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Australia, and must have been very localized.

Because PZE also occurred in the contempo-

raneous seas off South China, localized high

algal productivity probably played a key role

in the formation of a petroleum-rich source

rock in the Perth Basin.
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Abrupt and Gradual Extinction Among
Late Permian Land Vertebrates in the

Karoo Basin, South Africa
Peter D. Ward,1* Jennifer Botha,3 Roger Buick,2

Michiel O. De Kock,5 Douglas H. Erwin,6 Geoffrey H. Garrison,2

Joseph L. Kirschvink,4 Roger Smith3

The Karoo basin of South Africa exposes a succession of Upper Permian to
Lower Triassic terrestrial strata containing abundant terrestrial vertebrate
fossils. Paleomagnetic/magnetostratigraphic and carbon-isotope data allow
sections to be correlated across the basin. With this stratigraphy, the verte-
brate fossil data show a gradual extinction in the Upper Permian punctuated
by an enhanced extinction pulse at the Permian-Triassic boundary interval,
particularly among the dicynodont therapsids, coinciding with negative
carbon-isotope anomalies.

The Permian extinction is universally por-

trayed as the most catastrophic of all

Phanerozoic mass extinctions (1), yet its

cause remains problematic. Various hypothe-

ses include climate change due to increased

atmospheric CO
2

and/or CH
4

(2), the effects

of extraterrestrial impact (3–5), the effects of

the eruption of the Siberian Traps, and some

synergistic combination of these (6), among

others. An important test of any mechanism

is a consideration of the pattern of extinc-

tions. The marine extinctions are well de-

scribed in several areas, notably Meishan,

China (7). Here, we report new chemostrati-

graphic, biostratigraphic, and magnetostrati-

graphic data from multiple stratigraphic

sections located in the Karoo basin of South

Africa that provide an exceptionally detailed

record of the terrestrial extinctions.

Permian-Triassic (P-T) strata in the central

Karoo basin provide the most intensively

investigated record of vertebrate fossils from

Fig. 4. Dd 0 (average
d13C of n-C17 and
n-C18) – (average d13C
of pristane and phy-
tane) ° (relative to
VPDB standard in °)
with depth (meters).
Measurements deter-
mined by isotope-
ratio-monitoring gas
c h r o m a t o g r a p h y –
mass spectrometry
(IsoPrime, Micromass,
Manchester, UK) of
saturate, branched/
cyclic, and n-alkane
fractions [see (14)
for 5A molecular siev-
ing and compound-
specific isotope analyses].
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the Upper Permian through the Triassic (8).

These strata are dominantly fluvial overbank

sediments deposited near the center of a

subsiding retroarc foreland basin (9). We have

sampled across 200 m of the Palingkloof

Member of the Balfour Formation and the

overlying Katberg Formation, where we

recognize four units spanning the Upper

Permian and Lower Triassic (10). Fossils

were collected from these strata at five

different areas. Hence, correlating the sec-

tions, which is difficult between fluvial

sections and has been notably problematic in

the Karoo (11), is critical.

To correlate the stratigraphy, we obtained

a magnetostratigraphic record (Fig. 1) (12)

from three sections Esome data are also in

(13)^. Samples from Unit II and Unit III are

all of normal polarity (Chron N1), and we

identified a reversed polarity magnetozone

(R1) È5 m beneath the Unit I-II contact

(14). At Lootsberg and Wapadsberg, the

normal-polarity zone extends well up into

the Katberg Formation (Unit IV). At Loots-

berg, where the youngest strata were

sampled of all the sections, there is a change

to reversed polarity (R2) above about 130 m

and a final switch back to normal (N2) at the

top. Given paleontological constraints (8),

we correlate the long normal found in Units

II, III, and most of IV with magnetozone

SN1 of the classic German Trias sections

(15) and thus define the top and bottom of

the Griesbachian stage in the Karoo. The

superjacent reversal at Lootsberg Pass is

most parsimoniously correlated with magne-

tozone SR1 of central Germany, R2 of the

Southern Alps, and GR1 of the Canadian

Arctic. Although there is some uncertainty

about the reversal pattern near the P-T

boundary (16), recent records in Europe

suggest that the boundary occurs just above

the base of a reversed-to-normal-polarity

transition in Germany, although there has

been a recent report placing it slightly lower,

in the uppermost part of the reversed chron

(17). The base of Unit II is thus approxi-

mately coincident with the P-T boundary.

