. 45,
255 (2003).

14. G. P. Rightmire, Evol. Anthropol. 6, 218 (1998).

15. I. Tattersall, J. Hum. Evol. 15, 165 (1986).

16. M. H. Wolpoff, A. G. Thorne, J. Jelinek, Y. Zhang, Cour.
Forschungsinst. Senckenb. 171, 341 (1994).

17. G. LL Isaac, Olorgesailie: Archaeological Studies of a
Middle Pleistocene Lake Basin in Kenya (Univ. of
Chicago Press, Chicago, IL, 1977).

18. R. Potts, A. K. Behrensmeyer, P. Ditchfield, J. Hum.
Evol. 37, 747 (1999).

19. A. Deino, R. Potts, J. Geophys. Res. 95, 8453 (1990).

20. L. Tauxe, A. L. Deino, A. K. Behrensmeyer, R. Potts,
Earth Planet. Sci. Lett. 109, 561 (1992).

21. Y. Hou et al., Science 287, 1622 (2000).

22. A. M. Sarna-Wojcicki, M. S. Pringle, ). Wijbrans, J.
Geophys. Res. 105, 21431 (2000).

23. S. C. Antén, Am. J. Phys. Anthropol. 102, 497 (1997).

24. L. Gabunia et al., Science 288, 1019 (2000).

25. S. C. Anton, J. Hum. Evol. 46, 335 (2004).

26. F. Mallegni et al., C. R. Paleovol. 2, 153 (2003).

Evidence for Precipitation on
Mars from Dendritic Valleys in
the Valles Marineris Area

Nicolas Mangold,” Cathy Quantin,? Véronique Ansan,’
Christophe Delacourt,? Pascal Allemand?

Dendritic valleys on the plateau and canyons of the Valles Marineris region were
identified from Thermal Emission Imaging System (THEMIS) images taken by
Mars Odyssey. The geomorphic characteristics of these valleys, especially their
high degree of branching, favor formation by atmospheric precipitation. The
presence of inner channels and the maturity of the branched networks indicate
sustained fluid flows over geologically long periods of time. These fluvial
landforms occur within the Late Hesperian units (about 2.9 to 3.4 billion years
old), when Mars was thought to have been cold. Our results suggest a period
of warmer conditions conducive to hydrological activity.

The formation of valley networks on Mars
has been the subject of considerable scientific
debate (/-4). Valleys were attributed to flu-
vial erosion implying a warm and wet climate
on early Mars (5), possibly conducive to
biological activity (6). Several recent obser-
vations argue in favor of such conditions on
early Mars (7, §), but valley networks could
also have formed by water-lubricated debris
flows (4), hydrothermal activity (9, 10), or
groundwater sapping (//—13) due to geother-
mal activity (/4), and these hypotheses do
not require conditions warmer than the cur-
rent cold climate.

Here, we describe terrestrial-like dendritic
valleys identified using THEMIS images
(15) of the Mars Odyssey mission. These
valleys are located in the Valles Marineris
region (Fig. 1) on the plateau west of Echus
Chasma (Fig. 2) and on the inner plateau west
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of Melas Chasma (Fig. 3). These landforms
occur within Late Hesperian units (/6), about
2.9 to 3.4 billion years old (/7); they are thus
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unexpectedly younger than the Noachian (/6)
period, which is considered to be the poten-
tial primitive warm period (4).

The plateau west of Echus Chasma (0°N,
81°W) is covered by densely branched val-
leys that are frequently sinuous and extend
over tens of kilometers (Fig. 2). Infrared (IR)
images taken at night by THEMIS (Fig. 2A)
show mainly intrinsic thermal properties of
the ground (/5). Valleys buried under loose
material are outlined by variations of the
thermal signal and resemble terrestrial deserts
where sand covers the floor of dry valleys
(fig. S1). On drainage basin G, the main
valley is larger upstream than downstream
close to the mouth, implying a thicker man-
tling at this location. With the exception of
this place, most valleys have widths increas-
ing from their sources to their mouth, as seen
in terrestrial valleys. An IR image taken dur-
ing the day by THEMIS shows that these
dendritic valleys have their heads scattered at
random points on the plateau (Fig. 2C). Hills

4 70°W Fig. 1. MOLA shaded re-
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Marineris and the neigh-
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Hesperian geologic units
on THEMIS images of
Figs. 2 and 3.
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are also gullied by small valleys with heads at
the crestline of the hill (Fig. 2D). These
characteristics are similar to terrestrial fea-
tures of surface runoff due to atmospheric
precipitation.

