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10- year-l) is less than the uncertainty in 
the J2 rate given by (5), confirming that the 
climatic effects considered here account for 
the observed change in J2 slope within the 
uncertainty of the observations. 

In summary, our findings demonstrate 
that the J2 slope reversal observed in 1997- 
98 (5) was the result of dramatic changes in 
oceanic and glacial mass distribution at that 
time. Our modeling results show that an 
equatorward mass shift in the oceans contrib- 
uted a substantial portion of the J2 increase 
during 1998 (Figs. lB and 2B; figs. S1 and 
S2), coincident with phase reversals in both 
ENSO and the PDO. The year 1998 also saw 
the warmest global mean surface temperature 
on record (25), and we found that a concom- 
itant surge in subpolar glacial melting (13, 
26) can account for nearly all of the remain- 
ing nonlinear behavior in the J2 observations 
(Figs. 1C and 2C; Table 1). However, the 
dynamical links between these relatively rap- 
id mass shifts and concurrent climate anom- 
alies remain to be established. Further knowl- 
edge of Earth system processes, in particular 
polar ice sheet ablation (27), is needed to 
form a more comprehensive picture of ongo- 
ing mass balance changes and their climatic 
origins. New sources of geodetic data, such 
as the monthly time-variable gravity fields to 
be supplied by the recently launched GRACE 
mission (28), may soon revolutionize our 
ability to monitor and interpret these changes. 
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Environmental Effects of Large 
Impacts on Mars 

Teresa L. Segura,l*t Owen B. Toon,1 Anthony Colaprete,2 
Kevin Zahnle2 

The martian valley networks formed near the end of the period of heavy 
bombardment of the inner solar system, about 3.5 billion years ago. The largest 
impacts produced global blankets of very hot ejecta, ranging in thickness from 
meters to hundreds of meters. Our simulations indicated that the ejecta 
warmed the surface, keeping it above the freezing point of water for periods 
ranging from decades to millennia, depending on impactor size, and caused 
shallow subsurface or polar ice to evaporate or melt. Large impacts also injected 
steam into the atmosphere from the craters or from water innate to the 
impactors. From all sources, a typical 100-, 200-, or 250-kilometers asteroid in- 
jected about 2, 9, or 16 meters, respectively, of precipitable water into the at- 
mosphere, which eventually rained out at a rate of about 2 meters per year. The 
rains from a large impact formed rivers and contributed to recharging aquifers. 
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The valley networks on Mars cut across the 
heavily cratered southern highlands, the old- 
est terrain on the planet, signifying that they 
are contemporaneous with the period of 
heavy cometary and asteroidal bombardment 
of Mars and of the rest of the inner solar 
system (1, 2). There are about 25 visible 
craters with diameters between 600 and 4000 
km (fig. S1) (3). Many other large craters 
may have been erased by resurfacing events 
(4). Here we consider how impacts might 
have caused water to flow on Mars and create 
the valley networks. 

An asteroid (5) with a diameter of 100 
(200, 250) km and traveling at 9 km/s deliv- 
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ers about 6 x 1025 (4 X 1026, 9 X 1026) J of 

energy to the planet and generates a crater 
-600 (1000, 1300) km in diameter (fig. S1) 
and 3 x 1018 (3 x 1019, 5 X 1019) kg of 
ejecta (6-8) (Fig. 1). Ejecta include vapor- 
ized and melted impactor and target materi- 
als. About 20% of the ejecta are rock vapors 
(6); most of the rest is melt (7). Only a few 
percent of the ejecta mass would escape from 
Mars, given a 9 km/s impact velocity (6). In 
the case of large impacts, the ejecta are hot 
because of the large energy release and be- 
cause of the low surface-to-volume ratio of 
the ejecta, which inhibits cooling. The hot 
ejecta are distributed globally both ballistical- 
ly and via the thermally expanding vapor 
cloud. For a time, the rock vapor is suspended 
in the hot atmosphere because it is too warm 
to condense immediately. 

