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Fig. 3. Global discrimination against C1'OO, 
A,, as a function of (A) E values and (B) leaf-
water 6180 values. Discrimination is calculated 
from Eq. 3 with parameters given in (6) [6, = 
4.8%0 in (A); B = 7.4%0, e = 1.32 in (B); 
+0.4%0 is included in 6, to allow for "0 
fractionation between leaf water and leaf CO,]. 
The sloping lines indicate the relationships for 
global vegetation with (light solid line) or with- 
out (heavy solid line) the disequilibrium effect 
used in the global ''0 budget of (6). Also 
shown for comparison is the high sensitivity of 
global mean A, to the contribution of C, plant 
productivity (dashed line, E = 0.64). The hori- 
zontal line indicates global discrimination 
solved from the global mass balance of ~' '00 
from (6). Vertical lines show how a shift in O,, 
from 1.0 to 0.78 can be compensated for by 
leaf water (realistically) or E (unrealistically), 
while constrained to a constant A,. 
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Ancient Geodynamics and 
Global-Scale Hydrology on Mars 

Roger J. ~hillips,' Maria T. Zuber,'s3 Sean C. S~ lomon,~  
Matthew P. ~olombek,' Bruce M. Jakosky,= W. Bruce Banerdt,' 

David E. Smith,3 Rebecca M. E. Williams,' Brian M. Hynek,' 
Oded ~haronson,' Steven A. Hauck II' 

Loading of the lithosphere of Mars by the Tharsis rise explains much of the 
global shape and long-wavelength gravity field of the planet, including a ring 
of negative gravity anomalies and a topographic trough around Tharsis, as well 
as gravity anomaly and topographic highs centered in  Arabia Terra and ex- 
tending northward toward Utopia. The Tharsis-induced trough and antipodal 
high were largely in  place by the end of the Noachian Epoch and exerted control 
on the location and orientation of valley networks. The release of carbon dioxide 
and water accompanying the emplacement of -3 X 10' cubic kilometers of 
Tharsis magmas may have sustained a warmer climate than at  present, enabling 
the formation of ancient valley networks and fluvial landscape denudation in  
and adjacent t o  the large-scale trough. 

The western hemisphere of Mars is dominat- 
ed by the Tharsis rise, a broad elevated (- 10 
km) region extending over 30 million square 
kilometers. Tharsis is the locus of large-scale 
volcanism and pervasive fracturing that re- 
sulted from the loading of the lithosphere, or 
outer elastic shell, by voluminous extrusive 
and intrusive magmatic deposits (1-3). Here 
we use recently acquired gravity (4) and 
topography (5) data from the Mars Global 

Surveyor (MGS) spacecraft (6) to determine 
the effect of the mass load of Tharsis on the 
shape and gravity field of the rest of the 
planet. We test the hypothesis that the defor- 
mational response to the Tharsis load is re- 
sponsible for the topographic trough and the 
heretofore unexplained ring of negative grav- 
ity anomalies (Figs. 1 and 2A) (7)  that sur- 
round the Tharsis rise, as well as for the 
major gravity and topographic highs that are 
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antipodal to Tharsis. We examine the influ- role that Tharsis played in that history; the 
ence that Tharsis may have had on the timing, formation of Tharsis may have been an ex- 
orientation, and location of fluvial features on ceptional phenomenon in the evolution of the 
the planet. Because of the enormous mass of terrestrial planets. 
the Tharsis load, understanding the global To test the hypothesis that Mars displays a 
history of Mars requires understanding the global deformational response to Tharsis 

loading. we use a spherical harmonic model -, 

'McDonnell Center for the Space Sciences and De- (8) of the loading of a spherical elastic shell 
partment of Earth and Planetary Sciences, Washing- 
ton Univenitv. St. Louis. MO 63130, USA. 'Depart- (9) and isolate the Thusis 