These correlations were tested by mea-

suring sedimentary carbon isotope (d13C
carb

and d13C
org

) stratigraphy at all the sections at

meter or submeter sampling frequency (12)

(Fig. 2), a finer resolution than has been

done before (18). This earlier P-T isotope

study in the Karoo found a single negative

d13C
carb

excursion approximately coincident

with the last occurrence of the latest Permian

Fig. 1. Magnetostratigraphic correlation across the Karoo basin. The dashed lines represent the correlated positions between the stratigraphic sections.
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zonal index fossil Dicynodon. The global d13C

record for the P-T boundary period is known

in varying detail from several dozen marine

and fewer nonmarine sites (e.g., 19, 20). In-

tensively sampled sections show a gradual

decline in the sedimentary 13C:12C ratio

upward through the Upper Permian, then a

sudden decline of 92° at or near the pa-

leontologically defined extinction boundary,

followed by a gradual increase in d13C. The

sudden d13C decline precedes the formal P-T

boundary based on the first occurrence of the

Triassic conodont Hindeodus parvus at the

global stratotype section and point (GSSP)

P-T stratotype in Meishan, China, where the

boundary has been placed at Bed 27. At

Meishan, the lowest d13C values are found in

Bed 25 (7), coincident with the level of

maximal species disappearance (94% loss of

then-extant marine invertebrates). Thus, the

mass extinction and sharp negative excursion

in d13C are slightly older than the formal

stratigraphic boundary.

We sampled both bulk sediment and

carbonate paleosol nodules for carbon iso-

tope stratigraphy from our measured sec-

tions. Soil carbonate d13C (d13C
carb

) is a

function of both the d13C of atmospheric

CO
2

(d13C
CO2

) and the partial pressure of

CO
2

in the atmosphere (pCO
2
), and thus soil

d13C
carb

records can be more scattered than

marine d13C
carb

records (21). Nevertheless,

the d13C
carb

results show a prominent drop

within Unit I that is consistent with our

assessment that Unit I/Unit II contact marks

the P-T extinction (Fig. 2). The d13C
carb

val-

ues maintain a broad minimum in Unit II, a

pattern similar to global marine d13C
carb

re-

cords. The lowermost negative excursion in

d13C
carb

observed in the Karoo most parsi-

moniously correlates with the singular, lower

Griesbachian negative d13C
carb

excursion

reported recently from a Late Permian–Late

Triassic carbonate platform in the Nanpan-

jiang Basin, Guizhou Province, China (22).

Furthermore, the broad swings in d13C
carb

values that were measured higher in the Karoo

sections (Fig. 2) appear to be consistent with

Smithian and Spathian age d13C
carb

excur-

sions in the same marine d13C
carb

record.

The bulk sedimentary organic carbon

isotope records (d13C
org

) from the Carlton

Heights and Lootsberg sections provide fur-

ther support for these conclusions (Fig. 2). The

data also supports the magnetostratigraphic

correlation of Unit II between the northern

(Carlton Heights and Bethulie regions) and

southern (Lootsberg and Wapadsberg re-

gions) parts of the basin. At the Carlton

Heights and Lootsberg sections, d13C
org

de-

creases from È –24° Vienna Pee Dee

belemnite (VPDB) to È –26° VPDB across

the uppermost meter of Unit I and remains

there through Unit II and into Unit III.

Between 15 m and 22 m (Unit III), d13Corg

increases in both sections to È –21° and

then decreases È1° at the base of Unit IV.

This pattern is typical of P-T d13C records

measured elsewhere in the world. The

Wapadsberg and Bethulie d13C
org

records do

not show any substantial negative excursions,

particularly not at the P-T boundary, but both

of these sections are extensively intruded by

Mesozoic dolerite dikes and sills. We suggest

that this igneous activity has homogenized the

primary d13C
org

record at these two sections.

Fossil vertebrate biostratigraphy confirms

that Unit II is essentially contemporaneous

across the Karoo basin. At all sections, the

highest occurrence of the uppermost Permian

zonal index, Dicynodon lacerticeps, is found

either immediately below (at the fossiliferous

Lootsberg, Wapadsberg, and Bethulie sections)

or at most several meters below the base of

Unit II (at the fossil-poor Carlton Heights

and Kommandodrift Dam sections). Dicynodon

lacerticeps was never found in or above Unit

II, and the first Triassic fossil common to all

sections—Lystrosaurus sp. C—was found in

the lower strata of Unit III but never in Unit II.