These characteristics are inconsistent with
subsurface seepage induced by hydrothermal
activity because water would not seep at the
crest of hills. Moreover, no valleys with
theater-shaped heads are observed, as would
be the case if sapping had occurred (1, 12).
Sapping has been invoked to explain the de-
velopment of tributary canyons in the Valles
Marineris region (/8), such as the narrow
tributaries of Echus Chasma, 1 to 3 km deep,

that dissect the plateau borders. The main
valleys of basins E, G, and I connect to the
heads of tributaries, implying that these val-
leys were active during the formation of trib-
utaries, as observed on Earth (fig. S1B). This
contemporaneous activity suggests that the
backward recession of tributary canyons by
sapping was connected to the hydrological
processes existing over the plateau.

Two drainage basins with dendritic valleys
are also observed on THEMIS images (Fig. 3)
of the inner plateau of west Melas Chasma
(77.5°W, 10°S). Several valley heads located at
the foot of the southern wall slopes would
suggest subsurface seepage. However, most

10 km

Night IR Themis

Fig. 2. Dense valley networks of West Echus Chasma plateau (0°N, 81°W). (A) Night IR THEMIS
images (102119003 and 10857003). At the lower left of the image, a dark area is due to the low
temperature of loose material (sand or dust), whereas the right part of the image is rocky with a
higher temperature. The plateau is located at the transition between regions of low and high
thermal inertia, which makes the identification of valleys easier from differential mantling. Valleys
at top left are dissected by deep canyon tributary of Echus Chasma. (B) Geomorphic map of West
Echus Chasma. The observed networks can be separated into nine drainage basins from A to I. (C)
Close-up over G, H, and | drainage basins on day IR THEMIS image (I06419047). Contrasts in
brightness correspond to differences in albedo and/or topography. The arrow displays the junction
of the main valley over the plateau with the head of the tributary canyon. (D) THEMIS day IR
(101950002). The central arrow indicates a linear hill covered by gullies that organize downstream
in branching valleys on the illuminated flank. The top arrow indicates a zone of erosion of the upper
layers with apparent preservation of an inverted channel (29).
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valley heads are located on the opposite
perched interior plateau and along the divide
separating both drainage basins, thus suggest-
ing another source of water than seepage from
canyon walls (/9). THEMIS visible-light imag-
es also show the presence of meandering val-
leys (Fig. 3C) and inner channels (Fig. 3D) on
the floor of some of these valleys, indicating
surface conditions with stable liquid water and
sustained fluvial activity (20, 21).

The drainage densities (i.e., the total
length of valleys divided by the area of each
basin) vary from 0.6 to 1.0 km ! for the nine
basins of Echus Plateau measured using IR
images at 100 m/pixel (table S1). The drain-
age densities in Melas Chasma are 1.1 km ™!
and 1.5 km™!, as measured using visible-
light images at 18 m/pixel. By comparison,
drainage densities of terrestrial valley net-
works are usually from 2 to 100 km™!. How-
ever, such high densities are obtained with
maximum-resolution mapping, whereas the
same terrestrial networks mapped at the scale
of Viking image mosaics (22) have densities
of only 0.1 to 0.2 km™!. Thus, densities
measured at THEMIS resolution, a scale
slightly better than Viking mosaics, are
equivalent to terrestrial fluvial wvalleys
mapped at the same scale. Additionally, mor-
phometric parameters such as valley order,
bifurcation ratio, and valley length ratio (23,
24) give values similar to terrestrial river
networks for the drainages of both regions
(table S1 and fig. S2).