< - 
ment of Earth, ~trnos~heric, and Planetary sciences, topography (Fig. 3A) as the only load on the 
Massachusetts Institute of Technology. Cambridge, planet (10). The degree of compensation (11) 
MA 02139, USA. 3Earth Sciences Directorate, NASA1 
Goddard Space Flight Center, Greenbelt, MD 20771, of the load is about 95% (12), an assumption 
USA. 4De~artment of Terrestrial Maenetism. Carneeie that produces consistency between predicted 
lnstitutih of Washington, ~ashinlton, DC 200i5, and observed topography but overpredicts the - - - -  
USA. 5Jet Propulsion Laboratory, ~alifornia Institute magnitudes of the associated gravity anoma- 
of Technology, Pasadena, CA 91 109, USA. 6Laboratory 
for Atmospheric and Space Physics, University of lies. Because we are interested primarily in 
Colorado, Boulder, CO 80309. USA. the spatial correlation of models to observed 

7 I ..-,;is rise 

Fig. 1. Gravity anomaly image (4) draped over a three-dimensional (3D) view of topography (5) 
centered on Tharsis at 260°E longitude. This and all subsequent figures are in sinusoidal projection. 
The gravity anomaly image has been saturated at k300 milligals (mCal) and is expanded to  1 = 
60. The prominent topographic feature in the center is the Tharsis rise and its volcanic constructs; 
the approximate boundary to  Tharsis is shown as a dashed line. Valles Marineris extend eastward 
from Tharsis. Negative portions of the gravity anomaly field form a ring around Tharsis. A region 
antipodal to  Tharsis (seen at the right and left sides of the map near 80°E longitude) is centered 
on Arabia Terra, which is both a topographic and a gravitational high. 

Fig. 2. (A) Observed 
and (B) modeled nega- 
tive gravity anomaly A 
ring around Tharsis, 
centered at 260°E lon- 
gitude. The irregular 
boundary around Thar- I 
sis in the model results 
from defining the load 
boundary with a quar- 
ter-degree topographic 
grid (70). (C) Observed 
and (D) modeled grav- 
ity anomalies draped 
over a 3D view of ob- 
served topography cen- 
tered on Arabia Terra 
at 80°E longitude. The 
observed gravityanom- 
aly over Thanis is 
shown in the model 
image. Different scales 

fields, rather than model amplitudes, the mis- 
match of predicted and observed gravity is 
secondary to this discussion (13). 

The locations of the observed and mod- 
eled ring of negative gravity anomalies (Fig. 
2, A and B) around Tharsis, expanded to 
spherical harmonic order and degree 10 (1 = 
lo), are consistent and include several of the 
intermediate-wavelength features within the 
ring (such as relative lows to the northwest, 
northeast, and east, and the relative high to 
the south). The model.also predicts a topo- 
graphic trough (here termed the Tharsis 
trough) around Tharsis (Fig. 3C). Such a 
topographic depression does surround Thar- 
sis over at least 270' of azimuth (Fig. 3A). To 
the east of Tharsis, this trough extends north- 
ward from the Argyre impact basin, through 
Chryse and Acidalia Planitiae, to the North 
Polar basin. To the northwest of Tharsis, 
Arcadia and Amazonis Planitiae comprise the 
depression, whereas southwest of Tharsis, the 
depression becomes less evident (14). The 
fact that the ring of negative gravity anoma- 
lies persists to the southwest of Tharsis indi- 
cates that more than the surface topography is 
required to explain the gravity data here; one 
possibility is that the trough has been filled 
with sediments that are lower in density than 
average crustal material. 

Antipodal to Tharsis, the model predicts a 
topographic high (here termed the Arabia 
bulge) over the elevated Arabia Terra (Fig. 
3D); the predicted high also extends over the 
Utopia basin to the north. The planetary to- 
pographic dichotomy of a northern lowland 
and a southern upland (5) is not an element of 
a Tharsis loading model; however, the anom- 
alously broad western rim of the Utopia basin 
(Fig. 3B) may be an expression of uplift 

