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Fig. 3. Global discrimination against C18OO,
⌬A, as a function of (A)  values and (B) leafwater ␦18O values. Discrimination is calculated
from Eq. 3 with parameters given in (6) [␦e ⫽
4.8‰ in (A); a ⫽ 7.4‰,  ⫽ 1.32 in (B);
⫹0.4‰ is included in ␦e to allow for 18O
fractionation between leaf water and leaf CO2 ].
The sloping lines indicate the relationships for
global vegetation with (light solid line) or without (heavy solid line) the disequilibrium effect
used in the global 18O budget of (6). Also
shown for comparison is the high sensitivity of
global mean ⌬A to the contribution of C4 plant
productivity (dashed line,  ⫽ 0.64). The horizontal line indicates global discrimination
solved from the global mass balance of C18OO
from (6). Vertical lines show how a shift in eq
from 1.0 to 0.78 can be compensated for by
leaf water (realistically) or  (unrealistically),
while constrained to a constant ⌬A.
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Ancient Geodynamics and
Global-Scale Hydrology on Mars
Roger J. Phillips,1 Maria T. Zuber,2,3 Sean C. Solomon,4
Matthew P. Golombek,5 Bruce M. Jakosky,6 W. Bruce Banerdt,5
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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 extending 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 ⫻ 108 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 to the large-scale trough.
The western hemisphere of Mars is dominated 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 resulted 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 deformational response to the Tharsis load is responsible for the topographic trough and the
heretofore unexplained ring of negative gravity anomalies (Figs. 1 and 2A) (7) that surround 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 influence that Tharsis may have had on the timing,
orientation, and location of fluvial features on
the planet. Because of the enormous mass of
the Tharsis load, understanding the global
history of Mars requires understanding the
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role that Tharsis played in that history; the
formation of Tharsis may have been an exceptional phenomenon in the evolution of the
terrestrial planets.
To test the hypothesis that Mars displays a
global deformational response to Tharsis
loading, we use a spherical harmonic model
(8) of the loading of a spherical elastic shell
(9) and isolate the spatially variable Tharsis
topography (Fig. 3A) as the only load on the
planet (10). The degree of compensation (11)
of the load is about 95% (12), an assumption
that produces consistency between predicted
and observed topography but overpredicts the
magnitudes of the associated gravity anomalies. Because we are interested primarily in
the spatial correlation of models to observed

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 ⫾300 milligals (mGal) and is expanded to l ⫽
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.

fields, rather than model amplitudes, the mismatch of predicted and observed gravity is
secondary to this discussion (13).
The locations of the observed and modeled ring of negative gravity anomalies (Fig.
2, A and B) around Tharsis, expanded to
spherical harmonic order and degree 10 (l ⫽
10), 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 topographic trough (here termed the Tharsis
trough) around Tharsis (Fig. 3C). Such a
topographic depression does surround Tharsis over at least 270° of azimuth (Fig. 3A). To
the east of Tharsis, this trough extends northward 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 anomalies persists to the southwest of Tharsis indicates 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 topographic dichotomy of a northern lowland
and a southern upland (5) is not an element of
a Tharsis loading model; however, the anomalously broad western rim of the Utopia basin
(Fig. 3B) may be an expression of uplift

Fig. 2. (A) Observed
and (B) modeled negative gravity anomaly
ring around Tharsis,
centered at 260°E longitude. The irregular
boundary around Tharsis in the model results
from defining the load
boundary with a quarter-degree topographic
grid (10). (C) Observed
and (D) modeled gravity anomalies draped
over a 3D view of observed topography centered on Arabia Terra
at 80°E longitude. The
observed gravity anomaly over Tharsis is
shown in the model
image. Different scales
for observed and modeled fields result from
an overprediction of
model gravity. For (A) through (D), gravity fields are expanded to l ⫽ 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, suggests that a portion of the Hellas rim underwent vertical motion during the formation of
the trough created by the Tharsis load. In both
the observed and modeled gravity anomaly
fields (l ⫽ 10), there is a gradient across
Hellas and a high over Arabia Terra that
extends northward to the Utopia basin, mirroring features in the long-wavelength topography (Fig. 2, C and D). The modeled gravity
clearly does not account for the smaller scale,
positive gravity anomalies at Elysium and the
central Utopia basin, which reflect subsurface
structures characterized, respectively, by volcanically thickened crust and a combination
of crustal thinning during basin formation
and infill of the basin depression (2). However, we conclude that the long-wavelength,
nonhydrostatic gravity field of Mars is explained simply by the Tharsis load and the
resulting global deformation of the lithosphere. Further, the shape of Mars is determined by these two quantities plus the northward pole-to-pole slope that formed in earliest martian history (5).
Extensional structures radial to the Tharsis rise and compressional structures generally concentric to the rise constitute the majority of the tectonic features in the Tharsis
region (15). About half of these features are
Noachian (16) in age, suggesting that tecton-

