
N-XANES spectra if the DNA bases are 
brominated ( 2 ) .  This sensitivitv to bro- . , 
mine, and chemical labels with unique 
spectral signatures, should open up new 
possibilities in biological microscopy for 
functional and chemically specific imaging. 

XANES spectroscopy provides excel- 
lent contrast for high-resolution imaging 
dith chemical specificity. The ability to 
perform spectroscopy of organic materials 
0.01 CLm2 in area and to form high-reso- 
lution images that use XANES contrast 
opens up new areas of study in structural 
biology and polymer science and in the 
investigation of other phase-separated ma- 
terials. Here. we assumed a random. iso- 
tropic distribution of the molecules inves- 
tigated. If explored with a suitable sample 
or sample rotation stage, the polarization 
dependence of XANES spectroscopy (1 6) 
would make it possible for researchers 
using our technique to determine the di- 
rection of specific bonds in oriented sys- 
tems at high spatial resolution. The possi- 
bilities to use chemicallv svecific labels in , . 
biology that have unique spectral signa- 
tures are particularly intriguing. 
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The Age of Parana Flood Volcanism, 
Rifting of Gondwanaland, and the 

Jurassic-Cretaceous Boundary 

Paul R. Renne, Marcia Ernesto, lgor G. Pacca, Robert S. Coe, 
Jonathon M. Glen, Michel Prevot, Mireille Perrin 

The Parana-Etendeka flood volcanic event produced -1.5 x lo6 cubic kilometers of 
volcanic rocks, ranging from basalts to rhyolites, before the separation of South America 
and Africa during the Cretaceous period. New 40Ar/39Ar data combined with earlier pa- 
leomagnetic results indicate that Parana flood volcanism in southern Brazil began at 133 
+ 1 million years ago and lasted less than 1 million years. The implied mean eruption rate 
on the order of 1.5 cubic kilometers per year is consistent with a mantle plume origin for 
the event and is comparable to eruption rates determined for other well-documented 
continental flood volcanic events. Parana flood volcanism occurred before the initiation of 
sea floor spreading in the South Atlantic and was probably.precipitated by uplift and 
weakening of the lithosphere by the Tristan da Cunha plume. The Parana event postdates 
most current estimates for the age of the faunal mass extinction associated with the 
Jurassic-Cretaceous boundary. 

Continental flood volcanism produces pro- 
digious extrusions of chiefly basalt compo- 
sition that in several cases exceed a volume 
of 1 x lo6 km3 (1-3). At least eight 
episodes of continental flood volcanism 
have occurred over the last 250 million 
years (My), and considerable attention has 
been devoted to understanding their genesis 
and relation to a variety of other terrestrial 
phenomena including hot spots, crustal rift- 
ing, and faunal mass extinctions. Detailed 
dating of several flood volcanic provinces 
(for example, the Deccan Traps, Siberian 
Travs. and Columbia River Basalts) has 

- 7  

shown that one of the most distinctive 
features of flood volcanism is a verv brief 
duration of principal activity that lasts 1 or 
2 My at most, so that mean eruption rates 
are on the order of lo6 km3/My (1-3). 

In this paper, we report new 40Ar/39Ar 
geochronologic data on the age and dura- 
tion of volcanism in the Parang province, 
one of the largest known continental flood 
volcanic provinces. These new data allow 
evaluation of the temporal-relation between 

P. R. Renne, Institute of Human Origins Geochronol- 
ogy Center, 2453 Ridge Road, Berkeley, CA 94709. 
M. Ernesto and I. G. Pacca,-lnstituto Astr6nomico e 
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Paulo, Brazil. 
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Sciences, University of California, Santa Cruz, CA 
95064. 
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Parang volcanism and the opening of the 
southern Atlantic Ocean and the Jurassic- 
Cretaceous mass extinctions. 