There are several primary sources of wa- 
ter. The impactor itself may deliver water. A 
100 (200, 250)-km asteroid that is 5% water 
by mass (8) would deliver 40 (310, 620) cm 
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of water (global equivalent thickness). The 
crater is important if the deep regolith of 
Mars is wet, and as much as 100 (360, 540) 
cm of water could be liberated from the crater 
(9). Because the ejecta are hot, most of this 
water directly enters the atmosphere as vapor. 
A third possible source is vapor evaporated 
from exposed ice, such as the polar caps. If 
this ice were exposed, 30 (250, 500) cm of 
water would be liberated (10) (Fig. 1). 

The suspended rock vapor eventually con- 
denses and rains out into a global rock rain 
layer. The rain is hot (we estimate -1600 K, 
but it might be as hot as 3000 K, depending on 
impactor size and surface pressure) because it 
did not completely radiatively cool. The water 
that was injected as a result of the vaporization 
of the impactor and target materials and as a 
result of the evaporation of the polar caps re- 
mains as vapor in the hot atmosphere. 

We simulated the environment on Mars 
after the emplacement of the rock rain layer 
(11) and the injection of water into the atmo- 
sphere. We chose to model impacts of aster- 
oids with diameters of 100, 200, and 250 km, 
using a one-dimensional (1D) radiative trans- 
fer code to calculate the evolution of the 
atmospheric temperature after the impact, 
coupled to a ID model of the regolith to 
calculate the evolution of the surface temper- 
ature (12). The model was adjusted for early 
martian conditions by reducing the solar con- 
stant (the number of watts of incoming solar 
radiation per meter squared) from its present 
value (150.2 W/m2) to 75% of its present 
value (112.6 W/m2) and by increasing the 
post-impact CO2 pressure from its present 
value of 7.1 mbar to 150 mbar (13). The 
model precipitates (12) all the water that was 
injected after the impact (Fig. 2). Once the 
water was rained out, it was considered lost 
from the system; we did not include a hydro- 
logical cycle in which the rainfall might 

Impactor diameter (km) 

Fig. 1. The average ejecta layer thickness (dot- 
ted curve), global vaporized rock layer thickness 
(dashed curve), and global vaporized water 
thickness (solid curve) as a function of impactor 
diameter. The amount of debris that escapes to 
space has already been subtracted from these 
values. The slope of the water curve changes 
when the maximum polar water abundance (9) 
is reached (Fig. 4). 

evaporate back into the atmosphere, nor did 
we include the radiative properties of clouds, 
but their consideration in our model would 
only lengthen the warm periods reported 
here. 

Below the fresh ejecta layer is the original 
martian regolith, which we assumed contains 
20% water by mass under a 40-cm dry cap 
(14). Permafrost (up to 40% water) and sub- 
stantial polar ice deposits (-95% water) may 
also be present (15). In addition, the soil 
might contain other materials, such as meth- 
ane clathrates, that could liberate greenhouse 
gases that we ignored. We did not include the 
additional CO2 that would come from melt- 
ing the ice caps, which would likely occur 
because the surface temperatures reported 
here are well above the sublimation point for 
CO2 at the assumed pressures. The additional 
greenhouse effect that would result from this 
CO2 would only lengthen the warm period. 

The regolith under the hot ejecta heats by 
thermal conduction; this thermal pulse melts 
water in the ground when the temperature is 
above 273 K (12) (Fig. 2). The subsurface 
water may evaporate into the atmosphere, 
which we have not considered. This would 
contribute additional greenhouse warming, 
prolonging the time above 273 K, and this 
water would eventually contribute to the rain- 
fall totals. Our model also did not include 
convection in the regolith, which is relatively 
unimportant for the magnitude of events dis- 
cussed here (16). 

During the first few weeks after the im- 
pact of an asteroid 100 (200, 250) km in 
diameter, the modeled atmosphere warms 
from its assumed initial temperature, 500 K, 
until global surface temperatures reach 800 K 

100.0 

10.0 

1.0 

n I 

(Fig. 3). Parts of the martian regolith may be 
kept above freezing for at least 2 years, 55 
years, and 200 years by the 100-, 200-, and 
250-km events, respectively (Fig. 3), and for 
millennia for even larger impacts (Fig. 4). 
The amount of water precipitated out of the 
atmosphere from vaporization of the impac- 
tor, target, and polar caps and melted below 
ground for asteroid impactors with different 
diameters yields global water totals ranging 
from 5 to 50 m for our examples, and up to 
200 m for the largest objects (Fig. 4). 

