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the locked fault is near the end of its stress 
buildup cycle, an episodic slip event may be 
sufficient to trigger a large earthquake (8). 

The Cascadia slip episode, which took 
about 35 days, increased stresses across the 
shallower, earthquake-generating part of the 
plate boundary fault (white line segment in 
the figure on the previous page). This stress 
increase associated with the event is very 
small, equivalent to about half a year of steady 
stress buildup, bringing the fault very slightly 
closer to failure. The maximum change is 
about a factor of 10 smaller than the stress 
changes caused by earthquake slip that have 
triggered subsequent earthquake events (9). 

The Cascadia subduction zone last experi- 
enced a great earthquake in 1700 (10) and so 
may be only about halfway through its -600- 
year earthquake cycle. Therefore, even events 
substantially larger than the 1999 aseismic 
slip episode may not soon push this fault over 
the brink. However, other regional faults may 
be closer to failure and such episodic events 
could lead to large earthquakes. Continuous The Cascadia subduction zone. Subdiction o f  
monitoring of these faults, in Cascadia and t h e  Juan de Fuca p la te  beneath t h e  N o r t h  

elsewhere, is thus of major importance. American plate results i n  the formation o f  the 

Much remains to be learned about earth- Cascade Range. 

quake stress buildup. We do not yet know 
whether aseismic episodes are rare or com- less than that typical for earthquake slip. This 
mon, large or small. For earthquakes, the num- ratio is proportional to the stress change 
bers of events increases roughly tenfold for caused by the event, so the magnitude of the 
each unit decrease in earthquake magnitude. effects like those shown in the figure is less 
For aseismic events, we must determine the re- important when the ratio is small. 
lation between frequency of occurrence, slip, Recent work (1, 4-6) has revealed a rich 
and slipped area to understand what causes spectrum of aseismic behavior in seismically 
them and evaluate whether such eoisodes will active regions but has also raised many new 
trigger large earthquakes. For t ie  Cascadia questions. Further progress in understanding 
episode, the ratio of fault slip to fault area was these processes depends on the deployment 
quite small, about two orders of magnitude of dense networks. Focused instrument clus- 
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The last two decades have been exhil- beautifully preserved skull of a new 
arating for paleontologists and evo- synapsid taxon called Hadrocodiu~n 
lutionary biologists seeking to un- (synapsids are the group of legged verte- 

ravel phylogenetic relationships among brates to which mammals belong), un- 
living and extinct mammals. Stunning fos- earthed from the famous Early Jurassic 
sils have been unearthed from kev loca- (-195 million years old) Lufeng deposits 
tions worldwide and new methods have of Yunnan Province in China. 
facilitated the comparison of these fossils Although the last 65 million years of 
with their living counterparts. The fossil Earth history (the Cenozoic Era) are often 
reported by Luo et al. (1) on page 1535 of regarded as "the age of mammals," the 
this issue is the latest gem in this string of major branches of the mammalian evolu- 
paleontological pearls. They describe a tionary tree diverged tens of millions of 

years earlier, during the Mesozoic Era 
(see the figure). We have known about 

The author is in the Department of Geological Sci-  
ences, University of California, Santa Barbara, CA fossils of Mesozoic mammals for about  
93106, USA. E-mail: wyss@geology.ucsb.edu 200 years. But it is only recently that sig-  

ters are needed to spatially resolve buried 
sources of deformation, many of which could 
be much smaller or more localized than that 
identified with the relatively sparse array 
used by Dragert et al. These arrays should al- 
so include ultrastable borehole strain meters, 
which are increasingly more sensitive than 
continuous GPS for time intervals of a month 
or less. Parallel developments are needed in 
refining analysis and modeling techniques 
aimed at extracting the maximum informa- 
tion from these large data sets (11). 

Local prototype arrays of continuous 
GPS and borehole strain meters have recent- 
ly been installed by the U.S. Geological Sur- 
vey at Parkfield on the central San Andreas 
fault and at Long Valley caldera, a region of 
volcanic unrest in eastern California. Addi- 
tional clusters in a range of geological envi- 
ronments will ensure timely acquisition of 
the kinds of data needed to capitalize on the 
capabilities of continuous GPS and borehole 
strain meter technology and rapidly expand 
ow understanding of how earthquakes occur 
and why volcanoes erupt. 
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nificant numbers of reasonably complete 
skulls and skeletons have become avail- 
able. Prior to this, information was limited 
to what could be gleaned from skeletal 
bits and pieces, such as teeth and jaw frag- 
ments. Indeed, much of our knowledge 
about mammalian evolution stems from 
analyses of the highly specialized teeth for 
which mammals are noted. The availabili- 
ty of exqhisitely preserved skulls and 
skeletons of many early mammalian lin- 
eages has diminished the influence of this 
tooth-centric perspective, leading to the 
emergence of a highly integrated under- 
standing of mammalian phylogeny. 

A consideration of the outwardly unde- 
manding question "How old is the oldest 
mammal?" reveals one recent improve- 
ment in the naming of groups of organ- 
isms. Traditionally, formal taxonomic 
names, such as Mammalia, have been 
equated with "key" or "defining" morpho- 
logical traits-for example, mammary 
glands, hair, or a dentary-squamosal jaw 
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articulation (2). This practice has led to 
generally futile debates about which char- 
acteristics are "defining" features, and 
endless wrangling about where the mam- 
mal/nonmammal "boundary" should be 
placed. The scientific meaning of taxo- 
nomic names, however, is increasingly 
viewed as deriving entirely from clear 
linkages of those names to particular 
groups of organisms (3). The issue thus re- 
duces to one of choosing which branch of 
the synapsid evolutionary tree to link with 
the name Mammalia. 