In summary, three independent correlation

methods support our contention that Unit II is

both essentially isochronous across the Karoo

basin and also time equivalent with the P-T

boundary in China. This allows us to use this

unit as a datum surface against which our

vertebrate range taxa can be plotted and to

compare the patterns of extinction with those

observed at other P-T sections.

Over a period of 7 years, we collected

126 skulls assigned to 21 vertebrate taxa

from the sections shown here (reptile or

amphibian) (Fig. 3) (23). We treat these taxa

as species, although further study will prob-

ably result in an even greater number of taxa.

We found 13 taxa in Unit I (Upper Permian),

only 4 of which persist into Unit II, and 12

taxa in Units II to IV. Six of the 13 taxa

Fig. 2. The combined soil nodule d13Ccarb record and individual lithologic
and d13Corg records for four sections in the Karoo basin. The two sections
at left (Wapadsburg, southern basin; Bethulie, northern basin) have been
strongly affected by heating, as evidenced by a lack of primary
paleomagnetic signal from either section. The results from Carlton

Heights and Lootsberg Pass, however, have similar negative d13Corg
excursions within Unit II, followed by an increase in d13Corgvalues in Units
III and IV. The d13Ccarb curve at the far right is combined data from
carbonate nodules obtained from the Carlton Heights and the Lootsberg
regions.
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found in Unit I show their last appearance

datums (LADs) in the last 10 m of Unit I,

which suggests an enhanced rate of extinc-

tion in the latest Permian. These range

terminations occurred either before or simul-

taneously with the reduced d13C
org

values

toward the top of Unit I.

Incomplete preservation or collection fail-

ure can make abrupt extinctions look grad-

ual, i.e., the Signor-Lipps effect (24, 25), so

the assumption of simultaneous extinction of

the included taxa was tested using the

Kolmogorov-Smirnov (K-S) goodness-of-fit

test (26). The case for the Karoo basin is

complicated, because some of our sampled

taxa (i.e., Pristerodon sp. and Aelurognathus

sp.) might have become extinct before the

base of Unit II or long after (Ictidosuchoides

sp., Thrinaxodon sp., Lystrosaurus sp. C.),

thereby complicating the statistical protocols

(27). Thus, we calculated confidence inter-

vals on stratigraphic ranges (28). We chose

20% confidence intervals following the im-

proved method for testing extinction levels

(29) for each of the nine taxa (Table 1).

Four taxa (Theriognathus sp., Dicynodon

lacerticeps, Lystrosaurus sp. A, and Rubidgea

sp.) appear to have become extinct at or near

the base of Unit II (Fig. 3). We are also

confident that Pristerodon, Aelurognathus,

and the abundant and widespread taxon

Diictodon sp. were extinct before deposition

of Unit II, whereas the taxa Lystrosaurus sp.

B, Moschorhinus sp., and Owenetta sp.

became extinct during, or soon after, the ini-

tiation of sedimentation marking the Katberg

Formation (Unit IV) (Fig. 3). The 90%

confidence interval on the position of the

mass extinction extends from 0 m (stippled

level A) to about 20 m, or from the base of

Unit II up into the middle part of Unit III.

Thus, there is a low probability that the

mass extinction of the Karoo vertebrates

occurred within the Katberg Formation

(stippled level B), where the mass extinction

has been traditionally placed (30).

We have also used confidence intervals

to examine the origination of taxa. Theoret-

ically, if the majority of Permian extinctions

occurred at a specific horizon, we would ex-

pect to observe, after the extinction, a follow-

on origination of new species into vacated

niches (or immigration into the basin). We do

not observe this. By inverting the procedure

for fossil disappearances, we calculated 20%

range extensions downward and from this com-

puted a 94% probability confidence interval for

origination (Fig. 3). The results suggest it is

probable that at least some species originated

before the deposition of Unit II, whereas others

originated during and after Unit II deposition.

The distribution of originating taxa fails the

K-S test for random distribution of new taxa at

the 99% level, suggesting that Triassic taxa

origination was in response to some event that

occurred before the end of the Permian. We

caution that new taxa origination may violate

the assumption of equal probability of preser-

vation, because new taxa are likely to be rare

and uncommon. This effect may overestimate

the calculated ranges for originations.