A

ic activity peaked early and decreased with
time (17). The positions and orientations of
both types of structures are matched by elastic 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 Noachian 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 response to the Tharsis load, the Tharsis trough
and Arabia bulge must also have existed
since Noachian time.
The development of the Tharsis trough
and Arabia bulge thus should have influenced
the location and orientation of martian valley
networks and outflow channels. Valley networks are the most common drainage systems on Mars (20). Their similarity to terrestrial river systems suggests that the genesis of
valley networks involved fluvial erosion, although the style of this erosion (such as
surface runoff, groundwater discharge, or
sapping) remains controversial. Valley network systems are confined mainly to the
southern highlands on Noachian terrain and
display variability in the number of tributaries, stream order, and planimetric form (21).
Additionally, nearly all martian outflow
channels (20) originate in or flow into the
Tharsis trough (Fig. 3A).
We tested for control of valley network
orientations by Tharsis loading. Gradient directions of both modeled [augmented with
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the pole-to-pole slope (5)] and observed topography were calculated at the downstream
ends of valley network trunks. The level of
agreement of topographic gradients with valley network downstream azimuths (22) was
evaluated by forming the dot products, cos ␦,
of unit directional vector pairs (23). Histograms of cos ␦ distributions for the modeled
(Fig. 4A) and observed (Fig. 4B) topography
(l ⫽ 10) support significant Tharsis 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 baseline length. Our estimates of azimuth are
based on the long-baseline orientation of the
trunk valley. As such, they are most sensitive
to slopes with length scales comparable to the
size of the basin drained by the valley network system, and not to slopes with shorter
length scales (24). For only a subset (⬃60%)
of valley network systems—where local topography is not dominated by short length
scales— do we find that valley network azimuths agree with the gradient directions of
the observed topography. Thus, it is appropriate to consider the relative success of modeled topography as compared to observed
topography in predicting valley network azimuths. Using the two histogram modes
(0.8 ⱕ cos ␦ ⱕ 1.0), the model-to-topography
ratio is 100% for an expansion limit of l ⫽ 10
(⬃1000 km minimum length scale) and exceeds 70% at l ⫽ 180 (⬃50 km minimum
length scale) (Fig. 4C). We conclude that the
model (Fig. 4D) does a satisfactory job of
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Fig. 3. Observed martian topography displayed for (A) the Tharsis and (B)
the anti-Tharsis hemispheres compared with modeled topography (to
l ⫽ 120) for (C) the Tharsis and (D) the anti-Tharsis hemispheres. For the

model, actual topography is shown in the Tharsis region. All figures are
draped over a 3D view of shaded relief.
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Fig. 4. (A) Histogram
of cos ␦ [dot product
of model gradient (l ⫽
10) and valley network
azimuth unit vectors]
distribution. (B) Histogram as in (A), but for
observed topography.
The P value for the null
hypothesis of a uniform distribution is
less than 10⫺16 for
both histograms. (C)
The model-to-topography ratio (%) for the
modes of the histograms as a function of
spherical harmonic expansion limit l. (D)
Black arrows correspond to valley networks in (A) for cos
␦ ⱖ 0.8. The background color image is
the model response to Tharsis loading (l ⫽ 10) that has been saturated at ⫾3 km. Central longitude is 0°, and observed topography is shown in the
Tharsis region. Pole-to-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 earlier valley networks in this region were destroyed 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 consistent with inferences made earlier. Superposition and sequence relationships indicate that
the valley networks whose azimuths are not
explained by the model are nevertheless contemporaneous with the Tharsis-controlled
valley networks (27). The formation of valley
networks in Margaritifer 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 ⫻ 106 km3 of
material from this area, leaving behind numerous mesas of Early and Middle Noachian
terrain (25). This same process may have
operated in adjacent areas of northwestern
Arabia Terra, potentially removing an additional 3 ⫻ 106 km3 of the upper crust. Moreover, a global episode of high erosion rates at
the end of the Noachian Epoch has been
postulated on the basis of crater size-frequency statistics and morphology (28). Thus, there
is evidence that the Late Noachian was a time
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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 CO2 and H2O to the martian atmosphere from magma erupted and
intruded during Tharsis formation may have
affected the Noachian climate. For the 100km-thick elastic lithosphere we assume (2),
the observed topography plus the volume of
material contained within the depression resulting from Tharsis loading amounts to
⬃3 ⫻ 108 km3 of igneous material, which is
equivalent to a 2-km-thick global layer (30).
For a magmatic CO2 content of 0.65 weight
percent (wt %) [which is consistent with Hawaiian basaltic lavas (31)] and an H2O content of 2 wt % (32), the total release of gases
from Tharsis magmas could produce the integrated equivalent of a 1.5-bar CO2 atmosphere and a 120-m-thick global layer of
water. These quantities of volatiles are sufficient to warm the atmosphere to the point at
which liquid water is stable at the surface
(33). The accumulation of atmospheric CO2
may have made the latter part of the Noachian the most favorable time for this
condition.
As the emplacement rate of Tharsis volcanic material declined at the end of the
Noachian, CO2 and H2O would have been
removed from the atmosphere by a combination of impact ejection to space, stripping by
the solar wind, thermal escape, and the formation 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, combined, 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 disappears (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. Nevertheless, 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, geodynamical, and climate activity.
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Role of the Stratospheric Polar
Freezing Belt in Denitrification
A. Tabazadeh,1* E. J. Jensen,1 O. B. Toon,2 K. Drdla,1
M. R. Schoeberl3
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 presented. 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 natural
effects can trigger the occurrence of widespread severe denitrification. Ozone
loss is amplified in a denitrified stratosphere, so the effects of falling temperatures 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 springtime Antarctic “ozone hole” (2), chlorofluorocarbons (CFCs) (3) along with naturally
occurring PSCs (4) were identified as important agents in ozone destruction. It was hypothesized (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 (larg1
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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, 10, 11). Currently, it occurs extensively only inside the Antarctic vortex (9, 12). A denitrified stratosphere 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 stratosphere (13).
Even after more than a decade of research
on PSCs, a quantitative understanding of how
large nitric acid–containing 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 particles containing nitric acid in the polar stratosphere (13, 16). Liquid nitric acid–containing
cloud particles are composed of supercooled
ternary solutions (STS) of nitric acid, sulfuric
acid, and water (17, 18). Because STS particles form by condensational growth, their
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