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Tectonics, volcanism, and climate on Venus may be strongly coupled. Large 
excursions in surface temperature predicted to follow a global or near-global 
volcanic event diffuse into the interior and introduce thermal stresses of a 
magnitude sufficient to influence widespread tectonic deformation. This se- 
quence of events accounts for the timing and many of the characteristics of 
deformation in the ridged plains of Venus, the most widely presewed volcanic 
terrain on the planet. 

Venus has had a volcanic and tectonic history 
differing in important respects from that of 
Earth. The distribution and states of preser- 
vation of impact craters indicate that much of 
the surface is indistinguishable in .age from a 
mean value of 300 to 700 million years (My) 
(1-3). Venus lacks evidence for global plate 
tectonics (4) ,  but widespread volcanic plains 
record globally coherent episodes of defor- 
mation (5, 6 )  that appear to have occurred 
over short intervals of geological history (7- 
9). These characteristics have been difficult 
to reconcile with interior dynamical models 
for the thermal and mechanical evolution of 
the planet. 

It has recently been recognized (10) that 
global or near-global volcanic events, such as 
those called upon to account for the history of 
crater preservation and plains emplacement 
(1, 8), can have a significant influence on the 
climate of Venus. In particular, the injection 
into the atmosphere from erupting lavas of 
such volatile species as H,O and SO, can 
lead to large e&.usions ofsurface tempera- 
ture over time scales ranging from millions to 
hundreds of millions of years (10, 11). Here, 
we explore the implications of these temper- 
ature excursions for the state of stress in the 
Venus interior. In particular, we examine 
possible coupling between the temporal vari- 
ations in climate and the nearly global tec- 
tonic deformation that would have followed 
the largest distinct episode of widespread vol- 
canism known to have occurred on the planet. 

The most abundant geological terrain on 
the surface of Venus consists of ridged plains, 
volcanic plains material deformed by wrinkle 
ridges subsequent to emplacement (7, 8). 
Ridged plains (Fig. 1) are concentrated in 
areas of low elevation ( 6 )  and make up 60 to 
65% of the present surface (8). Because they 

'Department of Terrestrial Magnetism, Carnegie In- 
stitution of Washington. 5241 Broad Branch Road, 
NW, Washington. DC 20015, USA. 'Department of 
Space Studies, Southwest Research Institute, 1050 
Walnut Street, Suite 426, Boulder, CO 80302. USA. 

*To whom correspondence should be addressed. E- 
mail: sa@dtm.ciw.edu 

are overlain by younger plains units in some 
areas, the ridged plains must have occupied a 
still larger fraction of the surface area of 
Venus at the time of their emplacement. On 
the basis of stratigraphic relations, impact 
crater densities, and the small fraction (- 1 %) 
of impact craters embayed by ridged plains 
lavas, these plains appear to have been em- 
placed over a narrow interval of geological 
time, at most a few percent of the average 
crater retention age for the surface or a few 
tens of millions of years (8, 12). Widespread 
formation of wrinkle ridges evidently oc- 
curred shortly after ridged plains emplace- 
ment (7, 8), on the grounds that few (-1%) 
impact craters on these plains have been de- 
formed by the wrinkle ridges. An interval no 
more than 100 My between ridged plains 
emplacement and the formation of most wrin- 
kle ridges is implied (8). 

Wrinkle ridges, by analogy with similar 
structures on the other terrestrial planets, are 
inferred to be the products of horizontal 
shortening of the lithisphere, the mechanical- 
ly strong outer layer of the planet (4-6, 13). 
The consistent orientation of most wrinkle 
ridges over areas thousands of kilometers in 
extent and the strong tendency for the ridges 
to encircle broad topographic and geoid highs 
(5, 6 )  implies that much of ridge formation 
was a response to variations in the lithos- 
pheric stress field over com~arable spatial 
scales. Although models fo; gravitational 
stresses that arise from long-wavelength vari- 
ations in topography and lithospheric density 
can match the distribution of many wrinkle 
ridges (9, such models do not account for a 
limited time interval for most ridge forma- 
tion. Some researchers (8, 9) have suggested 
that wrinkle ridge formation was but one of a 
series of widespread episodes in the geolog- 
ical history of Venus during which a single 
tectonic style dominated deformation on a 
global scale, although others (14) have ques- 
tioned the basis for global synchroneity of 
regional deformational episodes. 