for gbserved and mod- 
eled fields result from 
an overprediction of 
model gravity. For (A) through (D), gravity fields are expanded to I = 10 independently inside and outside of the load boundary. 
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resulting from Tharsis loading. The Hellas 
impact basin is also outside the realm of the 
model, yet both the modeled and observed 
topography show a downward slope in Hellas 
rim topography (5) toward the South Pole. 
This slope, in the direction'of Tharsis, sug-
gests that a portion of the Hellas rim under-
went vertical motion during the formation of 
the trough created by the Tharsis load. In both 
the observed and modeled gravity anomaly 
fields (1 = lo), there is a gradient across 
Hellas and a high over Arabia Terra that 
extends northward to the Utopia basin, mir-
roring features in the long-wavelength topog-
raphy (Fig. 2, C and D). The modeled gravity 

ic activity peaked early and decreased with 
time (17). The positions and orientations of 
both types of structures are matched by elas-
tic shell loading models (18) constrained by 
current gravity and topography fields (3). 
Successful models are able to predict strain 
levels comparable to those observed in Noach-
ian structures (19) and require that the extent 
of the load in the Noachian be comparable to 
that at present. Thus, the overall Tharsis load 
must have been largely in place by the Late 
Noachian. Because they are the direct re-
sponse to the Tharsis load, the Tharsis trough 
and Arabia bulge must also have existed 
since Noachian time. 

the.pole-to-pole slope (5)] and observed to-
pography were calculated at the downstream 
ends of valley network trunks. The level of 
agreement of topographic gradients with val-
ley network downstream azimuths (22) was 
evaluated by forming the dot products, cos 6, 
of unit directional vector pairs (23). Histo-
grams of cos 6 distributions for the modeled 
(Fig. 4A) and observed (Fig. 4B) topography 
(1 = 10) support significantTharsis influence 
on long-wavelength topography and valley 
network azimuths. Because of the multiscale 
morphology of valley network systems, any 
assessment of azimuth will depend on base-
line length. Our estimates of azimuth are 

clearly does not account for the smaller scale, The development of the Tharsis trough based on the long-baseline orientation of the 
positive gravity anomalies at Elysium and the and Arabia bulge thus should have influenced trunk valley. As such, they are most sensitive 
central Utopia basin, which reflect subsurface the location and orientation of martian valley to slopes with length scales comparableto the 
structures characterized,respectively, by vol- networks and outflow channels. Valley net- size of the basin drained by the valley net-
canically thickened crust and a combination 
of crustal thinning during basin formation 
and infill of the basin depression (2). How-
ever, we conclude that the long-wavelength, 
nonhydrostatic gravity field of Mars is ex-
plained simply by the Tharsis load and the 
resulting global deformation of the litho-
sphere. Further, the shape of Mars is deter-
mined by these two quantities plus the north-
ward pole-to-pole slope that formed in earli-
est martian history (5). 

Extensional structures radial to the Thar-
sis rise and compressional structuresgeneral-

works are the most common drainage sys-
tems on Mars (20). Their similarity to terres-
trial river systems suggests that the genesis of 
valley networks involved fluvial erosion, al-
though the style of this erosion (such as 
surface runoff, groundwater discharge, or 
sapping) remains controversial. Valley net-
work systems are confined mainly to the 
southern highlands on Noachian terrain and 
display variability in the number of tributar-
ies, stream order, and planimetric form (21). 
Additionally, nearly all martian outflow 
channels (20) originate in or flow into the 

work system, and not to slopes with shorter 
length scales (24). For only a subset (-60%) 
of valley network systems-where local to-
pography is not dominated by short length 
scales-do we find that valley network azi-
muths agree with the gradient directions of 
the observed topography. Thus, it is appro-
priate to consider the relative success of mod-
eled topography as compared to observed 
topography in predicting valley network azi-
muths. Using the two histogram modes 
(0.8 5 cos 6 5 1.0), the model-to-topography 
ratio is 100% for an expansion limit of I = 10 