Precise depths of valleys are not measur-
able at the resolution of the Mars Observer
Laser Altimeter (MOLA), but they can be
estimated roughly from THEMIS images to a
few tens of meters for widths of several
hundreds of meters. These valleys, like riv-
ers, are always oriented in the direction of the
local slope (fig. S3). Moreover, the variations
in the geometry of valleys are consistent with
the variations of the slope, with dendritic
valleys on nearly flat areas and subparallel
valleys on slopes >1.3° (fig. S3). This rela-
tionship is observed in experimental streams
and terrestrial rivers formed by surface runoff
due to precipitation by rainfall or snowmelt
subsequent to snow deposition (25).

Snowmelt under a cold climate was pro-
posed to explain some valley networks (26, 27).
However, alluvial valleys with inner channels
(Fig. 3D) require stable liquid water, favoring
subaerial flows under a warmer climate. More-
over, snow accumulation would create glaciers
(27), but subglacial valleys are discontinuous
with large undissected areas and abrupt incep-
tion and termination of valleys [e.g., (28)], un-
like such dendritic valleys. The maturity of the
valley networks is also inconsistent with short
episodes of glacial outburst with large and
braided channels. For example, terrestrial
networks become mature (i.e., with fully
branching patterns) only after several tens of
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Fig. 3. Dense valley networks
on West Melas Chasma inner
plateau (77.5°W, 10°S). (A) Day
IR THEMIS images (106631017
and 106227001). (B) Valley net-
work map drawn from a com-
bination of IR and visible-light
THEMIS images. Valleys are lo-
cated on a perched surface
around 2 km above the floor of
Melas Chasma. They are sepa-
rated by a divide in two drain-
age basins (West and East). (C)
THEMIS  visible-light image
(V3249001) shows meandering
valleys over East Melas drain-
age basin. (D) Close-up over
the central valley with inner
channels.

thousands of years of activity (24). The for-
mation of dendritic valleys thus likely in-
volves a relatively warm climate with liquid
water stable at the surface.

If atmospheric processes are invoked, simi-
lar valleys should be observed elsewhere than
in the Echus and Melas areas. Nonetheless, dust
deposition could completely fill in valleys that
are only a few tens of meters deep. Other
valleys may be hidden beneath this mantle. No
valleys exist west of the Echus plateau valleys
except for some relics present in inverted to-
pography (29) (Fig. 2D), demonstrating the role
of wind erosion in the removal of the upper-
most deposits. Differences in the strength of
eroded rocks may play a role in the develop-
ment or preservation of fluvial landforms. Me-
soscale variations of the climate could also
affect their distribution.

Echus Chasma plateau valleys formed
over a Late Hesperian volcanic unit (30), and
they are buried at the north by Early Amazo-
nian lava flows, thus restricting their forma-

Melas East

10 km

tion to that interval of time. The connections
of the main valleys and the heads of tributary
canyons (Fig. 2C) also imply an age contem-
poraneous with or slightly younger than the
Echus canyon, which formed during the Late
Hesperian. Melas Chasma valleys are young-
er than the development of Valles Marineris,
as they developed on inner plateaus dated to
the Late Hesperian epoch (/8). Thus, they
may have formed at the same period as Echus
Chasma plateau valleys. The transition from
a possible warm early Mars to a colder cli-
mate is usually dated to the Late Noachian—
Early Hesperian boundary (4), about 3.6 bil-
lion years ago (/7). The apparent age of the
valleys suggests that significant fluvial activ-
ity occurred until the Late Hesperian.
Surface runoff in the Late Hesperian
epoch could correspond either to a progres-
sive transitional climate after the warmer
Noachian epoch (7) or to episodic warmer
periods, such as those that could be related
to the increase in atmospheric water vapor

500 m

due to the outburst of outflow channels
(31). Stable liquid water at the surface in
the Hesperian epoch was previously sug-
gested to explain potential lake deposits
inside Candor Chasma (/8) or in highland
craters [e.g., (32)], and other Hesperian
valley networks were noticed on highlands
(7, 10) and volcanoes (7, 9). Such condi-
tions could also solve the paradox of the
ocean in the northern lowlands (33), which
is dated to the Late Hesperian. Finally,
longer term hydrological activity until the
Late Hesperian would lead to interest-
ing exobiological consequences, because
life—if it ever existed on Mars—would
have benefited from a longer period of
warmer conditions.
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The Normal Function of a
Speciation Gene, Odysseus, and
Its Hybrid Sterility Effect