Connections between flood volcanism, 
mantle plumes, hot-spot activity, and con- 
tinental rifting were postulated over 20 
years ago (4), and several contrasting ge- 
netic models for continental flood volcanic 
events have since emerged. Most models 
postulate that mantle plumes are responsi- 
ble (1-4) but differ in whether decompres- 
sion melting of the asthenosphere upon 
rifting above a preexisting mantle plume 
generates flood volcanism or, conversely, 
whether the rise of a mantle plume causes 
flood volcanism and initiates lithosvheric 
extension (1 -3). The imprecision in dating 
of some flood basalt events and associated 
rifting episodes has precluded confident de- 
duction of their temporal sequence and 
hence their genetic relations. - 

A genetic link between flood volcanism 
and major faunal mass extinctions has been 
debated vigorously for nearly a decade (5), 
particularly with respect to the Deccan 
Traps of India and the Cretaceous-Tertiary 
(K-T) mass extinctions (5, 6). Recent dat- 
ing of the Siberian Traps (7, 8) showed that 
this largest known continental flood vol- 
canic province coincided within uncertain- 
ties with the most profound mass extinction 
event known at the Permian-Triassic 
boundary -249 Ma (million years ago). 
The assessment of further coincidence of 
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mass extinctions with flood volcanic events 
has been hindered by a lack of precise 
geochronologic data for both phenomena. 

The Paran5 flood volcanic rocks (Serra 
Geral Formation) currently cover -1.6 x 
106 km2 in the Paranl Basin (Fig. 1) of 
Brazil, Argentina, Uruguay, and Paraguay 
(9). On the basis of the distribution of dikes 
and sills in the basin, the original extent of 
the volcanics was probably close to 2.0 x 
lo6 km2; the total volume was -1.3 x lo6 
km3. An additional 2.5 x lo5 km3 of 
contemporaneous flood volcanic rocks are 
exposed in Namibia, where they are termed 
the Etendeka Volcanics (10); these were 
separated from the Paran5 volcanic rocks 
upon the rifting apart of Gondwanaland in 
the Cretaceous. The minimum combined 
original volume of volcanic rocks in the 
Paranl-Etendeka province is - 1.5 x lo6 
km3, comparable to that of the Deccan 
Traps (2). The Paran5 and Etendeka prov- 

inces are linked to the currently active 
Tristan da Cunha hot spot via the Rio 
Grande Rise and Walvis Ridge, respective- 
ly. Although their geometries seem to be 
consistent with hot-spot tracks, such an 
origin for these lineaments remains to be 
established. 

The Paran5 province comprises chiefly 
tholeiitic basalt and andesite but includes 
subordinant rhyolites and rhyodacites that 
are more abundant in the younger parts of 
the section (9). More than 1500 m of 
volcanic rocks fill the center of the Paranl 
Basin (9). Exposed sections generally lack 
overlying strata, so the original thickness of 
the volcanic sequence is unconstrained as a 
result of the unknown amount of material 
subsequently eroded. 

The age and duration of Parani volca- 
nism have been voorlv known. The imme- . 
diately underlying strata, chiefly eolian 
sandstones of the Botucatu Formation, are 

Postvolcanic sediments 

Acid flows 

BasicAntermediate flows 
,.+ 

Prevolcanic sediments 

0 250 500 km - 

Fig. 1. Geologic map of the Parana Basin showing the distribution of flood volcanics. Inset shows 
predrift location of Parana-Etendeka flood volcanic province. Squares with designations SM, CV, 
TA, and GB denote locations of stratigraphic sections. Stratigraphic sections show magnetostratig- 
raphy (left column), flow boundaries (middle column), and lithology (right column). In magneto- 
stratigraphic columns, black indicates normal polarity, gray shows transitional directions, and white 
indicates reversed polarity. Gap near the top of the TA section reflects absence of data. Numbered 
stars show locations of samples used in this study; the numbers are keyed to Table 1, Fig. 3, and 
the text. White arrows southwest of Sao Paulo indicate the location of the Ponta Grossa Arch. 

svarselv fossiliferous and have been inter- 
preted only as Triassic or Jurassic, whereas 
locally overlying terrestrial strata of the 
Bauru Group are of Late Cretaceous age 
(11, 12). 

