those responsible for supergene enrichment,
may bind to cell walls in large quantities
(15). Therefore, the collection and concen-
tration of Cu ions seem to have been the
most likely function of these putative bac-
teria in the enrichment process. However,
the electron transfer involved in chalcocite
enrichment (16) also may be catalyzed bac-
terially (5). Data on S isotopes (17) and
theoretical modeling (18) show that the S
in supergene chalcocite is inherited from
the hypogene sulfides that it replaced.
Hence, the bacteria cannot be of the type
dedicated to the reduction of sulfate ions
(in the descending solutions) to sulfide.
Microbial fixation of Cu at active replace-
ment fronts between hypogene sulfides and
chalcocite may be a critical kinetic factor in
the enrichment process.

Consequently, climatic or hydrologic
conditions that favor the proliferation of
bacteria may be an important control on
the rate and efficiency of supergene enrich-
ment. Indeed, the hyperarid conditions re-
sponsible for the mid-Miocene cessation of
enrichment in northern Chile-southern
Peru (7, 19) may have been inimical to the
bacterial activity. Most of the enrichment
in northern Chile—southern Peru took place
100 to 300 m beneath the paleosurface (Fig.
1), which is shallow relative to the maxi-
mum recorded depth of ~4 km for subter-
ranean microbial activity (20).
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Oceanic Anoxia and the End Permian
Mass Extinction

Paul B. Wignall and Richard J. Twitchett

Data on rocks from Spitsbergen and the equatorial sections of Italy and Slovenia indicate
that the world’s oceans became anoxic at both low and high paleolatitudes in the Late
Permian. Such conditions may have been responsible for the mass extinction at this time.
This event affected a wide range of shelf depths and extended into shallow water well

above the storm wave base.

The mass extinction at the end of the
Permian marks a serious biotic crisis: both
the marine and terrestrial biota suffered
near annihilation (1). The timing and caus-
es of this event have been uncertain: Se-
quence stratigraphic analysis of numerous
sections have shown that the Permian-Tria-
ssic (P-Tr) boundary straddles an interval of
rapid, global sea-level rise (2, 3). Similarly,
an image of a protracted crisis spread over
the last few million years of the Permian has
been challenged; it may be a considerably
more complex event involving an initial ex-
tinction separated by a period of radiation in
the latest Permian before the wholesale
slaughter at the end of the Permian (4). The
final crisis may have been entirely restricted
to the final one million years of the Permian.

The mechanism of the extinction has
been much debated. The rapid eruption of
the vast Siberian flood basalts was con-
temporary with the extinction, and the
two events have been linked in several
ways (5). Many boundary sections contain
oxygen-restricted facies, which raises the
possibility that marine organisms were
killed by anoxia (2, 6). In this report, we
demonstrate that anoxia occurred in much
shallower water than previously recog-
nized and show that sections of the high-
latitude Boreal oceans were also affected
by the anoxic event.

If anoxic-dysoxic conditions were re-
sponsible for the extinction, then several
factors need to be demonstrated. (i) The
conditions must have been sufficiently

Department of Earth Sciences, University of Leeds,
Leeds LS2 9JT, UK.
SCIENCE «

VOL. 272+ 24 MAY 1996

widespread (6). Most of the evidence for
anoxia has come from equatorial and mid-
southern paleolatitudes of the Tethyan
Ocean. The nature of environmental
changes in the high northerly paleolati-
tudes of the Boreal Ocean has been un-
clear. (ii) Anoxia must have affected areas
of unusually shallow water, the repository
for most marine invertebrate diversity.
(iii) There must be a propinquitious rela-
tion in space and time between extinction
and anoxia.

To answer these questions, we conducted
a sedimentological and ichnological study of
P-Tr boundary sections in Spitsbergen that
lay on the margin of the Boreal Ocean and a
similar study, combined with geochemical
analysis, of the shallow-water, equatorial sec-
tions of western Tethys (northern Italy,
southern Austria and Slovenia).