We envision two mechanisms for river 
formation. Because the ejecta are globally 
distributed, we do not expect that rivers 
should be located near the craters of the 
objects that created the rivers. The first mech- 
anism is global rainout of the directly injected 
water from the cooling atmosphere. Average 
precipitation rates will exceed 2 m/year, de- 
pending on impactor size (Fig. 2). Flooding 
and mudslides will reshape the landscape, 
with eroded rivers containing high sediment 
loads as solids are broken apart by rushing 
water. The second mechanism is groundwater 
release during the long periods of time that 
the subsurface is above 273 K (Fig. 3). Heat- 
ing from the hot ejecta will mobilize ground 
ice, and the precipitation will locally recharge 
these aquifers. It has been suggested (17) that 
most of the observed valleys were eroded by 
groundwater, but the absence of a recharge 
mechanism has frustrated this hypothesis. 
Impacts provide lengthy and abundant pre- 
cipitation that may recharge the aquifers. 
Once rivers had been formed, substantial fur- 
ther erosion, guided by the river valleys, may 
have been caused by the wind (18). 

It has been estimated (19) that a 50-m-deep 

Fig. 2. Modeled at- 
.-.-.-.- .-....****.- mospheric precipitation ..................... (dashed curves), subsur- 

---------- -- face melted water (dot- 
ted curves; a step func- 
tion because of our sub- 
surface model grid), and 
their sums (dash-dot 
curves) for the 100-km 
(A), 200-km (B), and 

-.-..--.---- 250-km (C) objects. The 
?~-.'..-...:... " '"'-""' precipitation is zero until 

the atmosphere cools 
enough to condense wa- 
ter. Precipitation contin- 
ues until all atmospheric 

20 25 water is exhausted, indi- 
cated by the maxima of 
the dashed curves. 
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global layer of water was needed to erode 
valley networks. This is the equivalent of 
mating the volume of debris that would I 
filled the valleys and the amount of water 
suming a water-to-rock ratio of 100:1) ne 
sary to erode this valley fill away (19). We I 
shown that a single 250-km-diameter im 
event, under our assumptions, may free 50 
water. There are at least 12 visible crater 
Mars, confirming the collisions of such ob 
(fig. S1B), and perhaps even more of t 
large basins are buried (4). Because the am 
of water necessary for erosion of the val 
depends only on how much valley fill r 
be removed, it is irrelevant whether the v 
layer is the result of one impact or sev 
Thus the cumulative effects of smaller 
jects (<250 km) are also important. T 
may have been 100 million years betv 
extreme events, but each impact event wi 
have contributed to the ongoing erosiol 
the planet in the ways we have described. 
likely that over the long periods betv 
impacts, the near-surface regolith woulk 
recharged by very slow diffusion of w 
vapor into the subsoil (20), where it coul 
released again by the next large imp 
When the impacts ceased, the erosion 
ceased, and today we observe a planet , 

large craters and river valleys of appr 

Fig. 3. Surface temperature 16t 
(dashed curves) and maximum 14 
subsurface temperature (dotted Y 
curves) as a function of time, j 12( 
with the freezing point of water 10( 
(solid) indicated for the 100-km X 

(1 and a), 200-km (2 and b), and 8 
250-km (3 and c) objects. The E 6( 
atmosphere cools more slowly 

E 

with the larger objects, owing to 
the larger amount of water in- 2( 
jected. The surface temperature 
decreases rapidly when the at- 
mospheric water is exhausted (Fig. 2). 

mately the same age. The rarity and brevity of 
the events we have described thwart the de- 
velopment of mature drainage systems, 
which are rare on Mars (17). 