The volume of lavas that formed the 
ridged plains can be estimated from the ex- 
posed surface area and estimates of typical 

thicknesses of such plains material. The ex- 
posed surface area of ridged plains is about 
3 X 10' km2. On the basis of crater embay- 
ment relations, statistics on volcanic shield 
burial, and relations between wrinkle ridge 
width or spacing and plains thickness, the 
fraction of ridged plains material exceeding 
500 m in thickness has been estimated to be 
20 to 40% (12, 15). Given that the greatest 
thicknesses of plains material may be as large 
as 2 to 4 km if such plains bury surfaces as 
rough as the oldest terrain on the planet (1 6) ,  
that additional plains units may have been near- 
ly contemporaneous with the ridged plains (8), 
and that the surface area of ridged plains after 
emplacement was greater than the presently 
observed area, the total volume of lavas that 
erupted to form the ridged plains was probably 
at least 1 to 2 X 10' km3. This volume exceeds 
by as much as an order of magnitude that of 
even the largest of the major igneous provinces 
on Earth (17). The emplacement of ridged 
plains on Venus represents the largest distinct 
volcanic episode in the preserved geological 
history of Venus, as measured either by total 
volume or by volcanic flux (18). 

The widespread emplacement of the 
ridged plains should have released large 
quantities of water and sulfur gases into the 
Venus atmosphere. These gases affect both 
the atmospheric greenhouse and the albedo 
and opacity of the global cloud cover (10, 
11). Perturbations to the atmospheric SO, 
content are modulated by surface-atmosphere 
chemical reactions, which are limited by 
kinetics and diffusion into the uppermost 
crust. Photodissociation and upper atmo- 

Fig. 1. A portion of Rusalka Planitia, Venus, the 
type Locality for ridged plains (8, 9). This radar 
image (from Magellan F-MIDR 05N177) is cen- 
tered at 3.4"N. 176.g0E and is about 155 km 
wide. Northeast-southwest compression has 
produced the radar-bright, northwest-south- 
east trending wrinkle ridges, which postdate 
plains emplacement in this region. 
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spheric hydrogen loss affect the atmospheric 
H 2 0  inventory. Climate evolution models in- 
coq~orating all of these processes (I 1) predict 
significant excursions of surface temperah~re 
after a large volcanic event. 

A speciilc model illustrates the magnitude 
and time scales for surface temperature ex- 
cursio~ls after the emplacement of ridged 
plains material. For the eruption of a volume 
of lavas of 2 X 10"km3-equivalent to a 
global layer 500 m deep-containing 50 
parts per million H 2 0  (19) arid a concentra- 
tion of SO, typical of terrestrial magmas, the 
predicted surface temperature (11, 20) is as 
shown in Fig. 2. The surface initially wanns 
by about 60 K in the first 100 to 200 My (Fig. 
2B) because the effects of an enhanced green- 
house at first doininate over the slight 
increase in cloud reflectivity. The surface 
temperature changes little in the ensuing 250 
My, as atmospheric H,O is lost through the 
exospheric escape of H and SO, is lost to 
reactions with carbonate rocks at and near the 
surface. Because H,O and SO, are also the 
photochernical precursors to Venus cloud 
aerosols. the clouds begin to thin during this 
interval. The reduced reflectivity of the 
clouds provides more solar forcing to the 
climate, but this effect is offset by a dimin- 
ishing greenhouse effect. After this period of 
relative stability, thinning of the clouds by 
further reduction in atmospheric SO, abun- 
dance in tlie next 250 My causes a rapid 
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Fig. 2. Model for the evolution of the Venus 
climate (11) accompanying and following the 
eruption of a volume of lava equivalent to a 
global layer 500 m in thickness (21). (A) Evolution 
of atmospheric mixing ratios for H,O (solid line) 
and SO, (dashed line). (B) Evolution of surface 
temperature. Linear interpolation was used to 
estimate the surface temperature at times be- 
tween those calculated from the climate model. 

decrease in surface temperature of about 100 
K. The cooling occurs because infrared scat- 
tering within the clouds is a potent source of 
atmospheric greenhouse wanning. When the 
clouds become sufilciently thinned by the 
loss of atmospheric SO2. the surface cools. 
Although the planetary albedo (currently 0.8) 
is lessened by the reduced reflectivity of the 
clouds, Rayleigh scattering in the thick CO, 
atmosphere ensures a planetary albedo of at 
least 0.5, even in the absence of clouds. 