The P-Tr boundary in Spitsbergen has
traditionally been placed at the contact
between the Permian Kapp Starostin For-
mation, a cherty limestone and shale, and
the shale and sandstone of the Vardebukta
Formation (Griesbachian and Dienerian
stages of the lowermost Triassic). Avail-
able biostratigraphic data are poor, and for
the Kapp Starostin Formation, the carbon
isotope stratigraphy revealed by its con-
stituent brachiopod and coral fauna is the
best guide to its latest Permian (Changx-
ingian Stage) age (7). The Vardebukta
Formation contains sporadic examples of
the ammonoid Otoceras boreale near its
base, and these are joined by the typical
Triassic taxa Ophiceras and Claraia 20 to
30 m above the base (8). Defining the
position of the base of the Triassic is a
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subject of ongoing debate; the ammonoid
and conodont records seem to yield differ-
ent boundaries: most assign it to the base
of the Hindeodus parvus conodont zone
(9). On the basis of ammonoid-conodont
correlations elsewhere, the base of the H.
parvus zone corresponds to a level high in
the range of O. boreale. In the Kapp Sta-
rostin Formation, this correlation would
place the P-Tr boundary tens of meters
above the formation boundary.

We examined the P-Tr transition at
three locations around Isfjord, Spitsber-
gen: Kapp Starostin, Kapp Wijk, and
Sveltihel. All show a similar facies devel-
opment, and we thus focus on the best
exposed section at Kapp Starostin (Fig. 1).
The transition from the Kapp Starostin to
the Vardebukta Formation is marked by a
change from a cherty, silty mudstone to a
shale at the base of a 15-m-thick unit that
becomes coarser as we move up. Such
parasequences typify the Vardebukta For-

Kapp Starostin, Spitsbergen
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Fig. 1. Sedimentary log and ichnofabric index (Il)
from the Kapp Starostin section of the P-Tr
boundary in western Spitsbergen. Anoxic deposi-
tion, characterized by fine lamination, abundant
pyrite, and well-preserved fossil fish, began in the
latest Permian within a parasequence. This
records an event on the margins of the Boreal
Ocean at about 50°N. Abbreviations: KSF, Kapp
Starostin  Formation; HCS, Hummocky cross
stratification. Grain size scale: C, clay; Si, silt; and
FS, fine sand.
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mation. In the basal 80 m of the forma-
tion, thin, current-rippled (and occasional
hummocky cross-laminated) sandstone ap-
pears near the tops of the parasequences,
which indicates a distal storm facies typi-
cal of an outer shelf setting.

The major paleoenvironmental change
in the lower Vardebukta Formation occurs
6 m above the base at a level unrelated to
the base-level changes associated with
parasequence development. Beneath this
level, the mudstones are thoroughly bio-
turbated by vague sinuous (and occasion-
ally branching) burrows a few millimeters
wide [level 6 in the semiquantitative
ichnofabric index (II) of Droser and Bot-
tjer (10), where 1 indicates no burrowing
activity and 6 indicates complete biotur-
bation]. Above the 6-m level, burrows dis-
appear, the sediments are finely laminat-
ed, and framboidal pyrite is common to
abundant. Complete, articulated fish are
not uncommon in the overlying 60 m of
sediment, but the only evidence for
benthic life are occasional bedding planes
covered with a few species of bivalve,
notably Claraia, and five beds with small,
rare Planolites burrows (Fig. 1). This mea-
ger evidence for benthic colonization im-
plies that benthic life was inhibited in the
lower Vardebukta Formation. The fine
lamination, presence of pyrite, and well-
preserved (nonscavenged) fish are all sug-
gestive of bottom-water anoxia. The onset
of anoxic conditions is not coincident with
the deepest water facies recorded at the base
of the Vardebukta Formation; rather, it oc-
curs during the subsequent aggradation
within the basal parasequence. The return of
normal, bioturbated aerobic biofacies (II 6)
occurs near the top of a later parasequence
in a sandstone at a level high in the Gries-
bachian Stage (Fig. 1).