Overwhelming evidence points to the 
divergence of monotremes (the egg-laying 

most strikiig of which is its exceedingly 
small size (its estimated body mass is 
about 2 g). Meticulous anatomical and 
phylogenetic analyses by Luo and col- 
leagues reveal that Hadrocodium di- 
verged before the appearance of the most 
recent common ancestor of monotremes 
and therians. So, strictly speaking, it is 
not a mammal, but is a member of the 
Mammaliaformes-a broader grouping 
comprising mammals and some of their 
closest fossil allies. However, as the 
nearest securely identified relative of 
mammals, Hadrocodium has proved 
uniquely valuable for documenting the 

c- ! Marsupialia 

jaw bone, Hadmcodium shares other evo- 
lutionarily unique features with mam- 
mals, such as an advanced configuration 
of the secondary palate and an elevated 
and anteriorly shifted craniomandibular 
(jaw) joint. 

Another intriguing feature of Hadm- 
codium is its cranium, which is enormous 
compared to those of its contemporaries. 
Remarkably, mammaliaforms exhibit a 
huge range in cranium volume (relative to 
skull width). This wide variation evinces 
the plasticity of this feature among mam- 
maliaforms and the considerable evolu- 
tionary convergence (or reversal) associat- 
ed with cranial enlargement during mam- 
maliaform evolution.-This is by no means 
the only feature of mammaliaforms noted 
for its plasticity. In fact, mammaliaform 
features exhibiting convergence or reversal 

cd - 
are almost as nGerous &features consid- 

.C - ered to be evolutionarily more stable (4). 
Other fossils have been valuable for as- 

sessing the ancestral morphologies of ma- 
jor subgroups within the 

Mammalia. A nearly com- 
plete skeleton of a close 
relative of Theria, Zhan- 
gheotherium (5),  has 
been unearthed from 
deposits in Liaoning 
Province, eastern China 

*Zhangheotherium (also celebrated for their 
feathered dinosaur fos- 

sils). Another fossil predating the Theria, 
called yincelestes, has recently been de- 

I scribed in deposits from Patagonia (Ar- 
Moqanumdon gentina) (6, 7). Finally, Late Cretaceous 

deposits have produced spectacular re- 
Honoring the ancestors. Simplified branching diagram of the phylogenetic relationships among mains assigned to taxa that represent the 
the major groups of living mammals and their fossil relatives. Taxonomic names associated with n-st relatives of placental and m u p i -  
various branches are shown. Extant groups are indicated by dark green boxes. Divergence times for al therians, Ukhaatherium (8) and Delta- 
more inclusive branches are estimated. theridium (9), respectively. These two fos- 

sils are shedding much needed light on the 
platypus and echidna) and therian mam- sequence of morphological changes that divergence of the two dominant subgroups 
mals (marsupials and placentals that give led to the emergence of mammalian an- of modem mammals. 
birth to live young) from a unique common cestors. If it were not for the synapsid The welcome discovery of the tiny but 
ancestor. Robust evidence for this shared fossil record, we would know only that crucial fossil of Hadrocodium demon- 
heritage is not surprising given that both myriad evolutionary novelties-such as strates yet again the continued handsome 
monotremes and therians have living repre- three middle ear bones and a lower jaw scientific payoffs that emerge from the 
sentatives, and so are amenable to a much composed of a single bone-appeared time-honored practice of hunting for an- 
widerrangeofcomparis~~~~thanarepossi- sometime before the divergence of cientbones. 
ble with fossil remains. Most scientists monotremes and therians, and sometime 
who study synapsids work on living forms, after the divergence of mammals and bferencea 
that is, members of a branch of the evolu- their nearest living relatives, the reptiles. 1. z.-x. Luo eta11 kim~e29211535 (2001). 

tionary tree that includes the most recent Instead, fmm analyses of Hadmcodiurn $1 :~$~~f~~~~,*~$~].U)7(lm). 
common ancestor of monotremes and theri- and many other fossils, we have a de- 4 Q. ji, z x. LUO. s.A.J~. Nature402,898 (1999). 
ans plus all of its descendants. Thus, it is tailed understanding of the long se- 5. Y. M. HU,Y. Q. Wang, Z. x LUO, C. K. U, Nature 390, 

expedient to assign the name Mammalia m quence of changes that resulted in these . :.31 Foz2;fle, , , RoUsitT, in cov this branch; among 0 t h  benefits, this en- Unique Structures. Latinoamericano de Palcontologia, Bolivia 1 (1987). 
sures that this name will be used eauivalent- Hadmcodium is firmly ~ositioned as a 343. 
ly by p ~ ~ ~ ~ t O 1 ~  stud* fossiis and bi- the nearest fossil relati& bf mammals, 7. L.W. Rougier, thesis. ~niversidad Nadonal de henos 

Aim (1993). ologists studying living representatives (2). thereby clarifying which morphological M. J. NOMCCk al, Naturr389,483 (1997). 
The new fossil, Hadmcodium, is dis- features are ancestral for Mammalia. Be- 9. G.W. b g i e r ,  J. ~ ~ i b k  M. J. ~ - k ,  N a m  396, 

tinctive in numerous ways, perhaps the sides three middle ear bones and a single 459 (1998). 
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