ly concentric to the rise constitute the major- Tharsis trough ( ~ i ~ .3A). (- 1000 krn minimum length scale) and ex-
ity of the ' tectonic features in the Tharsis We tested for control of valley network ceeds 70% at I = 180 (-50 km minimum 
region (15). About half of these features are orientations by Tharsis loading. Gradient di- length scale) (Fig. 4C). We conclude that the 
Noachian (16) in age, suggestingthat tecton- rections of both modeled [augmented with model (Fig. 4D) does a satisfactory job of 
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Fig. 4. (A) Histogram 
of cos 6 [dot product 
of model gradient (I = 
10) and valley network 
azimuth unit vectors] 
distribution. (B) Histo- 
gram as in (A), but for 

km3 

observed topography. 
The P value for the null 
hypothesis of a uni- 
form distribution is 
less than 10-l6 for 
both histograms. (C) 
The model-to-topog- 
raphy ratio (%) for the 
modes of the histo- 
grams as a function of 
spherical harmonic ex- 
pansion limit I. (D) 
Black arrows corre- 
spond to valley net- 
works in (A) for cos 
6 2 0.8. The back- 
ground color image is 
the model response to 
Tharsis region. Pole-to 

Tharsis loading (I = 10) that has been saturated at 5 3  km. Central longitude is 0°, and observed topography is shown in the 
-pole slope has been included in the topographic model, which has been referenced to the observed geoid. 

explaining valley network azimuths and that 
many of these systems must have formed 
after a significant fraction of the Tharsis load 
was in place. 

Valley networks were examined in detail 
(25) in Margaritifer Sinus, a region on the 
flank of the Arabia bulge and in the Tharsis 
trough (Fig. 3B). Most formed on regions of 
relatively high topographic gradient on the 
flanks'of the trough. The majority (-85%) of 
observed valley networks here likely formed 
in Late Noachian time, between -4.3 to 3.85 
billion.years ago (Ga) and -3.8 to 3.50 Ga 
(26), although the possibility exists that ear- 
lier valley networks in this region were de- 
stroyed by a high impact flux or alternative 
erosion mechanisms. Because many of these 
valley network orientations are controlled by 
Tharsis-induced slopes, the Tharsis load must 
be largely Noachian in age, which is consis- 
tent with inferences made earlier. Superposi- 
tion and sequence relationships indicate that 
the valley networks whose azimuths are not 
explained by the model are nevertheless con- 
temporaneous with the Tharsis-controlled 
valley networks (27). The formation of valley 
networks in ~ a r ~ a r i t i f e r  Sinus is intimately 
associated with a Late Noachian, large-scale 
erosion event on the flanks of the Tharsis 
trough that stripped at least 1.5 X lo6 km3 of 
material from this area, leaving behind nu- 
merous mesas of Early and Middle Noachian 
terrain (25). This same process may have 
operated in adjacent areas of northwestern 
Arabia Terra, potentially removing an addi- 
tional 3 X lo6 km3 of the upper crust. More- 
over, a global episode of high erosion rates at 
the end of the Noachian Epoch has been 
postulated on the basis of crater size-frequen- 
cy statistics and morphology (28). Thus, there 
is evidence that the Late Noachian was a time 

of unusually high landscape modification 
rates on Mars. The most likely erosional 
agent is water at or near the surface, which is 
consistent with a warmer, wetter environment 
than at present (29). 

The release of CO, and H,O to the mar- 
tian atmosphere from magma erupted and 
intruded during Tharsis formation may have 
affected the Noachian climate. For the 100- 
km-thick elastic lithosphere we assume (2), 
the observed topography plus the volume of 
material contained within the depression re- 
sulting from Tharsis loading amounts to 
-3 x lo8 km3 of igneous material, which is 
equivalent to a 2-km-thick global layer (30). 
For a magmatic CO, content of 0.65 weight 
percent (wt %) [which is consistent with Ha- 
waiian basaltic lavas (31)] and an H,O con- 
tent of 2 wt % (32), the total release of gases 
from Tharsis magmas could produce the in- 
tegrated equivalent of a 1.5-bar CO, atmo- 
sphere and a 120-m-thick global layer of 
water. These quantities of volatiles are suffi- 
cient to warm the atmosphere to the point at 
which liquid water is stable at the surface 
(33). The accumulation of atmospheric CO, 
may have made the latter part of the Noa- 
chian the most favorable time for this 
condition. 