There are several important inlplications of 
climate changes of the magnitude shown in Fig. 
2 for the mechanical properties and state of 
stress of the lithosphere of Venus. The changes 
in surface temperature will difhse into the in- 
terior with time (21). These changes in inteiior 
temperature will introduce thermal skess in the 
lithosphere. F~rther, the changes in interior 
teinperahlre may influence the long-tenn 
strength of lithospheric material. 

Simple analytical models pelmit insight into 
the expected behavior. Because the solutioll for 
the response of a uniform halfspace to a step 
change in surface temperature is well known 
(21, 22), and because a surface temperature that 
varies in time can be represented as a series of 
step functions, the solution for the inteiior tem- 
perature field can be found by suinmatioll (23). 
The depth at which a given step change in 
surface temperahire will be detectable at the 
10% level after a time t has passed is 2.3(~t)" 
(21); where K is the thermal diffusivity of litho- 
spheric mateiial. For K = 1 inm2 sp ' ;  for 
instance, 1 My after the surface tenlperature 
change that depth is 13 km, and 100 My after- 
ward it is 130 km. 

To estimate the evolution in thennal stress 
at the surface of Venus after a climate 
change, we used the solution for theillla1 
stress in an elastic plate arising from changes 
in surface and interior temperatures (24). The 
thelmal stress behavior may be understood by 
examining the response to a step change in 
surface temperature. A step increase in sur- 
face temperature induces instantaneous ex- 
pansion of surficial material and compres- 
sional horizontal thermal stress (24). With 
increasing time, however, the surface hori- 
zontal stress becomes inore extensional as 
deeper levels of the lithosphere progressively 
warm and expand. A step decrease in surface 
temperah~re leads to the opposite result: 
instantaneous colltraction and extensional 
stress, followed by horizontal con~pression as 
deeper layers contract in response to the dif- 
fi~sion of the temperature decrease. The mag- 
nitude of thermal stress can be a significant 
factor in deformation; a 100-K change in 
surface temperah~re produces a change in 
stress of order 100 MPa (24); greater than or 
comparable to the strength of rock masses at 
near-surface conditions on Veilus (25). 

The surface thermal stress (Fig. 3) predicted 
by the climate evolution model (Fig. 2) shows 

that, as a result of the initial wainliilg during the 
first 100 to 200 My, the surface horizoiltal 
thennal stress becomes increasillgly compres- 
sional. reaching values of -40 MPa. The dif- 
hsion of that increase in surface temperature 
into the interior leads to a decrease in the com- 
pressive stress over the subseque~lt 250 My. 
The rapid decrease in surface temperature 
caused by the thinning of the clouds leads to a 
similarly rapid change in the thennal stress 
froin net conlpressioll to net extension 450 My 
after the start of the model, reaching extensional 
surface stresses of 50 MPa. The effect of the 
inward diffusion of that rapid temperature de- 
crease offsets continued slow surface cooling 
and leads to a inodest decrease of the surface 
exteilsional stress 550 My after the stast of the 
model. 

The climate-driven variations in thermal 
stress (Fig. 3) are consisteilt with the forrna- 
tion of many of the wrinkle ridges in the 
ridged plains within 100 My of ridged plains 
emplacement. The most colnpressive stress; 
about -40 MPa, is comparable in magnitude 
to the uniaxial compressive strength of rock 
masses, 10 to 60 MPa, under conditions 
appropriate to Venus (25). Furthermore, the 
strains implied by this stress level, lop3 to 
lop2 (25); are within the range of horizontal 
strains (a few tenths of a percent to a few 
percent) infeived from the density of wrinkle 
ridges and the estimated shortening across a 
typical ridge feature (6, 26). 

Because the thermal stresses are horizon- 
tally isotropic, any tectonic features forrned 
in response only to those stresses would not 
be expected to show preferred orientations, 
contrary to the wrinkle ridges on Venus. The 
thernlal stresses, however, would not act in 
isolatioil but rather would be superposed on 
such other stresses as those arising from lat- 
era1 variations in topography and lithospheric 
density, which are comparable in magnitude 
(5). With a superposition of the two stress 
fields, the orientations of wrinkle ridges 
would be deteimined by the gravitational 
stresses (S), whereas the nar-row time inteival 
for formation of many wrinkle ridges would 

Fig. 3. Evolution of horizontal thermal stress at 
the surface of the Venus lithosphere resulting 
from the inward diffusion of the surface tem- 
perature variations shown in Fig. 2. 
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he the result of the constructi~.e addition of that the various sets folmed at different times in tures for  any combination o f  the nine mos t  radia- 

the compressi~,e themlal stress induced b! the 
atmospheric nanniag that follon-ed ridged 
plains emplacement. 