A further caveat is that we are implicitly

accepting an empty-niche model brought

about by the extinction, even though some

or many niches may have been reconstructed

Fig. 3. Magnetostratigraphic, biostratigraphic, and carbon isotopic records
from the Karoo basin. This figure can be compared with the generic range
chart for the entire Permian/Lower Triassic sequence in the study area (12).
The red bar on the left is the 90% confidence interval for Permian taxa
extinction; the red bar on the right is the 94% confidence interval for
Triassic taxa origination, assuming that originations were in response to
catastrophic extinction. Level A is the base of Unit II, which is correlated to

the highest occurrence of Permian index fossil Dicynodon lacerticeps. Level
B is the base of Unit IV (Katberg Formation), where a spike in fungal spore
abundance and the P-T boundary have been recorded previously (32). Of
particular note is the appearance of Lystrosaur A and Lystrosaur B below the
P-T boundary. Lystrosaurs are Triassic animals, and the appearance of two
species below the P-T boundary is evidence that major evolutionary
changes were under way before the end of the Permian.
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and not refilled. The pattern of extinction

and origination appears to be consistent with

an enhanced rate of extinction coincident

with or just below Unit II, but the number of

extinct species there may be no more than

five (eight species become extinct in Unit I).

The most thorough compilation of the ver-

tebrate record from the Dicynodon Zone in

the Karoo (8) shows that 10 of 21 taxa

present at the base of the È300-m-thick zone

are absent in its upper third, indicating that

considerable extinction is occurring through-

out the zone and not just at its top (31). This

observation can be supported by replotting

known vertebrate ranges in the Karoo such

that last occurrences are sequential (12),

based on the new data presented here and

range data from lower zones (8). The result-

ing figure (fig. S4) shows what appears to be

a change from an approximately constant

background extinction (as recognized by the

number of taxa disappearing per unit thick-

ness of strata) below the uppermost Permian,

with enhanced extinction in the Dicynodon

Zone culminating at the P-T extinction pulse

at the top of Unit I. In the Lower Triassic–

aged Lystrosaurus Zone, there is a reduced

extinction rate high in Unit II and in Unit III.

Two patterns are thus apparent: gradual

extinction leading up to the P-T and a pulse

of even higher extinction marking the

boundary. This pattern is visible both at the

species level (Fig. 3) and at the generic level

(fig. S4) and is also observed at Meishan

among invertebrate marine fossils.

We thus suggest that factors other than

the sudden extinction of taxa stimulated the

origination or appearance (through emigra-

tion) of new Triassic species into the basin.

Our statistical inference (and the discovery of

Lystrosaurus sp. A and B) that Triassic ver-

tebrate fauna may have predated the main

Permian extinction pulse is unlike the pattern

of mammalian radiation after the Cretaceous-

Paleogene (K-P) extinction, the only clear

example of a mass extinction associated with

a major impact event. The pattern that we

observe for the P-T is consistent with a long-

term deterioration of the terrestrial ecosystem,

with a heightened pulse of both extinction

and origination approximately coincident with

the P-T boundary.

Unfortunately, the ranges of Permian and

Triassic fossil plant remains in our study

sections add little information about the

pattern of extinction in the Karoo basin or

about the relative timing of extinction among

plants and animals there. A recent palyno-

logical study at Carlton Heights (32) identi-

fied a spike in fungal spore abundance at the

base of our Unit IV (the Katberg Formation)

and claimed the fungal spike to be the top of

the Dicynodon Zone and thus the P-T bound-

ary. However, the study provided insufficient

information to ascertain whether the base of

Unit IV is Permian or Triassic in age based

on palynomorphs (33), and we have found

in all of our sections, including the site in

question, that the Katburg Formation begins

well above the top of the Permian.

We interpret the biostratigraphic data

presented here as consistent with a period

of environmental stress during the latest

Permian in this basin, punctuated by a short

interval of even greater perturbation, i.e., a

long Bpress[ with one (or more) pulses su-

perimposed. A single proximal cause might

explain the extinction patterns, such as long-

term environmental degradation having

reached a critical threshold that triggered a

short-term extinction event through eco-

system collapse. Alternatively, the long-

and short-term effects observed in the Karoo

could have two (or more) different causes.

We searched for evidence of an end-Permian

bolide impact, such as the impact clays and

ejecta layers found commonly in the envi-

ronmentally similar Hell Creek Formation

(Late Cretaceous), Montana, which are

associated with the Chicxulub K-P impact.

Neither our search nor previous searches in

the Karoo sections for minerals associated

with large-body impact (34) have met with

success, although fluvial facies can contain

hiatuses and the absence of impact evidence

must be tempered with caution.

