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Altered River Morphology in
South Africa Related to the
Permian-Triassic Extinction
Peter D. Ward,1* David R. Montgomery,1 Roger Smith2

The Permian-Triassic transition in the Karoo Basin of South Africa was char-
acterized by a rapid and apparently basin-wide change from meandering to
braided river systems, as evidenced by preserved sedimentary facies. This
radical changeover in river morphology is consistent with geomorphic conse-
quences stemming from a rapid and major die-off of rooted plant life in the
basin. Evidence from correlative nonmarine strata elsewhere in the world
containing fluvial Permian-Triassic boundary sections suggests that a cata-
strophic terrestrial die-off of vegetation was a global event, producing a marked
increase in sediment yield as well as contributing to the global d13C excursion
across the Permian-Triassic boundary.

The Permian-Triassic (P-T) mass extinction
killed more than 90% of marine species and
about 70% of terrestrial vertebrate families
(1). Several causes for the P-T extinction
have been proposed, including an asteroid or
comet impact (2), environmental change (3,
4), oceanic anoxia (5) or overturn (6), volca-
nism (7, 8), and synergistic combinations of
these possible causes (9). Less is known
about the extinctions on land than those in the
sea. Perhaps the best studied record of verte-
brate taxa across the P-T boundary is found in
the Karoo Basin of South Africa, which
records a complete stratigraphic record of
Permian through Triassic systems in the in-
terior of southern Pangaea and contains well-
exposed P-T boundary sections with relative-
ly abundant vertebrate fossils. The P-T
boundaries in the Karoo can be correlated
with marine P-T stratotypes using carbon iso-
tope stratigraphy (10), which also indirectly
dates the P-T boundary in the Karoo at about
251 million years ago (Ma) (11).

The record of vertebrate survivorship in
the Karoo Basin is relatively well known.
Only 6 of the 44 reptilian genera recovered to
date from the highest Permian biostrati-
graphic zone (Dicynodon assemblage zone)
are also found in the succeeding Lystrosaurus
assemblage zone (12). The fossil record of

Permian plants is less complete from the
Karoo because of diagenesis, but correlative
strata from other stratigraphic sections of
Gondwanaland record a major floral extinc-
tion pulse at the boundary (13). The rapidity
and cause of the extinctions among terrestrial
organisms in the Karoo remains controver-
sial, with claims of long-term (106 years)
climate change (14) or more rapid (104 years)
causes (4). In the latter study, the change of
fluvial style, with concomitant changes in
plant ecosystems, was suggested to be the
cause of the vertebrate extinction in the basin.
The proximal cause of this environmental
change was thought to be a major pulse of
tectonic activity along the southern margin of
the Karoo, causing uplift in the basin (4).

We measured stratigraphic sections across
seven P-T boundary localities scattered
across 400 km of the Karoo Basin (15). These
sections show similar changes in facies
across the P-T boundary (Fig. 1). Three dis-
tinct facies associations were determined. Be-
low the boundary, sandstone bodies show an
association of sedimentary facies that are
consistent with formation by scour and sedi-
mentation in a confined unidirectional flow,
such as is produced by large meandering
rivers of high sinuosity. These meandering
channel sandstones are commonly single-sto-
ried and are characterized by low-angle (20°
to 25°) lateral accretion surfaces that extend
throughout the thickness of the channel sand-
stone and into the overlying channel bank
deposits as interdigitating sandstone string-

1Department of Geological Sciences, University of
Washington, Seattle, WA 98195, USA. 2South African
Museum, Cape Town, South Africa.

*To whom correspondence should be addressed.

R E P O R T S

8 SEPTEMBER 2000 VOL 289 SCIENCE www.sciencemag.org1740



ers. The lower portion of the accretion unit is
made up of predominantly trough cross-bed-
ded and horizontally laminated fine-grained
sandstone with some clay pebble conglomer-
ate at the base. The upper parts of the point
bar sandstones are ripple cross-laminated and
commonly display mudstone-draped rippled
surfaces. These sands are interbedded with
olive gray mudstone.

The second facies assemblage is associat-
ed with the boundary itself, as recognized by
the last occurrence of the dicynodont genus
Dicynodon as well as a negative excursion in
d13C. The boundary is within a laminated
sandstone-shale unit several meters thick that
is uniquely found at this interval. The lami-
nated beds are under and overlain by sheet
sandstone bodies ranging from 1 to 5 m thick
with some conglomerate-lined internal dis-
continuities and basal contacts that are char-
acteristically “gullied,” as opposed to having
the wide, shallow scoured bases of the under-
lying sandstones of the previously described

facies. The gullied bases are often filled with
conglomerate lags.