As the emplacement rate of Tharsis vol- 
canic material declined at the end of the 
Noachian, CO, and H,O would have been 
removed from the atmosphere by a combina- 
tion of impact ejection to space, stripping by 
the solar wind, thermal escape, and the for- 
mation of carbonate minerals on the surface 
or within the crust (34, 35). Although their 
relative importance cannot be determined, 
there is evidence that each of these processes 
has occurred, and it is possible that, com- 
bined, they could have brought clement con- 

ditions to an end by removing substantial 
quantities of atmosphere in less than a few 
hundred million years (35). With several 
events occurring at the end of the Noachian, 
such as the decline in impact rate, initiation of 
sputtering as the internal magnetic field dis- 
appears (35), waning of Tharsis volcanism, 
and a decrease in surface erosion rate, it is 
difficult to determine which were causally 
related and which were coincidental. Never- 
theless, it is possible that during the Noachian 
Epoch, the structural and magmatic events 
associated with Tharsis evolution were the 
sine qua non that linked fluvial, geodynami- 
cal, and climate activity. 
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Role of the Stratospheric Polar 

Freezing Belt in Denitrification 


A. Tabazadeh,'* E. J. Jensen,' 0. B. Toon,* K. Drdla,' 
M. R. Schoeber13 

Homogeneous freezing of nitric acid hydrate particles can produce a polar 
freezing belt in either hemisphere that can cause denitrification. Computed 
denitrification profiles for one Antarctic and two Arctic cold winters are pre- 
sented. The vertical range over which denitrification occurs is normally quite 
deep in the Antarctic but limited in the Arctic. A 4 kelvin decrease in the 
temperature of the Arctic stratosphere due to anthropogenic and/or naturat 
effects can trigger the occurrence of widespread severe denitrification. Ozone 
loss is amplified in a denitrified stratosphere, so the effects of falling temper- 
atures in promoting denitrification must be considered in assessment studies 
of ozone recovery trends. 

Polar stratospheric cloud (PSC) sightings 
date back to the 19th century (1). Up to a few 
decades ago, PSCs were known primarily for 
their colorful glows that occasionally filled 
up the skies over the poles in winter and early 
spring. Soon after the discovery of the spring- 
time Antarctic "ozone hole" (2), chlorofluo- 
rocarbons (CFCs) (3) along with naturally 
occurring PSCs (4) were identified as impor- 
tant agents in ozone destruction. It was hy- 
pothesized (4) and later proven (5, 6) that 
PSCs promote formation of active chlorine, 
originally derived from man-made emission 
of CFCs (3), that catalytically destroys ozone 
molecules. 

Another interesting feature of some PSCs 
is that they contain large amounts of nitric 
acid (7, 8). Recent analysis of space-borne 
observations (9) indicates that a continuous 
downward flow of large cloud particles (larg- 
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er than a few micrometers) can form within 
persistent PSCs. This flux of large particles 
can remove a substantial amount of nitric 
acid from the altitude range in which PSCs 
can form (-16 to 24 km) in periods of less 
than 2 weeks (9). The process of irreversible 
nitric acid removal from the stratosphere is 
known as denitrification (7, 1 0 , l l ) .  Current- 
ly, it occurs extensively only inside the Ant- 
arctic vortex (9, 12). A denitrified strato-
sphere in early spring is primed for ozone 
destruction because reactive nitrogen that can 
mediate ozone loss (by sequestering active 
chlorine) has been removed from the strato- 
sphere (13). 

Even after more than a decade of research 
on PSCs, a quantitative understanding of how 
large nitric acid<ontaining cloud particles 
(14) form in the stratosphere has remained 
elusive (13, 15). Many in situ and remote 
sensing observations show the existence of 
both small liquid and large solid cloud parti- 
cles containing nitric acid in the polar strata-
sphere (I3, 16)' Liquid nitric 
cloud particles are composed of su~ercooled 
ternary solutions (STS) of nitric acid, sulfuric 
acid, and water (17, 18). Because STS parti- 
cles form by condensational growth, their 
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