The compressi\z stresses in the first 450 
My of the thermal stress model (Fig. 3 )  n.ould 
produce no tectonic signature in areas of high 
topography and geoici 011 \'znus. hzcausc the 
thermal stresses n-ould he approximatel! off- 
set by horizoatal evte~lsioilal stress predicrecl 
from graLitationa1 stress lnodels for such 
areas ( 5 ) .  The extensional t hz~~ l l a l  streshes 
predicted after 450 Lly (Fig. 3). b! similar 
reasoniag, noulcl ha\ c littlz tectonic zxpres- 
sion in the lonlands. ~ v l ~ e r e  other sources of 
compressil e stress \T ould remain (5). Such 
extension. hon-el-er. would augment the cx- 
tznsional gra\itational stresses preclictzd (5) 
for topographic and geoid highs. consistent 
lvith relati\,elq- recent rifting in the ~,olcanic 
rises of \'el1115 (8, 9 ) .  

The climate lllodels in\,oll.e a number of 
assumptions and parameterizations to \\ hich 
thz preclictzd outcoilles arz sensitil-e. For a 
cliffzrent assumzd chemical rzaction control- 
ling the loss of atmospheric SO,. for instaacc. 
it has been suggested that rhc magnitude of 
surface temperature excursions may be lcss 
than those in Fiy. 2 (2 : ) .  Elcn for the same 
set of asslumptions as those made here but for 
a volume of erupted I n n s  differing by a 
factor of 2 (or, z q u i ~  alzntly. coacentrations 
of SO, and H,O in the magma differznt by a 
factor of 2).  the sequence of n-arming and 
cooling differs somzn hat from that in Fig. 2 
(2S).  A l tho~~gh  these diffzrences indicate that 
the details of an>- specific climate model for 
\-ellus are not robust n it11 respect to changes 
in Itey assumptions. the! also demonstrate 
that the coupling bztn ecn clinlate change and 
themla1 strzss provides an a\.znuz for testing 
climate models against the geological record 
of deformation. 

The thelinal stress model (Fig, 3 )  is based 
on thc assuillption of a purelq- zlastic litho- 
sphere and does not incorporate thz tempera- 
h~re-szasiti~.z mechanical propelties of litho- 
sl7lleric material. AII increase in surface temper- 
attire woulcl. after diffiision of the temperah~n 
perturbation into the lithosphere, reduce the 
depth to thz elastic bloclting temperahlrz (-79). 
the tzillperature above n.hich Iithospheric ma- 
terial cannot store stress elastically for geolog- 
ically siglificant time illtell als. and a decrease 
ill surface tzmpzrature \4 ould 1m.e the oppositz 
effect. These \ar~ations might influence the 
scales of defoinlation presen ed at the surface 
(30) .  

The episode of global \?.arming after ridged 
plalns enlplacement (Fig. 2 )  that we suggest 
influenced the formation tillle of many \\rilllile 
ridges need not have coatrolled the formation of 
all w i i~k lc  ndges There are a number of plains 
units in \vhich ~llultiple sets of n-rilllcle ridges 
displa? distinct trends (6, 13. 15). i~ldicating 

response to stress fields in nhich the direction 
of gearzst coi11pressil.e stress differzcl. None- 
thzless. a regional trend dominatzs iiclgz orica- 
tation for 504b  of the ridged plains ( 6  1. ancl it is 
thesz regional trends that are well fit by gral i- 
tational stress moclels (5 ) .  These ridge sytems 
also clomiaate the inference that a\-erage fonna- 
tion times follo\ved plains zmplacernent b! no 
morz tllan 100 hly ( ', 8 )  and arz thus those 
most liltely to 1lal.e been influenczd by climatc- 
induced global the~mal stress. Plains units 
clzmonstrably youagzr than the ridged plains 
gznerally lack n-riill<lz ridges ( z 9 )  despite ha\ - 
ing. in some cases. elel ations and gzoid levels 
similar to those of the ridged plains. This dif- 
ferei~ce implizs that tllz inten a1 behx een the 
zmplacemznt of the ridged plaias and youagzr 
plains units nas  more than 100 Sly (Fig. 3 )  ancl 
that the eruptions that produced thz youagzr 
plains did not pelnirb the climate to thz evtzllt 
depicted in Fig. 2. 