The Spitsbergen data imply that anoxic
conditions affected the boreal seas during
the P-Tr crisis. In the western Tethyan
sections of northern Italy, where the event
was first recognized, the problems are dif-
ferent. The carbonate-dominated P-Tr
succession of the Dolomites record a spec-
trum of depositional environments. The
Permian Bellerophon Formation is discon-
formably overlain by the Werfen Forma-
tion, which, at its base, contains thin,
strongly retrogradational oolite-bearing
rocks, the Tesero Oolite horizon (TOH).
The TOH is overlain by the Mazzin Mem-
ber, which consists of thin, distal tempes-
tites and laminated micrite. The first H.
parvus, and therefore the base of the Trias-
sic, is in the lower part of the Mazzin (11).
On the margins of the basin, the Mazzin
Member passes upward into the Andraz
horizon, a peritidal unit, but more distally
it is overlain by open marine carbonates of
the Siusi Formation.
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If the laminated and pyritic micrites of
the Mazzin Member are interpreted as evi-
dence of deposition under anoxic bottom
waters (2), then the onset of anoxia was at
a level similar to that seen in Spitsbergen.
This interpretation is not accepted by all,
however, and these sediments have been
alternatively interpreted as supratidal flat
facies (12). Geochemical evidence from the
Mazzin Member of the Gartnerkofel-1 core
(southern Austria), a location within the
same depositional basin as the Italian out-
crops, is more characteristic of anoxic deep
water (13, 14). However, the Gartner-
kofel-1 core samples more distal rocks, so
perhaps this is not surprising. It has even
been suggested that the generally laminated
nature of the Early Triassic sedimentary
rocks is caused by the paucity of a burrow-
ing fauna in the aftermath of the extinction
and not by any environmental changes (1).

To independently evaluate the redox
conditions under which the Early Triassic
sediments of northern Italy accumulated,
we used gamma ray spectrometry; gamma
rays of characteristic energy emitted dur-
ing the radioactive decay of potassium,
thorium, and uranium species are detected
by a spectrometer. The ratio of Th/U cal-
culated from the data can be used to esti-
mate redox conditions in the depositional
environment (15). In anoxic conditions,
uranium is reduced to the insoluble ura-
nous (U*") fluoride complex and can be
preserved in the sediment, whereas in ox-
idizing environments, it is converted to a
soluble uranyl (U%*) carbonate, which is
removed in solution. Anoxic sediments
are therefore typically much more U-rich
than oxic ones. Thorium is unaffected by
redox conditions and remains in an insol-
uble state (Th**). The result is that an-
oxic sediments have Th/U ratios below 2,
oxic marine sediments have ratios be-
tween 2 and 7, and intensely oxidizing
terrestrial environments have ratios in ex-
cess of 7 (I5). We made measurements
over 3-min intervals and regularly repeat-
ed analyses. Errors on Th/U ratios were
+5% or less.

We measured eight sections over a to-
tal of 750 m of strata from the basal TOH
to the top of the Siusi Member (Fig. 2).
Facies analysis of the TOH suggests that it
was deposited in well-oxygenated condi-
tions. The amount of U detected in the
dolomitized oolites was too low (less than
1.8 parts per million) to obtain a reliable
signal, although as mentioned above, low
U values are only to be expected in oxy-
genated facies. In contrast, the first devel-
opment of Mazzin micrites is marked by a
sharp swing to anoxic Th/U ratios. These
facies are just above the last appearance of
a moderately diverse Permian brachiopod,
calcareous algae, echinoderm, and forami-




niferan assemblage (16).

The data show that anoxia prevailed
for much of the Mazzin depositional inter-
val even in shallow ramp settings. Narrow
intervals of slightly oxygenated conditions
are seen from the mid-Mazzin upward in
association with major storm beds [for ex-
ample, at Bulla (Fig. 2)], indicating that
occasional storms were able to oxygenate
the benthic environment. However, most
sections show no evidence for benthic ox-
ygenation until the Andraz horizon, al-
though some, such as the Medvodje sec-
tion (Fig. 2), show a trend of increasing
Th/U ratios up through the Mazzin. The
evidence shows that anoxic bottom waters
were present throughout the Mazzin inter-
val in water depths above the storm wave
base. The Andraz has Th/U ratios signifi-
cantly greater than 2, suggesting oxygen-
ated conditions. This result is to be ex-
pected considering the peritidal nature of
the deposit. The upward passage from the
anoxic ratios below occurs in as little as 1
m. It would appear that throughout much
of its depth, the Mazzin sea was anoxic to
dysoxic, and only in a narrow, peritidal
fringing zone (separating supratidal flat
from storm-dominated ramp facies) was
the benthic environment oxygenated.