The third facies association is found in the
lowermost Triassic parts of the Lystrosaurus
zone and is characterized by a suite of sedi-
mentary facies typically formed by braided
river systems. These facies contain a higher
proportion of sandstone to shale than in the
underlying Permian, and, in contrast to the
Permian-aged sandstone bodies beneath, are
multistoried and vertically accreted. Each
story (5 to 10 m thick) comprises an erosively
based tabular sandstone, horizontally lami-
nated, with numerous irregular patches of
maroon mudrock clasts. Uneroded tops of
these sandstone units display dune forms
structured by planar cross-bedding with
plane-parallel laminations. Scour surfaces of
these sandstones are draped with mudstone
pebble conglomerate. Interchannel sequences
are coarser than the underlying mud units of
the Dicynodon zone, which we interpret as
being indicative of higher sedimentation

rates. These sandstone units also lack the
inclined lateral accretion surfaces of the Per-
mian sandstone of the underlying facies, and
are thus similar to sands forming in modern-
day braided river systems. The subordinate
interchannel silt and mudstone facies are pre-
dominantly maroon in color, in contrast to the
olive colors of the Permian.

The change in facies described above oc-
curs over 30 m or less of section (and over as
little as 10 m in some sections). We interpret
these facies changes to have occurred be-
cause of a change of river sinuosity from high
to low.

A change from meandering to braided
river patterns can be triggered by a number of
causes. At a given discharge, braided chan-
nels occur on steeper slopes than do mean-
dering channels (16). On the basis of this
relation, a change from meandering to braid-
ed morphology can be inferred to reflect an
increased channel slope, as earlier posited for
the Karoo Basin (4). However, during the
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Fig. 1. Karoo Basin measured stratigraphic sections used in this study,
showing change in sedimentary facies across the P-T boundary interval that
we interpret as being caused by a changeover from high-sinuosity river
systems to braided river systems. GPS for localities as follows: Wapatsberg
S31, 54.879; W24, 53.794. Lootsberg S31, 51.005; W24, 52.299. Tweefon-
tein S31, 49.334; W24, 48.565. Old Lootsberg ( W) S31, 47.600; W24,
47.754. Bethulie S30, 24.989; W26, 17.234. Caledon (N) S30, 26.675; W26,

18.006. The P-T boundary is defined by the last occurrence of Dicynodon sp.
at the Lootsberg, Old Lootsberg, Bethulie, and Caledon sections, and by the
presence of a significant isotopic anomaly at Bethulie and Lootsberg. The
environmental effect causing both the extinction and the isotopic perturba-
tion probably occurred earlier and may coincide with the changeover from
high-sinuosity to low-sinuosity river systems, as interpreted from a change
in sedimentary facies in the six sections.
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P-T interval there is no record of major oro-
genic events in the basin that could have
resulted in the striking sedimentological
changeover from meandering to braided river
systems. Deformation of the Karoo is well
dated, with major episodes of folding and
uplift occurring for approximately million-
year intervals at about 258 and 247 Ma (17).
The recent dating of the P-T boundary at 250
Ma (8), rather than 247 Ma as long believed,
invalidates the hypothesis that the change in
sedimentary facies across the P-T boundary
in the Karoo was triggered by a pulse in
tectonic activity.

An alternative hypothesis is that the
changeover from high-sinuosity to low-sinu-
osity channel morphology was brought about
by a major plant die-off, because sediment
loading and the nature of channel bank veg-
etation also influence the development of
braided channel morphology. High rates of
bedload transport can cause braiding, and
loss of cohesive channel-margin vegetation
can convert a meandering channel to a braid-
ed morphology (18). Consequently, a strati-
graphic change from a meandering to a braid-
ed channel could be due to increased sedi-
ment loading or loss of channel-margin veg-
etation. Numerical models of sediment
transport processes (19) show that the essen-
tial factors necessary for development of
braided channels are high rates of bedload
transport and flow unconstrained by cohesive
or resistant banks. Field experiments on
channel bank scour (20) show that banks
protected by a root mat had erosion resis-
tances several orders of magnitude greater
than that of comparable bank sediment with-
out vegetation. Hence, a die-off of flood plain
vegetation would favor the development of
braided channels because of the decreased
strength of channel banks.