More than 200 K-Ar analyses (1 I), 
chiefly of whole-rock samples, yield appar- 
ent ages concentrated in the range 110 to 
150 Ma, with a strongly defined mode at 
-127 Ma (Fig. 2). However, many of the 
K-Ar dates violate stratigraphic con- 
straints on relative ages (13), and the 
distribution of dates is suspect; both alter- 
ation and inherited argon could be respon- 
sible for the broad range of apparent ages. 
In a recent 40ArP9Ar study, regression of 
isotope correlation trends yielded dates of 
133 + 2 and 132 + 1 Ma for stratigraph- 
ically lower basalts (1 4). In another recent 
study (1 5), 40Ar/39Ar data were interpret- 
ed to indicate (i) the inception of volca- 
nism at > 135 Ma and (ii) the cessation of 
volcanism at -130 Ma. Limited Rb-Sr 
isotopic data from plagioclase, whole- 
rock, and matrix samples from each of two 
Paran5 rhyodacites yielded an isochron 
date of 135.5 + 3.2 Ma (1 I). . , 

Paleomagnetic data from 20 strati- 
graphic sections through the Paranl vol- 
canic rocks (Fig. 1) indicate that volcanism 
spanned four or fewer geomagnetic polarity 
reversals in any given section (16). In 
several cases, an apparent reversal is repre- 
sented bv onlv one rock unit havine anom- , , u 

alous polarity (for example, the uppermost 
reversed polarity rock unit from section TA 
in Fig. I), and it is possible that these 
represent younger sills. Because the geo- 
magnetic field reversed polarity frequently 
between 140 and 120 Ma (about every 
400,000 years on average) (1 7), it has been 
postulated that the sequence of volcanic 
rocks, more than 1000 m thick in several 
cases, accumulated in less than 1 My in any 
one section (1 6). Paleomagnetic data thus 
undermine the credibility of the broad spec- 
trum of radioisotopic dates but do not clar- 
ify the age of volcanism. 

We selected samples for 40Ar/39Ar dat- 
ing on the basis of stringent petrographic 

Apparent age (Ma) 

Fig. 2. Probability distribution (ideogram) of 
206 K-Ar dates (1 1) obtained for Parang flood 
volcanic rocks. The distribution was obtained 
by the summation of normal distributions that 
represent individual dates and analytical uncer- 
tainties. 
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criteria, including a preference for coarse, 
fresh plagioclase. Whole-rock samples were 
chosen for tbeir holocrystalline textures, 
the coarsest possible groundmass grain size, 
and the absence of alteration products (1 8). 
Sam~les were collected as 2.5-cm-diameter 
cores with a hand-held, gasoline-powered 
drill from measured sections (Fig. 1). 
: Sample preparation, facilities, analytical 

procedures, reduction of Ar isotopic data, 
and plateau definition criteria were identi- 
cal to those used in (7). Neutron irradiation 
was for approximately 28 hours. Fish Can- 
yon sanidine (27.84 Ma) was used as a fast 
neutron fluence monitor, and analysis of 
ten individual grains yielded a value of J = 
0.006477 * 0.000020, where J is a measure 
of the fast neutron fluence during irradia- 
tion. Optical-grade CaF was irradiated 
along with the unknown samples in order 
to monitor the (36Ar/37Ar)C, and (39Ar/ 
37Ar)Ca nucleogenic production ratios (19) 
to facilitate accurate corrections for nonra- 
diogenic Ar. 

Apparent age spectra (Fig. 3 and Table 
1) (produced by incremental laser heat- 
ing) for plagioclase samples produced well- 
defined plateaus comprising 13 or more 
steps and.spanning more than 85% of the 
total 39Ar released. Two of the plagioclase 
(P) samples (SM-278P and CV-231P) dis- 
 laved minor low-tem~erature discordance . , 
suggestive of partial Ar loss through minor 
reheating or alteration. The whole-rock 
(WR) samples were less straightforward, 
but two of these three yielded acceptable 
plateaus over more than 60% of the total 
39Ar released. The samples that yielded 
plateaus (CV-190WR and GB-4OCWR) 
both exhibited discordance patterns sug- 
gestive of 39Ar recoil. Sample CV-190WR 
showed the effects of 39Ar recoil loss at low 
39Ar release then yielded a plateau as the 
39Ar-depleted domains were exhausted. 
Sample GB-40CWR showed 39Ar recoil 
loss, effects yielding to a nine-step plateau, 
followed by diminishing apparent ages 
that ~robablv reflect release of 39Ar recoil- . . 
implanted into a refractory, Ca-rich phase 
such as clinopyroxene (indicated by ele- 