Thzre is reason to zxpect a strong coupling 
between the e~,olution of clilllatz on \-enus. the 
his tor^ of large \ olcanic er~~ptions. and the state 
of stress and large-scale defoinlation of the 
surface. Climatc-iaducecl changes in the sues5 
field act on a planetary scale. so s)vclxoaeiQ of 
IT idespreacl clefom~atioaal cl ents ((7. 9) is to he 
expected if this mechanism plays an important 
role in tectonics. Such planet-scale coherznce of 
tectonic episodes distiaguishes the geological 
history of \'ellus fsom that of Eaitl~. 
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436]. The thermal stress at the surface z = 0 is then 
given by 

a(t) = -CLT,E/[W ~ v)] 

{1 - [1 - e x p ( - \ 2 ) ] / ( \ 0 - e r f c ( \ ) } (2) 

where k = / V ( 4 K £ ) 0 5 . For a surface temperature 
described by a series of step functions, the thermal 
stress is given by a summation of expressions similar 
to that above with appropriate shifts in the time 
since each step change. For the calculations in this 
report, the surface temperature variation was ap­
proximated by step changes spaced 1 My apart in 

The isotopic dating of martian meteorites 
suggests that differentiation of the martian 
crust from the mantle occurred no later than 
4.53 X 109 years ago (Ga) and was probably 
contemporaneous with the last stages of plan­
etary accretion (7, 2). It also indicates that 
there was igneous activity on Mars —4.5 Ga 
(3, 4), —1.3 Ga (5, 6), and as recently as 
—200 million years ago (7), and suggests that 
Mars may be geologically active at present. 
However, little is known about the timing of 
alteration processes occurring on the martian 
surface because of the small amount of sec­
ondary alteration products in most martian 
meteorites. In contrast to other martian mete­
orites, ALH84001 has a substantial amount 
of secondary carbonate mineralization. Dat­
ing of this carbonate can provide insights into 
surficial processes controlling carbonate for­
mation and cation mobility. 

From Sm-Nd analyses, the age of crystal­
lization of ALH84001 was interpreted to be 
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time, and we assumed that a = 3 X 10 5 K 1 , £ = 
100 GPa, v = 0.25, L = 100 km, and K = 1 mm 2 s _ 1 . 

25. R. A. SchultzJ. Ceophys. Res. 98, 10883 (1993). 

26. M. A. Kreslavsky and A. T. Basilevsky, ibid. 103, 11103 
(1998). 

27. G. L Hashimoto and Y. Abe, Lunar Planet. Sci. 30, 
1867 (1999). 

28. Outgassing twice as much S02 and H 20 as in the 
model of Fig. 2 would result first in the formation of 
massive sulfuric acid-water clouds that initially cool 
the surface by 30 to 40 K in the first 150 My (7 7). 
Subsequent loss of the larger atmospheric inventories 
of S02 and H 20 results in surface temperature ex­
cursions that are larger than but qualitatively similar 
to those in Fig. 2. Warming by about 100 K occurs 
between 150 and 350 My after the start of the 

4.50 ± 0.13 Ga (3). The carbonates in 
ALH84001 were interpreted to be substan­
tially younger at 1.39 ± 0.10 Ga, on the basis 
of Rb-Sr analysis of shock-melted feldspathic 
glass and carbonate, and the assumption that 
these two phases are in isotopic equilibrium 
(8). Equilibrium between feldspathic glass 
and carbonate is supported by textural obser­
vations that the carbonates selectively replace 
the glass (9,10). However, the carbonates are 
Fe- and Mg- rich (9-12), so that most of their 
major cations must be derived from a source 
other than feldspathic glass (Fig. 1). As a 
result, isotopic equilibrium between carbon­
ate and glass is not assured. Here, we use the 
results of Rb-Sr and Pb-Pb isotopic analyses 
on numerous carbonate-rich leachates to de­
termine the age of carbonate formation. 