Anoxic ratios return abruptly in the
micrites and wackestones at the base of
the Siusi Member but only for a short
interval (about 10 m), and normal marine
ratios are rapidly established (Fig. 2) along
with a burrowing fauna (II 3 through 5)
and a modest diversity of shelly inverte-
brates (17). The Dolomites succession
thus is similar to that of Spitsbergen; the
anoxic event began late in the Changx-
ingian, terminated late in the Griesba-
chian, and in both areas its effects can be
detected in shallow marine settings sub-
ject to storm deposition.

The rapid demise of the Permian as-
semblages in the Dolomites is closely re-
lated to the development of dysaerobic
facies, but diversity in the underlying few
meters of strata is difficult to assess be-
cause of the dolomitization and recrystal-
lization (2, 12). It is therefore difficult to
directly equate the extinction and the on-
set of anoxic deposition. In South China,
however, the relation is much clearer. The
transition from the Permian to the Trias-
sic is marked by the development of a
remarkably uniform facies consisting of
various proportions of thinly bedded marls
and micritic limestones (18). The abun-
dance of trace metal—enriched framboidal
pyrite and fine lamination implies that the
rocks were deposited in a low-oxygen en-
vironment (19). The demise of a high-
diversity latest Changxingian benthic fau-
na (species diversities are commonly in
the hundreds) generally occurs in the
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meter or so beneath the basal Triassic
facies and is marked by a decline in the
size, depth, and density of burrows (Il 6
declining to 2 or 1) and the development
of first pyrite steinkerns and then dissem-
inated framboidal pyrite. The evidence
points to a rapid development of anoxic
depositional conditions through a succes-
sion of dysaerobic biofacies. In many sec-
tions, a mixed fauna of Permian brachio-
pods and Triassic bivalves, conodonts, and
ammonoids occurs in a 10- to 30-cm-thick
bed at the base of the Triassic. This tran-
sition bed records slightly dysoxic condi-
tions: steinkern pyrite, low diversity, and
small burrows (2, 20), a last gasp before
the final suffocation.

The marine extinction mechanism thus
appears to be closely related to the devel-
opment of oxygen-restricted deposition,
but the relation with the Siberian flood
basalt eruptions and terrestrial extinctions
requires thought. One notion is that the
Siberian eruptions emitted CO, and other
gases leading to global warming (I, 21).
Sedimentological and paleobotanical evi-
dence indicates rapid warming and the
demise of cold-loving plants at the time of
the mass extinction (13, 22). In the Early
Triassic, warm, arid to semiarid conditions
dominated over much of the equatorial
and mid-paleolatitudes of Pangea, whereas
the highest paleolatitudes only experi-

enced a wet, temperate climate (13, 22).
A remarkably cosmopolitan terrestrial fau-
na developed, testimony to a minimum of
environmental heterogeneity. Tempera-
ture increase in the sea is unlikely to have
caused extinction, unless the temperature
considerably exceeded 30°C, an unlikely
proposition, at least in mid to higher lat-
itudes. A more direct cause of death may
come from a double-edged effect of tem-
perature rise: oxygen uptake of organisms
rapidly increases with temperature rise,
and yet oxygen solubility declines in
warmer waters (23). However, probably
the single most important cause of oxy-
gen-deficient waters (and thus the marine
extinction) was the decline in oceanic
circulation as the equator-to-pole temper-
ature gradient declined. Evidence from
Japanese pelagic sediments indicate that
the oceans began to stagnate in the
Changxingian (24), precisely the time of
the biotic crisis.