A basin-wide die-off of vegetation would
also increase sediment delivery from hill
slopes, and thereby would increase sediment
loads in channels. Vegetation provides sub-
stantial erosion resistance, and hill slope sed-
iment yields are sensitive to changes in veg-
etation abundance, composition, and health,
with decreased vegetation cover leading to
greater erosion (21). Documented cases of
high sediment yields after watershed-wide
vegetation disturbance include forest fires
(22), land use change and agricultural prac-
tices (23), and volcanic eruptions (24). Field
studies also show that increased sediment
supply from watershed disturbance or large
local sediment sources can lead to channel
braiding (25). Hence, lacking independent
evidence for tectonic forcing at the right time,
we propose that the observed transition from
meandering to braided channels in the ancient
Karoo Basin is better explained by increased
sediment delivery from vegetation-denuded
hill slopes to channels lacking abundant root-

ed plants on their flood plain.
If our hypothesis for the Karoo Basin is

applicable on a global scale, then we would
expect to see a similar response to increased
sediment loading—such as a change from
meandering to braided channels—for other
fluvial basins that span the P-T boundary. It
has been speculated that braided channels
were the dominant fluvial morphology before
the evolution of vegetation, and that mean-
dering channels only became prevalent after
the evolution of primitive terrestrial vegeta-
tion (26). Cotter’s (27) compilation of pa-
leochannel patterns indicates that almost all
reported pre-Silurian fluvial deposits have
been interpreted as braided systems. Subse-
quent reviews have confirmed that Protero-
zoic fluvial deposits were formed by braided
river systems (28). Plotted as a time series,
Cotter’s data show that the proportion of
channels interpreted as braided increased
from the Permian to the Triassic and then
subsequently decreased.

Local as well as global compilations support
this view. Of the 14 P-T fluvial basins studied
to date in Europe (29), only 3 basins had com-
plete boundary sequences. Two of these basins
had fluvial braid plains on both sides of the P-T
boundary; because these channels were already
braided in the Permian, they are not a relevant
test of our hypothesis. In contrast, the P-T
boundary in the South Devon Basin occurs
between the Upper Permian Littleham mud-
stones, interpreted to be a fluvial flood plain
environment, and the Lower Triassic Budleigh
Salterton Pebble Beds, interpreted to be a flu-
vial braid plain—a transition similar to that in
the Karoo Basin. Distinctive claystone breccias
at the P-T boundary in the fluvial stratigraphy
of the Sydney Basin, Australia, have been in-
terpreted (3, 30) as reflecting a pulse of intense
soil erosion. In every boundary sequence exam-
ined in this study, faster sediment accumulation
rates were observed in the earliest Triassic than
in the latest Permian strata. The global hiatus in
coal formation at the P-T boundary is consistent
with increased watershed sediment yields as
well as extinction of the peat-forming flora (3).

We thus interpret the short-term domi-
nance of braided over meandering river facies
in Triassic rocks as a consequence of the P-T
extinction, and we predict that Lower Trias-
sic strata will show more rapid sedimentation
rates than uppermost Permian units.

Independent evidence for a sediment yield
pulse at the P-T boundary is present in abrupt
changes in 13C and 18O across the P-T bound-
ary (31). Inorganic as well as organic oceanic
d13C changed across the P-T boundary, but
fractionation of d13C between carbonate and
organic matter remained constant. This result
indicates an increased delivery of terrestrial
carbon to reservoirs in shallow and deep oce-
anic environments and reduced primary pro-
ductivity after the P-T mass extinction. These

records indicate that it took 50,000 to
100,000 years after the P-T boundary for
d13C values to recover, a time scale similar to
that interpreted for the period of dominantly
braided channel morphology in the Karoo
Basin (6). Examination of isotopic data (31)
shows that the recovery followed an approx-
imately exponential pattern. An exponential
decay of sediment yield is expected after
watershed disturbance (32), and 50,000 to
100,000 years is a reasonable time scale over
which to expect such change to occur.