vated 39Ar/37Ar values for the highest 
temperature steps). Sample GB-84CWR 
yielded a discordant spectrum with no 
plateau and a climbing pattern suggestive 
of Ar loss or alteration. Petrographic ob- 
servations (18) favor the latter ex~lana- . , 

tion (alteration) for discordance. 
Plateau dates from the five sam~les are 

mutually indistinguishable in the range 
132.9 5 0.6 Ma to 131.4 k 1.6 Ma (2u 
intralaboratory errors). The youngest and 
most discrepant, plagioclase from TA- 137, 
was rerun in 18 heating steps that yielded a 
plateau date of 132.7 5 1.2 Ma, indistin- 
guishable from the first ~lateau date but 
more consistent with the other results. A 
combined plateau date of 132.5 5 0.3 Ma 
was calculated for this sample with the use 
of all 33 plateau steps from both runs. 

The data reveal no evidence of younger 
dates at the higher stratigraphic levels. 
Within the CV section, a stratigraphic 
sequence of volcanic rocks more than 500 
m thick is bracketed by lavas dated at 132.6 
5 0.3 Ma (CV-190WR) and 132.8 * 1.1 
Ma (CV-23 1P). The statistically insignifi- 
cant time (1 1.1 My 2u) represented be- 
tween these two flows encompasses at least 
two, and possibly four, geomagnetic polarity 
reversals (Fig. 1). The internal concordance 
of dates from the CV section and of these 
'with dates from the GB and SM sections, in 
view of the magnetostratigraphic data, im- 
 lies that volcanism was essentiallv svnchro- , , 
nous and spanned at most 1 My in the 
southern Parani province. 

All but 3 of the 20 magnetostratigraphic 
sections from around the basin begin with a 
normal polarity interval, and because no 
systematic spatial trend in initial polarity is 
discernible, it is possible that volcanism 
began during the same subchron in >80% 
of the Parani Basin. According to recent " 
time scales (1 7), this would correspond to 
some time between magnetic anomalies M8 
and M 11; more refined correlation with the 
magnetostratigraphic time scale is preclud- 
ed by uncertainties in the numerical cali- 
bration of the biostratigraphic time scale 
and the absence of biostratigraphic calibra- 

Table 1. Summary of 40Ar139Ar plateau data. The Ca/K ratio is equal to 1.96 times the 39Ar,a/37Ar, 
ratio and shows the integrated value corresponding to the plateau followed by that for the entire 
spectrum. The plateau shows the number of steps defining the plateau as a fraction of total steps 
analyzed; the percentage of total 39Ar, released comprising the plateau is in parentheses. The date 
is the plateau date, calculated as the inverse variance weighted mean of the plateau step dates. 

Sample Material Ca/K Plateau Date (Ma) 2 20 

SM-278P Plagioclase 13.611 3.4 15/16 (97.1) 
CV-190WR Whole-rock 1.811.4 11/19 (65.0) 
CV-231 P Plagioclase 30.3128.3 1311 8 (87.6) 
TA-137P.A Plagioclase 44.9144.9 1711 7 (100) 
TA-137P.B Plagioclase 44.7144.2 1 611 8 (93.6) 
TA-137P.C* Plagioclase 44.8144.5 33/35 
GB-40CWR Whole-rock 3.617.2 9/19 (64.1) 

'Results for TA-137P.C are combined from replicate analyses of TA-137P.A and TA-137P.B. 