A rapid negative carbon isotope swing
has been detected in carbonates and or-
ganic carbon from a number of P-Tr sec-
tions scattered throughout the world (25),
implying a drop in productivity. However,
313C values rapidly increased a short dis-
tance above the P-Tr boundary, implying
a recovery of productivity levels. Basal
Triassic marine palynological assemblages
are also characterized by prolific numbers
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Fig. 2. Th/U ratios for several sections spanning the boundary of the Bellerophon and Werfen formations
in the Dolomites (Italy) and Slovenia. The left to right (west to east) order of the sections records a transect
from marginal localities in the west to more basinal localities in the east. Thus, the Andraz horizon, the
most proximal, peritidal facies with tepees, is not seen in the most easterly Medvodje section of Slovenia.
Anoxic ratios (less than 2) characterize much of the Mazzin Member and the basal meters of the Siusi
Member and indicate that anoxic conditions affected all but the peritidal conditions of the Andraz in the
early Griesbachian seas of this equatorial western Tethyan region.
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of acritarchs, a sign of eutrophic condi-
tions (26). Productivity crash followed by
productivity boom is a characteristic of
oceans in which a rapid decline of circu-
lation rates produces an anoxic lower wa-
ter column (27). Modeling shows that,
initially, the productivity declines con-
comitantly with the decrease of the rate of
oceanic overturn and nutrient supply.
This effect is counterbalanced by the in-
creased availability of reactive phosphorus
(the principal biolimiting nutrient),
which is not as efficiently sequestered by
iron oxides and organic matter in an an-
oxic ocean. There is, however, a signifi-
cant lag time (of the order of tens of
thousands of years) between the onset of
oceanic anoxia and the build-up of phos-
phorus (27), a delay that is disastrous for
the marine biota.
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Nanotribology and Nanofabrication of MoO,
Structures by Atomic Force Microscopy

Paul E. Sheehan and Charles M. Lieber*

Atomic force microscopy was used to characterize the sliding of molybdenum oxide
(MoO,) nanocrystals on single-crystal molybdenum disulfide (MoS,) surfaces. Highly
anisotropic friction was observed whereby MoO, nanocrystals moved only along specific
directions of the MoS, surface lattice. The energy per unit area to move the MoO,
nanocrystals along their preferred sliding direction was an order of magnitude less than
required to slide macroscopic MoS,-bearing contacts. This extreme friction anisotropy
was exploited to fabricate multicomponent MoO, nanostructures. These reversibly in-
terlocking structures could serve as the basis for devices such as mechanical logic gates.

Thiree centuries of macroscopic studies of
friction, adhesion, and wear have contrib-
uted much to the phenomenological un-
derstanding of tribology (1, 2). However,
studies of interactions between macro-
scopic bodies are influenced by complex
factors, including surface roughness and
adsorbates, that have precluded the devel-
opment of a first-principles understanding
of friction and adhesion (2, 3). In princi-
ple, nanometer-scale measurements of
friction and adhesion forces should be in-
terpretable in terms of fundamental inter-
molecular forces, and such measurements
could thus play a central role in the de-
velopment of microscopic models of fric-
tion and the rational design of improved
lubricants. Moreover, such microscopic
information is highly relevant to the
emerging field of nanotechnology, where
noncovalent interactions are important in
the manipulation, assembly, and stability
of new structures.

Atomic force microscopy (AFM) can
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be used to measure normal (adhesive) and
lateral (friction) forces on the nanometer
scale, and thus it is a powerful technique
for probing the microscopic mechanism of
friction (3-8). Studies of friction between
probe tips and different surfaces have
yielded a number of interesting observa-
tions, including atomic scale stick-slip
motion (4, 6) and functional-group de-
pendence of friction (7, 8). These studies
have also raised the issues of whether fric-
tion depends on the crystallographic di-
rection of sliding and whether the contact
between an AFM microscope probe tip
and a surface is a single- or multiple-
asperity contact (9, 10).

These issues highlight a principal
weakness of AFM for tribology: The struc-
ture of the probe tip—sample sliding inter-
face may not be well defined, even though
the probe tip can provide nanometer-scale
resolution. Here, we eliminated this essen-
tial uncertainty by probing the friction of
MoO; nanocrystals sliding on single-crys-
tal MoS,. This system is well suited for
nanotribology studies because the inter-
face structure and contact area are atom-
ically defined and because the MoO,