Data from the Pathfinder landing site in- 
dicate that erosion rates were 103 to 106 times 
higher about 3.5 to 4.5 billion years ago than 
the current rate of -1 nm/year (21). These 
ancient erosion rates suggest the presence of 
an erosional agent that was active in the past, 
and the most likely candidate is water. How- 
ever, for Mars to keep any liquid water on its 
surface requires higher surface temperatures 
than today. The CO2 greenhouse models call 
for 1 to 5 bar of CO2 for surficial liquid 
water, depending on the solar luminosity 
(22). At the solar luminosity expected early in 
the history of Mars, 5 bar of CO2 may not be 
sufficient even when CO2 clouds are consid- 
ered (23, 24). The release of water and CO2 
is possible after volcanic events such as the 
building of Tharsis (25). However, the addi- 
tion of 1 to 2 bar of CO2 from this volcanic 
activity is not sufficient to bring the surface 
temperature above 273 K (26), so although a 
120-m global H20 layer is possible with this 
mechanism, the layer would probably be ice, 
rather than liquid water. Furthermore, with 
such large amounts of CO2 in the atmo- 
sphere, along with liquid water on the sur- 
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face, we would expect carbonates and clays 
to form, yet there is little or no evidence for 
carbonates or clays (27). Above, we demon- 
strated that meters of water may precipitate 
out and flow on Mars because of the effects 
of large asteroidal impacts, but do so during a 
period of time too brief to allow the forma- 
tion of these minerals. 

Another observable feature of repeated 
collisions of large objects should be the mul- 
tiple ejecta blankets they may have emplaced. 
Figure 1 illustrates the thickness of debris 
blankets expected for impactors of a range of 
sizes. Although these layers may have been 
eroded during the early history of Mars, rem- 
nants of them may have been observed by the 
Mars Global Surveyor (28). Numerous debris 
layers have been identified that are contem- 
poraneous with and intermixed with the val- 
ley networks and that apparently have a sub- 
aerial mode of deposition. These layers are 
precisely what would be expected from im- 
pacts that are large enough in size to generate 
the valleys through the mechanism we pro- 
pose (29). Hence, a test of our hypothesis 
would entail careful comparisons between the 
ages of thick ejecta blankets and the initial 
formation times of the rivers. 

Hypotheses of a warm, wet Mars, based 
on the presumption that the valley networks 
formed in a long-lasting greenhouse climate, 
imply that Mars may once have been teeming 
with life. In contrast, we envision a cold and 
dry planet, an almost endless winter broken 
by episodes of scalding rains followed by 
flash floods. Only during the brief years or 
decades after the impact events would Mars 
have been temperate, and only then might it 
have bloomed with life as we know it. We 
find that temperatures in the regolith after a 
large impact do not exceed the terrestrial 
boiling point (373 K) except in the topmost 
tens of meters or so of soil, providing a 
possible refuge for life deeper in the regolith. 
However, the short duration of the warm 
episodes predicted here may have made it 
challenging for life to establish itself on Mars 
in the first place. 
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Regulation of Oceanic Silicon and 

Carbon Preservation by 
Temperature Control on Bacteria 
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We demonstrated in laboratory experiments that temperature control of ma- 
rine bacteria action on diatoms strongly influences the coupling of biogenic 
silica and organic carbon preservation. Low temperature intensified the selec- 
tive regeneration of organic matter by marine bacteria as the silicon:carbon 
preservation ratio gradually increased from -1 at 33?C to -6 at -1.8?C. 
Temperature control of bacteria-mediated selective preservation of silicon 
versus carbon should help to interpret and model the variable coupling of silicon 
and carbon sinking fluxes and the spatial patterns of opal accumulation in 
oceanic systems with different temperature regimes. 
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Diatom productivity is largely responsible for 
downward fluxes of biogenic silica (BSiO2; 
opal) and organic matter in the global ocean 
(1, 2). An understanding of the mechanisms 
that couple the relative fates of diatom Si 
and C within the water column is critical in 
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order to elucidate the role of diatoms in 
the biological carbon pump and in order to 
use opal effectively for paleoproductivity 
reconstruction. 

Oceanic systems display large regional dif- 
ferences in the accumulation and preservation 
of opal in sediments, but accumulation does not 
necessarily correspond to C and Si production 
rates (3). Only 25 to 40% of global biogenic 
silica production occurs above high-accumula- 
tion regions (regions consisting of >5% opal 
by weight), such as coastal upwelling zones, the 
subarctic Pacific, and the Souther Ocean (3, 
4). The Souther Ocean alone supplies -50% 
of the global opal accumulation, while account- 
ing for only 20 to 30% of global opal produc- 
tion (3-5). In contrast, virtually no opal is ac- 
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