tion for the flood volcanic sequence. 
A northward migration of volcanic activ- 

ity with time has been inferred in other 
studies (1 6, 20). If volcanism did indeed 
progress from south to north, then the 40Ar/ 
39Ar and paleomagnetic data suggest that 
this occurred on a time scale oi' less than 1 
My. Furthermore, it is unlikely that volu- 
metrically significant Parani volcanism oc- 
curred earlier than -133 Ma. The Parani 

110 No plateau 

Cumulative fractlon of released 

Fig. 3. Apparent age spectra for samples 
shown in Fig. 1. WR, whole-rock samples; P, 
plagioclase samples. TA-137P.A and TA- 
137P.B are replicate analyses of the same 
sample. Uncertainties, represented by vertical 
width of bars, are & l o  and do not include 
contribution from uncertainty in the neutron 
fluence parameter J. Plateau dates (indicated 
in millions years ago) are calculated as de- 
scribed (19) with errors at the 20 level that 
include analytical uncertainty in J. 
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province thus fits the emerging general pat- 
tern of extremely rapid eruption of flood 
volcanics. Our best estimate for the incep- 
tion age of Paran6 volcanism is provided by 
the plateau date for sample CV-190WR: 
allowing for a possible 1% uncertainty in the 
age of the neutron fluence monitor (7) yields 
an interlaboratory plateau date for this sam- 
ple of 132.6 2 1.3 Ma. 

According to one model, derived from 
the interpretations of marine geophysical 
data (2 1), Africa and South America sepa- 
rated by progressively unzipping northward 
from the Falkland Plateau. In this model, 
the magnetic anomaly closest to the south- 
westernmost tip of Africa is thought to 
mark the initiation of sea floor spreading in 
the South Atlantic and correlates with 
anomaly M13 of the geomagnetic polarity 
time scale (GPTS) at 137 to 139 Ma (1 7); 
8" to 16" farther north, at latitudes corre- 
sponding to the southern Paran6 Basin, the 
oldest sea floor anomaly is M4, formed 
- 127 Ma (1 7). In this scenario (3), there- 
fore, rifting began well south of and pre- 
sumably unrelated to the Tristan da Cunha 
plume. It proceeded opportunistically 
northward toward the hot spot, drawn by 
the greater extensional deviatoric stress in 
the uplifted lithosphere above the plume. 
Weakening and fracturing of the crust un- 
leashed Paran6 volcanism at -133 Ma and 
led to the formation of the true sea floor 
there about 5 My later. 

The case for this interpretation, howev- 
er, was weakened by a seismic reflection 
study (22), which showed that the critical 
magnetic anomalies along the southeastern 
Atlantic margin of South Africa, previously 
thought to record the beginning of sea floor 
spreading, actually occur on thinned conti- 
nental crust. In this reinterpretation, the 
oldest sea floor is considerably younger than 
previously inferred, correlating with anom- 
aly M9 at 129 to 131 Ma (1 7). In the 
southwestern Atlantic, along the matching 
maigin of Argentina, the situation is clear- 
er: the oldest sea floor anomaly is agreed to 
be M4 (2 1) , which is younger still, having 
been formed -127 Ma (1 7). Likewise, far- 
ther north along the margin of Uruguay and 
Brazil, offshore of the southern extent of 
the Paran6 province, a recent synthesis of 
seismic and well log data (23) concludes 
that the oldest anomaly lying on true sea 
floor is also M4. Thus, it appears that sea 
floor spreading commenced almost simulta- 
neously along the southern 2000 km of the 
South Atlantic rift system 5 My or so after 
the outpouring of the Paran6 flood volca- 
nics. 