Sha Sun,’ Chau-Ti Ting,? Chung-l1 Wu'y

To understand how postmating isolation is connected to the normal process of
species divergence and why hybrid male sterility is often the first sign of
speciation, we analyzed the Odysseus (OdsH) gene of hybrid male sterility in
Drosophila. We carried out expression analysis, transgenic study, and gene
knockout. The combined evidence suggests that the sterility phenotype rep-
resents a novel manifestation of the gene function rather than the reduction
or loss of the normal one. The gene knockout experiment identified the normal
function of OdsH as a modest enhancement of sperm production in young
males. The implication of a weak effect of OdsH on the normal phenotype but
a strong influence on hybrid male sterility is discussed in light of Haldane's rule

of postmating isolation.

The evolution of reproductive isolation is
an intriguing process. Obviously, there is
no advantage for a gene to induce inviabil-
ity or sterility. Postmating isolation mech-
anisms such as hybrid sterility must be a
by-product of species divergence or, more
specifically, functional divergence of the
underlying genes (/). Therefore, to under-
stand the molecular mechanisms of specia-
tion, we need to study the individual genes
and ask the two following questions: (i)
what are the normal functions of genes of
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reproductive isolation? and (ii) what is the
connection between the normal function in
the pure species and the incompatibility
effect in the hybrids?

We address these questions by studying
the hybrid male sterility gene, OdsH (Od-
ysseus), in Drosophila. OdsH is a fast-
evolving homeobox gene that causes male
sterility in the D. simulans background
when co-introgressed with closely linked
factors from D. mauritiana (2, 3). Diver-
gence in OdsH among closely related spe-
cies has been observed for both DNA
sequences and expression patterns. OdsH
has been evolving away from the ancestral
embryonic function toward a predominant-
ly spermatogenic expression (4). We used
three approaches, gene expression assay,
gene transformation, and gene knockout, to
link the hybrid sterility effect of OdsH to its
normal function in reproduction. The ex-
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pression analysis was carried out with RNA
in situ hybridization in the testes of fertile
and sterile hybrids (Fig. 1). The fertile and
sterile lines we used differ by only 3 kb,
which spans the exons 3 and 4 of OdsH
(fig. S1) (2), but are otherwise genetically
identical. Figure 1A shows the expression
of OdsH in the sterile introgression line.
The striking observation is the strong accu-
mulation of the OdsH transcript near the
apical tip of the testis. This distinct pattern
is not observed in the fertile line (Fig. 1B),
nor in any of the pure species assayed,
including D. simulans and D. mauritiana
(4). The apical region of the testis contains
primarily premeiotic cells that have not yet
entered the rapid growth phase when tran-
scription becomes highly active (5). Appar-
ently, the testicular expression of OdsH is
misregulated in the sterile introgression
line. We reproduced this expression pattern
for a comparison with the expression of
unc-4, the duplicate homolog of OdsH (fig.
S2). The expression of unc-4 shows no
transcript accumulation at the apical end
and is comparable between the sterile (fig.
S2C) and the fertile (fig. S2D) lines.

In addition to the misexpression of OdsH,
we tested the sterility effect from OdsH cod-
ing sequence using transgenic analysis. OdsH
full-length ¢cDNA was driven by the testis-
specific B2-tubulin promoter (6, 7). We used
OdsH alleles from D. simulans (OdsH*™)
and D. mauritiana (OdsH™"). The P-element
constructs, P{w*, B2-tubulin::OdsH*™)} and
P{w™, B2-tubulin::OdsH™"}, were each in-
jected into D. simulans, and the expression of
each transgene was confirmed by reverse
transcription polymerase chain reaction. We
observed no sterility effect with the trans-
genes (heterozygous or homozygous) in the
pure D. simulans background. This observa-
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