We have no explanation for what caused
the P-T extinction event, but the evidence
presented above is consistent with the inter-
pretation that major sedimentary changes in
fluvial environments associated with the P-T
event are due to die-off of land plants. Our
results confirm that the facies transition
across the P-T boundary from meandering to
braided river systems is nearly basin-wide
(and potentially a global phenomenon). The
global increase in the prevalence of braided
facies patterns in the earliest Triassic sug-
gests a return of most fluvial environments to
a character typical of the period before the
evolution of land plants. The increased sedi-
ment yield that would have resulted from a
basin-wide change in vegetation sufficient to
trigger such widespread and sustained fluvial
response would have drastically increased
terrestrial exports of organic and inorganic
sediment (and therefore 13C) to the oceans,
and may have contributed to the loss of shal-
low-water marine taxa across P-T boundary
sections. The P-T extinction may well have
begun on land immediately before its incep-
tion in the ocean, thus contributing in some
manner to the marine phase of the extinction.
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Historical Trends in Lake and
River Ice Cover in the Northern

Hemisphere
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Freeze and breakup dates of ice on lakes and rivers provide consistent evidence
of later freezing and earlier breakup around the Northern Hemisphere from
1846 to 1995. Over these 150 years, changes in freeze dates averaged 5.8 days
per 100 years later, and changes in breakup dates averaged 6.5 days per 100
years earlier; these translate to increasing air temperatures of about 1.2°C per
100 years. Interannual variability in both freeze and breakup dates has increased
since 1950. A few longer time series reveal reduced ice cover (a warming trend)
beginning as early as the 16th century, with increasing rates of change after
about 1850.

Calendar dates of freezing and thawing of
lakes and rivers were being recorded by di-
rect human observation well before scientists
began to measure, manipulate, and model
these freshwater ecosystems (1). The early
observations were made for religious and cul-
tural reasons (2, 3), for practical reasons con-
cerned with transportation over ice or open
water (4), and, apparently, simply out of
curiosity. These simple records provide a sea-
sonally integrated view of global warming
from regions where early temperature mea-
surements are sparse.

Here, we present and analyze the trends
from time series that are longer than 100
years on lakes and rivers around the Northern
Hemisphere. Thirty-nine time series are avail-
able for the 150-year period from 1846 to
1995 (5); three sites from Russia, Finland,
and Japan with records beginning before
1800 are also available. The “freeze date” is
defined as the first date on which the water
body was observed to be totally ice covered,
and the “breakup date” is the date of the last

breakup observed before the summer open-
water phase (6).

Between 1846 and 1995, 38 of 39 records
change in the direction of later freeze dates
(14 of 15) and earlier breakup dates (24 of
24) (Fig. 1 and Table 1) (7). The single
exception, Lake Suwa, Japan, freeze dates,
was not significant (P 5 0.25). Individual
slopes (9 out of 15 for the freeze date and 16
out of 24 for the breakup date) were statisti-
cally significant (P , 0.05). Linear trends
over the 150 years averaged a freeze date that
was 5.8 days/100 years later (61.9 days,
confidence interval 95%) and a breakup date
that was 6.5 days/100 years earlier (61.4
days, confidence interval 95%).

Slopes did not differ statistically between
freeze and breakup dates (matched pair t test;
n 5 12; P 5 0.37), among latitudes, between
North America and Eurasia, nor between riv-
ers (7.8 days/100 years) and lakes (5.9 days/
100 years) (t test; n 5 7, 30; P . 0.25). The
overall rate of change for the Northern Hemi-
sphere has been 6.2 days/100 years between

1846 and 1995, including all records except
Toronto Harbor (Table 1) and giving equal
weight to freeze and breakup.

The few records before 1846 suggest that
long-term changes toward later freezing and
earlier breakup dates were already occurring,
but at slower rates, at sites as far apart as
Europe and Japan. Three time series (one lake
and two rivers) have records that are long
enough to provide annual information on ice
phenology trends before 1846 (Fig. 2 and
Table 1).

For Lake Suwa, Japan, freeze dates be-
came later over the 550-year record by 2.0
days/100 years (P , 0.0001) (Fig. 2). Slopes
indicating later freezing for relatively unbro-
ken windows of time ranged from 3.2 days/
100 years (1443 to 1592) to 20.5 days/100
years (1897 to 1993). Additional evidence
from Lake Suwa comes from the ice cover
occurrence data. Lake Suwa was ice covered
for 240 out of 243 winters (99%) from 1443
to 1700 but only for 261 out of 291 winters
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