Off the shore of the northern part of the 
Paran6 province, north of the S%o Paulo 
Ridge-Rio Grande Rise, true sea floor 
spreading did commence significantly later, 
after anomaly MO at - 1 18 Ma (1 7). Here, 

dramatic stretching of the Brazilian margin 
associated with the fornlation of large ex- 
tensional basins has been documented (23). 
The subsidence histories of these basins are 
remarkably similar, and many are floored by 
volcanic rocks tentativelv correlated with 

z ,  

the Paran6 volcanic rocks. Thus, major 
stretching along this northern segment of 
the rift occurred after flood volcanism and 
was coeval with active spreading along the 
southern segment. The junction of the two 
rift segments coincides with the Ponta 
Grossa Arch (9) (Fig. I), a locus of intense 
dike injection trending northwestward hun- 
dreds of kilometers into the Brazilian inte- 
rior. This feature may be a failed rift (24). 
The dike swarm is not well dated, but its 
formation between 130 and 118 Ma has 
been inferred from paleomagnetic data 
(1 6), and extension in this zone appears 
capable of accommodating the disparity in 
rates of separation between the northern 
and southern rift segments. 

Thus, an alternative model that seems 
more consistent with existing data is one in 
which the Tristan da Cunha plume played a 
more central role in continental breakup. 
By uplifting and weakening the continental 
lithosphere, the plume precipitated the in- 
tense episode of Parani flood volcanism 
-133 Ma. This led within only a few 

million vears to rifting and the initiation of - 
active sea floor spreading almost simultane- 
ously along the entire southern arm of the 
mid-Atlantic spreading ridge. 

Our data also indicate that Paran6 vol- 
canism postdates most modem estimates 
(135 to 145 Ma) (1 7, 25) for the age of the 
Jurassic-Cretaceous 0-K) boundary. Some 
data have been presented .in support of an 
age closer to 130 Ma for the boundary (26), 
but faunal correlations are currently inade- 
quate to assess the synchroneity of the 
variously defined boundaries at different 
locations. The preponderance of estimates 
for the J-K boundary in the range 135 to 
145 Ma suggests that temporal correlation is 
unlikely, but further work on both the 
definition and the age of the boundary is 
needed. 
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A Prediction of Mars Seismicity from 
Surface Faulting 

Matthew P. Golombek, W. Bruce Banerdt, Kenneth L. Tanaka, 
David M. Tralli 

The shallow seismicity of Mars has been estimated by measurement of the total slip on 
faults visible on the surface of the planet throughout geologic time. Seismicity was cali- 
brated with estimates based on surface structures on the moon and measured lunar 
seismicity that includes the entire seismogenic lithosphere. Results indicate that Mars is 
seismically active today, with a sufficient number of detectable marsquakes to allow seismic 
investigations of its interior. 

T h e  level of tectonic and geologic activity 
on Mars suggests that it should be seismi- 
cally more active than the moon but less 
active than the Earth (1). Although the 
Viking seismometer failed to detect a mars- 
quake, the poor sensitivity of the instru- 
ment does not preclude Mars from being a 
seismically active planet (2). In addition, 
calculations (I) indicate that stresses in- 
duced by cooling of the martian lithosphere 
should give rise to seismicity that exceeds 
the rate of shallow lunar seismicitv (28 , . 
events in 8 years) thought to be of tectonic 
origin (3). 

The seismic scalar moment is defined as 
M, = p,SAf, with uniform rigidity p, and 
aveiage slip S over fault area Af. Measure- 
ment of the total slip on a fault of known or 
estimated depth and length allows a deter- 
mination of the cumulative seismic mo- 
ment. This value provides an estimate of 
the total seismic energy released by simple 
double-couple source mechanisms. The re- 
lease of the total seismic moment can be 
distributed according to event size by an 
assumed relation between moment and fre- 
quency of occurrence. 