The P-T southern Karoo basin and the K-P

Hell Creek Formation strata were deposited

by similar fluvial systems, and they can be

compared. The Hell Creek vertebrate paleon-

tological record is constantly diverse up

through the last Cretaceous zone, followed

by a catastrophic extinction coeval with a

negative excursion in the d13C record (35, 36)

and clear sedimentological and mineralogical

evidence of a large-body impact; d13C returns

to pre-event values within a narrow strati-

graphic interval (35). The Karoo record is

entirely different, and we conclude that if an

impact occurred at all, it had a minor role in

the end-Permian extinctions in the Karoo. The

geologic data from the Karoo are consistent

with a more protracted catastrophic ecosystem

collapse than a sudden impact would produce.
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Aconitase Couples Metabolic
Regulation to Mitochondrial

DNA Maintenance
Xin Jie Chen, Xiaowen Wang, Brett A. Kaufman,*

Ronald A. Butow.

Mitochondrial DNA (mtDNA) is essential for cells to maintain respiratory
competency and is inherited as a protein-DNA complex called the nucleoid.
We have identified 22 mtDNA-associated proteins in yeast, among which is
mitochondrial aconitase (Aco1p). We show that this Krebs-cycle enzyme is
essential for mtDNA maintenance independent of its catalytic activity. Reg-
ulation of ACO1 expression by the HAP and retrograde metabolic signaling
pathways directly affects mtDNA maintenance. When constitutively ex-
pressed, Aco1p can replace the mtDNA packaging function of the high-mobility-
group protein Abf2p. Thus, Aco1p may integrate metabolic signals and mtDNA
maintenance.

Mitochondrial DNA (mtDNA) nucleoids

have been purified from several organisms

(1–5). In addition to DNA packaging pro-

teins, which are required for mtDNA mainte-

nance (6, 7), nucleoids also contain proteins

whose functions are ostensibly unrelated to

mtDNA activities (1, 5, 8, 9). We previously

identified 11 proteins that are associated

with mtDNA (1) (Table 1) and have now

identified 11 more (whose gene names are

indicated in bold in Table 1). These proteins

can be grouped into four functional catego-

ries: (I) mtDNA transactions with no other

known functions in mitochondria; (II) protein

import and mitochondrial biogenesis; (III)

the citric acid cycle and upstream glycolytic

steps; and (IV) amino acid metabolism.

As proteins in category III could poten-

tially connect respiratory and fermentative

metabolism to mtDNA maintenance, we ex-

amined mtDNA stability in strains in which

a selection of these genes were inactivated.

Expression of some category III genes is

repressed by glucose (10). Therefore, mutant

cells were grown in raffinose, a fermentable

carbon source that does not repress mitochon-

drial respiration, and then assayed for the frac-

tion of respiratory-deficient (petite) mutants in

the population. mtDNA is relatively stable in

kgd1D and kgd2D cells, less so in the pda1D,

pdb1D, idh1D, and lpd1D strains, and very

unstable in aco1D cells (Fig. 1A). mtDNA

was previously noted to be unstable when

some of these genes were inactivated (11).

Further experiments established that ACO1

is essential for mtDNA maintenance. South-

ern blot analysis of total cellular DNA from

nascent meiotic segregants derived from an

aco1D/ACO1 rþ diploid strain showed that

the aco1D spores lack mtDNA (Fig. 1B).

Aco1p, citrate synthase (CS), and two

subunits of nicotinamide adenine dinucleotide

(NADþ)–dependent isocitrate dehydrogenase

(collectively, the aconitase metabolon) func-

tion to produce a-ketoglutarate, a precursor

to glutamate. Expression of the genes encod-

ing these proteins is positively regulated by

the glucose-repressible HAP2-5 transcription

complex and the transcription factors Rtg1p

and Rtg3p (12), which are components of the

mitochondria-to-nucleus retrograde (RTG) sig-

naling pathway (13). Aco1p localizes to the

mitochondrial matrix, as revealed by fluores-

cence microscopy of an Aco1p–green fluores-

cent protein fusion construct (fig. S1). Like

other genes in the aconitase metabolon, expres-

sion of ACO1 becomes progressively HAP-

dependent in response to increased respiratory

activity when cells are shifted from glucose

to raffinose medium, whereas a combined in-

activation of the HAP and RTG systems leads

to a 14-fold reduction of ACO1 expression,

independent of the carbon source (fig. S2).

To ask whether the HAP and RTG

transcription complexes can directly affect

mtDNA maintenance, we generated a diploid

strain heterozygous for hap2D and rtg1D.

After sporulation and dissection on rich
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