The modal mineralogy of ALH84001 is 
—90% orthopyroxene, 2% chromite, —2% 
shock-produced feldspathic-glass, —1% car­
bonates, and trace amounts of whitlockite, 
augite, olivine, and pyrite (9-13). The car­
bonates form globules and veins along frac­
tures in the meteorite. Compositional zoning 
from Ca-rich centers, to Fe-rich mantles, to 
Mg-rich rims is observed in most carbonate 
occurrences (9-12). The large chemical vari­
ations observed in the carbonates, combined 
with similar zoning patterns in all occurrenc­
es, suggest that they may be products of 
precipitation in a nearly closed system (13-

model, and a cooling roughly analogous to that 
shown at 450 My in Fig. 2 occurs instead at 600 My 
for the larger eruption. Outgassing half as much S02 

and H 20 as in the model of Fig. 2 results in temper­
ature excursions that are slightly smaller in magni­
tude (the early warming is by 45 K instead of 60 K). 
The rapid loss of clouds and subsequent cooling 
occurs about 100 My sooner than in Fig. 2. 
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30. R. J. Phillips and V. L Hansen, Science 279, 1492 
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15). Thus, carbonates of different composi­
tion may be in isotopic equilibrium and be 
suitable for isotopic dating. 

A 1-g chip of ALH84001,170 was 
crushed and sieved at 150-|mm-diameter par­
ticles. Composite grains containing carbonate^ 
minerals were handpicked, yielding a mineral 
separate that was —95% orthopyroxene and 
—5% carbonate (determined by visual in­
spection). There was no visible feldspathic-
glass, a potential host for Sr and Pb, in this 
mineral separate. The high-graded fraction 
was ultrasonically agitated in quartz-distilled 
water to remove surface contamination and 
then leached in a series of progressively 
stronger reagents (Fig. 1). The leaching pro­
cedure was developed from experiments con­
ducted on mixtures of terrestrial calcite, mag-
nesite, siderite, and synthetic whitlockite 
(supplementary fig. 1) (16). The goal of the 
leaching procedure was to (i) separate soluble 
carbonates from less soluble silicates; (ii) 
separate the most easily soluble igneous com­
ponents, such as whitlockite, from secondary 
carbonate components; and (iii) separate car­
bonate components of various compositions. 

Uranium-Pb and Rb-Sr were separated se­
quentially from the leachate fractions by stan­
dard cation chromatographic techniques and 
analyzed by thermal ionization mass spec­
trometry (Table 1). Laboratory Rb, Sr, and Pb 
procedural blanks were measured on samples 
of leaching reagents and applied to individual 
leachates (17). Small ( ~ 1 % by volume) 
splits from each leachate were analyzed for 
Ca, Mg, Fe (by isotope dilution), and P (by 
colorimetry) to assess contributions of car­
bonate, phosphates, and silicates to individual 
leachates (Fig. 1, supplementary fig. 1, and 
Table 2). Most of the bulk compositions of 
the leachates (S4 to S8) fall within the range 
of carbonate analyses (Fig. 1), consistent with 
a large contribution of carbonate in the 
leachates. Agreement between the propor­
tions of Ca, Fe, Mg, and P dissolved from the 
terrestrial carbonates and the proportions of 
these elements dissolved from the ALH84001 
carbonates (supplementary fig. 1) also sug­
gest that the major phase contributing to the 
leachates is carbonate. 

The Age of the Carbonates in 
Martian Meteorite ALH84001 

Lars E. Borg,1*! James N. Connelly,2 Larry E. Nyquist,1 Chi-Y. Shih,3 

Henry Wiesmann, Young Reese3 

The age of secondary carbonate mineralization in the martian meteorite ALH84001 
was determined to be 3.90 ± 0.04 billion years by rubidium-strontium (Rb-Sr) 
dating and 4.04 ± 0.10 billion years by lead-lead (Pb-Pb) dating. The Rb-Sr and 
Pb-Pb isochrons are defined by leachates of a mixture of high-graded carbonate 
(visually estimated as ~5 percent), whitlockite (trace), and orthopyroxene (—95 
percent). The carbonate formation age is contemporaneous with a period in mar­
tian history when the surface is thought to have had flowing water, but also was 
undergoing heavy bombardment by meteorites. Therefore, this age does not dis­
tinguish between aqueous and impact origins for the carbonates. 
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