Tectonic features on Mars are found 
primarily around the Tharsis region, a large 
elevated volcanic plateau with associated 
tectonic features that cover the entire west- 
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em hemisphere of the planet. Tharsis tec- 
tonism has occurred mainly during two 
periods (4, 5), the Late Noachian-Early 
Hesperian and the Late Hesperian-Early 
Amazonian. They correspond to time peri- 
ods of 3.8 to 3. l billion years ago (Ga) or 
4.0 to 3.7 Ga, and 3.1 to 0.7 Ga or 3.7 to 
2.5 Ga, respectively, depending on which 
crater-absolute time scale is used to cali- 
brate martian stratigraphy (6). Tectonic 
features that formed during the first period 
include (i) a dense radial swarm of narrow 
grabens, (ii) a sweeping system of concen- 
tric wrinkle ridges, (iii) large grabens and 
rifts of Tempe Terra, and (iv) deep rift 
valleys of Valles Marineris. Structures that 
formed during the second period include (i) 
an enormous set of radial grabens that 
extend UD to thousands of kilometers from 
the center of the plateau; (ii) large, partic- 
ularly dense grabens around Alba Patera; 
(iii) rift zones of Valles Marineris; and (iv) 
the Thaumasia rift, on the south flank of 
Tharsis. Tectonism and volcanism contin- 
ued through the Middle and Late Amazo- 
nian (perhaps to the present) at lower 
levels. Faulting during the Middle Amazo- 
nian [0.7 to 0.25 Ga or 2.5 to 0.7 Ga (6)] 
was localized around the center of the 
plateau and around the large Tharsis Mon- 
tes volcanoes. Late Amazonian [0.25 or 0.7 
Ga to the present (6)] faulting surrounded 
the Tharsis Montes volcanoes and was as- 
sociated with late stage caldera collapse. 
Faulting also continued in the rift valleys of 
Valles Marineris throughout Middle and 

Late Amazonian time. 
The most common tectonic feature on 

Mars is the simple graben (7), which is 
bounded by two -60" inward-dipping nor- 
mal faults (8). These faults extend about 
2.5 km into the martian interior and have 
experienced an average of 150 m of slip (9). 
Faulting on narrow grabens has been esti- 
mated from a data set (1 0) that includes the 
locations and lengths of all visible grabens 
(approximately 7000), about half of which 
formed during each of the two tectonic 
periods (4, 5). 

Larger grabens and rifts that involve 
more of the lithosphere are also found on 
Mars, principally in Valles Marineris, 
Thaumasia, Tempe Terra, and Alba. Faults 
bounding the Thaumasia rift (from the Late 
Hesperian to Early Amazonian periods) and 
the canyons in Valles Marineris (from both 
periods) likely extend through the entire 
brittle lithosphere, estimated to be -40 km 
thick (7). Slip was determined from the 
observed topographic relief (4 to 8 km for 
Valles Marineris, 1.5 km for the Thaumasia 
rift). Geologic mapping of Valles Marineris 
(1 1) indicates that trough-bounding faults 
tens of kilometers long cut Amazonian 
landslides and floor materials in the can- 
yons and have offset trough walls as much as 
several hundred meters. On the basis of 
these relations, the latest fault activity in 
Valles Marineris during Middle and Late 
Amazonian time is represented as 20 faults, 
each 50 km long and having undergone 100 
m of slip. Grabens at Alba and Tempe 
Terra are more narrow and probably in- 
volve the upper 5 to 10 km of the litho- 
sphere (7). Grabens at Alba formed mostly 
during the Early Amazonian and have ex- 
perienced 0.2 to 0.5 km of slip (12). Tempe 
Terra rifts appear to be -0.5 km deep and 
were formed in the Late Noachian (4). 
Fault lengths were measured directly from 
surface maps. 

Abundant compressional wrinkle ridges 
around Tharsis formed during the Early 
Hesperian. A model in which subsurface 
thrust faults were assumed to dip about 25" 
and extend 5 km down dip with -150 m of 
slip (1 3) was applied to the lengths of about 
2000 ridges around Tharsis (1 0). In addi- 
tion, the length, average width, and depth 
of Middle and Late Amazonian grabens 
were measured to derive fault areas and slips 
for the two youngest time periods. Caldera 
collapse also was included in the measure- 
ments of Late Amazonian activity because a 
detailed seismological study (14) on Earth 
shows that collapse occurs by an equivalent 
shear process and produces fairly large 
earthquakes. The length, extent [I0 km 
deep (15)], and slip [from present relief 
(1 6)] of circular caldera faults on the tops of 
Olyrnpus, Ascraeus, Pavonis, and Arsia 
Mons were included in Late Amazonian 
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